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Editorial on the Research Topic
Tumour microenvironment in cancer research and drug discovery

It has been long accepted that tumours do not exist or function in silos; indeed tumour
progression is the orchestrated consequence of paracrine networking between tumours and
their surrounding factors. Considering the tumour microenvironment (TME) in cancer
research has profoundly shifted the paradigms in molecular investigation and translational
drug discovery.

The TME components, including immune-inflammatory cells, cancer-associated
fibroblasts, and endothelial and adipose cells, are correlated with cancer signatures,
which carry diagnostic, therapeutic, and predictive values. There has been evidence to
suggest changes in these microenvironmental cell types play an important role in even from
somatic clonal expansions (Munugula et al.) and potentially the initial stages of cancer
progression in normal tissues. In this Research Topic, we highlighted the significant impact
of the TME component on cancer research, with a special focus on immune cells and drug
repurposing targeting this component.

Immune cells surrounding tumours can be regulated by the metabolic
microenvironment, which further reshapes the immune landscape. A myriad of key
molecular regulators involved in lipid metabolism and glucose homeostasis have been
implicated in reshaping the TME as well as assisting immune infiltration towards tumour
progression and treatment resistance. In this edition, proliferator-activated receptor gamma
(PPARγ) (Ran et al.) is comprehensively analysed.

Cancer metabolism takes place from the level of cellular metabolism down to
nucleotide/amino acid metabolism. In glioma with active tryptophan catabolism and
less tryptophan in the tumour, their high tryptophan metabolism-related genes
signature (TrMRS) (Zhang et al.) was correlated with more immune cell infiltration and
a “hot” immunological phenotype. Interestingly, this immuno-metabolic correlation holds
the predictive value towards patients’ response to immune checkpoint inhibitors.

Indeed, the involvement of immune cells in cancer progression has guided many
treatment choices. Intensive lymphocyte infiltration has been shown to occur in higher-
grade or recurrent gastric tumours (Zheng et al.). Immune cell infiltration has also been
linked to m7G RNA methylation (Chen et al.) in renal clear cell carcinoma, with the
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proposed m7G score being used to predict the cancer prognosis.
In glioma too, the necroptosis index (NI) (Ma et al.) has been
shown to influence sensitivity to immunotherapy, particularly
anti-PD1 therapy. The prediction of the immunotherapy
response has become the center of attention in studies
evolving around TME. While this is not surprising given
immune cells are the predominant gatekeeper cells that are
often compromised in cancer, questions remain about whether
the myriad of predictive data could be supported with strong
mechanistic studies, both in vitro and in vivo.

Drug repurposing in targeting the TME is another Research
Topic of interest in this area. It is very interesting to see how
non-cancer-targeting substances/drugs could influence the
immune landscape to the extent that they affect the response
towards immunotherapy. This category includes aspirin and
statins, which have been demonstrated to target the metabolic
and immunomodulatory landscape of TME in preclinical
models (Yu et al., 2022; Jing et al., 2023). It is more
intriguing to see that most of the drugs being researched are
‘accessory’ drugs that are often being used by cancer patients in
one way or another.

In this special edition, an antidepressant is shown to not only
alleviate the depressant condition of cancer patients but also
strengthen antitumour immunity. When using the antidepressant
drug ansofaxine hydrochloride (Jing et al.), it is demonstrated this is
achieved by the exhaustion of CD8+T, which also enhances the
antitumour effects of anti-TNFR2.

Another drug—propofol anaesthesia usually administered
during surgical resection of solid tumours—has been clinically
shown to contribute to a better postoperative outcome in some
malignant tumour surgeries, and it participates in reshaping the
TME. Specifically, anti-angiogenesis was observed along with
regulation of immunity, reduction of inflammation, and
remodelling of the extracellular matrix. In this special edition,
propofol (Zhou et al.) is extensively and mechanistically reviewed
to provide a better understanding of its role in modulating TME
with a theoretical guide for the selection of anaesthetics used in
malignant tumour surgery.

A combination treatment using cordycepin (the vital
bioactive compound of Cordyseps (Feng et al.) that has been
used for its therapeutic potential) and the anti-CD47 antibody
has been demonstrated to significantly enhance tumour
suppression. This is in parallel with the increase in the
proportion of M1 macrophages and the decrease in the
M2 macrophages proportion. M1 and M2 are the two
distinctive phenotypes of tumour-associated macrophages
(TAMs), where M1 is known to inhibit tumour progression by
inducing inflammatory responses and M2 supports tumour
progression by suppressing immune responses.

Despite the concerted effort in the development of drugs
targeting TME, such as BLZ945 (a colony-stimulating factor-1
receptor inhibitor) (Wei et al., 2020), there is a gap in the market
for clinically satisfactory drugs that target this intricate factor.
Among the highly researched is Focal adhesion kinase (FAK) (Hu

et al.)—a non-receptor tyrosine kinase reviewed in this special edition.
Numerous FAK inhibitors, including IN10018, defactinib,
GSK2256098, conteltinib, and APG-2449, have demonstrated
positive antitumour effects in preclinical studies and are undergoing
clinical trials for their tumour scaffold function in sustaining TME.

siRNA and miRNA nanotherapeutics targeting TME molecular
components is another tool being employed owing to their powerful
gene-silencing properties, although formulation for effective
delivery remains a challenge. In this context, it has been
demonstrated that T7 peptide-decorated exosomes were able to
package and protect cholesterol-modified Cy3-siYY1 (siRNA for
Yin Yang transcription factor) (Liu et al.) to be released in the
cytoplasmic reductive environment that is often observed in the
tumourigenesis of glioblastoma.

The translational impact of the manipulation of the TME
components is yet to be ascertained, but the landscape shows
promise. The combination of a new treatment targeting TME
with standard chemotherapy/immunotherapy also consistently
demonstrates synergistic effects, and it will be very interesting to
see this extended to targeting cell types other than immune cells
within the TME in this regard.
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Glioblastoma (GBM) is the most malignant tumor of the central nervous system

in adults. Irradiation (IR) and temozolomide (TMZ) play an extremely important

role in the treatment of GBM. However, major impediments to effective

treatment are postoperative tumor recurrence and acquired resistance to

chemoradiotherapy. Our previous studies confirm that Yin Yang 1 (YY1) is

highly expressed in GBM, whereby it is associated with cell dedifferentiation,

survival, and therapeutic resistance. Targeted delivery of small interfering RNA

(siRNA) without blood-brain barrier (BBB) restriction for eradication of GBM

represents a promising approach for therapeutic interventions. In this study, we

utilize the engineering technology to generate T7 peptide-decorated exosome

(T7-exo). T7 is a peptide specifically binding to the transferrin receptor. T7-exo

shows excellent packaging and protection of cholesterol-modified Cy3-siYY1

while quickly releasing payloads in a cytoplasmic reductive environment. The

engineered exosomes T7-siYY1-exo could deliver more effciently to GBM cells

both in vitro and in vivo. Notably, in vitro experiments demonstrate that T7-

siYY1-exo can enhance chemoradiotherapy sensitivity and reverse therapeutic

resistance. Moreover, T7-siYY1-exo and TMZ/IR exert synergistic anti-GBM

effect and significantly improves the survival time of GBM bearing mice. Our

findings indicate that T7-siYY1-exo may be a potential approach to reverse the

chemoradiotherapy resistance in GBM.
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Graphical Abstract

Introduction

Glioblastoma (GBM) is a primary brain cancer with the

highest mortality (Movahedpour et al., 2021). The average

lifespan of patients with GBM is less than 1 year, and only

5% of them live for more than 5 years. The standard treatment

for glioblastoma is surgical resection, followed by radiotherapy

and chemotherapy with temozolomide (TMZ) (Kim et al., 2020).

Nevertheless, surgical treatment is limited because of the high

invasiveness of GBM and may not suitable for some patients

depending on their condition. In addition, most drugs including

TMZ are very toxic with severe side-effects (Yasaswi et al., 2021).

Despite the maximal surgical resection followed by adjuvant

chemoradiotherapy, the median time to tumor recurrence is

approximately 8 months (Adamus et al., 2022). To overcome

this problem, new strategies are necessary to counteract both

TMZ and radiation resistance.

Yin Yang 1 (YY1), a transcription factor overexpressed in

GBM, has been identified in our research as well as in previous

research. As reported, it can help to regulate cell

dedifferentiation, cell survival, and therapeutic resistance (Gu

et al., 2021). Moreover, according to previous studies,

knockdown of YY1 can significantly block the tumor

malignance and reverse the resistance (Sarvagalla et al., 2019).

Considering that YY1 overexpression is observed in many

cancers and has various biological functions with respect to

the hallmarks of cancer, it is an attractive approach to utilize

YY1 as a novel target for therapeutic interventions. However,

cancer-promoting transcription factors cannot be easily targeted

due to their nuclear localization, YY1 is predominantly present in

nuclei and not easily targeted (Verheul et al., 2020).

Gene therapy is a new clinical strategy for GBM treatment

and has attracted extensive attention recently. Compared with

other existing techniques for gene regulation, RNA interference is

a methodology able to silence cancer-promoting genes as

reported (Cui et al., 2018). Small interfering RNA (siRNA)

combined with chemotherapy is considered as one promising

strategy against cancer, and many studies demonstrated the

outcomes of such co-treatment are significantly better than

those using the siRNA or chemotherapeutic drug alone (Xiao

et al., 2018). However, siRNA is unstable in systemic circulation

and bio-membrane permeability. Thus it is necessary to find

suitable carriers for the effective delivery of siRNA in vivo (Ruan

et al., 2018). Examinations confirmed the effectiveness of

liposomal, viral vectors and nanoparticles for RNA

transfection, while they are immunogenic, toxic and degrade

slowly (Kase et al., 2021).

Exosomes are small membrane vesicles of endocytic origin,

which can be released into the extracellular environment during

the fusion of multivesicular bodies with the cytomembrane (Yu

et al., 2022). Because of their low immunogenicity and toxicity,

biodegradability, and strong ability to protect endogenous

biologically active ingredients, exosomes have become a new

therapeutic strategy in drug delivery (Fu et al., 2021). However,

natural exosomes lack targetability and present a rapid

accumulate in peripheral organs like the spleen and liver

following the systemic treatment, instead of targeting specific

tissues (Jiang et al., 2018). According to recent studies, specific

ligands can be expressed on the exosome membrane surface via

gene modification, achieving the targeted exosome delivery

(Huang et al., 2022). In brain tumor, the TfRs are highly

expressed in brain microvascular endothelial cells (BMVECs)

and GBM cell line for regulation of brain uptake of iron

(Tortorella and Karagiannis, 2014; Choudhury et al., 2018;

Mojarad-Jabali et al., 2022). T7 is a transferrin receptor (TfR)-

binding peptide with the sequence HAIYPRH. On that account,

it is possible that T7 is an ultrahigh-efficiency targeting strategy

for GBM-targeted delivery.
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Herein, a TfR-targeting exosome was produced by creating a

fusion protein of T7 peptide and Lamp2b. After systemic

administration, the T7 ligand-decorated exosome (T7-exo)

could bind to GBM in the brain and enhance the efficiency of

cholesterol-modified siYY1 delivery. Therefore, T7-exo was

evaluated as a GBM-targeting carrier of siYY1. In the

orthotopic GBM mice model, combined with temozolomide

or radiotherapy, targeting knockdown of YY1 via cholesterol-

modified siYY1 delivered by engineered exosomes synergistically

inhibited the growth of GBM. Overall, T7-siYY1-exo has the

potential to overcome chemoradiotherapy resistance in GBM by

multiple mechanisms.

Results

Characterization of T7-decorated
exosomes and siYY1-loaded exosomes

To generate T7-exo, stable cell lines were prepared by

transfection of plasmids encoding T7-Lamp2b into 293T cells

(Figure 1A). Ligand-decorated exosomes were then isolated and

confirmed by western blotting with an anti-HA-tag antibody

which could be expressed as a fusion protein regarding ligand-

Lamp2b. Moreover, exosome membrane proteins CD9, CD63,

TSG101, and GM130 assisted in further identifying the T7-exo

(Figure 1B). These data confirmed that T7-exo had

characteristics of exosomes and targeting ligands. To screen

out a cholesterol-modified Cy3-siYY1 sequence of which gene

knockdown efficiency is best, three siRNA sequences for

YY1 were designed and transfected into LN229 cells. The

results showed that the third siRNA sequence exhibited a gene

knockdown efficiency of more than 80%, significantly higher

than the other two (Figure 1C), and the third siRNA YY1 was

used for subsequent experiments. Then, T7-siYY1-exo was

prepared and characterized. The isolated exosomes had a

homogenous size, and a single peak was shown in distribution

graphs. The dimensions of exosomes were measured at about

120 nm, and there was no significant effect on the size of

exosomes encapsulated with siYY1 (Figure 1D). TEM images

assisted in evaluating the morphology of exosomes and siYY1-

loaded exosomes. The morphology of unmodified exosomes was

not obviously different from that of ligand-decorated T7-siYY1-

exo (Figure 1E). Additionally, when treated with RNase

A/T1 mix, it was found that the Cy3 fluorescence intensity

was not reduced, which proved that siYY1 was protected,

FIGURE 1
Preparation and characterization of T7-siYY1-exo. (A) Schematic diagram of preparation and isolation of T7-siYY1-exo. (B) Detection of CD9,
CD63, TSG101, Lamp2b, HA, and GM130 expression by Western blot. (C) Detection of YY1 knockdown efficiency. (D) Size distribution of T7-exo and
T7-siYY1-exomeasured by NANO SIGHT. (E)Transmission electronmicrograph of T7-exo and T7-siYY1-exo. (F) qRT-PCR analysis of siYY1-Cy3 after
treatments with RNase A/T1 Mix and 1% Triton X-100 for 30 min.
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unless 1% Triton X-100 was co-applied to the treatment, which

resulted in the degradation of exosome membranes (Figure 1F).

These findings revealed that the engineered exosomes were

successfully isolated and prepared.

In vitro BBB/BBTB penetrating ability of
T7-siYY1-exo

To evaluate the siYY1 delivery efficiency of T7-exo,

electroporation was applied to loading the cholesterol-

modified cy3-siYY1 into exosomes to form complexes.

Fluorescence microscope results showed that cholesterol-

modified cy3-siYY1 could be more efficiently integrated

into cells via T7-exo than transfection alone to facilitate

gene knockdown (Figure 2A). The T7-siYY1-exo group

showed a lower YY1 expression than the Free-siYY1

group. Both Free-siYY1 and T7-siYY1-exo could silence

YY1 in vitro, with the latter exhibiting a more substantial

effect (Figure 2B).

An in vitro BBB model which has a transwell system was first

used for assessing the ability of T7-siYY1-exo to penetrate the

BBB. Under this system, bEnd.3 cells were cultured in the upper

compartment and used T7-siYY1-exo and Free siYY1 for

treatment, respectively, together with culturing LN229 cells in

the lower room (Figure 2C). As shown in Figure 2D, only T7-

siYY1-exo could pass through the BBB monolayer and reach the

LN229 cells cultured in the lower compartment. Flow cytometry

assisted in examining the DiD and Cy3 signal intensity, finding

T7-exo significantly enhanced Cy3 signal in LN229 cells

compared to Free siYY1 (Figure 2E). It can be concluded that

T7-exo can penetrate the in vitro BBB model meanwhile

accumulating in the cytoplasm of LN229 cells.

To evaluate the transcytosis efficiency of T7-siYY1-exo, we

established the bEnd.3/LN229 tumor spheroids co-culture model

for imitating the blood−brain tumor barrier (BBTB) in vitro

FIGURE 2
Cellular uptake of T7-siYY1-exo in vitro and BBB/BBTB model. (A) The delivery efficiency of Free siYY1 and T7-siYY1-exo in LN229 cells. Cy3-
labeled siYY1 and loaded DID-labeled exosomes (5 μg/ml) were used to treat LN229 cells. After 24h incubation, the cytoskeleton was stained with
phalloidin and the cell nuclei were stained with DAPI. The fluorescent was photographed under a confocal laser scanning microscope using Nikon
NIS-Elements software (Nikon, Tokyo, Japan). (B) The knockdown efficiency of YY1was detected byWestern blot. (C) Schematic diagram of the
BBB model in-vitro. (D) Representative immunofluorescence images showing T7-siYY1-exo uptake into LN229 cells after passing through a
bEnd.3 monolayer. Unmod-exo/T7-siYY1-exo (5 μg/ml) was added to upper compartment. The fluorescent was photographed under a confocal
laser scanning microscope using Nikon NIS-Elements software (Nikon, Tokyo, Japan). (E) The positive rates of DiD and Cy3 were detected by flow
cytometry. (F,G) The penetrating and tumor targeting efficacy of T7-siYY1-exo evaluated through BBTB/LN229 tumor spheroids co-culture model.
The treatment concentration of unmod-exo/T7-siYY1-exo was 5 μg/ml. The fluorescent was photographed under a confocal laser scanning
microscope using Nikon NIS-Elements software (Nikon, Tokyo, Japan).
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FIGURE 3
The therapeutic effect of T7-siYY1-exo in vitro. (A) LN229 cells were cultured in the presence of T7-siNC-exo/T7-siYY1-exo (5 μg/ml) and TMZ
(50 μM)/IR (6Gy) for 2 days and apoptotic cells were visualized by caspase-3/7 apoptosis assay. The fluorescent was photographed under a confocal
laser scanning microscope using Nikon NIS-Elements software (Nikon, Tokyo, Japan). Data in a are representative of three independent biological
experiments. (B) LN229 cells administrated with T7-siNC-exo/T7-siYY1-exo (5 μg/ml) and TMZ (50 μM)/IR (6Gy) were subjected to FACS to
detect apoptosis. p values are displayed as *p ≤0.05, **p ≤ 0.01, ***p ≤ 0.001. (C) The effect of T7-siYY1-exo on LN229-IR-resistant and LN229-TMZ-
resistant cells. The concentration of TMZ was 200 μM and the dose of IR was 12Gy. p values are displayed as *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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(Figure 2F). Interestingly, the Cy3 and DiD fluorescence were

powerful inside the tumor spheroids receiving the treatment with

T7-siYY1-exo, supporting T7-siYY1-exo effectively penetrated

into GBM. In contrast, tumor spheroid receiving the treatment of

unmod-exo displayed weak Cy3 and DiD fluorescence only in the

superficial area (Figure 2G). The above findings confirmed that

the functionalization of the exosome with T7 peptide is capable of

remarkably enhancing the BBTB penetration ability and the

GBM targeting ability.

T7-siYY1-exo enhanced TMZ and radiation
sensitivity of GBM cells in vitro

The above findings revealed the effective taking up of

engineered exosomes by recipient cells. We then determined

whether T7-siYY1-exo was sufficient to enhance the

chemoradiotherapy sensitivity of GBM cells. Apoptotic

cells were visualized by caspase-3/7 apoptosis assay. The

single delivery of siYY1 could not bring perfect and

effective treatment, indicating that single siYY1 lacked

strong therapeutic function. Besides, T7-siYY1-exo

together with TMZ or IR led to a substantial enhancement

of apoptosis compared with that of the cells treated with T7-

Negative Control of siRNA-exo (T7-siNC-exo) together with

TMZ or IR (Figure 3A). Flow cytometry analysis of

LN229 cells undergoing apoptosis found that T7-siYY1-

exo caused a noticeable increase in TMZ and radiation

sensitivity. That is to say, T7-siYY1-exo exhibited an

enhanced synergistic effect on inducing apoptosis in the

target cells (Figure 3B).

In order to further observe the sensitizing effect of T7-siYY1-

exo on chemoradiotherapy resistant cells, a TMZ-resistant

derivative of the LN229 GBM cell line (LN229-TMZ-resistant)

was produced via the serial passage of these cells in the presence

of increasing TMZ concentrations. Moreover, LN229-IR-

resistant cells were generated by parental cells after 6 times of

2Gy irradiation. Surprisingly, T7-siYY1-exo enhanced the

sensitivity of LN229-TMZ-resistant and LN229-IR-resistant

cells to chemotherapy and radiotherapy, reversed the

therapeutic resistance of cells (Figure 3C). Thus, the results

suggested that T7-siYY1-exo can simultaneously enhance the

sensitivity of GBM cells to chemotherapy and radiotherapy.

To gain insights into the mechanism of T7-siYY1-exo,

transcriptomic sequencing was performed on T7-siYY1-exo

and T7-exo treated cells (Figure 4A). Gene ontology (GO)

analysis showed that gene sets for cellular response to DNA

damage stimulus were enriched in T7-siYY1-exo treatment cells

(Figure 4B). Additionally, KEGG bioinformatics analysis

revealed the enrichment of signaling pathways that regulated

the pluripotency of stem cells, PI3K-Akt signaling pathway and

HIF-1 signaling pathway in T7-siYY1-exo treatment cells

(Figure 4C). Indeed, previous studies revealed the close

association of these gene sets with TMZ and radiotherapy

resistance (Persano et al., 2012; Tomar et al., 2020; Nie et al.,

2021).

Efficiency of in vivo systemic delivery of
T7-exo to the brain tumor

The uptake and the function of T7-exo were identified in

GBM cells in vitro, followed by the determination of the

biodistribution of T7-exo in vivo. We injected 200 μg of

DiD-labeled unmod-exo or T7-exo loaded with 0.5OD

Cy3 labeled siYY1 into mice via the tail vein, and detect

fluorescence signal through in vivo imaging system (IVIS).

As shown in Figure 5A, the intensity and distribution of

FIGURE 4
Molecular mechanism of T7-siYY1-exo. (A) RNA sequencing was performed on T7-siYY1-exo treated cells. (B)Gene ontology (GO) enrichment
analysis enrichment of differential genes after T7-siYY1-exo treatment. (C) KEGG bioinformatics analysis of differential genes after T7-siYY1-exo
treatment.
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fluorescence were recorded at different time points (0, 3, 6,

12 h) after mock unmod-exo or T7-exo injection. According

to the fluorescence quantification of different organs (brain,

heart, liver, spleen, lung, and kidney), we found that the

fluorescence intensity exhibited an obvious concentration in

the peripheral organs at 12 h following the injection with

unmod-exo or T7-exo. Then, the assessment on the ability of

T7-exo to deliver cholesterol-modified siYY1 in vivo was

conducted via Cy3 fluorescence intensity, detecting the

relative fluorescence intensity of siYY1-Cy3 in various

organs of mice after unmod-exo or T7-exo injection. As

shown in Figure 5B, siYY1-Cy3 exhibited enrichment in a

variety of organs at different time points of post-injection.

Unsurprisingly, fluorescent images of the other organs show

that T7-siYY1-exo was mainly metabolized in the liver

(Figure 5C). Notably, based on the ex vivo imaging

regarding brains at 12 h together with the fluorescence

quantitative analysis, the T7-siYY1-exo showed an obvious

accumulation in GBM tissue instead of normal brain tissue

(Figure 5D). These results revealed that T7-modified

exosomes possessed a better ability to overcome BBB and

target GBM than did unmodified exosomes.

T7-siYY1-exo enhance the in vivo efficacy
of chemotherapy and radiotherapy
for GBM

To investigate the in vivo effects of T7-siYY1-exo for GBM,

we established Orthotopic GBM xenograft model as described.

Tumors were allowed for a 14 days growth followed by treatment

daily with saline, T7-siYY1-exo, IR, TMZ, IR + T7-siYY1-exo or

TMZ + T7-siYY1-exo for 7 days, and tumor signals were

evaluated using luciferase bioluminescence. Based on the

tumor bioluminescence quantification, T7-siYY1-exo

combined with TMZ or IR could hinder the tumor growth to

a much larger extent than TMZ or IR alone (Figure 6A). It should

further be noted that T7-siYY1-exo monotherapy had a slightly

treatment effect on GBM. The tumor volume as a reflection of

tumor burden, Hematoxylin-eosin (HE) staining showed that

T7-siYY1-exo combined with TMZ or IR regimens showed

significantly increased antitumor activity, relative to

monotherapy (Figures 6B,C). For further examining the

efficacy of T7-siYY1-exo against GBM in vivo, we plotted as

well as monitored Kaplan-Meier survival curves regarding the

model mice, finding that relative to mice in the control group,

FIGURE 5
Tumor targeting ability of T7-siYY1-exo in orthotopic GBM xenograft model using LN229 cells. (A) In vivo florescence imaging of Orthotopic
GBM xenograft mice at 0, 3, 6 and 12 h time point after intravenous administration of unmod-exo/T7-siYY1-exo (200 ug). (B) Ex vivo fluorescence
images of Liver, Spleen, Lung, Heart and Kidney frommice sacrificed at 12 h post-injection. (C) Fluorescence quantitative analysis of ex vivo organs of
LN229 tumor-bearing mice after intravenous injection. p values are displayed as *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (D) Ex vivo images and
quantitative analysis of the GBM-bearing brains.
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treatment with IR and TMZ helped to extend a little the survival

of GBM mice. Importantly, mice administrated with T7-siYY1-

exo and TMZ/IR had an obvious loner survival time compared to

mice receiving IR and TMZ alone (Figure 6D).

In vivo safety evaluation

Toxicity is considered to be another significant parameter of

a suitable delivery vehicle besides the delivery efficiency. In the in

vivo safety experiment, in order to eliminate the influence of

immune deficiency, we carried out relevant experiments in

BALB/c mice. We intravenously injected 15 mg/kg T7-exo

into healthy BALB/c mice for 12 days for evaluating the

systematic toxicity exhibited by T7-exo. Obviously, the

mononuclear phagocyte system absorbed as well as cleared the

majority of exosomes after intravenous injection. Hence, we

conducted an investigation on the T7-exo-induced potential

pathological damage on such organs. In the group receiving

T7-exo treatment, major tissues, including the heart, liver, spleen,

lung, and kidney, did not exhibit any distinct histopathological

abnormalities or damage (Figure 7A). Blood biochemistry

FIGURE 6
Anti-tumor efficiency of T7-siYY1-exo in vivo. (A) Left, representative images of in vivo orthotopic GBM bioluminescence. Right, Representative
images of H&E staining. Bioluminescence images were captured by IVIS on day 21 in all groups. After mice sacrifice, brain tissue samples were
obtained for HE staining. (B) The tumor volume was calculated using a modified ellipsoid formula. Brain tissue samples were obtained after mice
sacrifice. p values are displayed as *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (C)Quantification of the bioluminescence of xenografts derived from the
luciferase-labeled LN229 cells in each group. Bioluminescence images were captured by IVIS on day 21 in all groups. p values are displayed as *p ≤
0.05, **p ≤ 0.01, ***p ≤ 0.001. (D) Kaplan–Meier survival plot was graphed to evaluate mice lifespan in each group, mice were collected at end stage.
p values are displayed as *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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together with the hematology analysis assisted in revealing the

potential toxic action exerted by exosomes over treated mice.

Measurement of the key biomarkers of liver and kidney injury,

including alanine aminotransferase (ALT), aspartate

aminotransferase (AST), alkaline phosphatase (ALP), direct

bilirubin (DBIL), total bilirubin (TBIL), total bile acid (TBA),

serum albumin (ALB), creatinine (CR), uric acid (UA) and blood

urea nitrogen (BUN) was performed before the completion of the

experiment. As shown in Figure 7B, all the above indicators were

the same as animals treated with saline, indicating that T7-exo

had no significant hepatorenal toxicity within the dosing

regimen. No obvious immune response was elicited in T7-exo

and saline, as serum inflammatory cytokines like IL-1β, TNF-α
and IL-6 exhibited similar levels to the saline control group

(Figure 7C), suggesting that T7-exo did not lead to an

inflammatory response. During the study period, the

experimental group presented no deaths or serious weight loss

(Figure 7D). These results showed that T7-exo did not cause

acute toxicity to the hematological system and major organs

in mice.

Materials and methods

Cell culture and treatment

Human GBM cell lines LN229 were obtained from American

Type Culture Collection (ATCC). The cell line bEnd.3 was

FIGURE 7
The systematic toxicity assessment of T7-siYY1-exo. (A)Histological analyses of liver, heart, kidney, lung and spleen sections stainedwithH&E of
BALB/c mice post-intravenous injection of T7-siYY1-exo (200 μg) or Saline for 12 days (one dose every other day). (B) Clinical chemistry and
hematology parameters for T7-siYY1-exo treated mice. p values are displayed as not significant (ns) for p > 0.05. (C) The expression level of serum
inflammatory cytokines TNF-α, IL-1β and IL-6. (D) Body weight changes in T7-siYY1-exo treated mice.
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acquired from Beina Chuanglian Biology Research Institute

(Beijing, China). All cells were cultured in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with 10%

FBS (Gibco, Australia origin), 1% penicillin/streptomycin

(NCM biotech, Suzhou, China) at 37°C with 5% CO2.

Establishment of the TMZ-resistant cell
line

The LN229 cells were inducted of drug resistance by TMZ

(TOPSCIENCE, Shanghai, China) with increasing concentration

gradient as following concentrations: 20, 50, 100, 200, 400 μM.

Each dose was maintained for 15 days, and finally a stable TMZ-

resistant cell line was obtained. Simultaneously, intermittent

high-concentration stimulation (800 μM TMZ for 48 h) and

maintenance was conducted as necessary.

pcDNA3.1 (+)-T7 ligand-LAMP2B-HA
construction, preparation

For construction of a T7-Lamp2b plasmid (pT7-Lamp2b),

the cDNA fragments encoding the T7 (HAIYPRH) peptide and

Lamp2b were inserted downstream of the CMV promoter in the

pcDNA3.1 vector. The Human influenza hemagglutinin (HA)

tag was added at the end of the Lamp2b sequence.

Preparation of ligand-decorated
exosomes

To prepare stable cell lines for generation of ligand-decorated

exosomes, 293T cells were cultured in DMEM supplemented

with 10% FBS. T7-Lamp2b were transfected into the cells using

Lipo 3,000 according to the manufacturer’s manual. After 4 h of

transfection, the medium was replaced with fresh medium

containing puromycin at 2 μg/ml concentration. Stable

293T cell lines containing T7-Lamp2b were cultured for

3 days in DMEM supplemented with 10% FBS. Then, the

medium was harvested, the cell medium containing exosomes

was harvested by centrifugation at 300 g for 5 min to eliminate

cells and subsequently centrifuged at 10,000×g for 30 min to

remove dead cells and cell debris. Finally, the clear supernatant

was centrifuged for 90 min at 120,000×g to pellet exosomes using

ultracentrifuge (Beckman, United States). At last, exosomes were

resuspended into 100 μL of 1× PBS and stored immediately at -

80°C. All the centrifugation steps were carried out at 4°C.

Nanoparticle tracking analysis

The NTA was performed as described previously (Mao et al.,

2017). In brief, the size distribution of the exosomes was analyzed

using a Nano Sight LM10 instrument (Marvern instruments,

UK). The particle suspensions were diluted with PBS to a

concentration of 108 particles/mL for analysis.

Screening of siRNA sequences

To screen the effective cholesterol-modified

siYY1 sequence that silenced YY1 protein, we designed

three different siRNA sequences and transfected into

LN229 (Table 1). The YY1 protein was collected and

examined by Western Blot to screen the sequence with the

highest silence efficiency.

Loading of siYY1 oligonucleotide into
exosomes

The cholesterol-modified siYY1 sequence of YY1 is 5′- GAU
GAUGCUCCAAGAACAATT-3′; 5′-UUGUUCUUGGAGCAU
CAUCTT-3′. To encapsulate siYY1 into exosomes, exosomes at a

total protein concentration of 20 µg were mixed with 20 µg of

siYY1 in 400 µL of PBS. The mixture was electroporated at 400 V

in a 4 mm cuvette. Unloaded siYY1 were removed by

ultracentrifugation at 120,000 g. The supernatants were

removed and the pellets were resuspended.

In vitro BBB model

An in-vitro BBB model was established using LN229 and

bEnd.3 cells as described previously (Yang et al., 2021). In brief,

bEnd.3 cells were seeded into the upper chamber of Transwell

inserts coated with 2% gelatin solution and cultured for 7 days in

DMEM supplemented with 10% FBS. LN229 cells were seeded in

the lower Transwell compartment. Cy3-labeled siYY1 and T7-

siYY1-exo were added to the upper chamber to assess the

penetration efficiency of free siYY1 and T7-siYY1-exo across

the BBB.

TABLE 1 The siRNA sequence of YY1.

siRNA constructs Target sequence in
mRNA (59-39)

YY1 siRNA-1 sense CGACGACUACAUUGAACAATT

YY1 siRNA-1 antisense UUGUUCAAUGUAGUCGUCGTT

YY1 siRNA-2 sense CGACGACGACUACAUUGAATT

YY1 siRNA-2 antisense UUCAAUGUAGUCGUCGUCGTT

YY1 siRNA-3 sense GAUGAUGCUCCAAGAACAATT

YY1 siRNA-3 antisense UUGUUCUUGGAGCAUCAUCTT
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Exosomes labeling

The fuorescent dye DiD was purchased from Lumiprobe

(United States) and used to label exosomes. Purified exosomes

were incubated in the presence of 5 mM DiD for 15 min at 37°C

then ultracentrifuged at 120,000×g, 90 min to remove the

unbounded dye. After being washed twice in PBS with

120,000×g centrifugation, the labeled exosomes were

resuspended in PBS prior to use.

RNA protection assay

T7-siYY1-exo were incubated with 20 μL RNase A/T1 mix

with or without 1% Triton X-100 at 37°C for 30 min. The

fluorescence intensity of Cy3 was detected by confocal

microscope.

Cell viability assay

For the cell viability assay, 5×103 cells were plated in 96-well

plates and treated in triplicate for 3 days with TMZ. Cell

proliferation was estimated using the Cell Counting Kit-8

(CCK-8) following the protocol, the absorbance was measured

at 450 nm using a Microplate Reader (Biotek, United States).

Orthotopic mouse xenografts

Male, 6-week-old BAL B/c nude mice (~18 g) were obtained

from Gempharmatech Co., Ltd. (Nanjing, China). GBM cells

expressing luciferase were intracranially transplanted into

immunocompromised mice. In brief, a burr hole was made

2.5 mm left of the sagittal suture and 0.5 mm anterior to the

bregma using a dental drill with a diameter of 0.7 mm, and the

injection depth is 2.5 mm. To examine the tumor growth,

animals were administrated intraperitoneally with 3.0 mg/

100 uL solution of D-Luciferin potassium salt (Abcam,

United States) and anesthetized with isoflurane for the

imaging analysis. The tumor luciferase images were captured

by using an IVIS 100 imaging system (PerkinElmer,

United States).

Animal studies

For in vivo evaluating delivery of engineered T7-exos,

unmod-exos and T7-exos (about 200 ug) were labeled with

the DID and injected into the tumor-bearing mice via the tail

vein to analyze the distribution of exosomes. Fluorescence signals

were detected by IVIS at 0, 3, 6 and 12 h after injection.

Afterwards, the mice were sacrificed by cervical dislocation,

then the organs and tumors were taken out, and the

distribution of fluorescently labeled exosomes in various

organs was observed using IVIS.

To evaluate in vivo effect of T7 exos, orthotopic mice

xenografts with Luc-LN229 cells were divided into six groups.

Saline, T7-siYY1-exo, TMZ, IR, T7-siYY1-exo + TMZ and T7-

siYY1-exo + IR. The treatment was started after tumor formation

on day 14. All animal studies were performed in accordance with

protocols approved by the Ethical Committee and Institutional

Review Board of Fourth Military Medical University.

In vivo safety evaluation

Eight female BALB/c mice were randomly divided into two

groups. One group received an intravenous injection of T7-

siYY1-exo (20 mg/kg) at one dose for 12 days and the other

group was treated with Saline as control. Blood samples and

major organ tissues were collected at 24 h after the last

administration, for hematologic and histochemistry analysis.

The serum alanine aminotransferase (ALT), aspartate

aminotransferase (AST), alkaline phosphatase (ALP), direct

bilirubin (DBIL), total bilirubin (TBIL), total bile acid (TBA),

serum albumin (ALB), creatinine (CR), uric acid (UA) and blood

ureanitrogen (BUN) levels were analyzed by Hitachi

7,080 Chemistry Analyzer. Major organs such as brain, heart,

lung, liver, spleen, and kidney were fixed with paraformaldehyde

for 48 h and embedded in paraffin. All animal procedures were

conducted in accordance with the care and use of laboratory

animals’ protocol approved by the institutional animal care

committee of FMMU.

RNA preparation and qRT-PCR

Cells were harvested in Trizol (Thermo Fisher Scientific), and

the total RNA was extracted using chloroform extraction and

isopropanol precipitation. After spectrophotometric

quantification, RNA (500 ng) was reverse transcribed into

cDNA following the protocol of the PrimeScript RT Master

Mix (Takara, China). The real-time PCR analyses were

performed using SYBR Premix Ex Taq II on the 7,500 fast

Real-Time PCR System (Applied Biosystems, United States)

and Ct thresholds were determined by the matched software.

Target gene expression was calculated using the 2−ΔΔCT method.

Each quantitative PCR assay was performed in triplicate and

independently repeated three times.

Western blot

Proteins were extracted from treated GBM cells with RIPA

buffer containing proteinase inhibitor (NCM). Protein
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concentrations were determined by BSA protein assay kit

(Thermo Fisher Scientific). Equivalent amounts of protein

were separated by SDS-PAGE and transferred onto

polyvinylidene fluoride membranes (PVDF). After blocking

with 5% non-fat milk, membranes were successively incubated

with primary (anti-HA, anti-CD63, anti-CD9, anti-GM130, anti-

YY1, anti-TSG101, anti-Lamp2b anti-GAPDH) and HRP-

conjugated secondary antibodies before visualizing bands

using chemiluminescence (Tanon Science & Technology,

Shanghai, China). The results were visualized on Tanon-5200

Chemiluminescent Imaging System (Tanon Science &

Technology).

Apoptosis assay

A FACSCalibur Flow Cytometer (BD Biosciences,

United States) was used for the apoptosis assay followed the

product manual. Cells were seeded in 6-well plates, harvesting in

centrifuge tube after different treatment for 24h. Then washing,

resuspension and staining were in accordance with the BD

Pharmingen™ FITC Annexin V Apoptosis Detection Kit I

(BD) protocol. The data were then analyzed with Flow Jo

10.0 software (Tree Star, San Francisco, CA, United States).

Each assay was independently repeated three times.

Statistical analysis

Data are presented as the mean ± standard deviation. One-

way analysis of variance was used to determine significance

among groups. Kaplan-Meier analysis was used to determine

the survival curve, in which the log-rank (Mantel-Cox) test was

applied to confirm significance between different groups. A value

of p < 0.05 was considered to be significant.

Discussion

Glioblastoma (GBM) exhibits heterogeneity, vigorous

motility and large enormous ability, which is highly resistant

to the existing conventional treatments, making it a kind of brain

tumor with the heaviest invasiveness and fatality (Shi et al., 2018).

Bevacizumab, a humanised monoclonal antibody against VEGF,

received accelerated approval from the FDA for treatment of

recurrent GBM, which is also used for adjuvant treatment

(Tamura et al., 2019). Nevertheless, the therapeutic effect of

bevacizumab combined with chemotherapy and radiotherapy or

not cannot last a long time and tumors will recur 3–5 months

later (Bao et al., 2021). One way to further improve the efficacy of

routine treatments might be to identify genes responsible for

tumor resistance. Recently, we and others demonstrated the role

of YY1 on GBM cells and glioma stem cells. YY1 activates the

expression of many oncogenes that affect different cellular

functions, like the proliferation, the redox homeostasis, the

DNA damage response, the apoptosis, the angiogenesis, the

metastasis, as well as the immunosuppression (Li et al., 2020).

YY1 is an attractive drug target due to its central role in tumor

progression. However, it is not easy to target YY1 considering the

nuclear localization.

The delivery of RNA molecules, like small interfering RNA

(siRNA), microRNA (miRNA), short hairpin RNA (shRNA), as

well as long non-coding RNA (lncRNA) for silencing aberrant

gene expression in a cell can effectively assist in treating various

transcription factors (Yang et al., 2022). Nevertheless, plenty of

evidence finds that the efficacy and specificity exhibited by these

therapies are not acceptable. Accumulating evidence reported

that exosomes released from somatic cells might serve as proper

nanocarriers of therapeutic agents specific to clinical therapeutic

drugs (Shi et al., 2019). However, the way to enable exosomes to

be capable of specifically delivering therapeutic molecules to

target cells remains unclear. Murine pancreatic cancer cells

saw the functional modification of exosomes that carry a

specific siRNA for targeting oncogenic KRAS, explaining the

potential of these exosomes for treating the malignant tumors

with identified molecular targets (Xie et al., 2020). Our previous

also found that TfR was rarely expressed in normal human

astrocytes cells but significantly increased in radioresistant

cells and glioma stem cells (Gu et al., 2021). Besides, a mass

of TfRs is also expressed in brain capillary endothelial cells,

assisting exosomes in penetrating the BBBmore efficiently (Zhao

et al., 2016). Kim et al. (2020) designed exosomes containing

antisense microRNA oligonucleotides and decorated them with

the T7-peptide. The authors aimed to selectively deliver antisense

oligonucleotide against miR-21 that is commonly upregulated in

GBM and involved in the inhibition of tumor cell death and

consequent tumor progression.

The study of the in vitro and in vivo uptake was consistent

with the proposed hypothesis that T7 functionalization

promoted exosome uptake by both cerebral vascular

endothelial cells and glioblastoma cells. Despite the enhanced

brain targeting due to T7-modified exosomes, our study found

that exosomes were remarkably enriched in peripheral organs,

especially in the liver, which is consistent with previous studies.

In our study, T7-siYY1-exo was used in combination with TMZ

and radiotherapy, which played a better anticancer and apoptotic

role in comparison with a single therapeutic strategy.

Notably, according to the histological analyses regarding

major organs, the tissues of experimental mice were not

damaged obviously, which indicated the favorable

biocompatibility of the modified exosome. Based on these

advantages, exosomes have shown great value in nucleic acid

delivery, and can protect therapeutic substances from

degradation and clearance by the host immune system. We

believe that this modified exosome may emerge as a

promising strategy for synergistic and targeted
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chemoradiotherapy to eradicate glioblastoma. However, it is

important to emphasize that the clinical therapeutic potential

of engineered exosomes is limited by the large-scale production

of exosomes for clinical trials. Furthermore, the low loading

efficiency of current exosome-nucleic acid-loading strategies,

including electroporation, incubation, and transfection, limits

their application.
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Background: RNA methylation modification plays an important role in immune

regulation. m7G RNA methylation is an emerging research hotspot in the RNA

methylation field. However, its role in the tumor immune microenvironment of

kidney renal clear cell carcinoma (KIRC) is still unclear.

Methods: We analyzed the expression profiles of 29 m7G regulators in KIRC,

integrated multiple datasets to identify a novel m7G regulator-mediated

molecular subtype, and developed the m7G score. We evaluated the

immune tumor microenvironments in m7G clusters and analyzed the

correlation of the m7G score with immune cells and drug sensitivity. We

tested the predictive power of the m7G score for prognosis of patients with

KIRC and verified the predictive accuracy of the m7G score by using the

GSE40912 and E-MTAB-1980 datasets. The genes used to develop the m7G

score were verified by qRT-PCR. Finally, we experimentally analyzed the effects

of WDR4 knockdown on KIRC proliferation, migration, invasion, and drug

sensitivity.

Results: We identified three m7G clusters. The expression of m7G regulators

was higher in cluster C than in other clusters. m7G cluster C was related to

immune activation, low tumor purity, good prognosis, and low m7G score.

Cluster B was related to drug metabolism, high tumor purity, poor survival, and

high m7G score. Cluster A was related to purine metabolism. The m7G score

can well-predict the prognosis of patients with KIRC, and its prediction

accuracy based on the m7G score nomogram was very high. Patients with

high m7G scores were more sensitive to rapamycin, gefitinib, sunitinib, and

vinblastine than other patients. Knocking down WDR4 can inhibit the

proliferation, migration, and invasion of 786-0 and Caki-1 cells and increase

sensitivity to sorafenib and sunitinib.

Conclusion: We proposed a novel molecular subtype related to m7G

modification and revealed the immune cell infiltration characteristics of

different subtypes. The developed m7G score can well-predict the prognosis

of patients with KIRC, and our research provides a basis for personalized

treatment of patients with KIRC.
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Introduction

m7G RNA methylation is catalyzed by the

Trm8–Trm82 complex in yeast and by the

METTL1–WDR4 complex in humans under the action of

methyltransferases (A Alexandrov et al., 2002). m7G RNA

methylation can regulate mRNA transcription, miRNA

biological function, tRNA stability, nuclear processing, and

18S rRNA maturation. m7G regulators are prognostic markers

of a variety of cancers. METTL1 andWDR4 are highly expressed

in a variety of tumors, such as liver cancer (Chen D et al., 2021),

intrahepatic cholangiocarcinoma (Dai S et al., 2021), and lung

cancer (Ma et al., 2021), which is related to poor prognosis of

patients. High expression of NSUN2 is associated with poor

prognosis of gastric cancer (Hu J et al., 2021) and esophageal

squamous cell carcinoma (Su et al., 2021). NUDT10 is a reliable

prognostic marker of gastric cancer (Chen Z et al., 2021).

GEMIN5, EIF4E3, and GEMIN5 can specifically bind to the

m7G cap (Bradrick and Gromeier, 2009; Osborne et al., 2013; Xu

et al., 2016). Meanwhile, NUDT16 can remove the m7G cap (Lu

et al., 2011). AGO2 inhibits mRNA translation by binding to the

m7G cap (Kiriakidou et al., 2007). EIF4E binds to the m7G cap to

mediate mRNA translation and can increase the capping

efficiency of coding and noncoding RNAs (Culjkovic-Kraljacic

et al., 2020). EIF4E overexpression can promote cell proliferation

and invasion of renal cell carcinoma (RCC) (Li et al., 2017). The

knockdown of EIF3D can inhibit the progression of RCC by

inducing G2/M arrest (Pan et al., 2016). Current studies only

focused on the role of a single m7G regulator. However, multiple

genes are involved in tumor occurrence, and the prognostic role

of multiple m7G regulators has not been clarified.

Kidney renal clear cell carcinoma (KIRC), the most common

histological subtype of RCC, is characterized by high heterogeneity

and poor prognosis (Hsieh et al., 2017). Immunotherapy has led to

significant progress in the treatment of patients with KIRC, and

immune checkpoint inhibitors have been used as the first-line

treatment of advanced KIRC (Bedke et al., 2021; Braun et al.,

2021). However, some patients still experience spontaneous

regression due to tumor immune escape, and the effect of

immunotherapy still greatly varies across different patients. KIRC

has a high degree of immune infiltration, with T-cell infiltration being

the highest (şenbabaoğlu et al., 2016). CD8+ T-cell infiltration is

associated with poor prognosis of KIRC (Dai Z et al., 2021; Li et al.,

2020). The tumor microenvironment plays an important role in

tumor biology and treatment. Understanding the characteristics of

the tumormicroenvironment under themediation ofm7G is of great

importance for predicting the immunotherapy of patientswithKIRC.

In this study, first, we performed consistent cluster

analysis on 702 patients with KIRC, identified three m7G

clusters, and studied the characteristics of immune cell

infiltration, function, and survival among different

subtypes. We classified the patients into three gene clusters

in accordance with the differentially expressed genes (DEGs)

among the three m7G clusters. We developed the m7G score

to predict the prognosis of patients and analyzed its

correlation with the tumor microenvironment, mutation,

tumor mutation burden (TMB), and stemness indices.

Finally, we verified the genes used for developing the m7G

score by utilizing clinical samples.

Materials and methods

Data collection and processing

RNA-seqdata [fragments per kilobasemillion (FPKM)] andKIRC

clinical andmutation data were downloaded from the TCGA database

(https://portal.gdc.cancer.gov/). FPKM was converted into transcripts

per kilobase million (TPM). The GSE29609 (Edeline et al., 2012),

GSE40912 (Fachel et al., 2013), and GSE172165 datasets were

downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/

geo/). The E-MTAB-1980 (Sato et al., 2013) dataset was downloaded

from the ArrayExpress database (https://www.ebi.ac.uk/arrayexpress/).

The details of these cohorts are provided in Supplementary Data Sheet

S1. A total of 702 samples were obtained through batch correctionwith

the “sva” package. In the molecular signature database (http://www.

gsea-msigdb.org/gsea), “7-methylguanosine” was used as the search

term to obtain three m7G-related gene sets (GOMF_M7G_5_PPPN_

DIPHOSPHATASE_ACTIVITY, GOMF_RNA_7_

METHYLGUANOSINE_CAP_BINDING, and GOMF_RNA_

CAP_BINDING), and 26 m7G regulators were acquired from these

gene sets. Three m7G regulators were sourced from previous literature

(Tomikawa, 2018). A total of 29m7G regulators were used for analysis

in this research (Supplementary Table S1). The m7GHub (http://180.

208.58.19/m7g/index.html) contains m7G sites, a sequence-based high

accuracy predictor, evaluation of the effects of m7G status mutations,

and gene mutations regulated by m7Gmethylation (Song et al., 2020).

Immune checkpoints with m7G methylation were screened from the

m7GHub database.

Identification of m7G subtypes

The unsupervised clustering analysis of 702 samples was

conducted with the “ConsensusClusterPlus” package. The

correlation between the groups was the lowest, and the

correlation within the groups was the highest. The optimal K

value was selected to obtain different subtypes.
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Enrichment analysis of DEGs

The DEGs among m7G subtypes were analyzed using the

“limma” package. |Fold change| > 1 and adjusted p-value <
0.01 were set as the thresholds to identify DEGs. The DEGs were

enriched and analyzed by using Gene Ontology (GO) and Kyoto

Encyclopedia of Genes and Genomes (KEGG) with the

“clusterProfiler” package.

Development of the m7G score

Univariate Cox analysis was performed on the DEGs to obtain

prognostic genes. The prognostic genes were analyzed through

unsupervised clustering with the “ConsensusClusterPlus” package,

and the patients were divided into different gene subtypes. The m7G

score was developed after LASSO regression analysis. Its calculation

formula is as follows:

m7G score � ∑Expi × coef i

Here, Expi and coefi represent the gene expression values and

correlation coefficients, respectively. The score of each patient

was calculated in accordance with the formula, and the patients

were divided into the training and testing groups at the ratio of 1:

1. The patients were divided into the high- and low-risk groups in

accordance with the median value of the training

group. Kaplan–Meier (K–M) analysis was performed on the

high- and low-risk groups with the “survival” and “survminer”

packages. Receiver operator curves (ROC) were drawn with the

“timeROC” package to evaluate the accuracy of the m7G score in

predicting prognosis. A nomogram was constructed with the

“rms” package in combination with clinicopathological variables.

Pathway enrichment analysis

The “c2.cp.kegg.v7.4.symbols” gene set was selected, and the

“GSVA”packagewas used to calculate the differential gene set among

different subtypes. Molecular subtypes were visualized with the

“ggplot2” package. “C2.cp.kegg.v7.5.symbols.gmt” in

GSEA4.1.0 software was selected for analysis, and the other

operation steps in this work were consistent with those in

previous studies (Chen M et al., 2021).

Immune cell infiltration in KIRC

The “estimate” package was used to run the ESTIMATE

algorithm (Yoshihara et al., 2013), which was utilized to evaluate

the presence of stromal cells and infiltration of immune cells in

tumor samples and infer tumor purity. ssGSEA (Hänzelmann

et al., 2013), CIBERSORT (Newman et al., 2015), and MCP

counter algorithm (Becht et al., 2016) were applied to analyze the

differences of immune cells between different subtypes, and

Spearman’s correlation analysis was performed between the

m7G score and immune cells.

Correlation analysis between the m7G
score and therapeutic drugs

The expression profiles of immune checkpoints in the high-

and low-risk groups were analyzed with the “limma” package,

and the IC50 of chemotherapeutic drugs (rapamycin, gefitinib,

sunitinib, vinblastine, gemcitabine, lapatinib, and sorafenib) in

KIRC was calculated with the “pRRophetic” package. The

association between WDR4 and drug IC50 was analyzed

using data from the GDSC database (https://www.

cancerrxgene.org/).

The DEGs between high- and low-risk groups were divided

into upregulated and downregulated genes and entered into the

cAMP database (https://clue.io/) to obtain potential therapeutic

drugs. The 2D and 3D structures of the drugs were obtained from

the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). A

negative score indicates that the drug can be beneficial for

treatment of patients in the high-risk group.

Scores < −90 were used to identify associated small molecules.

Clinical sample validation

Paired cancer and adjacent tissues were collected from

13 patients with KIRC in our hospital. The informed consent

of the patients and the approval of the ethics committee of

Haikou Hospital, affiliated to Xiangya Medical College of Central

South University were obtained before specimen collection. The

operation steps and calculation methods of quantitative real-time

polymerase chain reaction (qRT-PCR) are shown in our previous

research (Chen et al., 2020). cDNA was amplified with an

Applied Biosystems QuantStudio 5 Real-Time PCR

instrument. Primer sequences are provided in Supplementary

Table S2.

Cell culture and small interfering RNA
transfection

786-0 and Caki-1 cell lines were purchased from the China

Centre for Type Culture Collection (Wuhan, China) and cultured

in an atmosphere of 5% CO2 and 95% air at 37°C. siWDR4 was

designed and synthesized by RiboBio (Guangzhou, China) and

transfected with Lipofectamine 3000 (Thermo Fisher, NY,

United States). At 48 h after transfection, the cells were

collected for functional experiments. Interference efficiency

was detected through qRT-PCR.
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Cell viability assay

A total of 2000 cells were plated in 96-well plates, and 10 µL

of CCK-8 was added to each well. The cells were incubated in an

incubator for 1 h. The wavelength was set at 450 nm. The IC50

values of sunitinib and sorafenib were detected at 24, 48, and

72 h. Drugs were purchased from MedChemExpress

(Monmouth Junction, NJ, United States).

Colony formation assay

Cells at the logarithmic growth stage were collected, and

1000 cells were plated in six-well plates. The cells were cultured

for 10 days, fixed with methanol for 20 min, and stained with

0.1% crystal violet for 15 min. The number of clones that formed

in each well was counted and photographed.

Transwell assay

A total of 600 μL of medium containing 10% serum was

added into the lower chamber of a 24-well plate. Cells were added

into the upper chamber and incubated in the incubator for 24 h.

The liquid in the upper chamber was aspirated dry, and the cells

were fixed with formaldehyde for 20 min and stained with 0.1%

crystal violet for 15 min. After air drying, a microscope was used

for observation and photography. Invasion experiments required

a layer of Matrigel in the upper chamber.

Statistical analysis

Survival analysis was performed through the K–M method.

The Wilcoxon signed-rank test was used to analyze DEGs, and

paired t-test was conducted to analyze gene expression in the

clinical samples. Statistical analysis was performed by using

R4.0.2 and GraphPad Prism 8.0.2. p < 0.05 was considered a

significant difference.

Result

Genetic variations and expression levels of
m7G regulators in KIRC

Among the 29 m7G regulators analyzed in this study,

LARP1 had the highest mutation frequency (Supplementary

Figure S1). We found a significant correlation among

23 genes. METTL1 was negatively correlated with DCPS,

NUDT3, NUDT4, and EIF4E3 and positively correlated with

other genes. Most genes were favorable factors for patients with

KIRC, whereas NUDT11, NUDT10, NSUN2, WDR4, METTL1,

LSM1, and EIF4A1 were risk factors (Figure 1A). We found

significant differences in 24 genes between cancer and normal

tissues in the TCGA–KIRC cohort (Figure 1B). These results

suggested that m7G may play an important role in KIRC.

Expression levels of m7G regulators in
KIRC

We combined the TCGA–KIRC, GSE29609, GSE49012, and

E-MTAB-1980 cohorts to obtain a total of 702 samples to further

understand the possible role of m7G in KIRC. Through

unsupervised clustering, the samples were divided into three

subtypes for analysis (Figure 1C). A total of 291, 104, and

307 cases were included in clusters A, B, and C, respectively.

PCA revealed that the m7G regulator can well-distinguish the

samples of each cluster (Figure 1D). Significant differences were

found in overall survival (OS) and disease-free survival (DFS)

among the three subtypes. The survival of cluster C was longer

than that of clusters A and B (Figures 1E,F). m7G regulator

expression was higher in cluster C than in other clusters

(Supplementary Figure S2A).

Pathways between different subtypes

GSVA enrichment analysis showed that immune-related

pathways, such as the RIG-I-like receptor signaling pathway,

the chemokine signaling pathway, the T-cell receptor signaling

pathway, and apoptosis, were significantly active in the m7G

cluster C (Figure 2A). Drug metabolism-related pathways were

significantly active in m7G cluster B, and purine metabolism was

significantly active in m7G cluster A (Figures 2B,C). In addition,

RCC was significantly active in m7G cluster C. GSEA also

demonstrated that immune-related pathways and apoptosis

were enriched in the m7G cluster C. Autophagy was also

significantly enriched in m7G cluster C (Figures 2D–F). These

results can account for better prognosis of m7G cluster C than

that of m7G clusters A and B.

Differences in the immune
microenvironments of the m7G clusters

After scoring the tumor microenvironment by using the

ESTIMATE algorithm, we found differences in stromal scores,

ESTIMATE scores, and tumor purity among m7G clusters A, B,

and C. m7G cluster C had higher stromal and estimate scores and

lower tumor purity than the other groups (Figures 3A–C). We

used ssGSEA to evaluate the degree of immune cell infiltration in

the three groups. Most immune cells differed among the three

subtypes. Activated CD4+ T cells, activated dendritic cells,

CD56 dim natural killer cells, eosinophil, gamma delta T cells,

Frontiers in Pharmacology frontiersin.org04

Chen et al. 10.3389/fphar.2022.900006

25

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.900006


mast cells, monocytes, natural killer T cells, natural killer cells,

regulatory T cells, and type 2 T helper cells had higher

distributions in m7G cluster C than in the other clusters,

whereas activated CD8+ T cells, CD56 bright natural killer

cells, immature dendritic cells, and neutrophils had lower

distributions in m7G cluster C than in other clusters

(Figure 3D). In addition, higher expression levels of immune

checkpoints (Figure 3E) and chemokines (Supplementary Figure

S2B) were found in m7G cluster C than in other clusters.

Interestingly, in the m7GHub database, we found that

15 immune checkpoints have m7G methylation modification

(Supplementary Table S3).

Development and validation of the m7G
score

We obtained 80 DEGs among m7G subtypes to explore their

potential biological functions in different subtypes. GO and

KEGG analyses revealed that the DEGs were enriched in

cancer-related pathways, such as the positive regulation of cell

adhesion, the positive regulation of vasculature development, cell

molecules, the PI3K–Akt signaling pathway, and the JAK−STAT

signaling pathway (Supplementary Figures S3A,B). m7G

modification may play a key role in carcinogenesis in KIRC.

A total of 75 prognostic genes were identified through univariate

Cox analysis (Supplementary Table S4). We performed

unsupervised clustering of prognostic genes to obtain three

gene subtypes (Supplementary Figure S3C). Significant

differences in OS and PFS existed among gene clusters A, B,

and C (Figures 4A,B). A total of 702 samples were divided into

the training group (n = 351) and the testing group (n = 351), and

the formula used to develop the m7G score was obtained after

LASSO regression analysis as follows: m7G score = (−0.222 ×

G3BP2) + (0.195 × THBS1) + (−0.224 × BCL2) + (−0.509 ×

PTPRB) + (0.284 × CD36) + (−0.124 × PDK4) + (−0.187 ×

TMEM125). The patients were divided into high- and low-risk

groups in accordance with the median value of the training

group. The prognosis of the patients in the high-risk group was

poorer than that of the low-risk group (Figures 4C–E). The area

under the curve (AUC) showed that the m7G score has good

prediction accuracy (Figures 4F–H). A Sanggi diagram was used

to depict the interrelationships between the m7G cluster, gene

cluster, risk, and patient survival status (Supplementary Figure

S4). Significant differences in m7G scores were found between

gene and m7G subtypes, and the scores of m7G cluster C and

FIGURE 1
Unsupervised clustering analysis of m7G regulators in KIRC. (A) Interaction network of m7G regulators. (B) Expression levels of m7G regulators
in KIRC. (C) Heat maps of the consensus clustering matrix. (D) PCA distinguishing the three subtypes. (E–F) K–M curves of OS and DFS in the three
subtypes. KIRC, kidney renal clear cell carcinoma; OS, overall survival; DFS, disease-free survival; K–M, Kaplan–Meier.

Frontiers in Pharmacology frontiersin.org05

Chen et al. 10.3389/fphar.2022.900006

26

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.900006


gene cluster C were lower than those of other clusters

(Figures 4I,J).

We conducted external validation to prove the

applicability of the m7G score. The m7G score still had

good prediction performance on the GSE40912 and

E-MTAB-1980 datasets. The prognosis of the patients in

the low-risk group was better than that of the patients in

the high-risk group. AUC analysis showed that the m7G score

FIGURE 2
Enrichment analysis among different subtypes. (A) Pathway enrichment analysis between m7G clusters B and C. (B) Pathway enrichment
analysis between m7G clusters A and C. (C) Pathway enrichment analysis between m7G clusters A and B. (D–F) Gene enrichment analysis among
different subtypes.
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has a high prediction accuracy (Figures 5A,B). In addition,

the m7G score had good predictive performance for DFS in

the TCGA–KIRC cohort. A significant difference was found

between high- and low-risk groups, and the survival of the

patients in the low-risk group was better than that of the

patients in the high-risk group (Figure 5C). The

nomogram that was constructed in combination with

clinicopathological variables can well-predict the survival

of patients. The 1-, 3-, and 5-year AUCs reached 0.887,

0.883, and 0.857, respectively, with high prediction

accuracy (Figures 5D,E).

TME characteristics in the high- and low-
risk groups

By using the CIBERSORT algorithm, we found that the

m7G score was negatively correlated with resting dendritic

cells, M1 macrophages, and gamma delta T cells

(Supplementary Figure S5A) and positively correlated with

M0 macrophages, M2 macrophages, and neutrophils

(Supplementary Figure S5B). The ssGSEA algorithm

showed that aDCs, CD8+ T cells, macrophages, Tfh,

Th1 cells, and Th2 cells had higher scores in the high-risk

group than in the low-risk group. Moreover, iDCs, mast cells,

and neutrophils had higher scores in the low-risk group than

in the high-risk group (Figure 6A). The scores of APC co-

stimulation, CCR, check-point, cytolytic activity,

inflammation promotion, para-inflammation, and T cell

co-stimulation were higher in the high-risk group than in

the low-risk group, whereas the scores of MHC-class Ⅰ and
type-Ⅱ IFN response were higher in the low-risk group than

in the high-risk group (Figure 6B). We used the ESTIMATE

algorithm to score the tumor microenvironment and found

differences among stromal, immune, and estimate scores.

The estimate score of the high-risk group was higher than

that of the low-risk group (Figure 6C). The MCP counter

algorithm showed that the m7G score was positively

correlated with B lineage and fibroblasts and negatively

correlated with NK cells, monocytic lineage, myeloid

dendritic cells, neutrophils, and endothelial cells

(Figure 6D).

FIGURE 3
Differences in the immune microenvironment among different subtypes. (A–C) Differences in stromal and ESTIMATE scores and tumor purity
among different subtypes. (D) Differences in immune cell infiltration among different subtypes based on ssGSEA. (E) Differences in immune
checkpoint expression among different subtypes.
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Correlation analysis of the m7G score with
mutation, TMB and stem cell index

The mutation frequency of VHL was highest in the two groups,

and the mutation frequency of mTOR was higher in the high-risk

group (Figures 6E,F). The m7G score was positively correlated with

stemness indices and TMB (Figures 6G,H). The higher TMB of the

high-risk group than that of the low-risk group (Figure 6I) suggested

that immunotherapy was more effective in high-risk patients than in

low-risk patients.

Functional mechanism analysis of high-
and low-risk groups

GSEA revealed that immune- and metabolism-related

pathways were significantly enriched in the low-risk groups,

such as the B-cell receptor signaling pathway, the T-cell

receptor signaling pathway, the chemokine signaling pathway,

endocytosis, fatty acid metabolism, fructose and mannose

metabolism, glycolysis, gluconeogenesis, histidine metabolism,

and pyruvate metabolism (Supplementary Figure S6A).

FIGURE 4
Development and validation of the m7G score. (A,B) K–M analysis of OS and DFS among different gene subtypes. (C–E) K–M survival analysis
between high- and low-risk groups in the training and testing groups and the entire group. (F–H) ROC curve evaluating the prediction accuracy of
the m7G score in the training and testing groups and the entire group. (I,J) Risk scores of different genes andm7G clusters. K–M, Kaplan–Meier; OS,
overall survival; DFS, disease-free survival; ROC, receiver operator curve.
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Correlation analysis between the m7G
score and therapeutic drugs

We found that checkpoints significantly differed between

the high- and low-risk groups, and the expression of

PDCD1 was higher in the high-risk group than in the low-

risk group (Figure 7A). The two groups also had significantly

different chemokine and chemokine receptor expression

profiles (Supplementary Figure S6B). Rapamycin, gefitinib,

sunitinib, and vinblastine had lower IC50 values in the high-

risk group than in the low-risk group (Figures 7B–E), and

gemcitabine, lapatinib, and sorafenib had higher IC50 values

in the high-risk group than in the low-risk group

(Figures 7F–H).

FIGURE 5
External validation and nomogram construction of the m7G score. (A,B) K–M analysis and ROC curve of the m7G score for the GSE40912 and
E-MTAB-1980 datasets. (C) K–M analysis of the DFS of the TCGA–KIRC cohort. (D) Nomogram combining clinicopathological variables and risk
score. (E) ROC curve was used to evaluate the accuracy of the normogram in predicting survival. K–M, Kaplan–Meier; DFS, disease-free survival;
ROC, receiver operator curve; KIRC, kidney renal clear cell carcinoma.
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FIGURE 6
Relationship between the m7G score and tumor immune microenvironment. (A,B) ssGSEA of the correlation of the m7G score with immune
cells and immune function. (C) ESTIMATE algorithm analysis of the correlation of the m7G score with immune cells and immune function. (D) MCP
counter algorithm analysis of the correlation between the m7G score and immune cells. (E,F) Mutation characteristics of the high- and low-risk
groups. (G)Correlation analysis between them7G score and stemness indices. (H,I)Correlation analysis between them7G score and TMB. TMB,
tumor mutation burden.
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Furthermore, we used the cAMP database to explore

potential small-molecule drugs for the therapy of patients

with KIRC. The top 10 compounds with the strongest

negative correlation with the patients in the high-risk

group are shown in Table 1. Among these compounds,

ZSTK-474, PI-103, and PI-828 are PI3K inhibitors. The 2D

and 3D structures of the three compounds are shown in

Figures 7I–K.

Validation in clinical samples

We validated the expression profiles of the genes that were used

to develop them7G score in paired cancer and normal tissues. CD36,

THBS1, and PDK4 were highly expressed in cancer tissues, whereas

PTPRB, G3BP2, and TMEM125 were lowly expressed in cancer

tissues (Figures 8A–F). However, we found no difference in the

expression of BCL2 between cancer and normal tissues (Figure 8G).

FIGURE 7
Correlation analysis between the m7G score and therapeutic drugs. (A) Expression profiles of checkpoints in the high- and low-risk groups.
(B–H) Correlation analysis between the m7G score and IC50 of rapamycin, gefitinib, sunitinib, vinblastine, gemcitabine, lapatinib, and sorafenib. The
2D and 3D structures of (I) ZSTK-474, (J) PI-103, and (K) PI-828.
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TABLE 1 Ten most negatively correlated small-molecule compounds screened from the CMap database.

Score CMap name Target MOA

−96.37 Calyculin PPP1CA, PPP1CC, and PPP2CA Protein phosphatase inhibitor

−96.48 TG-101348 JAK2, FLT3, BRD4, JAK1, JAK3, RET, TYK2 FLT3 inhibitor, JAK inhibitor

−96.93 AZD-7762 CHEK1, and CHEK2 CHK inhibitor

−97.18 CS-110266 SLC6A3 Dopamine receptor agonist

−97.42 PI-828 PI3K inhibitor

−97.6 PI-103 PIK3CA, PIK3CG, MTOR, PIK3CB, PIK3CD, and PRKDC MTOR inhibitor, PI3K inhibitor

−97.71 RO-90-7501 APP Beta amyloid inhibitor

−97.77 Naftopidil ADRA1A and ADRA1D Adrenergic receptor antagonist

−97.8 PJ-34 EEF2, PARP1, PARP15, and PARP3 PARP inhibitor

−98.41 ZSTK-474 PIK3CG, PIK3CA, PIK3CB, and PIK3CD PI3K inhibitor

MOA: Mechanisms of action.

FIGURE 8
Validation in clinical samples. (A–G) Expression of CD36, THBS1, PDK4, PTPRB, G3BP2, TMEM125, and BCL2 in cancer and normal tissues.
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FIGURE 9
Effects of WDR4 on the biological function and drug resistance of KIRC cells. (A) Expression of WDR4 in sunitinib-resistant cell lines. (B–C)
Detection of WDR4 knockdown efficiency. (D) Effects of WDR4 knockdown on KIRC cell proliferation and drug sensitivity. (E) Effect of
WDR4 knockdown on the colony formation ability of KIRC cells. (F) Effects of knockdown of WDR4 on the migration and invasion of KIRC cells. SR:
sunitinib-resistant.
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Effects ofWDR4 on the biological function
and drug resistance of KIRC cells

In the GSE172165 dataset, WDR4 was significantly

upregulated in the sunitinib-resistant Caki-1 cell line

(Figure 9A). The anticancer drugs with the highest correlation

with WDR4 in the GDSC database are shown in Table 2.

WDR4 was positively correlated with the IC50 values of

lapatinib, erlotinib, entinostat, and sorafenib. We further

experimentally verified the effect of WDR4 on sensitivity to

sunitinib and sorafenib, which are common chemotherapeutic

drugs for KIRC. We used siRNA to knock down WDR4 in 786-

0 and Caki-1 cells. The qRT-PCR results showed that

interference with WDR4 significantly reduced the expression

of WDR4 (Figures 9B,C). The knockdown of WDR4 decreased

the cell viability and the IC50 values of sunitinib and sorafenib in

786-0 and Caki-1 cells (Figure 9D). Colony-formation assays

demonstrated that the knockdown of WDR4 significantly

inhibited the proliferation of 786-0 and Caki-1 cells

(Figure 9E). The Transwell assay illustrated that knocking

down WDR4 could significantly inhibit the migration and

invasion of 786-0 and Caki-1 cells (Figure 9F). These results

suggested that WDR4 may be a potential therapeutic target in

patients with KIRC and sunitinib and sorafenib resistance.

Discussion

KIRC is highly heterogeneous, and the evaluation of its

prognosis is dependent on TNM staging (Pichler et al., 2013).

Reliable biomarkers for predicting the prognosis of KIRC are

lacking. Molecular subtype predictors can be used to predict

prognosis and response to immunotherapy and provide a basis

for the precise treatment of patients with cancer. Exploring the

molecular regulatory mechanisms of different subtypes has

become a research hotspot in the field of cancer. m6A is the

most common RNA methylation modification, and the

molecular subtype based on m6A regulators can well-predict

the efficacy of immunotherapy and evaluate the prognosis of

patients (Shen et al., 2020; Zhang et al., 2020; Zhong et al., 2021).

5mC, another type of methylation modification, can also well-

predict the prognosis of patients (Hu Y et al., 2021).

In our research, we found that most m7G regulators were

favorable factors for KIRC, whereas NUDT11, NUDT10,

NSUN2, WDR4, METTL1, LSM1, and EIF4A1 were risk

factors. These genes all play an oncogenic role in cancer

(Chen Z et al., 2021; Grisanzio et al., 2012; Hu J et al., 2021;

Little et al., 2016; Wang et al., 2021; Xia et al., 2021; Ying et al.,

2021; Zhao et al., 2021). Pan-cancer analysis showed that

WDR4 and METTL1 were closely related to cancer immune

infiltration and were immunotherapy targets in patients, and the

high expression of KIRC was associated with poor prognosis of

patients (Gao et al., 2022; Zeng et al., 2021). On the basis of the

29 m7G regulators, we divided the 702 patients with KIRC into

three subtypes. We found significant differences in the OS and

DFS between subtypes and that the prognosis of m7G cluster C

was better than that of other clusters. m7G cluster C is related to

immune activation pathways, such as RIG-I-like receptor,

chemokine, and T-cell receptor signaling pathways. Cluster B

is related to drug metabolism-related pathways, and cluster A is

related to purine metabolism. Tumor purity and CD8+ T cell

infiltration were lower in the m7G cluster C than in other

clusters. In RCC, CD8+ T cells were mostly disabled and

promoted immune escape. Studies have shown that in

contrast to that in most solid tumors, the high infiltration of

CD8+ T cells in RCC predicts poor survival outcomes (Fridman

et al., 2017). These results can explain why m7G cluster C had

better prognosis than other clusters. Checkpoint inhibitors have

been approved for the first-line treatment of KIRC. In our study,

most checkpoints were more highly expressed in m7G cluster C

than in other clusters, thereby suggesting that m7G cluster Cmay

benefit more from checkpoint inhibitor therapy than other

clusters. DEGs among different m7G subtypes were enriched

in cancer-related pathways, such as the positive regulation of cell

adhesion, the positive regulation of vasculature development, cell

molecule adhesion, the PI3K–Akt signaling pathway, and the

AKT–STAT signaling pathway. PI3K–Akt signaling pathway

activation can promote the metastasis and progression of RCC

(Du et al., 2021; Lin et al., 2021; Zhu et al., 2020). We divided the

patients into three gene types in accordance with the three m7G

subtypes and found significant differences in OS and PFS among the

subtypes. We developed a newm7G score and validated the genes in

clinical samples. CD36, PDK4, and THBS1 were highly expressed in

cancer tissues, and G3BP2, PTPRB, and TMEM125 were lowly

expressed in cancer tissues. However, we found no difference in

the expression of BCL2 between cancer and normal tissues, likely due

to our small sample size. The high expression of CD36, THBS1, and

PDK4 in cancer is related to poor prognosis and promotes tumor

progression (Guda et al., 2018; Huang et al., 2017; Kim et al., 2019;

Liu et al., 2021; Liu et al., 2020; Xu et al., 2019; Zhou et al., 2009).

G3BP2 and PTPRB are lowly expressed in cancer and are reliable

markers for prognosis of patients (Qi et al., 2016;Wei et al., 2015). In

addition, single-cell transcriptomes showed that PTPRB was

expressed in the endothelial cells of normal kidney tissue (Young

et al., 2018).

TABLE 2 Four most correlated anticancer drugs screened from the
GDSC database.

Gene Drug Cor Label p Value

WDR4 Lapatinib 0.587 Positive 0.000336

WDR4 Erlotinib 0.545 Positive 0.000863

WDR4 Entinostat 0.531 Positive 0.001175

WDR4 Sorafenib 0.526 Positive 0.001310

GDSC: Genomics of drug sensitivity in cancer.
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A total of 702 patients were divided into training and testing

groups. The m7G score can well-predict the prognosis of the

patients in the training and testing groups and the entire group

with high prediction accuracy. The m7G score was externally

validated with the GSE40912 and E-MTAB-1980 datasets and

still had a good predictive performance. Therefore, the m7G

score can be used as an effective biomarker for prediction of the

prognosis of patients with KIRC and is helpful in clinical

treatment decision-making. In addition, for improving the

prediction of the prognosis of patients, we combined the

TNM stage, grade, and age to construct a nomogram. This

approach improved the predictive performance of the m7G

score. At the same time, we found that cluster C of the

immune activation subtype had a low m7G score. The tumor

microenvironment plays an important role in the development of

cancer. The main function of M1 macrophages is to promote

antigen presentation, secrete immune-activating factors, and play

an antitumor role (Chanmee et al., 2014; Hu et al., 2016). M2-like

macrophage polarization can promote the formation of an

immunosuppressive microenvironment in glioma (Xu et al.,

2021). NELF in CD8+ T cells acts on the enhancers and

promoters of TCF1 target genes to exert antitumor immunity

(Wu et al., 2022). The absence of a role of CD8+ T cells in KIRC is

related to poor prognosis (Dai S et al., 2021). Fibroblasts can

inhibit cancer immunity, promote cancer progression, and make

patients resistant to immunotherapy, which is related to poor

prognosis (Peltier et al., 2022). Our results were consistent with

these findings. The m7G score was negatively correlated with

M1macrophages. M2macrophages, CD8+ T cells, and fibroblasts

were more abundant in the high-risk group than in the low-risk

group. These immune cells were associated with the poor

prognosis of patients with KIRC (Davidsson et al., 2020;

Komohara et al., 2011; Li et al., 2020; Nakayama et al., 2018;

Xie et al., 2021; You et al., 2021).

TMB is a reliable prognostic marker in patients with cancer,

and high TMB predicts a poor prognosis (Song et al., 2022; Yang

et al., 2022). High stemness indices suggest a poor prognosis and

a high degree of malignancy in cancer (Zheng et al., 2021). The

m7G score was positively correlated with TMB and stemness

indices. The low-risk group was closely related to the immune

activation pathway, which plays a role in inhibiting cancer. These

results can be used to explain why the prognosis of patients with

high scores is poorer than that of patients in the low-risk

group. Studies have shown that the VHL mutation is the most

commonmutation in KIRC (Au et al., 2021). Consistent with our

results, the frequency of the VHL mutation was highest in the

high- and low-risk groups. Sunitinib is the first-line treatment for

patients with metastatic KIRC. We found that high-risk patients

were sensitive to rapamycin, gefitinib, sunitinib, and vinblastine

but resistant to gemcitabine, lapatinib, and sorafenib. These

findings provide a basis for personalized treatment of patients

with KIRC. In addition, we found that the knockdown of

WDR4 could inhibit the proliferation, migration, and invasion

of 786-0 and Caki-1 cells and increase the drug sensitivity of

sunitinib and sorafenib.WDR4 is a potential therapeutic target in

patients with KIRC.

Our study has limitations. First, we only validated the

m7G score with a small sample. Therefore, we need to

validate this index with a large clinical cohort. Second,

there is a lack of validation of the immunotherapy cohort,

and the prediction of the m7G score for KIRC

immunotherapy is limited.

Conclusion

This study proposed a new m7G modification-related

molecular subtype and illustrated the immune cell infiltration

characteristics of different subtypes. The developed m7G score

can well-predict the prognosis of patients with KIRC and provide

a basis for their personalized treatment.

Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and

accession number(s) can be found in the article/

Supplementary Material.

Ethics statement

The studies involving human participants were reviewed and

approved by the ethics committee of Haikou Hospital affiliated to

Xiangya Medical College of Central South University. The

patients/participants provided their written informed consent

to participate in this study.

Author contributions

MC designed the research. ZN, YG, and HC carried out the

analyses. LZ, NG, and YP performed the experiments. SZ wrote

the manuscript. All authors contributed to the article and

approved the submitted version.

Funding

The research is supported with fund from Hainan Provincial

Natural Science Foundation of China (2017CXTD010), Finance

science and technology project of Hainan province

(ZDYF2019163 and ZDYF2021SHFZ249), the National

Science Foundation of China (82160531 and 81760465), and

the health department of Hainan province (19A200184).

Frontiers in Pharmacology frontiersin.org15

Chen et al. 10.3389/fphar.2022.900006

36

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.900006


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/fphar.

2022.900006/full#supplementary-material

References

Alexandrov, A., Martzen, M. R., and Phizicky, andE. M. (2002). Two proteins that
form a complex are required for 7-methylguanosine modification of yeast tRNA.
RNA 8 (10), 1253–1266. doi:10.1017/s1355838202024019

Au, L., Hatipoglu, E., Robert de Massy, M., Litchfield, K., Beattie, G., Rowan, A.,
et al. (2021). Determinants of anti-PD-1 response and resistance in clear cell renal
cell carcinoma. Cancer Cell. 39 (11), 1497–1518.e11. doi:10.1016/j.ccell.2021.10.001

Becht, E., Giraldo, N. A., Lacroix, L., Buttard, B., Elarouci, N., Petitprez, F., et al.
(2016). Estimating the population abundance of tissue-infiltrating immune and
stromal cell populations using gene expression. Genome Biol. 17 (1), 218. doi:10.
1186/s13059-016-1070-5

Bedke, J., Albiges, L., Capitanio, U., Giles, R. H., Hora, M., Lam, T. B., et al. (2021).
Updated european association of urology guidelines on renal cell carcinoma:
Nivolumab plus cabozantinib joins immune checkpoint inhibition combination
therapies for treatment-naïve metastatic Clear-Cell renal cell carcinoma. Eur. Urol.
79 (3), 339–342. doi:10.1016/j.eururo.2020.12.005

Bradrick, S. S., and Gromeier, M. (2009). Identification of gemin5 as a novel 7-
methylguanosine cap-binding protein. PLoS One 4 (9), e7030. doi:10.1371/journal.
pone.0007030

Braun, D. A., Bakouny, Z., Hirsch, L., Flippot, R., Van Allen, E. M., Wu, C. J., et al.
(2021). Beyond conventional immune-checkpoint inhibition - novel
immunotherapies for renal cell carcinoma. Nat. Rev. Clin. Oncol. 18 (4),
199–214. doi:10.1038/s41571-020-00455-z

Chanmee, T., Ontong, P., Konno, K., and andItano, N. (2014). Tumor-associated
macrophages as major players in the tumor microenvironment. Cancers 6 (3),
1670–1690. doi:10.3390/cancers6031670

Chen, D., Zhang, R., Xie, A., Yuan, J., Zhang, J., Huang, Y., et al. (2021). Clinical
correlations and prognostic value of Nudix hydroxylase 10 in patients with gastric
cancer. Bioengineered 12 (2), 9779–9789. doi:10.1080/21655979.2021.1995104

Chen, M., Nie, Z., Cao, H., Gao, Y., Wen, X., Zhang, C., et al. (2021).
Rac3 expression and its clinicopathological significance in patients with bladder
cancer. Pathol. Oncol. Res. 27, 598460. doi:10.3389/pore.2021.598460

Chen, M., Zhang, S., Wen, X., Cao, H., and andGao, Y. (2020). Prognostic value of
CLIC3 mRNA overexpression in bladder cancer. PeerJ 8, e8348. doi:10.7717/peerj.
8348

ChenZ, ., Zhu, W., Zhu, S., Sun, K., Liao, J., Liu, H., et al. (2021).
METTL1 promotes hepatocarcinogenesis via m G tRNA modification-
dependent translation control. Clin. Transl. Med. 11 (12), e661. doi:10.1002/
ctm2.661

Culjkovic-Kraljacic, B., Skrabanek, L., Revuelta, M. V., Gasiorek, J., Cowling, V.
H., Cerchietti, L., et al. (2020). The eukaryotic translation initiation factor eIF4E
elevates steady-state mG capping of coding and noncoding transcripts. P. Natl.
Acad. Sci. Usa. 117 (43), 26773–26783. doi:10.1073/pnas.2002360117

Dai, S., Zeng, H., Liu, Z., Jin, K., Jiang, W., Wang, Z., et al. (2021). Intratumoral
CXCL13+CD8+T cell infiltration determines poor clinical outcomes and
immunoevasive contexture in patients with clear cell renal cell carcinoma.
J. Immunother. Cancer 9 (2), e001823. doi:10.1136/jitc-2020-001823

Dai, Z., Liu, H., Liao, J., Huang, C., Ren, X., Zhu, W., et al. (2021). N7-
Methylguanosine tRNA modification enhances oncogenic mRNA translation
and promotes intrahepatic cholangiocarcinoma progression. Mol. Cell. 81 (16),
3339–3355.e8. doi:10.1016/j.molcel.2021.07.003

Davidsson, S., Fiorentino, M., Giunchi, F., Eriksson, M., Erlandsson, A.,
Sundqvist, P., et al. (2020). Infiltration of m2 macrophages and regulatory t

cells plays a role in recurrence of renal cell carcinoma. Eur. Urol. Open Sci. 20,
62–71. doi:10.1016/j.euros.2020.06.003

Du, X., Li, H., Xie, X., Shi, L., Wu, F., Li, G., et al. (2021). PiRNA-31115 promotes
cell proliferation and invasion via PI3K/AKT pathway in clear cell renal carcinoma.
Dis. Markers 2021, 6915329. doi:10.1155/2021/6915329

Edeline, J., Mottier, S., Vigneau, C., Jouan, F., Perrin, C., Zerrouki, S., et al.
(2012). Description of 2 angiogenic phenotypes in clear cell renal cell
carcinoma. Hum. Pathol. 43 (11), 1982–1990. doi:10.1016/j.humpath.2012.
01.023

Fachel, A. A., Tahira, A. C., Vilella-Arias, S. A., Maracaja-Coutinho, V.,
Gimba, E. R., Vignal, G. M., et al. (2013). Expression analysis and in silico
characterization of intronic long noncoding RNAs in renal cell carcinoma:
Emerging functional associations. Mol. Cancer 12 (1), 140. doi:10.1186/1476-
4598-12-140

Fridman, W. H., Zitvogel, L., Sautès-Fridman, C., and andKroemer, G. (2017).
The immune contexture in cancer prognosis and treatment. Nat. Rev. Clin. Oncol.
14 (12), 717–734. doi:10.1038/nrclinonc.2017.101

Gao, Z., Xu, J., Zhang, Z., Fan, Y., Xue, H., Guo, X., et al. (2022). A comprehensive
analysis of METTL1 to immunity and stemness in Pan-Cancer. Front. Immunol. 13,
795240. doi:10.3389/fimmu.2022.795240

Grisanzio, C., Werner, L., Takeda, D., Awoyemi, B. C., Pomerantz, M. M.,
Yamada, H., et al. (2012). Genetic and functional analyses implicate the
NUDT11, HNF1B, and SLC22A3 genes in prostate cancer pathogenesis. Proc.
Natl. Acad. Sci. U. S. A. 109 (28), 11252–11257. doi:10.1073/pnas.1200853109

Guda, M. R., Asuthkar, S., Labak, C. M., Tsung, A. J., Alexandrov, I., Mackenzie,
M. J., et al. (2018). Targeting PDK4 inhibits breast cancer metabolism.Am. J. Cancer
Res. 8 (9), 1725–1738.

Hänzelmann, S., Castelo, R., and andGuinney, J. (2013). Gsva: Gene set variation
analysis for microarray and RNA-seq data. BMC Bioinforma. 14, 7. doi:10.1186/
1471-2105-14-7

Hsieh, J. J., Purdue, M. P., Signoretti, S., Swanton, C., Albiges, L., Schmidinger, M.,
et al. (2017). Renal cell carcinoma. Nat. Rev. Dis. Prim. 3, 17009. doi:10.1038/nrdp.
2017.9

Hu, J., Othmane, B., Yu, A., Li, H., Cai, Z., Chen, X., et al. (2021). 5MC regulator-
mediated molecular subtypes depict the hallmarks of the tumor microenvironment
and guide precision medicine in bladder cancer. BMCMed. 19 (1), 289. doi:10.1186/
s12916-021-02163-6

Hu, W., Li, X., Zhang, C., Yang., Y., Jiang, J., and Wu, C. (2016). Tumor-
associated macrophages in cancers. Clin. Transl. Oncol. 18 (3), 251–258. doi:10.
1007/s12094-015-1373-0

Hu, Y., Chen, C., Tong, X., Chen, S., Hu, X., Pan, B., et al. (2021).
NSUN2 modified by SUMO-2/3 promotes gastric cancer progression and
regulates mRNA m5C methylation. Cell. Death Dis. 12 (9), 842. doi:10.1038/
s41419-021-04127-3

Huang, T., Wang, L., Liu, D., Li, P., Xiong, H., Zhuang, L., et al. (2017). FGF7/
FGFR2 signal promotes invasion and migration in human gastric cancer through
upregulation of thrombospondin-1. Int. J. Oncol. 50 (5), 1501–1512. doi:10.3892/
ijo.2017.3927

Kim, Y. S., Jung, J., Jeong, H., Lee, J. H., Oh, H. E., Lee, E. S., et al. (2019).
High membranous expression of fatty acid transport protein 4 is associated
with tumorigenesis and tumor progression in clear cell renal cell carcinoma.
Dis. Markers 2019, 5702026. doi:10.1155/2019/5702026

Frontiers in Pharmacology frontiersin.org16

Chen et al. 10.3389/fphar.2022.900006

37

https://www.frontiersin.org/articles/10.3389/fphar.2022.900006/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.900006/full#supplementary-material
https://doi.org/10.1017/s1355838202024019
https://doi.org/10.1016/j.ccell.2021.10.001
https://doi.org/10.1186/s13059-016-1070-5
https://doi.org/10.1186/s13059-016-1070-5
https://doi.org/10.1016/j.eururo.2020.12.005
https://doi.org/10.1371/journal.pone.0007030
https://doi.org/10.1371/journal.pone.0007030
https://doi.org/10.1038/s41571-020-00455-z
https://doi.org/10.3390/cancers6031670
https://doi.org/10.1080/21655979.2021.1995104
https://doi.org/10.3389/pore.2021.598460
https://doi.org/10.7717/peerj.8348
https://doi.org/10.7717/peerj.8348
https://doi.org/10.1002/ctm2.661
https://doi.org/10.1002/ctm2.661
https://doi.org/10.1073/pnas.2002360117
https://doi.org/10.1136/jitc-2020-001823
https://doi.org/10.1016/j.molcel.2021.07.003
https://doi.org/10.1016/j.euros.2020.06.003
https://doi.org/10.1155/2021/6915329
https://doi.org/10.1016/j.humpath.2012.01.023
https://doi.org/10.1016/j.humpath.2012.01.023
https://doi.org/10.1186/1476-4598-12-140
https://doi.org/10.1186/1476-4598-12-140
https://doi.org/10.1038/nrclinonc.2017.101
https://doi.org/10.3389/fimmu.2022.795240
https://doi.org/10.1073/pnas.1200853109
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1038/nrdp.2017.9
https://doi.org/10.1038/nrdp.2017.9
https://doi.org/10.1186/s12916-021-02163-6
https://doi.org/10.1186/s12916-021-02163-6
https://doi.org/10.1007/s12094-015-1373-0
https://doi.org/10.1007/s12094-015-1373-0
https://doi.org/10.1038/s41419-021-04127-3
https://doi.org/10.1038/s41419-021-04127-3
https://doi.org/10.3892/ijo.2017.3927
https://doi.org/10.3892/ijo.2017.3927
https://doi.org/10.1155/2019/5702026
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.900006


Kiriakidou, M., Tan, G. S., Lamprinaki, S., De Planell-Saguer, M., Nelson, P.
T., and Mourelatos, Z. (2007). An mRNA m7G cap binding-like motif within
human Ago2 represses translation. Cell. 129 (6), 1141–1151. doi:10.1016/j.
cell.2007.05.016

Komohara, Y., Hasita, H., Ohnishi, K., Fujiwara, Y., Suzu, S., Eto, M., et al.
(2011). Macrophage infiltration and its prognostic relevance in clear cell renal
cell carcinoma. Cancer Sci. 102 (7), 1424–1431. doi:10.1111/j.1349-7006.2011.
01945.x

Li, G., Chong, T., Xiang, X., Yang, J., and andLi, H. (2017). Downregulation
of microRNA-15a suppresses the proliferation and invasion of renal cell
carcinoma via direct targeting of eIF4E. Oncol. Rep. 38 (4), 1995–2002. doi:10.
3892/or.2017.5901

Li, Y., Wang, Z., Jiang, W., Zeng, H., Liu, Z., Lin, Z., et al. (2020). Tumor-
infiltrating TNFRSF9+ CD8+ T cells define different subsets of clear cell renal cell
carcinoma with prognosis and immunotherapeutic response. Oncoimmunology 9
(1), 1838141. doi:10.1080/2162402X.2020.1838141

Lin, H., Zeng, W., Lei, Y., Chen, D., and andNie, Z. (2021). Tuftelin 1
(TUFT1) promotes the proliferation and migration of renal cell carcinoma via
PI3K/AKT signaling pathway. Pathol. Oncol. Res. 27, 640936. doi:10.3389/
pore.2021.640936

Little, E. C., Camp, E. R., Wang, C., Watson, P. M., Watson, D. K., and Cole, D. J.
(2016). The CaSm (LSm1) oncogene promotes transformation, chemoresistance
and metastasis of pancreatic cancer cells. Oncogenesis 5, e182. doi:10.1038/oncsis.
2015.45

Liu, B., Zhang, Y., and andSuo, J. (2021). Increased expression of PDK4 was
displayed in gastric cancer and exhibited an association with glucose metabolism.
Front. Genet. 12, 689585. doi:10.3389/fgene.2021.689585

Liu, X., Xu, D., Liu, Z., Li, Y., Zhang, C., Gong, Y., et al. (2020).
THBS1 facilitates colorectal liver metastasis through enhancing epithelial-
mesenchymal transition. Clin. Transl. Oncol. 22 (10), 1730–1740. doi:10.
1007/s12094-020-02308-8

Lu, G., Zhang, J., Li, Y., Li, Z., Zhang, N., Xu, X., et al. (2011). HNUDT16: A
universal decapping enzyme for small nucleolar RNA and cytoplasmic mRNA.
Protein Cell. 2 (1), 64–73. doi:10.1007/s13238-011-1009-2

Ma, J., Han, H., Huang, Y., Yang, C., Zheng, S., Cai, T., et al. (2021). METTL1/
WDR4-mediated m7G tRNA modifications and m7G codon usage promote mRNA
translation and lung cancer progression. Mol. Ther. 29 (12), 3422–3435. doi:10.
1016/j.ymthe.2021.08.005

Nakayama, T., Saito, K., Kumagai, J., Nakajima, Y., Kijima, T., Yoshida, S.,
et al. (2018). Higher serum c-reactive protein level represents the
immunosuppressive tumor microenvironment in patients with clear cell
renal cell carcinoma. Clin. Genitourin. Cancer 16 (6), e1151–e1158. doi:10.
1016/j.clgc.2018.07.027

Newman, A. M., Liu, C. L., Green, M. R., Gentles, A. J., Feng, W., Xu, Y., et al.
(2015). Robust enumeration of cell subsets from tissue expression profiles. Nat.
Methods 12 (5), 453–457. doi:10.1038/nmeth.3337

Osborne, M. J., Volpon, L., Kornblatt, J. A., Culjkovic-Kraljacic, B., Baguet, A.,
and Borden, K. L. (2013). EIF4E3 acts as a tumor suppressor by utilizing an atypical
mode of methyl-7-guanosine cap recognition. Proc. Natl. Acad. Sci. U. S. A. 110
(10), 3877–3882. doi:10.1073/pnas.1216862110

Pan, X. W., Chen, L., Hong, Y., Xu, D. F., Liu, X., Li, L., et al. (2016). EIF3D
silencing suppresses renal cell carcinoma tumorigenesis via inducing G2/M arrest
through downregulation of Cyclin B1/CDK1 signaling. Int. J. Oncol. 48 (6),
2580–2590. doi:10.3892/ijo.2016.3459

Peltier, A., Seban, R. D., Buvat, I., Bidard, F. C., and andMechta-Grigoriou,
F. (2022). Fibroblast heterogeneity in solid tumors: From single cell analysis
to whole-body imaging. Semin. Cancer Biol. doi:10.1016/j.semcancer.2022.
04.008

Pichler, M., Hutterer, G. C., Chromecki, T. F., Jesche, J., Kampel-Kettner,
K., Groselj-Strele, A., et al. (2013). Predictive ability of the 2002 and
2010 versions of the Tumour-Node-Metastasis classification system
regarding metastasis-free, cancer-specific and overall survival in a
European renal cell carcinoma single-centre series. BJU Int. 111,
E191–E195. doi:10.1111/j.1464-410X.2012.11584.x

Qi, Y., Dai, Y., and andGui, S. (2016). Protein tyrosine phosphatase PTPRB
regulates Src phosphorylation and tumour progression in NSCLC. Clin.
Exp. Pharmacol. Physiol. 43 (10), 1004–1012. doi:10.1111/1440-1681.12610

Sato., Y., Yoshizato, T., Shiraishi, Y., Maekawa, S., Okuno, Y., Kamura, T., et al.
(2013). Integrated molecular analysis of clear-cell renal cell carcinoma. Nat. Genet.
45 (8), 860–867. doi:10.1038/ng.2699

Şenbabaoğlu, Y., Gejman, R. S., Winer, A. G., Liu, M., Van Allen, E. M., de
Velasco, G., et al. (2016). Tumor immune microenvironment characterization in
clear cell renal cell carcinoma identifies prognostic and immunotherapeutically

relevant messenger RNA signatures. Genome Biol. 17 (1), 231. doi:10.1186/s13059-
016-1092-z

Shen, X., Hu, B., Xu, J., Qin, W., Fu, Y., Wang, S., et al. (2020). The m6A
methylation landscape stratifies hepatocellular carcinoma into 3 subtypes with
distinct metabolic characteristics. Cancer Biol. Med. 17 (4), 937–952. doi:10.20892/j.
issn.2095-3941.2020.0402

Song, B., Tang, Y., Chen, K., Wei, Z., Rong, R., Lu, Z., et al. (2020). M7GHub:
Deciphering the location, regulation and pathogenesis of internal mRNA N7-
methylguanosine (m7G) sites in human. Bioinforma. Oxf. Engl. 36 (11), 3528–3536.
doi:10.1093/bioinformatics/btaa178

Song, J. P., Liu, X. Z., Chen, Q., and andLiu, Y. F. (2022). High tumor mutation
burden indicates a poor prognosis in patients with intrahepatic
cholangiocarcinoma. World J. Clin. Cases 10 (3), 790–801. doi:10.12998/wjcc.
v10.i3.790

Su, J., Wu, G., Ye, Y., Zhang, J., Zeng, L., Huang, X., et al. (2021). NSUN2-
mediated RNA 5-methylcytosine promotes esophageal squamous cell carcinoma
progression via LIN28B-dependent GRB2 mRNA stabilization. Oncogene 40 (39),
5814–5828. doi:10.1038/s41388-021-01978-0

Tomikawa, C. (2018). 7-Methylguanosine modifications in transfer RNA (tRNA).
Int. J. Mol. Sci. 19 (12), E4080. doi:10.3390/ijms19124080

Wang, C., Wang, W., Han, X., Du, L., Li, A., and Huang, G. (2021).
Methyltransferase-like 1 regulates lung adenocarcinoma A549 cell proliferation
and autophagy via the AKT/mTORC1 signaling pathway. Oncol. Lett. 21 (4), 330.
doi:10.3892/ol.2021.12591

Wei, S. C., Fattet, L., Tsai, J. H., Guo, Y., Pai, V. H., Majeski, H. E., et al. (2015).
Matrix stiffness drives epithelial-mesenchymal transition and tumour metastasis
through a TWIST1-G3BP2 mechanotransduction pathway. Nat. Cell. Biol. 17 (5),
678–688. doi:10.1038/ncb3157

Wu, B., Zhang, X., Chiang, H. C., Pan, H., Yuan, B., Mitra, P., et al. (2022). RNA
polymerase II pausing factor NELF in CD8+ T cells promotes antitumor immunity.
Nat. Commun. 13 (1), 2155. doi:10.1038/s41467-022-29869-2

Xia, P., Zhang, H., Xu, K., Jiang, X., Gao, M., Wang, G., et al. (2021). MYC-
targeted WDR4 promotes proliferation, metastasis, and sorafenib resistance by
inducing CCNB1 translation in hepatocellular carcinoma. Cell. Death Dis. 12 (7),
691. doi:10.1038/s41419-021-03973-5

Xie, Y., Chen, Z., Zhong, Q., Zheng, Z., Chen, Y., Shangguan, W., et al.
(2021). M2 macrophages secrete CXCL13 to promote renal cell carcinoma
migration, invasion, and EMT. Cancer Cell. Int. 21 (1), 677. doi:10.1186/
s12935-021-02381-1

Xu, C., Ishikawa, H., Izumikawa, K., Li, L., He, H., Nobe, Y., et al. (2016).
Structural insights into Gemin5-guided selection of pre-snRNAs for snRNP
assembly. Genes. Dev. 30 (21), 2376–2390. doi:10.1101/gad.288340.116

Xu, J., Zhang, J., Zhang, Z., Gao, Z., Qi, Y., Qiu, W., et al. (2021). Hypoxic glioma-
derived exosomes promote M2-like macrophage polarization by enhancing
autophagy induction. Cell. Death Dis. 12 (4), 373. doi:10.1038/s41419-021-
03664-1

Xu, W. H., Qu, Y. Y., Wang, J., Wang, H. K., Wan, F. N., Zhao, J. Y., et al. (2019).
Elevated CD36 expression correlates with increased visceral adipose tissue and
predicts poor prognosis in ccRCC patients. J. Cancer 10 (19), 4522–4531. doi:10.
7150/jca.30989

Yang, H., Yu, M., Zhong, S., You, Y., and andFeng, F. (2022). Neoantigens
and the tumor microenvironment play important roles in the prognosis of
high-grade serous ovarian cancer. J. Ovarian Res. 15 (1), 18. doi:10.1186/
s13048-022-00955-9

Ying, X., Liu, B., Yuan, Z., Huang, Y., Chen, C., Jiang, X., et al. (2021). METTL1-
m7 G-EGFR/EFEMP1 axis promotes the bladder cancer development. Clin. Transl.
Med. 11 (12), e675. doi:10.1002/ctm2.675

Yoshihara, K., Shahmoradgoli, M., Martínez, E., Vegesna, R., Kim, H.,
Torres-Garcia, W., et al. (2013). Inferring tumour purity and stromal and
immune cell admixture from expression data. Nat. Commun. 4, 2612. doi:10.
1038/ncomms3612

You, Y., Ren, Y., Liu, J., and andQu, J. (2021). Promising epigenetic
biomarkers associated with Cancer-Associated-Fibroblasts for progression
of kidney renal clear cell carcinoma. Front. Genet. 12, 736156. doi:10.3389/
fgene.2021.736156

Young, M. D., Mitchell., T. J., Braga, F. A. Vieira., Tran., M. G. B., Stewart, B. J.,
Ferdinand, J. R., et al. (2018). Single-cell transcriptomes from human kidneys reveal
the cellular identity of renal tumors. Science 361 (6402), 594–599. doi:10.1126/
science.aat1699

Zeng, H., Xu, S., Xia, E., Hirachan, S., Bhandari, A., and Shen, Y. (2021).
Aberrant expression of WDR4 affects the clinical significance of cancer
immunity in pan-cancer. Aging 13 (14), 18360–18375. doi:10.18632/aging.
203284

Frontiers in Pharmacology frontiersin.org17

Chen et al. 10.3389/fphar.2022.900006

38

https://doi.org/10.1016/j.cell.2007.05.016
https://doi.org/10.1016/j.cell.2007.05.016
https://doi.org/10.1111/j.1349-7006.2011.01945.x
https://doi.org/10.1111/j.1349-7006.2011.01945.x
https://doi.org/10.3892/or.2017.5901
https://doi.org/10.3892/or.2017.5901
https://doi.org/10.1080/2162402X.2020.1838141
https://doi.org/10.3389/pore.2021.640936
https://doi.org/10.3389/pore.2021.640936
https://doi.org/10.1038/oncsis.2015.45
https://doi.org/10.1038/oncsis.2015.45
https://doi.org/10.3389/fgene.2021.689585
https://doi.org/10.1007/s12094-020-02308-8
https://doi.org/10.1007/s12094-020-02308-8
https://doi.org/10.1007/s13238-011-1009-2
https://doi.org/10.1016/j.ymthe.2021.08.005
https://doi.org/10.1016/j.ymthe.2021.08.005
https://doi.org/10.1016/j.clgc.2018.07.027
https://doi.org/10.1016/j.clgc.2018.07.027
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1073/pnas.1216862110
https://doi.org/10.3892/ijo.2016.3459
https://doi.org/10.1016/j.semcancer.2022.04.008
https://doi.org/10.1016/j.semcancer.2022.04.008
https://doi.org/10.1111/j.1464-410X.2012.11584.x
https://doi.org/10.1111/1440-1681.12610
https://doi.org/10.1038/ng.2699
https://doi.org/10.1186/s13059-016-1092-z
https://doi.org/10.1186/s13059-016-1092-z
https://doi.org/10.20892/j.issn.2095-3941.2020.0402
https://doi.org/10.20892/j.issn.2095-3941.2020.0402
https://doi.org/10.1093/bioinformatics/btaa178
https://doi.org/10.12998/wjcc.v10.i3.790
https://doi.org/10.12998/wjcc.v10.i3.790
https://doi.org/10.1038/s41388-021-01978-0
https://doi.org/10.3390/ijms19124080
https://doi.org/10.3892/ol.2021.12591
https://doi.org/10.1038/ncb3157
https://doi.org/10.1038/s41467-022-29869-2
https://doi.org/10.1038/s41419-021-03973-5
https://doi.org/10.1186/s12935-021-02381-1
https://doi.org/10.1186/s12935-021-02381-1
https://doi.org/10.1101/gad.288340.116
https://doi.org/10.1038/s41419-021-03664-1
https://doi.org/10.1038/s41419-021-03664-1
https://doi.org/10.7150/jca.30989
https://doi.org/10.7150/jca.30989
https://doi.org/10.1186/s13048-022-00955-9
https://doi.org/10.1186/s13048-022-00955-9
https://doi.org/10.1002/ctm2.675
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1038/ncomms3612
https://doi.org/10.3389/fgene.2021.736156
https://doi.org/10.3389/fgene.2021.736156
https://doi.org/10.1126/science.aat1699
https://doi.org/10.1126/science.aat1699
https://doi.org/10.18632/aging.203284
https://doi.org/10.18632/aging.203284
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.900006


Zhang, B., Wu, Q., Li, B., Wang, D., Wang, L., and Zhou, Y. L. (2020). m6A
regulator-mediated methylation modification patterns and tumor
microenvironment infiltration characterization in gastric cancer. Mol. Cancer 19
(1), 53. doi:10.1186/s12943-020-01170-0

Zhao, Y., Wang, Y., Chen, W., Bai, S., Peng, W., Zheng, M., et al. (2021). Targeted
intervention of eIF4A1 inhibits EMT and metastasis of pancreatic cancer cells via
c-MYC/miR-9 signaling. Cancer Cell. Int. 21 (1), 670. doi:10.1186/s12935-021-
02390-0

Zheng, H., Song, K., Fu, Y., You, T., Yang, J., Guo, W., et al. (2021). An absolute
human stemness index associated with oncogenic dedifferentiation. Brief.
Bioinform. 22 (2), 2151–2160. doi:10.1093/bib/bbz174

Zhong, J., Liu, Z., Cai, C., Duan, X., Deng, T., and Zeng, G. (2021). m6A
modification patterns and tumor immune landscape in clear cell renal
carcinoma. J. Immunother. Cancer 9 (2), e001646. doi:10.1136/jitc-2020-001646

Zhou, Z. Q., Cao, W. H., Xie, J. J., Lin, J., Shen, Z. Y., Zhang, Q. Y., et al.
(2009). Expression and prognostic significance of THBS1, Cyr61 and CTGF in
esophageal squamous cell carcinoma. BMC Cancer 9, 291. doi:10.1186/1471-
2407-9-291

Zhu, Q., Zhong, A. L., Hu, H., Zhao, J. J., Weng, D. S., Tang, Y., et al. (2020).
Acylglycerol kinase promotes tumour growth and metastasis via activating the
PI3K/AKT/GSK3β signalling pathway in renal cell carcinoma. J. Hematol. Oncol. 13
(1), 2. doi:10.1186/s13045-019-0840-4

Frontiers in Pharmacology frontiersin.org18

Chen et al. 10.3389/fphar.2022.900006

39

https://doi.org/10.1186/s12943-020-01170-0
https://doi.org/10.1186/s12935-021-02390-0
https://doi.org/10.1186/s12935-021-02390-0
https://doi.org/10.1093/bib/bbz174
https://doi.org/10.1136/jitc-2020-001646
https://doi.org/10.1186/1471-2407-9-291
https://doi.org/10.1186/1471-2407-9-291
https://doi.org/10.1186/s13045-019-0840-4
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.900006


Prognosis prediction and tumor
immune microenvironment
characterization based on
tryptophan metabolism-related
genes signature in brain glioma

Shuxin Zhang1,2†, Siliang Chen1†, Zhihao Wang1, Junhong Li3,
Yunbo Yuan1, Wentao Feng1, Wenhao Li1, Mina Chen4* and
Yanhui Liu1*
1Department of Neurosurgery, West China Hospital of Sichuan University, Chengdu, Sichuan, China,
2Department of Head and Neck Surgery, Sichuan Cancer Hospital and Institute, School of Medicine,
University of Electronic Science and Technology of China, Chengdu, China, 3Department of
Neurosurgery, Chengdu Second People’s Hospital, Chengdu, Sichuan, China, 4State Key Laboratory of
Biotherapy, Neuroscience and Metabolism Research, West China Hospital, Sichuan University,
Chengdu, China

Glioma is themost commonmalignant tumor in the central nervous systemwith no

significant therapeutic breakthrough in recent years. Most attempts to apply

immunotherapy in glioma have failed. Tryptophan and its metabolism can

regulate malignant features of cancers and reshape immune microenvironment

of tumors. However, the role of tryptophan metabolism in glioma remains unclear.

In current study, we explored the relationships between the expression pattern of

tryptophanmetabolism-related genes (TrMGs) and tumor characteristics, including

prognosis and tumor microenvironment of gliomas through analyzing

1,523 patients’ samples from multiple public databases and our own cohort.

Based on expression of TrMGs, K-means clustering analysis stratified all glioma

patients into two clusters with significantly different TrMG expression patterns,

clinicopathological features and immune microenvironment. Furthermore, we

constructed a tryptophan metabolism-related genes signature (TrMRS) based on

seven essential TrMGs to classify the patients into TrMRS low- and high-risk groups

and validated the prognostic value of the TrMRS in multiple cohorts. Higher TrMRS

represented for potentially more active tryptophan catabolism, which could

subsequently lead to less tryptophan in tumor. The TrMRS high-risk group

presented with shorter overall survival, and further analysis confirmed TrMRS as

an independent prognostic factor in gliomas. The nomograms uniting TrMRS with

other prognostic factors manifested with satisfactory efficacy in predicting the

prognosis of glioma patients. Additionally, analyses of tumor immune landscapes

demonstrated that higher TrMRS was correlated with more immune cell infiltration

and “hot” immunological phenotype. TrMRSwas also demonstrated to be positively

correlated with the expression of multiple immunotherapy targets, including

PD1 and PD-L1. Finally, the TrMRS high-risk group manifested better predicted

response to immune checkpoint inhibitors. In conclusion, our study illustrated the

relationships between expression pattern of TrMGs and characteristics of gliomas,

and presented a novel model based on TrMRS for prognosis prediction in glioma
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patients. The association between TrMRS and tumor immunemicroenvironment of

gliomas indicated an important role of tryptophan and its metabolism in reshaping

immune landscape and the potential ability to guide the application of

immunotherapy for gliomas.

KEYWORDS

tryptophan, glioma, metabolism, prognosis, immune infiltration, immune checkpoint
inhibitor, tumor microenvironment

Introduction

Glioma, a type of malignant tumor arising from glial cells, is

responsible for approximately 80% of all malignant tumors in the

central nervous system (Ostrom et al., 2021). Current standard

treatment regime for glioma consists of surgery, radiotherapy, and

chemotherapy (Stupp et al., 2005;Weller et al., 2021). However, even

with entire process of standard treatment, the prognosis of glioma

patients remains unsatisfactory, especially for glioblastoma, which

manifests with highly malignant features and only achieved a

median overall survival of fewer than 2 years (Chinot et al., 2014;

Gilbert et al., 2014; Stupp et al., 2015). Hence, plenty studies devoted

to exploring novel therapies to improve prognosis of glioma patients,

one of which was immunotherapy. Immunotherapy, aiming to

restrict the immune escape phenomenon of tumors and enhance

the anti-tumor immunity executed by immune cells, has been

proved with ability to improve patients’ overall survival in

numerous cancers, including melanoma (Larkin et al., 2015),

cervical cancer (Tewari et al., 2022), gastric cancer (Janjigian

et al., 2021), and lung cancer (Reck et al., 2016). However,

almost all trials of immune checkpoint inhibitors (ICIs) did not

endorse improvement of overall survival in glioblastoma patients

(Reardon et al., 2020; Lim et al., 2022;Omuro et al., 2022). One of the

potential reasons of these failures is immunologically quiescent

environment of the central nervous system. But the metastatic

brain tumor patients could benefit from ICIs therapy (Tawbi

et al., 2018; Hendriks et al., 2019), suggesting that ICIs could

deliver robust anti-tumor effects into CNS and the distinctive

immune landscape of gliomas may be a potential reason for

failures of ICIs. Besides, the application of neoadjuvant ICIs in

glioblastoma was proved could enhance the immune response and

reshape the immune landscape (Cloughesy et al., 2019; Schalper

et al., 2019). Furthermore, multiple factors, including lifestyle,

metabolic disorders, and social behaviors, could also influence

the expression of checkpoint inhibitors and responses to

immunotherapy (Deshpande et al., 2020). For example, obesity

could upregulate the production of leptin and consequently

promoted PD-1 expression on T-cells, leading to high response

rate to immunotherapy in overweighted individuals (Wang et al.,

2019). Besides, the responses to immunotherapy were observed

more effective in smokers compare to never smoking individuals in

lung cancer, which might result from high mutation rate in smokers

(Abdel-Rahman, 2018). Hence, exploring possible pathways to

reshape the immune landscape and enhance the response to

immunotherapy can contribute to reinforcing the effects of

immunotherapy and improving prognosis of glioma patients.

Tryptophan, an essential amino acid for human, is gained

exclusively from diary intake. Tryptophan, together with its

metabolites, is proved to play critical roles in multiple

physiological processes, including cell maintenance and growth

(Platten et al., 2019). Furthermore, tryptophan and its

metabolites could also function as neurotransmitter and

signalling molecules (Cervenka et al., 2017). Furthermore,

shortage of tryptophan would activate the General control

nonderepressible 2 (GCN2) pathway and lead to dysfunction of

antigen-presenting cells and T-cells (Munn et al., 2005). Reduced

tryptophan level was detected in multiple cancers (Huang et al.,

2002; Schroecksnadel et al., 2005; Weinlich et al., 2007; Suzuki et al.,

2010), suggesting potential role of tryptophan in cancers. In the

tryptophan metabolism, over 95% of free tryptophan is degraded by

the kynurenine pathway (Le Floc’h et al., 2011; van der Goot and

Nollen, 2013). Indoleamine-2,3-dioxygenase (IDO) and tryptophan-

2,3-dioxygenase (TDO), which catalyzes the same reaction, are rate-

limiting enzymes in the kynurenine pathway (Grohmann et al.,

2017). IDO was confirmed with immunosuppressive effect (Munn

et al., 1998), and silencing the expression of IDO could enhance the

antitumor immunity (Yen et al., 2009). TDO was also proved with

similar immunosuppressive effects by inhibiting proliferation of

T-cells and blocking infiltration of immune cells (Opitz et al.,

2011; Pilotte et al., 2012). These studies revealed that tryptophan

plays a critical role in tumor progression and process of antitumor

immunity, and the metabolism of tryptophan has a significant

impact on immunological feature of tumors. However, the role

of tryptophan metabolism in the progression and immune

landscape of glioma was not well elucidated.

In our current study, we utilized multiple glioma patients’ cohort,

including TCGA, CGGA, REMBRANDT, and our own cohort, to

explore relationship between the expression pattern of tryptophan

metabolism-related genes (TrMGs) and the characteristics of gliomas.

Besides, we constructed a tryptophan metabolism-related gene

signature (TrMRS) to assess the clinical significance of TrMG

expression profile. Furthermore, we performed multiple analyses to

elucidated relationship between the expression of tryptophan

metabolism-related genes and the landscape of tumor immune

microenvironment of gliomas. Based on these analyses, we look

forward to exploring the potential applications of tryptophan

metabolism in improving responses to immune checkpoint

inhibitors and guiding selection of immunotherapy in glioma patients.
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Materials and methods

RNA-sequencing and clinicopathological
data collection and preprocessing

The RNA-sequencing and clinicopathological data enrolled in this

study were acquired from three public databases and an own cohort.

Patientswith primary gliomas included in this study.Here, the notion of

gliomas is restricted to astrocytomas, oligodendrogliomas, and

glioblastomas. Those with recurrent gliomas or age < 18 were

excluded from this study. In total, 662 primary gliomas from the

Cancer Genome Atlas (TCGA, of which 655 had survival data) were

included in our study, and the fragments per kilobase million (FPKM)

and survival data of them were downloaded from the TCGA website

(https://portal.gdc.cancer.gov/).Another 415primary gliomaswere from

the Chinese Glioma Genome Atlas (CGGA) 693 cohort, and the

REMBRANDT cohort which consists of 369 primary gliomas.

FPKM data of the CGGA cohort and array data of REMBRANDT

cohort were obtained from the CGGAwebsite (http://www.cgga.org.cn/

). For data preprocessing, the genes with too low expression levels

TABLE 1 Clinicopathological characteristics of patients in TCGA, CGGA, REMBRANDT, and WCH cohort.

Characteristics TCGA
(N = 662)

CGGA
(N = 415)

REMBRANDT
(N = 369)

WCH
(N = 77)

Age: mean (range) 46 (18–89) 43 (19–76) 52 (22–87) 46 (19–77)

Gender

Female 282 (42.6%) 176 (42.4%) 118 (32.0%) 30 (39.0%)

Male 380 (57.4%) 239 (57.6%) 196 (53.1%) 47 (77.0%)

NA 0 0 55 (14.9%) 0

Histology

Astrocytoma 341 (51.5%) 182 (43.9%) 133 (36.0%) 22 (28.6%)

Oligodendroglioma 167 (25.2%) 94 (22.7%) 59 (16.0%) 21 (27.3%)

Glioblastoma 154 (23.3%) 139 (33.5%) 177 (48.0%) 34 (44.2%)

Grade

G2 214 (32.3%) 134 (32.3%) 88 (23.8%) 29 (37.7%)

G3 237 (35.8%) 142 (34.2%) 66 (17.9%) 14 (18.2%)

G4 154 (23.3%) 139 (33.5%) 177 (48.0%) 34 (44.2%)

NA 57 (8.6%) 0 38 (10.3%) 0

IDH status

WT 236 (35.6%) 169 (40.7%) NA 42 (54.5%)

Mutant 421 (63.6%) 207 (49.9%) NA 35 (45.5%)

NA 5 (0.8%) 39 (9.4%) NA 0

1p/19q codeletion

Non-codel 488 (73.7%) 267 (64.3%) 148 (40.1%) 43 (55.8%)

Codel 167 (25.2%) 88 (21.2%) 24 (6.5%) 19 (24.7%)

NA 7 (1.1%) 60 (14.5%) 197 (53.4%) 15 (19.5%)

TERT promoter status

Mutant 340 (51.4%) NA NA 23 (29.9%)

WT 156 (23.6%) NA NA 30 (39.0%)

NA 166 (25.1%) NA NA 24 (31.2%)

MGMT promoter status

Unmethylated 157 (23.7%) 141 (34.0%) NA 13 (16.9%)

Methylated 472 (71.3%) 195 (47.0%) NA 35 (45.5%)

NA 33 (5.0%) 79 (19.0%) NA 29 (37.7%)

ATRX status

Mutant 192 (29.0%) NA NA 53 (68.8%)

WT 459 (69.3%) NA NA 22 (28.6%)

NA 11 (1.7%) NA NA 2 (2.6%)

TCGA, the cancer genome atlas; CGGA, chinese glioma genome atlas; WCH, west china hospital; IDH, isocitrate dehydrogenase; TERT, telomerase reverse transcriptase; MGMT, O6-

methylguanine-DNA, methyltransferase; ATRX, alpha-thalassemia x-linked intellectual disability syndrome; WT, wild type; NA, not available.
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(FPKM maximum < 0.1 or standard deviation < 0.01) were excluded

from subsequent analyses.

Our own cohort included 77 primary glioma patients fromWest

China Hospital (WCH). We obtained their tumor tissues during

craniotomy and sequenced mRNA of these tumor tissues.

Subsequently, we used STAR to quantify the mRNA sequencing

data and normalized them to FPKM. Survival data of these patients

were acquired by regular follow-up, and the overall survival (OS) was

defined as the period from surgery to death or the time of last follow-

up (censored value). Additionally, the patients younger than 18 years

old were excluded from analyses in all four cohorts. The detailed

clinicopathological information of these patients is given in Table 1.

K-means clustering analysis based on
expression pattern of tryptophan
metabolism-related genes

By searching the Molecular Signature Database (MSigDB) with

the keyword “tryptophan metabolism” or “tryptophan metabolic

process,” we identified 56 tryptophan metabolism-related genes

(TrMGs), and 44 of which were kept after excluding the genes

with low expression level. Subsequently, we performed unsupervised

K-means clustering analysis to illuminate the distinctive tryptophan

metabolism patterns in gliomas based on the expression patterns of

tryptophan metabolism-related genes. We utilized the R package

“factoextra” to determine the optimal number of clusters, which

corresponded to the maximum average silhouette width (average

distances of points to the centroids of clusters that it does not belong

to minus the distance of points to the centroid of the cluster that it

belongs to). To visualize the different expression patterns of TrMGs

in each cluster, we conducted the t-Distributed Stochastic Neighbor

Embedding (tSNE) analysis. Additionally, we utilized the TrMGs

expression and cluster labels based on the TCGA cohort to construct

a naïve Bayes classifier, and then stratified the patients of the other

cohort into different clusters using this classifer.

Construction and validation of the risk
signature based on tryptophan
metabolism-related genes

Based on the expression of TrMGs, we constructed a risk

signature system to elucidate the relationship between TrMGs

and gliomas. First, we split the patients of TCGA cohort into

training and validation tests with a ratio of 6:4. All the other three

cohorts were utilized as validation sets. In the training set, we

selected the TrMGs using the Least Absolute Shrinkage And

Selection Operator (LASSO) Cox regression analysis. The TrMGs

were determined as essential TrMGs in glioma if their coefficient

was not zero at the lambdas corresponding to maximum C-index

in over 80 random repetitions of LASSO Cox regression out of

100. Furthermore, a final multivariate Cox regression model was

fitted to the training set with essential TrMGs. The tryptophan

metabolism-related genes risk signature (TrMRS) was calculated

using the following formula:

TrMRSRisk Signature � ∑
i�1
(βipExpi)

In this calculating formula, β stand for the coefficient of each

essential TrMG as fitted by the final multivariate Cox regression

model, and Exp represented for the expression level of each

essential TrMG. Subsequently, we determined the optimal

TrMRS cut-off value by “surv_cutpoint” in the R package

“survminer” with group proportion ≥ 0.3 for each dataset.

Based on the optimal cut-off value, we allocated all patients

into TrMRS low-risk or high-risk group. Additionally, we

depicted the receiver operating characteristic (ROC) curve in

validation sets of 1, 2, and 3-years survival and computed the area

under the ROC curve (AUC) using the R package “timeROC.”

Analyses of gene alternations and copy
number variation

For the analyses of gene alternations and copy number

variations (CNVs), we obtain the data of gene alterations and

CNVs from the cBioPortal database (https://www.cbioportal.org/)

for the TCGA cohort. The R package “maftools” was utilized to

illustrate the different patterns of gene alterations and tumor

mutation burdens (TMB) between different K-means clusters and

TrMRS risk groups. Furthermore, the Genomic Identification of

Significant Targets in Cancer (GISTIC) score was used to assess the

different CNV levels in different clusters and risk groups.

Gene set enrichment analysis and
comprehensive analysis of tumor
immune microenvironment landscape

To interpret the biological functions of the differential

transcriptomes between clusters and TrMRS risk groups, we

utilized the over-representation and gene set enrichment analysis

(GSEA) to evaluate the differentially expressed genes (DEGs) with

the R package “clusterProfiler”. R package “limma” was used to

identify the DEGs between different clusters and risk groups. In the

process of DEGs identification for GSEA, we stratified the patients

into TrMRS high- and low-risk groups based on cut-off values of

each cohort. Those genes with adjusted p-value< 0.05 and |log2FC|>
0.5 were identified as DEGs. Furthermore, we used the R package

“GSVA” to convert the logFPKM matrix of genes to pathway

expression matrix. We identified the differentially expressed

pathways between different clusters and risk groups with the

“limma” package. To calculate the infiltration fraction of immune

cells in glioma, we utilized the CIBERSORTx (https://cibersortx.

stanford.edu/) and TIMER 2.0 [http://timer.comp-genomics.org/,
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which is based on signature genes correlated with estimated tumor

purity and immune cell fractions (Li et al., 2016)]. Additionally, the

Estimation of Stromal and Immune Cells in Malignant Tumor

tissues using Expression data (ESTIMATE) was used to evaluate

the infiltration of stromal and immune cells in tumor

microenvironment and calculate the stromal, immune and

ESTIMATE scores (Yoshihara et al., 2013). In this algorithm, the

stromal-related genes were selected from the non-hematopoiesis-

related genes that were differentially expressed between tumor cell

fraction and match stromal cells fraction separated by laser capture

microdissection in multiple cancers. Furthermore, the tumor purity

data published by Aran et al. (2015) which included ESTIMATE

score-based tumor purity and consensus purity estimation (CPE),

were used to represent the tumor purity in gliomas. Another

previously published algorithm was utilized to compute the

tumor immunological phenotype (TIP) gene signature (Wang

et al., 2021). Based on TIP signature, we identified

immunological phenotypes of gliomas and distinguish relatively

“hot” tumors from “cold” tumors. Furthermore, we also utilized

the Tumor ImmuneDysfunction and Exclusion (TIDE) suite (http://

tide.dfci.harvard.edu/) to predict response to immune checkpoint

inhibitors therapy in gliomas.

Construction of nomogram based on
tryptophanmetabolism-related genes and
other prognostic factors

To determine prognostic factors in glioma, we used univariate

andmultivariate Cox regression analyses.We firstly enrolled TrMRS

and other potential prognostic factors, including tumor grade, age,

chemotherapy, radiotherapy, KPS, gender, 1p/19q codeletion, and

IDH mutation, into the univariate Cox regression analysis.

Subsequently, those factors with a p-value < 0.05 in univariate

analysis were enrolled into multivariate Cox regression analysis to

identify independent prognostic factors. Those factors with a

p-value < 0.1 in multivariate Cox regression analysis were

identified as independent factors and enrolled into construction

of nomograms. The R package “rms” was utilized to construct the

nomograms. The calibration curveswere used to evaluate the efficacy

of nomograms for prognosis prediction in glioma patients.

Statistical Analysis

In all proceedings of bioinformatic analyses, we used the R

software (version 4.2.1). To assess the differences between

clusters or risk groups for continuous variables, we used the

Wilcoxon rank sum test. To assess the differences for categorical

variables, we used the chi-square test. The R package “survminer”

was used to deliver survival analysis and generate Kaplan-Meier

(K-M) curves, which were tested for differences by log-rank test.

The “coxph” function in the R package “survival” was applied to

conduct Cox regression analyses. The R package “glmnet” was

utilized to perform the LASSO Cox regression analysis. T

Iterative Grubbs tests were applied to expel the outliers in

liner regression analysis.

Ethical approval, consent to participate,
and data availability

Tumor samples and clinical data collection and use were

performed strictly with ethics regulations and approved by the

institutional review board ofWest China Hospital (No. 2018.569)

based on local ethics regulations and the 1964 Helsinki

declaration and its later amendments. In addition, the patients

signed written consent for tumor tissue collection and

processing. The sequencing data of West China Hospital

generated in this study are available at the Genome Sequence

Archive for Humans: accession code HRA002839 (access link:

https://ngdc.cncb.ac.cn/gsa-human/s/JQssVoV1).

Results

K-means clustering analysis based on
tryptophan metabolism-related genes

Based on 44 identified tryptophan metabolism-related genes,

we conducted an unsupervised K-means clustering analysis in

the TCGA cohort. Then the gliomas in the TCGA cohort were

stratified into two clusters according to the average silhouette

widths as described in the Material and Method section

(Supplementary Figure S1A). Distinctions in TrMGs

expression profile between two clusters were illustrated by

tSNE analysis (Figure 1A). The expression levels of TrMGs in

each glioma was given out in heatmap ordered by clusters

(Supplementary Figure S1B). The critical metabolites and

enzymes in two branches of tryptophan metabolism,

kynurenine pathway and serotonin pathway, were interpreted

in a schematic diagram (Figure 1B). The differences in the

expression levels of ten important TrMGs involved in the

tryptophan metabolism were also illustrated (Figure 1C). The

cluster 2 was demonstrated with higher expression of IDO1,

TDO2, KYNU, KMO, and HAAO, which were critical enzymes

in the kynurenine pathway for tryptophan metabolism. Besides,

KAT2, HADHA, GCDH, DDC, and ALDH2 were highly

expressed in cluster 1, suggesting more consumption of

metabolites of kynurenine pathway and more active serotonin

pathway. The differences in the expression levels of each TrMG

were shown in Supplementary Figure S1C.

Survival analysis revealed that the prognosis of cluster 1 was

significantly better than cluster 2 (median OS, 63.8 vs.

17.7 months) (Figure 1D). The patients in the CGGA,

REMBRANDT, and WCH cohorts were also stratified into
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two clusters based on the naïve Bayes clustering classifier train

with the TCGA data. Survival analyses in these three cohorts also

revealed significantly better prognosis in cluster 1 (Figures

1E–G), suggesting that the TrMG expression patterns were

robust among different glioma cohorts.

The functional enrichment analyses based on two clusters

depicted distinctive pathway alterations. The ECM receptor

interaction, cell adhesion molecules, other pathways were

identified as key pathway associated with differentially

expressed genes (DEGs) between clusters in the KEGG gene

sets (Figure 2A). In REACTOME gene sets, extracellular matrix

organization and interferon gamma signaling pathways

were found to be over-represented in the cluster DEGs

(Figure 2B).

The gene alteration analyses revealed a different gene

alteration landscape between two clusters. Cluster

1 gliomas were characterized by IDH1 mutations with co-

occurring TP53 and ATRX mutations or CIC, FUBP1 and

NOTCH1 mutations (Figures 2C,D). Higher proportion of

EGFR could be found in cluster2, which were mutually

exclusive with IDH1 mutations but co-occurrent with

PTEN mutations (Figures 2C,E). The analysis of CNVs

demonstrated that 1p/19q co-deletion, which was

recognized as an essential diagnostic marker for

oligodendroglioma, mainly occurred in the cluster 1

(Figure 2F). The gain of chromosome 7 and loss of

chromosome 10 (+7/-10), which was a novel diagnostic

marker for glioblastoma and indicated worse prognosis,

occurred more frequently in cluster 2 compared to cluster

1, in line with the worse prognosis of cluster 2 in survival

analysis. Analysis of clinicopathological features of these two

clusters also demonstrated that cluster 2 had higher tumor

grade, lower incidence of IDH mutation, and lower incidence

of 1p/19q codeletion (Figure 2G). The differences in other

clinicopathological features between two clusters were given

in Supplementary Figure S2.

Analyses of immunological features in
tumor microenvironment based on
K-means clusters

Based on these two K-means clusters, we conducted

multiple analyses of immunological features to elucidate the

differences in tumor immune landscape. The results of the

TIMER score of TCGA cohort revealed that the tumor

microenvironment of cluster 2 carried more macrophages,

neutrophils, and CD8+ T-cells (Figure 3A). This conclusion

could also be verified in the CGGA cohort (Figure 3B),

suggesting a more complex tumor microenvironment in

cluster 2. Furthermore, the results of the ESTIMATE

revealed that the stromal score, immune score, and

ESTIMATE score of the cluster 2 were significantly higher

FIGURE 1
K-means clustering of gliomas based on expression of
TrMGs. (A) TrMGs expression t-SNE. (B) Schematic diagram for
tryptophan metabolism (C) The expression levels of ten important
TrMGs between two K-means clusters (cluster 1: N = 556,
cluster 2: N = 106). (D) Kaplan-Meier Curve based on K-means
clusters in TCGA, (E) CGGA, (F) REMBRANDT, and (G) WCH
cohorts. IDO, indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-
dioxygenase; AFMID, arylformamidase; KMO, kynurenine 3-
monooxygenase; KYNU, kynureninase; KAT, kynurenine
aminotransferase; HAAO, 3-hydroxyanthranilic acid oxygenase;
ACMSD, aminocarboxymuconate semialdehyde decarboxylase;
GCDH, glutaryl-CoA dehydrogenase; HADHA, hydroxyacyl-CoA
dehydrogenase trifunctional multienzyme complex subunit alpha;
QPRT, quinolinic acid phosphoribosyltransferase; TPH, tryptophan
hydroxylase; DDC, dopa decarboxylase; MAO, monoamine
oxidase; ALDH, aldehyde dehydrogenase.
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than cluster 1 in all four cohorts (Figure 3C). The tumor purity

of cluster 2 was significantly lower than cluster 1 in all four

cohorts (Figure 3C), indicating purer tumor cell

microenvironment in gliomas of cluster 1. Through the

calculation of TIP score, we were able to demonstrate that

most gliomas of cluster 2 were more likely to be “hot” tumor

FIGURE 2
Functional enrichment and clinicopathological features of the K-means clusters. (A) Pathways with high odds ratio and confidence in the KEGG
gene sets. (B) Pathways with high odds ratio and confidence in the REACTOME gene sets. (C) Top 20 mutated genes of the K-means clusters. (D,E)
Co-occurrence and mutually exclusive of the gene mutations in cluster 1 (D) and cluster 2 (E). (F) Heatmap of copy number variations of the two
clusters. (G) The difference in tumor grade, IDH mutation, and 1p/19q codeletion between two K-means clusters (cluster 1: N = 556, cluster 2:
N = 106).
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immunological phenotype and expressed higher levels of gene

markers for ‘hot’ tumors compared to gliomas in cluster 2

(Figure 3D). The analysis of TIP score in the CGGA cohort

reached similar results (Figure 3E). Additionally, the TIP scores

for the gliomas of cluster 2 were significantly higher than cluster

1 in all four cohorts (Figure 3F). All these results supported that

FIGURE 3
Different immunological features of tumor microenvironment between two clusters. (A) Boxplots of infiltration of six types of immune cells in
glioma based on TIMER score in TCGA cohort (cluster 1: N = 556, cluster 2: N = 106) and (B) CGGA cohort (cluster 1: N = 339, cluster 2: N = 76). (C)
Differences in stromal, immune, and ESTIMATE scores between two clusters in all four cohorts. (D) TIP score and related gene expression levels
between two clusters in TCGA and (E)CGGA cohort. (F) Boxplots with every point on the differences in TIP score between two clusters in all four
cohorts.
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the gliomas of cluster 2 had more complex tumor

microenvironment, more immune cell infiltration, and

presented with features of immunologically ‘hotter’ tumors.

Construction and validation of the
tryptophan metabolism-related genes risk
signature and its relationship with
clinicopathological features

To determine essential genes for the construction of TrMRS,

we filtered the 44 TrMGs using the LASSO Cox regression in the

training dataset. Subsequently, eight genes, including AOX1,

CYP2E1, KMO, KYNU, ALDH2, OGDH, HSD17B10, and

MAOB, were identified as essential TrMGs for the

construction of TrMRS (Figure 4A). The formula to compute

the TrMRS was as follows:

1.216*KYNU+0.254*KMO+0.231*AOX1+0.034*OGDH+0.006*

HSD17B10 + 0.001*MAOB-0.066*ALDH2-1.064*CYP2E1.

Six genes of these essential TrMGs, including MAOB,

HSD17B10, KYNU, AOX1, and OGDH, were determined as

hazardous factors for glioma patients, and other two genes

(CYP2E1 and ALDH2) were identified as protective factors

(Figure 4B). Besides, representative immunohistochemical

(IHC) staining for KYNU and ALDH2 from the Human

Protein Atlas (Ponten et al., 2008) (https://www.proteinatlas.

org/) was utilized to validate these results. The results of IHC

demonstrated that the expression level of KYNU was higher in

high-grade glioma compared to low-grade glioma

(Supplementary Figure S3A), and the expression level of

ALDH2 was higher in low-grade glioma (Supplementary

Figure S3B), confirming the results from sequencing that

KYNU was hazardous factor and ALDH2 was protective

factor. Furthermore, we utilized the “surv_cutpoint” algorithm

to calculate the optimal TrMRS cut-off for every cohort and

allocated all the patients into TrMRS low- or high-risk groups

according to this cut-off (Figure 4C). Survival analyses revealed

that the overall survival of the patients in TrMRS high-risk

groups was significantly poorer than TrMRS low-risk group in

all four validation cohorts (Figures 4D–G), suggesting that

TrMRS potentially functioned as factor for prognosis

prediction. To test the efficacy of TrMRS in predicting

prognosis of glioma patients, we performed ROC analyses to

evaluate the performance of TrMRS alone in survival rate

prediction at 1, 2, and 3 years. In the TCGA test set, the

AUCs of TrMRS at 1, 2, and 3 years were 0.820, 0.818, and 0.

819, respectively (Figure 4H). In other three validation cohorts,

similar performances were also achieved (Figure 4H).

The expression pattern of eight essential TrMGs was exhibited

with a heatmap ordered by TrMRS (Figure 5A). The relationship of

other clinicopathological features, including tumor grade,

histological diagnosis, IDH mutation status, 1p/19q codeletion,

TERT promoter status, ATRX status, and MGMT promoter

status, with the TrMRS were also given out (Figure 5A). Further

analysis of gene mutations discovered that IDH1, TP53, and ATRX

were top 3 most frequently mutated genes in TrMRS low-risk group

(Figure 5B). TP53, PTEN, and EGFR were top 3 most frequently

mutated genes in TrMRS high-risk group (Figure 5C). Additionally,

FIGURE 4
Expression signature of TrMGs and its relationshipwith prognosis
of glioma. (A) Average of coefficients of eight essential TrMGs in the
LASSO Cox regression at each lambda value. (B) The effect of each
essential TrMG on the prognosis of glioma. (C) Histogram and
optimal cut-off values of TrMRS in four cohorts (TCGA: N = 655 with
survival data out of 662 in total, CGGA: N = 415, REMBRANDT: N =
369,WCH:N= 77). (D) K-M curve of the TCGA validation set, cut off =
0.532, (E) CGGA cohort, cut off = 0.207, (F) REMBRANDT cohort, cut
off =−0.343, and (G)WCHcohort, cutoff =0.465. (H)ROCcurves and
matched AUC of 1-, 2-, and 3-years survival in all four cohorts.
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analyses of tumor mutation burden (TMB) revealed that TrMRS

high-risk group harbored higher TMB than low-risk group, and the

correlation analysis demonstrated that TMB was positively

correlated with the TrMRS (Figure 5D). Further analysis

manifested the incidence of gene amplification, including EGFR,

SEC61G, and LANCL2, was significantly higher in high-risk group

than low-risk group (Figure 5E). Besides, the incidence of gene

homozygous deletion, including CDKN2A and CDKN2B, was also

higher in high-risk group (Figure 5F).

To explore the impact of TrMRS in terms of pathway, we

utilized KEGG and REACTOME pathway gene sets in

enrichment analyses of the DEGs between the TrMRS risk

groups. The patient samples were stratified into TrMRS high-

and low-risk groups. The analyses of GSEA were based on the

differentially expressed genes (DEGs) between TrMRS high- and

low-risk groups. The complement and coagulation cascades

pathway (normalized enrichment score (NES) = 3.085,

adjusted p-value < 0.001) and graft versus host disease

FIGURE 5
Gene mutations and copy number variations of the two risk groups. (A) Expression level of eight essential TrMGs and its relationship with
clinicopathological features. (B)Genemutations of eight essential TrMGs and top eight frequently mutated genes in TrMRS low-risk group (N = 429)
and (C) high-risk group (N = 226). (D) Difference in tumor mutation burden between two TrMRS risk groups and its correlation with TrMRS. (E)
Difference in top 10 frequent gene amplification between two risk groups. (F) Difference in top 10 frequent gene homozygous deletion
between two risk group. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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pathway (NES = 2.855, adjusted p-value < 0.001) were ranked in

the top five gene sets of the KEGG in the comparison between

two risk groups (Figure 6A) using GSEA. Besides, the cytokine

signaling in immune system pathway (NES = 2.950, adjusted

p-value <0.001) and innate immune system pathway (NES =

3.248, adjusted p-value < 0.001) of REACTOME gene sets were

ranked in the top five (Figure 6B). Furthermore, over-

representation of the extracellular matrix receptor interaction

of KEGG gene sets and the extracellular matrix organization of

REACTOME gene sets were identified in the biological functions

of DEGs between the two TrMRS risk groups (Figures 6C,D).

Finally, the GSVA result demonstrating the top differentially

expressed pathways in KEGG and REACTOME gene sets were

also illustrated through heatmaps (Figures 6E,F).

Construction of nomograms based on
TrMRS and prognosis prediction

To construct nomograms for the prediction of glioma

patients’ prognosis, we first conducted univariate followed by

multivariate Cox analyses to identify potential independent

prognostic factors. Result demonstrated that the tumor grade,

age, radiotherapy, TrMRS, chemotherapy, 1p/19q codeletion,

and IDH mutation were significant univariate prognostic

factor (Figure 7A). Subsequently, these factors were enrolled

in multivariate Cox regression analysis and the result revealed

that TrMRS, tumor grade, 1p/19q codeletion, and IDH mutation

were independent prognostic factors in glioma (Figure 7B).

Eventually, these factors were combined in the construction of

a nomogram for personalized survival prediction (Figure 7C).

The four factors were also used to construct a nomogram for the

CGGA cohort (Figure 7D). The corrected C-indexes of the

nomograms based on TCGA and CGGA cohort were

0.851 and 0.779, respectively. Additionally, the 1-, 2-, and 3-

years calibration curves of the nomograms also validated their

efficacy in predicting survival time of glioma patients

(Figures 7E,F).

Relationship between the tryptophan
metabolism-related genes and immune
landscape of tumor microenvironment in
glioma

To elucidate the relationship between the TrMRS and tumor

immune microenvironment in glioma, we conducted bundles of

analyses on immunological features based on TrMRS. Firstly, the

CIBERSORTx estimation of immune cell fractions depicted

distinctive patterns of immune cell infiltration between two

TrMRS risk groups. The TrMRS high-risk group manifested

with more infiltration of resting NK cells, Macrophages (M0,

M1, and M2), and neutrophils in its tumor microenvironment

(Figure 8A). The low-risk group, on the other hand, had higher

infiltration of activated NK cells and plasma cells. Further

correlation analyses demonstrated that the infiltration of

plasma cells and activated NK cells was negatively correlated

with the TrMRS, and the infiltration of M2 macrophage and

neutrophils was positively correlated with the TrMRS

(Figure 8B). Besides, analyses of immune scores demonstrated

that the TrMRS high-risk group presented with significantly

higher stromal score, immune score, and ESTIMATE score

(Figure 8C). The tumor purity of TrMRS high-risk group was

remarkably lower than low-risk group (Figure 8D), suggesting

more complicated tumor microenvironment in gliomas of

TrMRS high-risk group with more immune cell infiltration.

Correlation analyses revealed that the stromal score, immune

score, ESTIMATE score, and tumor purity were strongly

correlated with the TrMRS (R = 0.82, 0.762, 0.805, and 0.808)

(Figure 8E).

To predict potential response to immunotherapy response,

we also performed analysis on the expression of immunity-

related genes. Gliomas of TrMRS high-risk group presented

with significantly higher expression level of CD274 (PD-L1),

CD276 (B7H3), HAVCR2 (TIM3), PD1 (CD279, PDCD1), and

CD44 (Figure 9A). Correlation analysis also confirmed that the

expression levels of these immunotherapy-related markers were

positively correlated with the value of TrMRS (Figure 9B),

suggesting potential ability of TrMRS to guide the choice of

immunotherapy. Furthermore, immune phenotype analysis of

high- and low-risk gliomas revealed that most gliomas of TrMRS

high-risk group were identified as more likely to be

immunological “hot” tumors, and most tumors of low-risk

group were presumed “cold” tumors (Figure 9C). A strong

positive correlation between TrMRS and TIP score was also

confirmed by the correlation analysis (Figure 9D). The analyses

of TIP score based on the CGGA cohort also manifested with

similar results (Figures 9E,F). Additionally, we utilized TIDE

algorithm to predict response to immune checkpoint inhibitors.

The result revealed that the glioma patients of TrMRS high-risk

group were more likely to benefit from therapy of immune

checkpoint inhibitors in the TCGA and CGGA cohorts

(Figures 9G,H). Most above findings can be validated in the

other cohorts (Supplementary Figure S4).

Discussion

Based on the estimation in the global cancer statistics of 2020,

251 thousand death were caused by CNSmalignant tumors every

year (Siegel et al., 2021). Among these cases, glioma accounted

for approximately 80%. Despite countless attempts worldwide to

improve the clinical outcomes of glioma patients, almost no

satisfactory breakthrough was achieved in recent years. For

instance, the median overall survival of glioblastoma, which

accounted for about 50% of all gliomas, was only 22 months
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FIGURE 6
Functional enrichment analyses of the transcriptome of TrMRS risk groups. (A) The top five pathways with the highest normalized enrichment
score in the KEGG gene sets between two risk groups. (B) The top five pathways with the highest normalized enrichment score in the REACTOME
gene sets between two risk groups. (C) Pathways with high odds ratio and confidence in the KEGG and (D) REACTOME gene sets. (E) Top
20 differentially expressed KEGG gene sets (N = 655, low-risk group: N = 429, high-risk group: N = 226). (F) Top 20 differentially expressed
REACTOME gene sets.
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after thorough treatment regime, including surgery,

chemotherapy, radiotherapy, and even tumor treating field

(Stupp et al., 2005; Stupp et al., 2017). Immunotherapy has

proved its value in many cancers (Eggermont et al., 2018;

Gandhi et al., 2018; Choueiri et al., 2021; Cortes et al., 2022).

However, the application of immunotherapy in glioma faced

unprecedented challenges, and all these attempts eventually

failed to improve overall survival (Weller et al., 2017;

Wakabayashi et al., 2018; Reardon et al., 2020; Lim et al.,

2022; Omuro et al., 2022). Among all reasons, the blood-brain

FIGURE 7
Prognostic value of TrMRS and construction of TrMRS-based nomograms. (A) Univariate and (B) Multivariate Cox regression analyses of
potential prognostic factors in overall survival of gliomas. Nomogram of 1-, 2-, and 3-years survival of glioma patients based on (C) TCGA cohort (N=
655), (D) CGGA cohort (N = 415). Calibration plots of the nomogram based on (E) TCGA cohort and (F) CGGA cohort.
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barrier (BBB), which could preclude most peripheral immune

cells from entering central nervous system and consequently

create an immunological quiescent environment, was considered

important. However, an inspiring study introduced a brand-new

lymphatic pathway, which permitted antigen-presenting cells to

egress from brain (Louveau et al., 2015). After that, the T and B

lymphocytes outside brain could be primed and then infiltrated

to brain and delivered immune responses (Lim et al., 2018).

These studies indicated that CNS was not a forbidden zone for

immunotherapy. If we could further explore and elucidate the

details of immune landscape, there were plenty of opportunities

for applications of immunotherapy in gliomas.

FIGURE 8
Differences in immune features of tumor microenvironment between two TrMRS risk groups. (A) Boxplot of the estimated fraction of
22 immune cells in tumors (low-risk group: N = 429, high-risk group: N = 226). (B) Analyses of correlations of TrMRS with the infiltration of plasma
cells, activated NK cells, M2 macrophages, and neutrophils (N = 655). (C) Differences in the stromal, immune, and ESTIMATE scores of the two risk
groups. (D) Tumor purity of the two risk groups based on the ESTIMATE and CPE algorithms. (E) Analyses of correlations of TrMRS with the
stromal, immune, ESTIMATE score, and tumor purity. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Frontiers in Pharmacology frontiersin.org14

Zhang et al. 10.3389/fphar.2022.1061597

53

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1061597


FIGURE 9
Differences in expression of immunotherapy targets and response to ICIs between two TrMRS risk groups. (A) The expression level of
34 immunotherapy-related genes in two risk groups (low-risk group: N = 429, high-risk group: N = 226). (B) Analyses of correlations of TrMRS with
the expression of CD44, CD274, CD276, and PDCD1 (N = 655). (C) TIP scores and related gene expression levels between two risk groups in TCGA
dataset. (D) Analyses of correlations of TrMRSwith the TIP score in TCGA dataset. (E) TIP scores and related gene expression levels between two
risk groups in CGGA dataset (N = 415, low-risk group: N = 249, high-risk group: N = 166). (F) Analyses of correlations of TrMRS with the TIP score in
CGGA dataset. (G) Percentage of predicted responders to immune checkpoint inhibitors therapy in each risk group based on TCGA dataset and (H)
CGGA dataset.
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The relationship between reshaped metabolic model of

tumors and immunological landscapes has attracted surging

attention (Xia et al., 2021). Several evidence have suggested

that tryptophan metabolism plays a critical role in cancer

(Uyttenhove et al., 2003; Muller et al., 2005). Reduced

concentration has been observed in multiple cancers (Giusti

et al., 1996; Huang et al., 2002), including glioma (Zhai et al.,

2015). Besides, the tryptophan metabolism can regulate the

T-cells and immune cell infiltration in cancer (Nakamura

et al., 2007). The expression of IDO1 was also proved

correlated with the immune infiltration in multiple cancers

(Brandacher et al., 2006; Ino et al., 2008; Inaba et al., 2009).

Therefore, to investigate whether tryptophan metabolism was

correlated with malignant features and immune landscape of

glioma, we analyzed the expression pattern of tryptophan

metabolism-related genes in gliomas and evaluated the

relationship of the TrMRS with clinicopathological features

and immune landscape of gliomas.

Based on the different expression patterns of TrMGs, we

allocated all patients into two K-means clusters. Subsequently, we

depicted the distinctive patterns of clinicopathological features

and prognosis between two clusters. The cluster 2, which

presented with poorer prognosis, had a significantly higher

expression level of multiple enzymes in the kynurenine

pathway, including IDO1, TDO2, KYNU, and KMO, and

lower expression level of KAT2, DDC, and ALDH2. IDO and

TDO, which function to initiate the kynurenine pathway by

converting tryptophan to N-formylkynurenine, were proved to

contribute to the malignancy of glioma (Du et al., 2020),

indicating that activation of kynurenine pathway was a

hazardous factor for glioma, in line with our findings.

Moreover, kynurenine aminotransferase 2 (KAT2), which

convert kynurenine into kynurenic acid (KYNA), was

manifested with higher expression level in cluster 1,

suggesting protective effects of KYNA in glioma. KYNA was

initially recognized with neuroprotective and anticonvulsant

functions (Stone, 1993; Carpenedo et al., 2001; Erhardt et al.,

2001). Besides, it has been proved that low grade gliomas

synthesized more KYNA than glioblastoma (Vezzani et al.,

1990). A previous study demonstrated that the concentration

of KYNA was lower in the blood of glioblastoma patients

compared to healthy volunteers (Adams et al., 2014). Another

index for the activation of kynurenine pathway, kynurenine/

tryptophan ratio, was higher in glioblastoma patients than in

healthy volunteers (Adams et al., 2014). These findings were

accordance with our study and suggested that activation of

kynurenine pathway and inhibition of production of

neuroprotective KYNA may contribute to the malignancy of

gliomas. Furthermore, upregulated expression levels of DDC and

ALDH, two critical enzymes in the serotonin pathway, were also

confirmed in cluster 1. This phenomenon suggested that

activation of serotonin pathway, which can consume

tryptophan and consequently compete with kynurenine

pathway for tryptophan, was related to better prognosis in

glioma patients, supporting that downregulating the

kynurenine pathway may reduce the malignancy of gliomas.

The incidence of gene alterations differed in these clusters.

For example, IDH mutation, which has been defined as an

essential marker for classification of gliomas and would result

in aberrant metabolism (Yan et al., 2009; Pirozzi and Yan, 2021),

mostly occurred in one of these two clusters. Because both TCA

cycle and tryptophan metabolism are nicotinamide adenine

dinucleotide (NAD+)-related pathways (Pang et al., 2021), as

an essential enzyme in TCA cycle, IDH might also interact with

tryptophan metabolism. Despite these potential interaction

between IDH and tryptophan metabolism, the TrMRS was

still identified as independent prognostic factor in multivariate

analysis, which simultaneously enrolled IDH and TrMRS,

suggesting that TrMRS was a strong prognostic factor in gliomas.

After monitoring TrMGs, eight TrMGs were determined as

essential genes for glioma prognosis. For example, kynureninase

(KYNU) is a critical enzyme in kynurenine pathway and

functioned to converted kynurenine to anthranilic acid

(Schwarcz and Stone, 2017). Silencing expression of KYNU

could inhibit the growth of tumor cells in cutaneous

squamous cells carcinoma (Ci et al., 2020). The

overexpression of KYNU was also confirmed correlated with

poor prognosis in gastric cancer (Zheng et al., 2020). In our

study, KYNU was also confirmed as a hazardous factor in

gliomas. Kynurenine monooxygenase (KMO) was a rate-

limiting enzyme in kynurenine pathway and functioned to

control the conversion from kynurenine to neuroactive and

neurotoxic metabolites (Platten et al., 2019). Numerous

studies demonstrated that KMO played a key role in

tumorigenesis and tumor progression (Huang et al., 2020; Liu

et al., 2021). Cytochrome P450 family two subfamily E member 1

(CYP2E1) was a critical enzyme for the metabolism of indole,

which was converted from tryptophan by bacterial

tryptophanases and could suppress the immune response in

central nervous system (Devlin et al., 2016; Rothhammer

et al., 2016). Previous study has revealed that downregulation

of CYP2E1 would promote tumor progression in gliomas (Ye

et al., 2021), in line with our results. Among these essential

TrMGs, KYNU, and KMO are critical enzymes of tryptophan

catabolism. Upregulation expression of these enzymes would

subsequently increase the catabolism of tryptophan and decrease

the concentration of tryptophan. KYNU and KMO were

recognized as hazardous factors in previous and our studies,

indicating that upregulated tryptophan catabolism and low

concentration of tryptophan would lead to worse prognosis in

gliomas. On the contrary, CYP2E1 was recognized as protective

factor in our study, suggesting that eradication of indole, an

immunosuppressive metabolites of tryptophan, would improve

the prognosis of gliomas.

Further analyses of immune landscapes illustrated the

relationship between tryptophan metabolism and the immune
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microenvironment of glioma. The CIBERSORTx analyses depicted

that the infiltration of multiple immune cells, including

macrophages and NK cells was correlated with the TrMRS. For

example, the infiltration ofM2macrophagewas positively correlated

with TrMRS. M2 macrophage played a critical role in tumor

promotion and immunosuppressive effects (Noy and Pollard,

2014). This result indicates that higher TrMRS value, which

represents for higher tryptophan catabolism and lower level of

tryptophan, is a marker for more M2 macrophage infiltration,

and subsequently leads to immunosuppression. Tumors can

recruit circulating monocytes and neighboring resident

macrophages to their microenvironment and then polarized

them from M1 to M2 macrophages, composing tumor-associated

macrophages (TAMs) (Anderson et al., 2021). TAMs can produce

cytokines to inhibit T-cells’ function and upregulate

immunosuppressive surface proteins (Curiel et al., 2004;

Colombo and Piconese, 2007; Yang and Zhang, 2017). These

immunosuppressive effects of TAMs lead to immune escape in

glioma and result in worse prognosis for gliomas with high TrMRS.

The ESTIMATE analyses revealed that the complexity of gliomawas

strongly positively correlated with the TrMRS, indicating that more

tryptophan catabolism and less tryptophanmight help reconstruct a

more complex tumor microenvironment in glioma. The expression

levels of targets for ICIs, PD-1 and PD-L1, were also strongly

positively correlated with the TrMRS, endorsing the potential

ability of TrMRS to predict the response to ICIs. Furthermore,

T-cell immunoglobulin and mucin domain-containing protein 3

(TIM3) was part of a module that contained several checkpoint

receptors (Wolf et al., 2020). TIM3 frequently co-expressed with

PD-1 (Sakuishi et al., 2010; Fourcade et al., 2014), which made it

attractive for immunotherapy. Co-blockade of TIM3 and PD-1 can

achieve greater enhancement of T-cell responses than blockade of

PD-1 alone (Ngiow et al., 2011; Zhou et al., 2011). Our study

demonstrated that the expression of TIM3 was strongly positively

correlated with TrMRS, which also endorsed the potential ability of

TrMRS to guide the application of co-blockade of TIM3 and PD-1.

Hence, the correlation between TrMRS and expression of

immunotherapy targets suggested that gliomas with high TrMRS

would express more immunotherapy targets and have better

response to immunotherapy, such as PD-1/PD-L1 inhibitors and

TIM3 inhibitors. Higher TrMRS correlated with more expression of

“hot tumor” features and more potential responders to ICIs. These

findings demonstrated that high TrMRS would predict worse

prognosis and more immunosuppressive effects. But it also

predicted more expression of immunotherapy targets, which

endorsed the potential ability of TrMRS to guide the application

of immunotherapy.

Despite multiple analyses endorsed same results in our current

study, there are still several limitations. First, protocol of sequencing and

data preprocessing differed among these four independent cohorts.

Second, the REMBRANDT cohort lacks some important markers,

including IDH mutation status. Third, these findings of our current

study still require future validation by basic experiments. Besides, due to

the limitations of bulk RNA-sequencing, the potential interaction

between the aberrant tryptophan metabolism in gliomas and

neurons remains uncovered. However, neurons typically consist a

small fraction of gliomas (Couturier et al., 2020), and is unlikely to

produce significant influence on the findings of the present study.

Finally, the mechanism of how tryptophan metabolism influenced

immune landscape of gliomas remains unclear and requires further

exploration.

Conclusion

In conclusion, we revealed that the expression pattern of

TrMGs was closely correlated with clinicopathological and

immunological features in glioma. The novel tryptophan

metabolism evaluation score system, TrMRS, showed for

strong ability to predict prognosis of glioma patients.

Moreover, higher TrMRS, representing for more active

tryptophan catabolism and less tryptophan, predicts more

immune infiltration, immunosuppression and, more targets

for immunotherapy, endorsing the usages of TrMRS in

guiding immunotherapy in gliomas.
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SUPPLEMENTARY FIGURE S1
(A)Average silhouette width corresponding to each cluster number (k) in
K-means clustering of the gliomas based on TrMG expression. (B)
Heatmap of expression of 44 TrMGs based on two clusters. (C)
Differences in the expression of 44 TrMGs between two K-means
clusters. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

SUPPLEMENTARY FIGURE S2
Differences in the clinicopathological features between two K-means
clusters. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

SUPPLEMENTARY FIGURE S3
Representative immunohistochemical staining for KYNU and
ALDH2 from the Human Protein Atlas. (A)Representative staining for
KYNU in high- and low-grade glioma (https://www.proteinatlas.org/
ENSG00000115919-KYNU/, antibody: HPA031686). (B) Representative
staining for ALDH2 in high- and low-grade glioma (https://www.
proteinatlas.org/ENSG00000111275-ALDH2/, antibody: HPA051065).

SUPPLEMENTARY FIGURE S4
Differences in immunological characteristics of tumor
microenvironment between two TrMRS risk groups in CGGA,
REMBRANDT, and WCH cohorts. *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001.
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Malignant tumors are the second leading cause of death worldwide. This is a public

health concern that negatively impacts humanhealth andposes a threat to the safety

of life. Although there are several treatment approaches for malignant tumors,

surgical resection remains the primary and direct treatment for malignant solid

tumors. Anesthesia is an integral part of the operation process. Different anesthesia

techniques and drugs have different effects on the operation and the postoperative

prognosis. Propofol is an intravenous anesthetic that is commonly used in surgery. A

substantial number of studies have shown that propofol participates in the

pathophysiological process related to malignant tumors and affects the

occurrence and development of malignant tumors, including anti-tumor effect,

pro-tumor effect, and regulation of drug resistance. Propofol can also reshape the

tumor microenvironment, including anti-angiogenesis, regulation of immunity,

reduction of inflammation and remodeling of the extracellular matrix.

Furthermore, most clinical studies have also indicated that propofol may

contribute to a better postoperative outcome in some malignant tumor surgeries.

Therefore, the author reviewed the chemical properties, pharmacokinetics, clinical

application and limitations,mechanismof influencing the biological characteristics of

malignant tumors and reshaping the tumormicroenvironment, studies of propofol in

animal tumormodels and its relationshipwith postoperative prognosis of propofol in

combinationwith the relevant literature in recent years, to lay a foundation for further

study on the correlation between propofol and malignant tumor and provide

theoretical guidance for the selection of anesthetics in malignant tumor surgery.

KEYWORDS

malignant tumor, anesthetic drug, propofol, chemical properties, pharmacokinetic,
biological characteristics, tumor microenvironment, postoperative prognosis
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1 Introduction

Malignant tumor is one of the diseases that seriously affect

the human quality of life (Siegel et al., 2020). According to

GLOBOCAN 2020 global cancer statistics, there were

9,958,133 deaths worldwide from malignant tumors in 2020

(Sung et al., 2021). Therefore, in-depth research into the

pathogenesis of malignant tumors and the factors influencing

their development has become a major scientific research

direction for global health strategies. Currently, radiation

therapy, chemotherapy, targeted therapy, and immunotherapy

have improved the clinical outcome and extended the life of more

patients with advanced malignant tumors, but surgical resection

remains the most useful and effective treatment for solid

malignant tumors. As a matter of fact, different surgical

techniques and perioperative risk factors can influence the

prognosis of tumor patients (Cuk et al., 2021).

The influence of perioperative anesthesia management on

the postoperative prognosis of malignant tumors has increasingly

come to light in the recent years. Studies have found that different

anesthesia techniques and drugs can affect tumor recurrence and

metastasis, resulting in different postoperative prognoses.

Propofol exerts sedative-hypnotic effects by the means of

chloride transport and γ-aminobutyric acid (GABA) receptors

and is commonly used in terms of the induction and

maintenance of general anesthesia, with the characteristics of

rapid induction, rapid recovery, and few adverse effects (Feng

et al., 2021). It is worth noting that many studies have

demonstrated that propofol not only induces anesthesia and

sedation but also alters the biological characteristics of the

malignant tumors. It can suppress the malignant biological

characteristics of tumor cells and promote apoptosis of tumor

cells with anti-cancer activity (Eden et al., 2018). Interestingly,

propofol has also been found to promote proliferation, invasion

and metastasis of tumor cells in certain specific tumor types or

conditions. In terms of therapeutic response, propofol modulates

resistance to a number of chemotherapeutic agents and promotes

drug sensitivity in tumor cells (Jiang et al., 2018). In addition,

propofol can reshape the tumor microenvironment, reducing the

degree of immunosuppression in the tumor microenvironment

and inhibiting the signaling pathways that are involved in the

development of inflammation and the production of

inflammatory mediators, which has immune-activating and

anti-inflammatory activity (Xu et al., 2020). Neoangiogenesis,

hypoxia, and degradation of the extracellular matrix are

important features of the tumor microenvironment that is

also modulated by propofol. Clinical studies have shown that

propofol is closely associated with postoperative prognosis for

tumor patients, with the most extensive studies focusing on

breast cancer (Wang et al., 2018). According to most studies,

tumor patients receiving propofol-based anesthesia have a better

prognosis than those receiving inhalation anesthesia. However,

some retrospective studies have showed no significant difference

between the prognosis of tumor patients undergoing propofol

versus inhalation anesthesia, highlighting the need for large,

multi-center, and prospective randomized controlled trials in

the future.

Here we conducted a narrative literature review on propofol

regarding its chemical properties, pharmacokinetics, clinical

application and limitations, studies in animal tumor models as

well as effects on the biological characteristics of malignant

tumors, reshaping of the tumor microenvironment and

postoperative prognosis, intending to lay a theoretical

foundation for future large-scale prospective multi-center

clinical trials and provide potential guidance for the precise

selection of surgical anesthetics (Figure 1).

2 Chemical properties of propofol

Originally known as 2,6-diisopropyl phenol, propofol was

discovered by Scottish chemist John B. Glen and used as an

anesthetic. The 2D and 3D chemical structure of propofol is

presented in Figure 2 (Cited from the PubChem database).

Currently, propofol is currently the most widely used

anesthetic drug in clinical practice, with the advantages of

rapid onset of action, rapid recovery, rapid metabolic

clearance and few adverse effects. In clinical practice,

propofol fat emulsion is commonly used because it is a

colorless or light-yellow liquid, almost insoluble in water

but soluble in many organic solvents (Dinis-Oliveira, 2018).

At present, it is widely believed that propofol has antioxidant

effects. Studies have shown that the chemical structure of

propofol contains phenolic hydrocarbon groups, which are

similar to the known antioxidants 2, 6-di-tert-butylp-cresol

and the endogenous antioxidant vitamin E. Propofol can

directly react with oxygen free radicals to generate stable 2,

6-diisopropyl phenoxy group, which is to replace the highly

active free radical with the low active free radical and reduce

the lipid peroxidation cascade reaction triggered by the latter

(Tsuchiya et al., 2010). Murphy et al. used electron rotational

resonance spectroscopy to demonstrate that propofol acts as

an antioxidant by reacting with free radicals to form phenoxy

(Stratford and Murphy, 1997). Naohiro et al. (Kokita and

Hara, 1996) found that small amounts of propofol in plasma

could protect cell membranes by acting as an antioxidant,

even when bound to plasma proteins. Several in vivo and

in vitro studies have also shown that propofol can act as an

antioxidant by rapidly and stably scavenging free radicals and

inhibiting the process of lipid peroxidation (Li et al., 2012;

Rosenfeldt et al., 2013).

It has been found that chemotherapeutic drugs such as

formyl benzamide and chlorobenzene butyric acid have

benzene ring or aromatic structures that contribute to their

antitumor pharmacological effects (Wu et al., 2022). Propofol

also exhibits antitumor effects and possesses a benzene ring
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structure, whereas other anesthetic drugs that do not exhibit

antitumor effects, such as desflurane and sevoflurane, do not

possess this ring structure. As a result, it has been speculated that

the anti-tumor activities of propofol may be correlated with the

benzene ring structure, but further research is needed to

determine the exact relationship.

FIGURE 1
Effects of propofol on the tumor cells and tumor microenvironment. On one hand, propofol may directly act on tumor cells, exerting anti-
tumor and pro-tumor effects, and regulating drug resistance. On the other hand, propofol may act indirectly on the tumor microenvironment by
anti-angiogenesis, regulating immunity, reducing inflammation, and remodeling the extracellular matrix (By Figdraw).

FIGURE 2
2D and 3D chemical structure of propofol.
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3 Pharmacokinetics of propofol

The pharmacokinetics of propofol is characterized by a

three-compartment linear model. The three-compartment

model refers to plasma, fast equilibrium tissue, and slow

equilibrium tissue, characterized by rapid distribution and

rapid elimination. Propofol is rapidly distributed in the whole

body after intravenous injection. Within 40 s (single-arm

cerebral circulation time), propofol can rapidly produce a

slightly hypnotic effect. It is estimated that the half-life of

blood-brain balance is about one to 3 min, which is probably

the reason for the rapid induction of anesthesia (Wan Hassan

et al., 2018). Propofol is highly lipophilic and is widely

distributed in the brain and liver, followed by the heart,

kidney, gastrointestinal tract, and fat tissue. The tissue

concentration rapidly decreases 2 h after administration,

indicating there is no apparent accumulation of propofol in

tissue (Hüppe et al., 2020). However, a longer infusion of

propofol resulted in a significant tissue accumulation, slowing

down the decrease of circulating propofol, which subsequently

increased the awakening time. Three phases are involved in

the elimination of propofol. Phase I represents the rapid

distribution of propofol with a half-life of 2–10 min; Phase

II represents the elimination of propofol from the blood

through metabolism with a half-life of 21–56 min; Phase III

represents the return of propofol from poorly perfused tissue

to the blood with the half-life of termination 200–300 min (Ji

et al., 2020).

FIGURE 3
Metabolic process of propofol in vivo. Propofol is rapidly metabolized into inactive compounds in the liver through the hydroxylation of
cytochrome P450 (CYP2B6 and CYP2C9) isomers and the UDP-glucuronosyhransferase (UGT) pathway and excreted by the kidney. Less than 1% of
propofol is excreted in urine and 2% in feces.
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Propofol is mainly metabolized in the liver (Figure 3). It is

rapidly metabolized to inactive compounds through the

hydroxylation of cytochrome P450 (CYP2B6 and CYP2C9)

isomers and UDP-glucuronosyhransferase (UGT) pathway and

eliminated by the kidney (Kodama et al., 2020). Less than 1% of

propofol is excreted in urine and 2% in feces (Sandra et al., 2021).

Through the in-depth study of the pharmacokinetics of

propofol, we can understand the absorption, distribution, and

elimination process of propofol in the human body and the target

organs where it exerts its pharmacological effects, which will

further indicate the target organs and directions for the study of

propofol. Propofol is highly lipophilic and protein-binding and is

widely distributed in the liver, brain, gastrointestinal tract, and

adipose tissue, so propofol tends to act in these organs. From a

review of the literature, we found that propofol exerted a greater

effect on liver cancer, gastric cancer, colorectal cancer and breast

cancer, which is more consistent with the pharmacokinetic

characteristics of propofol. Therefore, an in-depth

understanding of the pharmacokinetics of propofol in the

human body is of great significance for the rational use of

drugs, the prediction of efficacy and toxicity, and the study of

pharmacological effects.

4 Clinical application and limitations
of propofol

4.1 Clinical application

Propofol is a short-acting intravenous anesthetic with the

advantages of rapid onset, short duration of action, rapid

elimination and low incidence of post-operative nausea and

vomiting. It can depress the central nervous system and

produce sedative and hypnotic effects, and is commonly used

for induction and maintenance of anesthesia as well as sedation

and analgesia. It is now commonly used for the induction and

maintenance of general anesthesia (GA) and total intravenous

anesthesia (TIVA), as well as for sedation during anesthesia, after

surgery and in the intensive care unit (ICU).

4.1.1 Total intravenous anesthesia
The most common types of general anesthesia are propofol-

based total intravenous anesthesia (TIVA) and volatile drug-

based inhalation anesthesia. Of course, in many cases a

combination of intravenous and inhalation anaesthesia is also

used. Total intravenous anesthesia is a method of administering

anesthesia to patients using intravenous anesthetics and its

auxiliary agents with the advantages of rapid induction,

smooth anesthesia, no contamination and quicker awakening

(Ramirez and Cata, 2021). Propofol has been the basis of TIVA,

with the development of target-controlled infusion (TCI) system,

TCI has the advantages of fast adjustment speed, strong

controllability and stable anesthesia depth, which is conducive

to the personalized and refined administration of propofol, and

can effectively avoid the sedation or anesthesia of too deep or too

shallow due to individual differences and changes in surgical

stimulation intensity (Anderson and Bagshaw, 2019).

4.1.2 Sedation in ICU
At present, sedation and analgesia has becomeone of the important

treatment methods in ICU, which can reduce stress, reduce the body

oxygen consumption, make the patient in a comfortable state, reduce

the accident of extubation and is conducive to prevent accidents and the

recovery of the patients. Propofol is a fast-acting, short-acting, fast-

recovery intravenous anesthetic. It can achieve good sedative effect

under the premise of analgesia and is suitable for short-term sedation in

ICU (Garcia et al., 2021).

4.1.3 Application in outpatient endoscopic
surgery

In recent years, with the continuous development of

endoscopic techniques and the increased demand for painless

endoscopy, propofol is also being used for various outpatient

endoscopic surgeries such as painless gastrointestinal endoscopy

and tracheoscopy. Propofol is becoming increasingly popular in

sedation for gastrointestinal endoscopy due to its unique

pharmacokinetic properties, predictable recovery process and

rapid recovery (Goudra et al., 2021).

4.2 Limitations in clinical practice

Currently, propofol is commonly used clinically as a fat emulsion

formulation, and a number of problems remain in its clinical

application. Apart from producing pharmacological adverse effects

such as dose-related blood pressure drop, heart rate decreases and

apnea, others are mainly associated with propofol in fat emulsion

formulations, such as injection site pain, thrombophlebitis,

hypertriglyceridemia, potentially fatal bacterial infections, rupture

and blockage of the infusion line during prolonged infusion,

propofol infusion syndrome (PRIS) and allergic reactions, etc.

4.2.1 Decreased blood pressure and respiratory
depression

Propofol has a cardiovascular depressant effect and causes

hypotension associated with reduced peripheral vascular

resistance, reduced cardiac preload, reduced sympathetic activity

and myocardial contractility (Doğanay et al., 2018). Studies have

confirmed that propofol-induced hypotension is related to the rate

of injection, the dose injected and the effect on the central nervous

system. The drop in blood pressure induced by propofol usually lasts

for a short period of time and its cause of persistent hypotension is

most often seen in elderly, female, poor general condition or in

patients on concomitant morphine-like drugs.

In clinical use, propofol is highly likely to cause respiratory

depression. Even the induced dose of propofol can cause slower
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respiration, reduced tidal volume and even greater degree and

frequency of apnea than other intravenous anesthetics of the

same type (Jiang et al., 2021).

4.2.2 Injection site pain
Injection site pain can occur in both adults and children, this

pain can be immediate or delayed. This pain is due to the

activation of the plasma pancreatic Vaso peptide system by

propofol and the subsequent production of bradykinin, which

is not the only factor causing the pain (Miniksar, 2022). Pain

caused by intravenous propofol is not a very serious

complication, but pain can be an important source of

excessive stress in patients during surgery and an important

limiting factor for ideal anaesthesia.

4.2.3 Hypertriglyceridemia
Propofol is mainly given as an emulsion, and prolonged

infusion is accompanied by elevated lipid levels. The long-chain

triglycerides in the emulsion are the main factor causing elevated

lipid levels (Corrado et al., 2020). In addition. The ability to

metabolize and remove fat is reduced by changes in the

enzymatic systems involved in lipid clearance and metabolism,

which may result in hypertriglyceridemia due to the increased fat

load and metabolic disturbances associated with the

administration of propofol in stressful situations.

4.2.4 Propofol infusion syndrome
PRIS is a dangerous adverse reaction in the use of propofol

and its treatment success rate is low. It was found that when

propofol dose > 4 mg/(kg h) and infusion time >48 h may lead to

PRIS. The main manifestations are unexplained cardiac

arrhythmias, metabolic acidosis, hyperkalemia and

cardiomyocyte lysis, which eventually develop into severe

heart failure and even lead to the death (Hemphill et al.,

2019). Triggers of PRIS include low age, severe central

nervous system disease, excessive intake of glucocorticoids

or exogenous catecholamines and inadequate carbohydrate

intake.

5 Effect of propofol on biological
characteristics of malignant tumor
cells

Surgical resection is the primary treatment for solid

malignancies. Numerous studies have demonstrated that the

choice of anesthetic is closely associated with the postoperative

prognosis of tumor patients. As a commonly used anesthetic,

propofol not only has an anesthetic effect but also may act on

tumor cells directly, which affects the biological characteristics

of tumor cells, including anti-tumor effect, pro-tumor effect,

and regulation of drug resistance.

5.1 Anti-tumor effect

The progression of malignant tumors is regulated by a variety

of key factors both in vitro and in vivo. It has been shown that the

anti-tumor effects of propofol are mainly through the regulation

of microRNAs (miRNAs) and long non-coding RNAs (lncRNAs)

expression to target multiple signaling pathways, oncogenes and

functional proteins (Figure 4). Interestingly, in recent studies,

propofol can also inhibit the progression of tumors by

attenuating the function of tumor stem cells and regulating

metabolic reprogramming.

5.1.1 Propofol and miRNAs
MiRNAs are a large family with distinctive structural and

functional characteristics and are small non-coding single-

stranded RNAs. Mature miRNAs are about 20–24 bases in

length and are formed from a segment of single-stranded

RNA precursor of 70–90 bases in length with a hairpin loop

structure processed by an RNA enzyme called Dicer (Budakoti

et al., 2021). Mature miRNAs inhibit translation or induce

degradation of target gene mRNA molecules mainly by

forming RNA-induced silencing complexes (RISCs) through

complementary matching with their 3′-UTRs (Slack and

Chinnaiyan, 2019). Numerous studies have demonstrated that

miRNAs are closely related to tumorigenesis and development,

affecting tumor differentiation, proliferation, invasion,

metastasis, and drug resistance through controlling the

expression of target genes, as well as their cell cycle and

apoptosis process, thus serving as anti-oncogenes. (He et al.,

2020). Therefore, miRNAs can be used as biological markers for

diagnosis and prognosis prediction, as well as valuable

therapeutic targets for tumors.

Some miRNAs, as proto-oncogenes, can negatively regulate

anti-oncogenes, promote malignant transformation of normal

cells, enhance proliferation, and differentiation and inhibit

apoptosis of tumor cells. Propofol can suppress tumor cell

proliferation, migration and invasion by downregulating

proto-oncogenic miRNAs (Table 1). In bladder cancer, Qi

et al. (2019a) found that propofol downregulated the miR-10b

expression and increased the expression of its target gene

HOXD10, exerting tumor-suppressive effects. Propofol

suppresses the malignant biology of lung cancer cells through

down-regulation of miRNAs. Wu et al. (2020) have showed that

propofol inhibited NSCLC cell viability by downregulating the

miR-21-5p/MAPK10 axis. Sun and Gao (2018) demonstrated

that propofol suppressed the proliferation and migration of lung

cancer A549 cells, partly due to downregulation of miR-372. In

breast cancer, propofol could promote apoptosis of tumor cells

by upregulating P27 and cleaved caspase-3 expression via

downregulating miR-24 (Yu et al., 2018). Du et al. (2019) also

found that propofol inhibited the activation of PI3K/AKT and

Wnt/β-catenin signaling pathways through down-regulation of
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FIGURE 4
Propofol exerts anti-tumor effects by regulatingmiRNAs/lncRNAs. In different tumor types, propofol regulates the expression ofmiRNAs (proto
and anti-oncogenes) and lncRNAs to regulate different tumorigenesis and development-related signaling pathways, genes, and proteins
expressions, such as PI3K/AKT, Wnt/β-catenin, MMPs, P27, and P21, thus inhibiting the proliferation, invasion, andmetastasis of tumor cells, reducing
EMT process and promoting apoptosis.
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miR-21 expression, thereby reducing cell proliferation of breast

cancer.

Some other miRNAs can also act as anti-oncogenes,

antagonizing proto-oncogenes, inhibiting proliferation,

differentiation, migration, and invasion, as well as promoting

apoptosis of tumor cells. Studies show that propofol can inhibit

tumor progression and improve prognosis by up-regulating anti-

oncogenic miRNAs (Table 1). The epithelial-mesenchymal

transition (EMT) is the conversion of polar epithelial cells

into mesenchymal cells with the capacity for invasive

metastasis, which is closely related to tumor development.

Propofol can inhibit the EMT process by regulating miRNA.

Liu et al. (2020) reported that propofol could inhibit snail

expression by promoting the activity of miR-195-5p, thereby

reducing EMT, migration and invasion of gastric cancer cells. Shi

et al. (2021) revealed that propofol could upregulate the

expression of miR-363 and decrease the expression of

Snail1 to inhibit the EMT process of kidney cancer cells. In

lung cancer (Liu and Liu, 2018), propofol inhibits the

proliferation and EMT process of lung cancer cells by

upregulating the expression of miR-1284. In papillary thyroid

cancer, Li et al. (2020a) reported that propofol upregulated miR-

122 expression to suppress the invasion and the EMT process of

tumor cells. Similarly, Propofol can target several important

signaling pathways in tumors through upregulation of tumor

suppression-related miRNAs. In colorectal cancer (Li et al.,

2020b), propofol suppressed the malignant properties of

colorectal cancer cells by upregulating miR-124-3p expression

TABLE 1 Propofol inhibits tumors by regulating miRNAs/lncRNAs.

MiRNA/
LncRNA

Regulation Cancer types Targets Mechanism Ref

MiRNA Downregulation Bladder cancer miR-10b miR-10b/HOXD10 Qi et al. (2019a)

Lung cancer miR-21-5p miR-21-5p/MAPK10 Wu et al. (2020)

Lung cancer miR-372 Suppressed Wnt/β-catenin and mTOR signaling
pathways

Sun and Gao,
(2018)

Breast cancer miR-24 Upregulating p27 and cleaved caspase-3 expression Yu et al. (2018)

Breast cancer miR-21 Suppressed Wnt/β-catenin and PI3K/AKT signaling
pathways

Du et al. (2019)

Upregulation Gastric cancer miR-195-5p miR-195-5p/snail Liu et al. (2020)

Renal cancer miR-363 Reduced the expression of Snail1 Shi et al. (2021)

Lung cancer miR-1284 Reduced the expression of FOXM1 Liu and Liu,
(2018)

Papillary thyroid
carcinoma

miR-122 Reduced the expression of MMP2 and MMP9 Li et al. (2020a)

Colorectal cancer miR-124-3p Reduced the expression of AKT3 Li et al. (2020b)

Liver cancer miR-219-5p Suppression of GPC3-mediated Wnt/β-catenin
signaling activation

Gong et al.
(2019)

Thyroid cancer miR-141-3p Suppressing SHH and PI3K/AKT signaling pathways
via the miR-141-3p/BRD4 axis

Zhang et al.
(2021a)

LncRNA Ovarian cancer lncRNA HOST2 Suppressing JAK2/STAT3 signaling pathway Shen et al.
(2021)

Liver cancer lncRNA CASC9 Suppressing Akt/mTOR signaling pathway Chang et al.
(2022)

Colon cancer lncRNA
HOTAIR

Activating WIF-1 and Suppressing Wnt pathway Zhang et al.
(2020a)

Glioma lncRNA GAS5 Increasing the expression of P21, decreasing the
expression of c-myc and GSTM3

Cheng et al.
(2022)

Oral squamous cell
carcinoma

lncRNA GAS5 FoxO1-GAS5-miR-1297-GSK3b axis Gao et al.
(2019)

Interactions between lncRNA
and miRNA

Colorectal cancer lncRNA
HOXA11-AS

lncRNA HOXA11-AS/miR-let-7i/ABCC10 Ren and Zhang,
(2020)

Liver cancer lncRNA
HOXA11-AS

lncRNA HOXA11-AS/miR-4458 Song et al.
(2020)

Liver cancer LncRNA
NORAD

lncRNA NORAD/miR-556-3p/MIEN1 Liu et al.
(2021a)

Esophageal cancer lncRNA
TMPO-AS1

lncRNA TMPO-AS1/miR-498 Gao et al.
(2020)
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and downregulating AKT3 expression. Gong et al. (2019) found

that miR-219-5p induced by propofol inhibited hepatocellular

carcinoma proliferation and invasion by suppressing the Wnt/β-
catenin signaling pathway mediated by GPC3. In thyroid cancer,

propofol inhibited tumor cell proliferation, migration, and

invasion by suppressing SHH and PI3K/AKT signaling

pathways via the miR-141-3p/BRD4 axis (Zhang et al., 2021a).

These studies indicate that miRNAs are pivotal therapeutic

targets for tumors, and propofol can exert anti-tumor effects

by regulating miRNAs expression, which further enriches the

anti-tumor mechanism of propofol.

5.1.2 Propofol and lncRNAs
Long non-coding RNA (lncRNA) is a kind of functional

RNA molecule that cannot be translated into protein. They have

mRNA-like structures and complex mechanisms of action.

Numerous studies have demonstrated that lncRNAs play an

important role in tumorigenesis and development by

regulating epigenetic transmission, cell cycle and cell

differentiation. Propofol can target various signaling pathways

by regulating lncRNA expressions in tumor cells, such as theWnt

pathway, JAK2/STAT3 pathway, and Akt/mTOR pathway

(Table 1). Shen et al. (2021) showed that propofol could

inhibit the proliferation, invasion and apoptosis of ovarian

cancer cells through the lncRNA HOST2/JAK2/STAT3 axis.

Chang et al. (2022) reported that propofol exerted an anti-

tumor effect by down-regulating lncRNA CAS9, thereby

inhibiting the Akt/mTOR signaling pathway in hepatocellular

carcinoma. In colon cancer, propofol promoted cell apoptosis

and inhibited distant metastasis through the activation of WIF-1

and inhibition of Wnt signaling pathway by negatively regulating

the expression of lncRNA HOTAIR (Zhang et al., 2020a).

GAS5 is a FoxO1-activated long noncoding RNA that can be

regulated by propofol. In glioma, Cheng et al. (2022) showed that

propofol inhibited the growth and migration of glioma cells

through upregulation of the lncRNA GAS5. Gao et al. (2019)

found that lncRNA GAS5 promoted the apoptosis of propofol-

induced oral squamous cell carcinoma by regulating the miR-

1297-GSK3β axis.

It is worth noting that both lncRNAs and miRNAs are non-

coding functional RNAs with epigenetic regulation, which are

closely related to the malignant biological characteristics of

tumor cells. LncRNAs can bind to miRNAs and affect their

functions, while miRNAs can regulate the stability of LncRNAs.

Numerous studies have indicated that propofol could exert its

anti-tumor activity by modulating the interaction between

lncRNAs and miRNAs. Among which, lncRNA HOXA11-AS

is currently more widely reported. Ren and Zhang (2020)

reported that propofol could promote apoptosis in colorectal

cancer cells by reducing the inhibitory effect of HOXA11-AS on

miR-let-7i. In hepatocellular carcinoma, Song et al. (2020)

revealed that propofol downregulated the expression of

lncRNA HOXA11-AS to enhance the expression of miR-4458

and inhibit the malignant biological behavior of tumor cells. In

addition, propofol can also regulate the interaction between other

lncRNAs and miRNAs, such as lncRNA NORAD/miR-556-3p/

Migration and Invasion Enhancer 1 (MIEN1) axis (Liu et al.,

2021a) and lncRNA TMPO-AS1/miR-498 axis (Gao et al., 2020).

Therefore, an in-depth study of the interaction between lncRNAs

and miRNAs is essential to understanding the mechanism of the

anti-tumor effects of propofol.

5.1.3 Attenuating the function of tumor stem
cells

Tumor stem cells are cells in tumors that have the ability to

self-renew and generate heterogeneous tumor cells, which play

an important role in tumor survival, proliferation, metastasis and

recurrence, and are also a cause of drug resistance (Richard et al.,

2021). Recent studies have suggested that propofol could

attenuate the function of tumor stem cells. Li et al. (2021)

reported that propofol could inhibit the ability of bladder

cancer stem cells to self-renew by targeting the hedgehog

pathway, thereby inhibiting bladder tumor development and

recurrence. In breast cancer, Zhang et al. (2019) found that

propofol could reduce mammosphere formation in tumor stem

cells in vitro via the PD-L1/Nanog pathway, thereby inhibiting

cancer cell recurrence andmetastasis. Another study showed that

propofol inhibited the expression of circNOLC1 to attenuate

tumor stem cell function via miR-365a-3p/STAT3 signaling

pathway in breast cancer.

5.1.4 Regulation of metabolic reprogramming
Metabolic reprogramming is an important feature of tumors.

To adapt to the rapid and continuous proliferation of tumor cells,

various metabolic pathways such as aerobic glycolysis, lipid

biosynthesis, and glutamine metabolism will be reprogrammed

in tumor cells, the most prominent of which is aerobic glycolysis,

namely the Warburg effect (Gao et al., 2021a). The Warburg

effect refers to the fact that under aerobic conditions, glucose in

normal cells is oxidized in the mitochondria, whereas in cancer

cells glucose does not enter the mitochondria but remains

converted to lactate (Lebelo et al., 2019). Several studies have

indicated that propofol can influence the metabolic

reprogramming of tumor cells, with inhibition of glycolysis

being the most commonly reported. Hu et al. (2019) reported

that propofol could downregulated GLUT1 and MPC expression

by downregulating HIF-1α and upregulating PEDF, thereby

interfering with cancer cell glucose metabolism and inhibiting

tumor progression. N-methyl-D-aspartate receptor (NMDAR),

which controls Ca2+ flux, has recently been found to be associated

with propofol-induced inhibition of glycolysis. Qi et al. found

that (Qi et al., 2019b) propofol reduced intracellular Ca2+

concentration, CaMKII, AKT phosphorylation, and HIF-1α
expression by inhibiting NMDA receptors, which in turn

inhibited tumor and endothelial cell glycolysis levels and

ultimately reduced tumor cell adhesion and metastasis. Chen
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et al. (2018) found that propofol inhibited aerobic glycolysis by

inactivating the NMDAR-CAMKII-ERK signaling pathway in

colorectal cancer. Circular RNAs (circRNAs) are a class of

conserved non-coding RNAs with a closed-loop structure that

is widely found in a variety of eukaryotes and are produced in

higher eukaryotes by reverse splicing of multiple protein-coding

genes through exons, which play an important modulatory role

in tumorigenesis and progression. Propofol could inhibit

glycolysis in tumor cells via the regulation of the circRNAs

expression. Qu et al. (2022) found that propofol inhibited

glycolysis in ovarian tumors by inhibiting the circular RNA-

zinc finger RNA binding protein (circ-ZFR)/mir-212-5p/

superoxide dismutase 2 (SOD2) axis. In lung cancer, propofol

disrupted cell carcinogenesis and aerobic glycolysis by regulating

circRNA transcriptional adaptor 2A (circTADA2A)/miR-455-

3p/forkhead box M1 (FOXM1) axis (Zhao et al., 2020).

The presence of lipid-metabolism-related molecules and

signaling cascades may contribute to tumor progression.

However, no systematic studies have been published showing

the specific mechanisms by which propofol regulates the

reprogramming of lipid metabolism in tumor cells, but some

basic and clinical researches reveal that propofol indeed affects

lipid metabolic processes in vivo. Zhang et al. (2022a) found that

propofol could promote glucagon-regulated gluconeogenesis and

accelerate fatty acid beta-oxidation via the CREB/PGC-1α
signaling pathway. A metabolomics study found that propofol

significantly increased the ratio of saturated fatty acids to total

fatty acids (SFA_FA), very large VLDL free cholesterol content

(XL_VLDL_FC), and very large HDL triglyceride content, and

slightly increased serum total triglyceride levels (Nummela et al.,

2022). The above studies provide a new strategy for propofol to

exert anti-tumor effects by regulating metabolic reprogramming.

5.2 Pro-tumor effect

Currently, numerous studies have found that propofol could

inhibit the proliferation, differentiation, migration and invasion of

tumor cells, mainly exerting anti-tumor effects. However, some

studies have also confirmed that propofol can also promote

tumor cell proliferation and migration in certain tumor types

under certain conditions. In oral squamous carcinoma, propofol

(Li et al., 2020c) promoted the migration of tumor cells via the

upregulation of the SNAI1 expression. Another study in breast

cancer also confirmed that propofol could induce the proliferation of

breast cancer cells via downregulation of p53 protein and promote

the invasion and migration of tumor cells via the activation of the

Nrf2 signaling pathway (Meng et al., 2017). The adhesion of

circulating tumor cells to vascular endothelial cells is a crucial

factor in the development of solid tumor metastasis. Liu et al.

(2021b) found that propofol could activate the GABA receptor in

tumor cells and reduce TRIM21, thereby increasing the expression

of the cell adhesion-related protein Src and enhancing the adhesion

and extension of tumor cells to vascular endothelial cells, thus

promoting tumor metastasis in the lung of mouse models.

Therefore, an in-depth investigation into the mechanism of

propofol-promoting tumor cell proliferation and migration will

further enrich the pharmacological effects and the scope of

application of propofol, and also raises more attention to the

selection of propofol in clinical practice.

5.3 Regulation of drug resistance

Due to the loss of the best surgical opportunity,

chemotherapy often becomes the main treatment method to

prolong the survival and improve the life quality of patients with

unresectable distant metastases. In recent years, the diversity of

chemotherapeutic drugs and treatment options has improved the

survival rate of patients with advanced-stage cancer. However,

the emergence of chemo-resistance is still a great challenge in the

process of chemotherapy (Sadri Nahand et al., 2021). Studies

have found that the use of propofol can regulate the chemo-

resistance of tumors and improve the therapeutic effect of a

variety of chemotherapy drugs. Several platinum-based

chemotherapeutic agents, such as cisplatin (DDP) and

oxaliplatin, have become the first-line chemotherapeutic

agents for many malignant tumors based on the abilities to

block DNA replication and inhibit mitosis. Huang et al.

(2020a) found that propofol could enhance the DDP

sensitivity of lung cancer cells via inhibition of the Wnt/β-
catenin signaling pathway. According to Zhang et al. (2020b),

propofol inhibited autophagy, promoted cisplatin sensitivity, and

suppressed tumor progression via modulating the lncRNA

MALAT1/miR-30e/ATG5 axis in gastric cancer. Sun et al.

(2020) indicated that propofol restrained DDP resistance by

downregulating miR-374a and upregulating FOXO1. In liver

cancer, it is shown that propofol enhanced the lethality of

cisplatin on tumor cells by up-regulating miR-195-5p (Gao

and Zhang, 2022). Paclitaxel (PTX) and docetaxel, which are

taxane-based chemotherapy drugs, boost the polymerization of

microtubule proteins and prevent their depolymerization in

order to block the mitotic process and induce apoptosis,

which are used together with other anti-cancer drugs in the

treatment of a variety of tumors. Yang et al. (2021) showed that

propofol enhanced the sensitivity of prostate cancer cells to PTX

by reducing the expression of HOTAIR, which promoted

apoptosis of cancer cells. In prostate cancer, propofol also

reversed hypoxia-induced docetaxel resistance by inhibiting

HIF-1α to prevent epithelial-mesenchymal transition (Qian

et al., 2018). 5-Fluorouracil (5-FU) is an anti-metabolic

chemotherapeutic agent that inhibits the synthesis of DNA

and RNA. Yang et al. (2022) found that propofol-induced

apoptosis ameliorated 5-FU resistance in oral squamous cell

carcinoma cells by the reduction of amphiregulin expression

and secretion. Considering that propofol can modulate glucose
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and lipid metabolism in tumor cells, we speculate that it may

modulate resistance to anti-metabolic chemotherapeutic drugs

via metabolic pathways.

In recent years, the emergence of new therapeutic agents such

as targeted therapy and immunotherapy has provided new

strategies for the treatment of malignant tumors.

Trastuzumab, a monoclonal antibody against Her-2, is a

valuable targeted therapeutic agent. Tian et al. (2020) found

that propofol could epigenetically regulate trastuzumab

resistance via the IL-6/miR-149-5p axis in breast cancer.

However, no studies have been reported on whether propofol

modulates the sensitivity of immunotherapy drugs, and this

deserves further investigation. The above studies suggest that

propofol plays an important role in modulating systemic

treatment resistance, which will provide new therapeutic

strategies for the clinical reversal of drug resistance in cancer

treatment.

6 Effect of propofol on tumor
microenvironment

The tumor microenvironment (TME) can be described as a

highly complex system, which is composed of tumor cells,

interstitial cells around tumor cells (such as immune cells,

fibroblasts, adipocytes, and endothelial cells), extracellular

matrix (ECM), and signal molecules (such as cytokines and

chemokines). The two-way interaction between tumor cells

and TME affects the tumorigenesis and progression at

multiple levels. Tumor cells can change TME to produce a

suitable living environment, and TME can in turn affect the

behavior of tumor cells (Deepak et al., 2020). With the increasing

understanding of the interaction between tumor cells and TME,

TME may become the target of novel drugs (Xiao and Yu, 2021).

Studies have shown that propofol can play a role in reshaping the

tumor microenvironment, including anti-angiogenesis,

regulation of immunity, reduction of inflammation and

remodeling of the ECM, indirectly affecting the biological

characteristics of tumor cells (Figure 5).

6.1 Anti-angiogenesis

Tumor growth and metastasis are inseparable from the

formation of neovascularization. When the tumor volume

continues to increase and the center of tumor necrosis occurs

as a result of hypoxia, tumor cells will release pro-angiogenic

factors to stimulate peripheral neovascularization (Dzhalilova

and Makarova, 2021). Blood circulation not only provides the

necessary oxygen and nutrients for tumor growth but also acts as

an important way for tumor cells to metastasize (Wang et al.,

2021a). Currently, anti-angiogenesis has become an important

targeted therapy strategy for maximum disease control of

unresectable metastatic solid tumors. More and more studies

have indicated that propofol can suppress angiogenesis and play

an anti-tumor role. A clinical trial found that total intravenous

anesthesia with propofol during radical lung cancer surgery

significantly reduced serum concentrations of VEGF and other

angiogenesis-related factors in patients, favoring the anti-

angiogenesis effect (Sen et al., 2019). Wang et al. (2021b)

found that propofol could inhibit tumor angiogenesis by

targeting VEGF/VEGFR and mTOR/eIF4E signaling, thus

exerting anti-cancer activity. In human esophageal cancer EC-

1 cells. Guo et al. (2015) demonstrated that propofol

downregulated S100A4 expression levels to inhibit

proliferation, invasion, and angiogenesis, as well as promote

apoptosis. Chen et al. (2017) found that propofol could

inhibit the expression of VEGF in pancreatic cancer cells

in vitro and in vivo, possibly by inhibiting the NMDA

receptor. Hypoxia is an important feature of the tumor

microenvironment and is an important cause of tumor

neovascularization. When the oxygen partial pressure of the

tumor microenvironment is reduced, hypoxia-inducible factors

(HIF) are activated to regulate primary transcriptional

adaptation to the hypoxic microenvironment (Li et al.,

2020d). Yang et al. (2017) found that HIF-1α was upregulated

at both the gene and protein levels in LPS-treated NSCLC tumor

cells compared to normal tissue. Propofol could inhibit the

upregulation of HIF-1α expression and reactive oxygen species

(ROS) production in NSCLC tumor cells induced by LPS,

suppressing the expression of VEGF, promoting tumor cell

apoptosis as well as inhibiting invasion and metastasis. The

above studies give strong support for the anti-angiogenic

effect of propofol and its anti-cancer activity, providing new

ideas on the effects and mechanisms of propofol on tumor

neovascularization, as well as providing more options for the

use of propofol and targeted tumor angiogenesis therapy.

6.2 Regulation of immunity

The development of the tumor is closely related to the

immune microenvironment, which is often in an

immunosuppressive status providing a favorable

environmental basis for tumor growth and proliferation,

immune escape, and acquired drug resistance (Pansy et al.,

2021). Some studies have shown that propofol increases

immune cell infiltration in the immune microenvironment

and is closely associated with NK cell activity. Zhou et al.

(2018) found that the use of propofol in esophageal cancer

surgery can significantly enhance the toxicity of NK cells to

cancer cells and enhance the killing activity of NK cells. Liu et al.

(2018) collected 20 colorectal patients and isolated NK cells by

screening and found that the expression of NK cell killing effector

molecules was significantly increased in colorectal patients after

treatment with propofol, indicating that propofol has the effect of
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enhancing NK cell killing activity. Another study compared

propofol with sevoflurane anesthesia and showed that

propofol could enhance the cytotoxicity of NK cells by up-

regulating SMAD4 in gastric cancer surgery (Ai and Wang,

2020). However, there is no consensus on whether propofol

can improve or reverse microenvironmental

immunosuppression. By performing an immunoassay on

201 patients who randomly received propofol or sevoflurane

anesthesia, Oh et al. (2018) found no significant differences in the

infiltration levels of natural killer cells, cytotoxic T cells,

cytokines, neutrophils, and lymphocytes between the two

groups, indicating that propofol has few effects on the tumor

immune microenvironment. Subsequently, the team conducted a

prospective randomized trial of propofol on immune cell

expression profiles in colorectal cancer patients. The results

showed that propofol was not superior to sevoflurane in the

alleviation of the suppression of immune cells in colorectal

cancer surgery (Oh et al., 2022). Another randomized

controlled trial on the effect of volatile anesthesia

(sevoflurane) versus intravenous anesthesia (propofol) on

immunosuppression in renal cancer also showed that propofol

was not effective in improving the immunosuppressive state of

the tumor microenvironment (Efremov et al., 2020). Therefore,

the regulatory effects of propofol on the immune system,

including immune cell infiltration and expression of immune

checkpoints, are still unclear and need to be further investigated,

which will enrich the immunomodulatory role of propofol and

provide a new direction for tumor immunotherapy.

6.3 Reduction of inflammation

Inflammatory infiltrating cells interact with tumor cells

through the release of mediators such as pro-inflammatory

cytokines, constituting a complex tumor inflammatory

microenvironment (McLaughlin et al., 2020). A variety of

signaling pathways are activated by inflammatory

stimulation, leading to an increase in oxidative enzyme

activity, resulting in DNA and mitochondrial damage,

and, ultimately, causing tumorigenesis (Atretkhany et al.,

2016).

Studies have confirmed that propofol inhibits the release of

pro-inflammatory cytokines and reduces inflammation in

microenvironment. In the non-tumor tissue

microenvironment, Liu et al. (2017a) showed that propofol

attenuates the upregulation of pro-inflammatory cytokines in

FIGURE 5
Effect of propofol on the tumor microenvironment. Propofol can play a role in reshaping the tumor microenvironment, including anti-
angiogenesis, regulation of immunity, reduction of inflammation, and remodeling of the extracellular matrix, indirectly affecting the biological
characteristics of tumor cells. Propofol can inhibit the expression of VEGF/VEGFR and play an anti-angiogenesis role. Propofol regulates immunity by
affecting the infiltration and activity of a variety of immune cells, such as T cells, NK cells, and macrophages. Propofol can reduce inflammation
via inhibiting the release of pro-inflammatory cytokines and targeting the expression of HMGB1 and COX-2 inflammatory proteins. In addition,
propofol can target the expression of MMP-9 and ADAM8 to remodel the tumor extracellular matrix.
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microglia by suppressing the NF-κB/p38 MAPK pathway

activation. Ma et al. (2018) found that propofol increased

ABCA1 expression and inhibited the production of pro-

inflammatory cytokines in a LncRNA LOC286367-dependent

manner. In the colorectal cancer microenvironment, Gao et al.

(2021b) found that propofol might reduce the secretion of

inflammatory cytokines by suppressing the activation of the

NF-κB pathway via downregulating miR-155. The above study

suggests that propofol might be used as a novel therapeutic

strategy to alleviate the chronic inflammatory stimulation state of

the tumor microenvironment.

The high mobility group protein B1 (HMGB1) is a well-

conserved, highly adhesive nuclear protein involved in

maintaining the nucleosome integrity and facilitating gene

transcription, which is now considered to be an important

late-stage inflammatory factor and is of greater clinical

importance than early-onset rapid inflammatory factors such

as TNF and IL-1 (Kim and Lee, 2020). Targeting HMGB1 is an

effective strategy to improve the tumor inflammatory

microenvironment. Li et al. (2020e) found that in papillary

thyroid cancer, propofol decreased HMGB1 expression and

inhibited tumor progression through downregulation of

ANRIL. Jia et al. (2017) found that propofol could down-

regulate LPS-stimulated HMGB1 expression in RAW

264.7 cell supernatants and reduce the releasing of LPS-

stimulated IL-6, IL-8, and TNF-α.
Cyclooxygenase (COX), also known as prostaglandin

endooxygenase reductase, is the key enzyme that catalyzes the

conversion of arachidonic acid to prostaglandins (Timur et al.,

2020). It consists of two isozymes, COX-1 and COX-2. Among

them, COX-2 is inducible, which is the key to triggering the

inflammatory response. Li et al. (2018) reported that propofol

downregulates COX-2 expression to suppress proliferation and

invasion of MCF-7 cells.

In conclusion, propofol can reduce inflammation in the

tissue microenvironment by inhibiting the production and

release of pro-inflammatory cytokines and targeting multiple

inflammation-related proteins, which will lay a theoretical

foundation for propofol to inhibit tumorigenesis by improving

the tumor inflammatory microenvironment.

6.4 Remodeling of the extracellular matrix

The extracellular matrix (ECM) is a macromolecular

substance that is synthesized and secreted by cells and

distributed on the surface of cells or between cells, consisting

of the basement membrane (BM) and the intercellular matrix.

The ECM is linked to the inside and outside of the cell by

membrane integrins, which involve cell survival, cell shape

determination, cell differentiation modulation and cell

migration control (Winkler et al., 2020).

Metalloproteinases (MMPs) are zinc-dependent

endopeptidases that degrade almost all protein components of

the extracellular matrix and disrupt the histological barrier. They

are closely associated with tumor invasion and metastasis, and

are an important biological marker for tumor invasion and

metastasis (Dofara et al., 2020). Xu et al. (2013) found that

propofol significantly downregulated the expression level of

MMP-9 in esophageal cancer Eca-109 cells and inhibited

invasion and metastasis.

The disintegrin and metalloprotease (ADAM) family are

multifunctional proteins, consisting of eight structural

domains including the metalloproteinase domain and

deintegrin domain, which can be divided into membrane-

anchored and secreted types (Camodeca et al., 2019). ADAM

is closely related to tumor progression and is engaged in critical

pathophysiological processes such as extracellular matrix

degradation, cell signaling, and regulation of cell adhesion

(Jones et al., 2016). In pancreatic cancer (Yu et al., 2020),

propofol was found to downregulate the expression of

ADAM8 and suppress tumor cells proliferation, invasion and

migration. Yu et al. (2019) found that propofol could restrain the

invasive and metastasis of tumor cells by upregulating miR-328

expression and suppressing the expression level of its target

ADAM8 in pancreatic cancer.

7 Studies of propofol in animal tumor
models

Advances in biomedical research often rely on the use of

animal models as the basis for both experimental and clinical

hypotheses. Animal studies can fill the gap between in vivo and

clinical research. Propofol can not only affect the biological

characteristics of tumor cells in vitro, but also play a role in

animal tumor models. In hepatocellular carcinoma, Liu et al.

(2017b) found that propofol could inhibit tumor growth and

protein expression of MMP-2 and VEGF in xenograft model in a

dose-dependent manner. Propofol can also activate AMPK to

induce autophagy and thereby inhibit hepatocarcinogenesis and

tumor volume in a xenograft mouse tumor model (Wang et al.,

2020). Li et al. (2020f) conducted a study about the effect of

propofol and sevoflurane on lung metastases in both syngeneic

murine 4T1 and xenograft human MDA-MB-231 breast cancer

models. For a long time, there is a lack of validated preclinical

models for anesthesia studies, most of which do not use

anesthesia itself as the primary endpoint to explore the effects

of anesthesia on the tumor itself, the microenvironment and the

postoperative prognosis. It is worth mentioning that Dubowitz

et al. (2021) have successfully replicated key steps in clinical drug

administration using propofol-TIVA anesthesia in a mouse

model of mastectomy for breast cancer. The successful

construction of this model will be of great help in studying
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the prognosis and mechanisms of action of anesthesia on patients

with different cancer types.

8 Effect of propofol on postoperative
prognosis

Perioperative factors such as inflammatory stimulation and

metabolic changes can affect the prognosis of a tumor patient.

In recent years, more and more attention has been paid to

intraoperative anesthesia management, indicating that the

different methods of anesthesia and drugs used have a

significant impact on the prognosis of the tumor after

surgery. Studies have shown that the use of propofol during

operation is closely related to the disease-free survival rate and

overall survival rate of various types of tumor patients.

Therefore, the author combs and summarizes the clinical

studies in the recent 5 years, hoping to lay a foundation for

further study on the effect of propofol on postoperative

prognosis (Table 2).

Several retrospective clinical researches have shown that the

use of propofol in anesthesia in tumor surgery can significantly

improve the prognosis of patients. Propofol may improve the

survival rate and reduce the recurrence and metastasis of patients

with digestive tumors. In gastric cancer, Zheng et al. (2018) found

that propofol-based anesthesia was correlated with better

prognosis of patients undergoing gastrectomy. Huang et al.

(2020b) found that propofol significantly improved the survival

rate and reduced the risk of recurrence and metastasis in gastric

cancer patients after a 5-year follow-up. In liver cancer, Koo et al.

(2020) found that propofol can reduce the 2-year recurrence rate

of early hepatocellular carcinoma, and significantly improve the

prognosis of patients. Through a retrospective study on propofol

and desflurane anesthesia in hepatectomy, Lai et al. (2019a) proved

that propofol anesthesia is associated with a better prognosis.

Meng et al. (2020) proved that propofol could significantly reduce

TABLE 2 The effects of propofol on postoperative prognosis of tumors.

Study type Cancer type Research design Outcomes Ref

Retrospective Gastric cancer Propofol vs. Sevoflurane Improved survival Zheng et al. (2018)

Retrospective Gastric cancer Propofol vs. Desflurane Improved survival and reduced the risk of
recurrence

Huang et al. (2020b)

Retrospective Hepatocellular carcinoma Propofol vs. Inhalation
anesthetics

Decreased 2-year recurrence Koo et al. (2020)

Retrospective Hepatocellular carcinoma Propofol vs. Desflurane Better survival Lai et al. (2019a)

Retrospective Hepatocellular carcinoma Propofol vs. Sevoflurane Reduced mortality and recurrence Meng et al. (2020)

Retrospective Intrahepatic
cholangiocarcinoma

Propofol vs. Desflurane Improved survival and reduced the recurrence Lai et al. (2019b)

Retrospective Colon cancer Propofol vs. Desflurane Better survival Wu et al. (2018)

Retrospective Esophageal cancer Propofol vs. Inhalation
anesthetics

Better overall and recurrence-free survival Jun et al. (2017)

Retrospective Pancreatic cancer Propofol vs. Desflurane Improved survival Lai et al. (2020a)

Prospective Bladder cancer Propofol vs. Sevoflurane Improved disease-free Survival Guerrero Orriach et al. (2020)

Retrospective Prostate cancer Propofol vs. Desflurane Improved overall survival Lai et al. (2020b)

Retrospective Lung cancer Propofol vs. Inhalation
anesthetics

Better prognosis Hayasaka et al. (2021)

Retrospective Glioblastoma Propofol vs. Desflurane Better survival Huang et al. (2021)

Retrospective Breast cancer Propofol vs. Sevoflurane Better survival Enlund et al. (2020)

Retrospective Breast cancer Propofol vs. Sevoflurane Reduced local regional recurrence (Zhang et al., 2021b), (Zhang et al.,
2022b)

Retrospective Breast cancer Propofol vs. Desflurane No difference Huang et al. (2019)

Retrospective Breast cancer Propofol vs. Inhalation
anesthetics

No difference Yoo et al. (2019)

Retrospective Breast cancer Propofol vs. Sevoflurane No difference Shiono et al. (2020)

Prospective Breast cancer Propofol vs. Sevoflurane No difference Yan et al. (2018)

Retrospective Gastric cancer Propofol vs. Inhalation
anesthetics

No difference Oh et al. (2019)

Retrospective Digestive tract tumor Propofol vs. Inhalation
anesthetics

No difference Makito et al. (2020)

Retrospective Glioblastoma Propofol vs. Sevoflurane No difference Schmoch et al. (2021)

Retrospective Glioma Propofol vs. Sevoflurane No difference Dong et al. (2020)
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the postoperative mortality and recurrence rate of hepatocellular

carcinoma. Another study found that propofol could improve the

postoperative survival rate and reduce the recurrence of

intrahepatic cholangiocarcinoma (Lai et al., 2019b). Consistent

with the above conclusion, the survival rate of propofol total

intravenous anesthesia is higher than that of desflurane

anesthesia in colon cancer surgery (Wu et al., 2018). Similarly,

Jun et al. (2017) found that a better postoperative prognosis of

esophageal cancer is closely related to propofol-based intravenous

anesthesia. In pancreatic cancer, a retrospective analysis shows

that propofol anesthesia can improve the postoperative survival

rate of pancreatic cancer compared with desflurane anesthesia (Lai

et al., 2020a). Propofol can also improve the prognosis of urinary

tumors. Guerrero Orriach et al. (2020) found that compared with

inhaled anesthetics and opioid analgesia, propofol intravenous

anesthesia can improve the disease-free survival rate of patients

with bladder cancer undergoing radical cystectomy. In radical

prostatectomy for prostate cancer, propofol-based anesthesia also

had a better survival rate than desflurane anesthesia (Lai et al.,

2020b). Recently, Hayasaka et al. (2021) found that the use of

propofol in early lung cancer surgery is correlated with a improved

survival rate. Huang et al. (2021) found that propofol anesthesia

was associated with better survival than desflurane anesthesia in

glioblastoma surgery. In breast cancer, a multicenter retrospective

analysis of 6,305 Swedish patients performed by Enlund et al.

(2020) demonstrated that propofol improved the postoperative

prognosis of patients better compared to sevoflurane. Zhang et al.

(2021b); Zhang et al. (2022b) compared local-regional recurrence

(LRR) in patients with invasive ductal carcinoma (IDC) under

propofol-based paravertebral block-regional anesthesia (PB-RA)

with LRR in patients undergoing inhalational general anesthesia

(INHA-GA) with sevoflurane. The results suggested that propofol

may be beneficial in reducing LRR in breast IDC patients

compared to sevoflurane. The above studies suggest that

propofol-based total intravenous anesthesia may contribute to

better postoperative prognosis in many types of tumors.

However, some studies have found that intravenous anesthesia

with propofol does not improve the postoperative prognosis of tumor

patients compared with other volatile anesthesia. In breast cancer,

Huang et al. (2019), Yoo et al. (2019), and Shiono et al. (2020) found

that propofol anesthesia did not affect postoperative prognosis and

survival of patients by retrospective analysis. A prospective,

randomized and controlled study found that propofol/remifentanil

total intravenous anesthesia was effective in inhibiting surgically

induced VEGF-C release from breast cancer but did not appear to

have a beneficial effect on short-term recurrence rates compared to

sevoflurane inhalation anesthesia (Yan et al., 2018). In gastric cancer,

Oh et al. (2019) found that propofol-based total intravenous

anesthesia did not reduce overall or cancer-related mortality 1 year

after surgery compared with inhalation anesthesia. In addition,

Makito et al. (2020) found that propofol could not significantly

improve the overall survival rate and recurrence-free survival rate

of patients undergoing digestive tract tumor surgery (selective

esophagectomy, gastrectomy, hepatectomy, cholecystectomy,

pancreatectomy, colectomy, and rectal cancer surgery). Similarly,

propofol-based intravenous anesthesia has no significant effect on

the postoperative prognosis of glioblastoma (Schmoch et al., 2021)

and glioma [139] in patients with nervous system tumors.

At present, the clinical research on the effect of propofol on

the postoperative prognosis of tumors is mainly focused on

retrospective analysis, which covers a wide range of tumor

types, especially breast cancer. However, due to the limited

sample size, the defects of retrospective study analysis, and the

heterogeneity of clinical samples, the view that propofol can

improve the postoperative prognosis and reduce recurrence and

metastasis is worth further exploration and research. The

conclusion is not yet consistent. We hope that in the future

there will be more multi-center, large-scale prospective clinical

trials with large samples to provide more theoretical evidence on

whether propofol affects the postoperative prognosis of tumor

patients and more precise guidance on the choice of anesthetic

drugs in clinical practice.

9 Conclusion and prospect

Propofol is a commonly used clinical agent for total intravenous

anesthesia. In this review, the chemical properties, pharmacokinetics,

clinical application and limitations and studies in animal tumor

models of propofol were summarized, as well as the effects on the

biological characteristics of tumors and the reshaping of the tumor

microenvironment were discussed in detail. In vitro and in vivo

studies have shown that propofol exerts anti-tumor effects through

mechanisms of action such as regulation of microRNA, lncRNA,

stem cell function, and metabolic reprogramming. For some specific

types of tumors or conditions, propofol can promote malignant

biological behavior of tumors through a variety of mechanisms.

Chemotherapy is an important treatment for malignant tumors,

and chemo-resistance is one of the difficulties in oncology

research and poor prognosis. Propofol regulates resistance to

many common chemotherapeutic agents such as cisplatin,

paclitaxel, and 5-fluorouracil, which provides a new strategy for

reversing drug resistance. For the reshaping of the tumor

microenvironment, propofol can act through anti-angiogenesis,

regulation of immunity, reduction of inflammation, and

remodeling of the ECM.

However, at present, the interaction between propofol and

tumors is contradictory, and the conclusion is not yet consistent.

Most studies found that propofol could suppress tumor

proliferation, differentiation, metastases and promote apoptosis,

and it is related to good postoperative prognosis. Nevertheless,

some studies have demonstrated that propofol could promote the

proliferation and migration of certain types of tumor cells, and it

does not significantly improve the postoperative prognosis.

Therefore, it is very important to clarify the mechanism of

propofol on the occurrence and development of a malignant
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tumor and the relationship between propofol and postoperative

prognosis. Meanwhile, we hope that there will be more large-scale

prospective clinical trials with the multi-center, multi-sample, and

multi-level to further explore the internal relationship between

propofol and malignant tumors and guide more accurate

intraoperative anesthesia management. Finally, it is worth

emphasizing that this is a narrative review and the studies listed

are not exhaustive, such as miRNA and lncRNA studies.
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Glossary

GABA γ-aminobutyric acid

UGT UDP-glucuronosyhransferase

miRNA micro-RNA

lncRNA long non-coding RNA

RISC RNA-induced silencing complex

EMT epithelial-mesenchymal transition

MIEN1 migration and Invasion Enhancer 1

NMDAR N-methyl-D-aspartate receptor

circRNA circular RNA

SOD2 superoxide dismutase 2

FOXM1 forkhead box M1

SFA_FA saturated fatty acids to total fatty acids

DDP cisplatin

PTX Paclitaxel

5-FU 5-Fluorouracil

TME The tumor microenvironment

ECM extracellular matrix

HIF hypoxia-inducible factor

ROS reactive oxygen species

HMGB1 The high mobility group protein B1

COX cyclooxygenase

BM basement membrane

MMP metalloproteinase

ADAM disintegrin and metalloprotease

LRR local-regional recurrence

IDC invasive ductal carcinoma

TM total mastectomy

BCS breast conservative surgery

PB-RA paravertebral block-regional anesthesia

INHA-GA inhalational general anesthesia.
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Microenvironmental changes
co-occur with mosaic somatic
clonal expansions in normal skin
and esophagus tissues

C. Munugula1, J. Hu1, E. Christodoulou1 and V. Yellapantula1,2*

1Center for Personalized Medicine, Children’s Hospital Los Angeles, Los Angeles, CA, United States,
2Keck School of Medicine, University of Southern California, Los Angeles, CA, United States
The presence of somatic mutations, previously identified in cancers, are being

increasingly recognized in normal tissues. While the role of microenvironment

(ME) in tumor progression is well understood, the changes that occur in the

microenvironment of normal tissues that harbor somatic mutations has not

been systematically studied. Here, using normal RNA-Seq data accrued from

6544 samples across 27 tissue types from Genotype-Tissue Expression (GTEx)

project, we studied the association of microenvironmental changes in the

presence of somatic clonal expansions of previously implicated cancer genes.

We focused our analysis on skin and esophagus since they have the highest

number of samples and mutation burden together. We observed changes in

microenvironmental cell-types previously implicated in tumor progression

including endothelial cells, epithelial cells, pericytes, fibroblasts,

chondrocytes, among others. The Epithelial-Mesenchymal-Transition (EMT)

pathway is dysregulated in both skin and esophagus, along with increased

hypoxia scores in samples with clonal expansions. These results suggest that

microenvironmental changes play an important role in clonal expansions and

potentially the initiating stages of cancer progression. Studying these changes

may provide new avenues for early intervention of cancer, for targeted

therapies, or enhance activities of conventional therapies.

KEYWORDS

ageing and cancer, microenvironment, genomics, computation biology, bioinforamtics
Introduction

Cancers arise due to the sequential accrual of mutations that confer a selective

advantage to the cells harboring them. Clonal hematopoiesis mutations, ie. mutations

that cause clonally expanded hematopoietic stem cells in normal individuals, present an

increased risk for developing myeloid malignancies. However, additional changes are
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necessary for cancer progression (1, 2). The recent discovery of

clonal expansions of mutant cells in skin and esophagus suggests

the pervasiveness of this process across tissue types (3, 4).

Evading immune destruction, epigenetic reprogramming of the

microenvironment, and angiogenesis (5), are hallmarks of cancer,

all of which rely on the microenvironment (ME). For example, to

provide nutrients and oxygen to the proliferating cells, new

endothelial cells are assembled into tubes; additionally sprouting

of new vessels from existing blood vessels occurs (6). This process is

akin to processes in embryogenesis, however, unlike in

embryogenesis, this “angiogenic-switch” is always left “on” during

tumorigenesis. Tumor-associated inflammatory responses, which

were earlier thought to work to eradicate tumors, also function as

tumor-promoting by providing bioactive molecules conducive to a

proliferative microenvironment milieu (7). Inflammation

anecdotally is observed in the earliest stages of cancer

progression. The Pre-Cancer Atlas (PCA) underscores the

importance of understanding the ME changes in pre-malignant

samples as an important step for effective risk stratification and

intervention strategies (8). Others have also observed pro-

inflammatory signaling in adjacent normal tissues of tumors (9).

Yet, the changes in the ME that occur during clonal expansions

have not been systematically studied.

Bioinformatics methods also make it possible to identify

somatic mutations from RNA-Seq data (10–12). The application

of this approach to normal sequencing data from GTEx showed

a pervasive presence of clonal expansions in normal tissues. Of

note, hotspot, mutations in TP53, PIK3CA, KRAS, GNAS, among

others, were previously identified in normal tissues (10). The

dN/dS ratios of the identified somatic mutations were indicative

of a selective advantage of the clones harboring them, suggesting

an ideal resource to observe the earliest changes in the ME that

occur with such clonal expansions. Recent developments in

computational methods, allow the deconvolution of

microenvironment composition, including immune and

stromal cells, from bulk RNA-seq data (13, 14). Here, using

GTEx RNA-Seq data from 27 normal tissue types and 6544

samples, we identified esophagus and skin to have the highest

mutation rate and number of samples. We report changes in the

microenvironment that occur in these tissues that have somatic

mutation-related clonal expansions.
Methods

Microenvironment content enumeration
and classification

Previously reported methods have performed an extensive

analysis of commonly used microenvironment deconvolution

methods: 1) XCell 2) CIBERSORTx (15, 16). Despite the

differences in the deconvolution approaches, earlier studies

show a high correlation of the immune and stromal scores
Frontiers in Oncology 02
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(15). GTEx Version v8, normalized TPM values were

downloaded from GTEx. Samples were limited to those which

had somatic mutations previously called by Yizhak et al (10).

Deconvolution was performed using CIBERSORTx-Relative,

CIBERSORTx-Absolute and XCell. CIBERSORTx significance

scores were generated using 1000 permutations and quantile

normalization disabled. For XCell, as previously suggested (15),

samples were separated by tissue, and deconvolution was

performed using the XCell R script using the default settings.
Classifying samples by mutations status

Mutations previously called by Yizhak et al. were downloaded

through dpGAP (Study Accession: phs000424.v8.p2) (10).

Mutations were limited to non-synonymous mutations namely,

missense, nonsense, nonstop, splice site and start codon mutations.

Subsequently, cancer gene census (CGC) genes defined by

COSMIC v94 were downloaded. Each sample was then classified

into one of the following three categories 1) non-synonymous

mutation in a cancer gene present (CGC-m) 2) non-synonymous

mutation in a non-cancer gene present (non-CGC) 3) no non-

synonymousmutation present (non-m) (Figure 1). Additionally, we

classified samples by their presence of a non-synonymous mutation

in Significantly Mutated Genes (SMG-m) previously identified in

esophageal and cutaneous melanoma (17, 18).
Linear model

A linear regression was fit for each cell type and tissue type

by regressing cell type abundance scores from XCell or

CIBERSORTx on mutation status (CGC-m or non-m), along

with age and sex as covariates. T-tests of estimated coefficients

were performed, and p-values were adjusted to control for false

discovery rate using the Benjamini-Hochberg correction. The

model was fit in R using the lm function as shown below and p-

values were adjusted using the p.adjust() function.

model < − lm(Cell Type Abundance Score eGroup + Sex + Age)
DEG and pathway analysis

Raw gene counts from GTEx v8 were downloaded. Within a

given tissue type, differential gene expression testing was

performed using Deseq2 between CGC-m and non-m samples

as defined above. Genes with p-adjusted value > 0.01, base-mean

value< 200 and absolute log2 fold-change< 0.2 were excluded for

downstream analysis. Orthogonally, a Wilcoxon rank-sum test

was run between the CGC-m and non-m groups. Genes

significantly differentially expressed (DE) by both approaches

was used for downstream analysis.
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Results

Changes in microenvironment with
somatic mutations status

We looked at the effect of how expansion of somatic mutations

are associated with changes in the microenvironment. For this

analysis, we limited the studied tissue types to skin and esophagus

due to presence of the highest non-synonymous mutation burden

in cancer genes and the highest number of samples present

(Esophagus: N=600, CGC-m rate = 0.13; Skin: N=512, CGC-m

rate = 0.3; Supplementary Table S1). Earlier reports have shown that

age and especially sex are significantly associated with differences in

microenvironment (ME) (15). For example, there is an increased

lymphocyte content in breast and thyroid tissues in females when

compared to males. Interestingly, women portend a higher

prevalence of auto-immune and neoplastic disorders suggesting

that suchME differences could play a role in pathology (15). Several

age-associated differences such as an increase in lymphocytes and

myeloid cells in the artery were associated with age (15). Secondly, it

is well known that somatic mutations in healthy individuals is

associated with age (15). To account for such associations, we use a

linear regression model using age and sex as covariates. Of

relevance, for esophagus, we observed the most significant

association (p-adjusted< 0.01) of CGC-m status with an increased

presence of epithelial cells, keratinocytes, sebocytes and reduced

expression of endothelial and lymphatic endothelial cells, pericytes,

smooth muscles and fibroblasts (Figure 2A, Supplementary Table

S3). Unsupervised hierarchical clustering using significant ME cell-

types classified 50/56 (89%) CGC-m cases into cluster same cluster.

Interestingly, recent studies in Barret’s Esosphagus (BE), which is a

precursor to esophageal cancer, show that it is characterized by the

occurrence of specialized columnar epithelium (19). Lymphatic
Frontiers in Oncology 03
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endothelial cells and their cross-talk with pericytes were shown to

be important for microvasculature for mature and were both

reduced in CGC-m samples (20). For skin, we observed a

significant association of CGC-m with increased Chondrocytes

and Granulocyte-Macrophage Progenitor (GMP) cells (p-

adjusted< 0.1) (Figure 2B, Supplementary Table S4).

Chondrocytes respond to outside stimuli and tissue damage by

proliferating and secreting extracellular matrix that maintains and

sustains cartilage (21).GMP cells which are precursors to

monoblasts and myeloblasts are also elevated in CGC-m samples.
Differential gene expression and pathway
analysis

We looked at genes that are differentially expressed between

the CGC-m and non-m cases in skin and esophagus.

Interestingly, differential gene expression testing between

CGC-mutant and non-mutant esophagus samples identified

genes commonly aberrant in carcinomas. ERBB2, CDH1,

SOX2, and TP63 were all significantly overexpressed (adjusted

p-value< 0.01) in the CGC-mutant samples (Figure 3B). No

mutations were identified in these genes suggesting that alternate

mechanisms could potentially drive clonal expansions in normal

tissues. This is consistent with previous reports that showed

copy-number aberrations in normal tissues (4).

Pathway analysis of DEGs revealed a dysregulated

Epithelial-Mesenchymal-Transition (EMT) pathway in both

Skin and Esophagus tissues (Figures 3A–D). The EMT process

is a highly dynamic process that enables interconversion of

epithelial cells to mesenchymal-like states which have stem-cell

like properties and a variety of intermediate states. In neoplasia,

mesenchymal cells are capable of increased resistance to
FIGURE 1

Overview of methods workflow used to detect microenvironment changes in normal tissues.
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destruction by the adaptive immune system. An activated EMT

pathway also results in degradation of cell-cell adhesive

junctions and reorganization of extra-cellular matrix (22).

Interestingly, in the esophagus, ECM2 which encodes extra-

cellular matrix protein and is implicated in involvement with

cell-ECM recognition is downregulated in samples with CGC-m

compared to the non-m cohort. EMT transcription factors ZEB1

represses CDH1 thereby orchestrating EMT programs (23).

ZEB1 however is under expressed while CDH1 is over-

expressed in CGC-m samples in the esophagus. Other genes

previously implicated in the EMT pathway and downregulated

in CGC-m esophagus include CDH2, FGF2, TGFBI, TPM1, and

VIM (Figure 3B) (24). These patterns of expression along with

increased epithelial cells in CGC-m are suggestive of a repressed

EMT program or perhaps a Mesenchymal Epithelial Transition

(MET) phenotype. Of relevance, the cell-cycle/G2M pathway in

the esophagus is also dysregulated (Supplementary Figure 1).

Cyclin D1 which is essential for a cell to enter the G1 phase,

transcription factors E2F1 and E2F2 required for a cell to

progress to the S phase are all overexpressed in CGC-m

samples (25). Other dysregulated genes in the cell cycle

pathway include CCNA2, CCND2, and MYB among others

(Figure 3B). Between the SMG-m and non-m groups, as seen

in CGC-m, we also observed dysregulation of EMT and G2M

pathway (Supplementary Figure 2B, C).

ECM2, whose function is known to promote matrix

assembly and cell adhesiveness is dysregulated in the

esophagus as previously described but also in the skin (26).

However, interestingly, unlike in the esophagus, ECM2 in the

skin is upregulated in CGC-m cases. This is consistent with other

EMT pathway genes in the skin (24); COMP, CTHRC1, ECM2,

FBN1, LOX, and SPARC were all upregulated in samples with a

mutation in a cancer gene. In the skin, the UV response pathway
Frontiers in Oncology 04
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is also altered (Supplementary Figure 1). c-fos whose activation

is the hallmark of response to UV is incidentally downregulated

in CGC-m cases. Other key genes implicated in UV response

ATF3, and FOSB among others are also downregulated in

mutant cases (Figure 3D). In skin, only 7 samples were present

in the SMG-m category which did not yield any significant

results due to the small number of samples in this group.
Hypoxia associated with clonal
expansions

Hypoxia has been shown to play an important role in

cancer progression, therapy resistance and metastatic growth.

Hypoxia-rich environments were implicated in causing

“angiogenic-switch” which dysregulated neovascularization

that promotes tumor growth (27). Hypoxic environments

were also shown to promote cell mobility and metastatic

abilities through acquisition of epithelial-to-mesenchymal

phenotype (27). Given that we identified dysregulated

EMT-pathways in both Esophagus and Skin, along with the

dysregulation of endothelial cells and pericyte in the ME, we

hypothesized that hypoxia could play an important role in

early clonal expansions. Using hypoxia gene signatures, we

generated hypoxia scores for all samples using Ragnum et al.

and Buffa et al. hypoxia gene signatures previously described

(28). We observed a high correlation of Hypoxia scores

identified using both signatures (p-value< 0.01, Pearson’s

corr. = 0.82, Figure 4A, Supplementary Table S2). Next, we

observed differences between the CGC-m group and the non-

m group and secondly the SMG-m and the non-m groups.

Interestingly, we observed significant enrichment of hypoxia

scores in both esophagus and skin (Wilcoxon p-value:
A B

FIGURE 2

XCell scores of significantly different microenvironment cell-types, between CGC-m and non-m groups, identified using linear regression with
age and gender as covariates. (A) Heatmap of significantly different ME scores in Esophagus previously implicated in cancer progression (B)
Boxplots of significantly different ME scores in skin.
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esophagus<0.01 and<0.01, skin=0.08, 0.06 for CGC-m and

SMG-m respectively) suggesting early initiating roles of

hypoxic environments in clonal expansions (Figure 4B,

Supplementary Figure 2A).
Discussion

There is a growing body of research investigating genetic

aberrations in normal tissues, dysplasia and pre-cancerous lesions

with the goal of charting the process of ageing and cancer

progression (8). Recent studies in various tissues including skin,

colon, esophagus among others predominantly investigated the

DNA of the aberrant cells (3, 4, 29). While somatic mutations are

age and tissue type-dependent, in skin and esophagus,

approximately 30-50% of the cells in middle-aged individuals

harbor driver mutations without presentation of cancer (3).

Initiatives such as the PreCancer Atlas (PCA) acknowledge the

importance of studying the microenvironment in understanding

how precancerous lesions evolve into cancers (8).

Herein using RNA-Seq samples from GTEx consortium, we

investigated the microenvironmental differences in samples that

harbor a non-synonymous mutation in a cancer gene with those

without non-synonymous mutations.

Focusing on skin and esophagus tissues, we identified

changes in key microenvironment components in both tissues.

Clustering samples by the microenvironment score differences
Frontiers in Oncology 05
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classified 89% (50/56) of the CGC-m samples in the same cluster

validating our hypothesis that key microenvironment changes

occur with clonal expansions. Studying such changes through

progress will be critical for our improvement of understanding

of cancers. The EMT pathway was dysregulated in both skin and

esophagus and its dysregulation could be an essential

mechanism for cancer progression. Taken together, these

findings, along with elevated hypoxia scores in CGC-mutated

samples, suggest that angiogenic-switch could be a mechanism

occurring early during cancer progression.

The study has the following limitations. Firstly, previous

studies which sequenced normal DNA samples identified

somatic copy number changes along with mutations (3, 4, 29).

In this study, we were able to classify samples only through their

mutation status and it’s a technical limitation of the study to not

be able to robustly call such changes from RNA-Seq. Secondly,

current deconvolution approaches rely on signatures of

differentiated cells. However, patterns of de-differentiation are

a common mechanism of cancer progression and metastasis.

Hence, the approaches used in this study are not able to

deconvolute dedifferentiated cell states which might have

important implications for cancer progression. Single-cell

sequencing of normal cells would aid such discovery. Lastly,

the study fails to pinpoint the microenvironment states and

mutations that lead to overt presentation of cancer. Studying

such changes requires follow up biopsies and various stages of

disease progression which are hard to obtain.
A B

DC

FIGURE 3

GSEA Pathway analysis using differentially expressed genes between CGC-m and non-mutated groups. (A, C) Shows GSEA enrichment of EMT
pathway in esophagus and skin (B) Boxplots of gene expression (log2 TPM +1) between CGC-m and non-m cases for significantly differentially
expressed genes (p-adjusted<= 0.01) genes implicated in the EMT pathway, cell cycle pathway and esophageal carcinomas previously reported
by TCGA. (D) Boxplots of gene expression (log2 TPM +1) between CGC-m and non-m cases for significantly differentially expressed gens (p-
adjusted<= 0.01) genes implicated in the EMT and UV response pathways.
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Despite these challenges, these results suggest that

microenvironmental changes play an important role in the

initiating stages of cancer progression and are tissue specific.

Studying these changes may provide new avenues for early

intervention of cancer, for targeted therapies, or enhance

activities of conventional therapies.
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(Wilcoxon p-value< 0.1) in hypoxia scores of normal tissues between the CGC-m and non-mutated groups.
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Affiliated Hospital of Soochow University, Chang Zhou, Jiang Su, China, 3Institute of Cell Therapy, The
Third Affiliated Hospital of Soochow University, Chang Zhou, Jiang Su, China, 4College of Biotechnology
and Pharmaceutical Engineering, Nanjing Tech University, Nanjing, Jiang Su, China

Cordycepin is widely considered a direct tumor-suppressive agent. However, few
studies have investigated as the effect of cordycepin therapy on the tumor
microenvironment (TME). In our present study, we demonstrated that
cordycepin could weaken the function of M1-like macrophages in the TME
and also contribute to macrophage polarization toward the M2 phenotype.
Herein, we established a combined therapeutic strategy combining cordycepin
and an anti-CD47 antibody. By using single-cell RNA sequencing (scRNA-seq), we
showed that the combination treatment could significantly enhance the effect of
cordycepin, which would reactivate macrophages and reverse macrophage
polarization. In addition, the combination treatment could regulate the
proportion of CD8+ T cells to prolong the progression-free survival (PFS) of
patients with digestive tract malignancies. Finally, flow cytometry validated the
changes in the proportions of tumor-associatedmacrophages (TAMs) and tumor-
infiltrating lymphocytes (TILs). Collectively, our findings suggested that the
combination treatment of cordycepin and the anti-CD47 antibody could
significantly enhance tumor suppression, increase the proportion of
M1 macrophages, and decrease the proportion of M2 macrophages. In
addition, the PFS in patients with digestive tract malignancies would be
prolonged by regulating CD8+ T cells.

KEYWORDS

cordycepin, anti-CD47, macrophage, tumor microenvironment, scRNA-seq

Introduction

Cordycepin (3′-deoxyadenosine) is a critical bioactive component of Cordyceps militaris,
which has a wide range of biological effects, such as antitumor, anti-inflammatory, and
antidiabetic properties. Recent experiments have shown that cordycepin has a direct and safe
antitumor efficacy in breast cancer (Liu et al., 2020a), cholangiocarcinoma (CCA) (Wang
et al., 2017; Liu et al., 2020b), non-small cell lung cancer (NSCLC) (Wei et al., 2019), and
bladder cancer (Kim et al., 2019). Furthermore, accumulating evidence has indicated that
cordycepin can attack the DNA, induce the production of reactive oxygen species (ROS), and
promote apoptosis by deactivating the PI3K/AKT pathway (Nasser et al., 2017; Zeng et al.,
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2017; Kim et al., 2019; Wang et al., 2019). In addition, cordycepin
can enhance cisplatin and temozolomide sensitivity by inhibiting the
PI3K/AKT pathway (Bi et al., 2018; Gao et al., 2020). Moreover, with
regard to breast cancer, multiple studies have shown that cordycepin
can suppress epithelial–mesenchymal transition (EMT), invasion,
and metastasis by inhibiting the Hedgehog pathway and the
generation of ROS (Liu et al., 2020a; Wei et al., 2022). Overall,
cordycepin inhibits migration, proliferation, and invasion of tumor
cells and EMT via promoting apoptosis. In addition, cordycepin can
significantly suppress inflammatory responses in chronic kidney
disease (Sun et al., 2019), acute pancreatitis (Yang et al., 2020), and
acute pneumonia (Kim et al., 2011) by inhibiting both the
phosphorylation of MAPKs and the activation of NF-κB.

In recent years, immunotherapy has emerged as an essential
treatment for cancer, in addition to surgery, chemotherapy, and
radiotherapy. CD47 is a cell surface molecule that is widely
expressed in most cancers. It consists of an extracellular domain
known as IgSF, five transmembrane domains, and one variable
intracellular domain. Accumulating evidence showed a positive
connection between high CD47 expression and poor prognoses
in various cancers, such as NSCLC (Arrieta et al., 2020) and
gastric cancer (GC) (Shi et al., 2021). The SIRP family includes
five primary members, namely, SIRPα, SIRPβ1, SIRPβ2, SIRPγ, and
SIRPδ. Among them, SIRPα and SIRPγ, when activated by their
corresponding CD47 receptors, played an inhibitory role. When
CD47 interacts with SIRPα, the immune-receptor tyrosine-based
inhibitory motif (ITIM), the intracellular domain of SIRPα is
activated and phosphorylated. In addition, the phosphatases
SHP-1 and SHP-2 are activated by ITIM (Kharitonenkov et al.,
1997; Jiang et al., 1999). The heterogeneity of macrophages has
different responses to pathogens and external stimuli. Macrophages
have been activated in a kind of continuous mode from classically
activated (M1) macrophages (pro-inflammatory/antitumor) to
activated (M2) macrophages (anti-inflammatory/pro-tumor)
(Goerdt et al., 1999; Mantovani et al., 2002; Sica et al., 2008).
Increased tumor-associated macrophage (TAM) infiltration and
phagocytic function are found when the interaction between
CD47 and SIRPα is blocked (Weiskopf et al., 2016; Li et al.,
2018; Schürch et al., 2019). In addition, it has been confirmed
that the blockade of the CD47-SIRPα pathway in the treatment
of tumors can significantly increase the phagocytic function of
M1 macrophages, leading to a converse shift from
M2 macrophages to M1 macrophages (Zhang et al., 2016). Two
clinical trials (EudraCT numbers: 2016-004372-22 and
NCT02641002) were terminated in 2017 and 2018 due to severe
anemia that resulted in adverse drug reactions (ADRs). However, in
2019, a clinical trial about the combination treatment of the
CD47 antibody and azacytidine for acute myeloid leukemia
(AML) and myelodysplastic syndrome (MDS) indicated high
treatment efficacy and high ADRs (Sallman et al., 2019).

In this study, we investigated the effectiveness of a combination
treatment using an anti-CD47 antibody and cordycepin to enhance
tumor inhibition. By using single-cell RNA sequencing (scRNA-
seq), we confirmed that this combination treatment increased the
proportion ofM1-like macrophages and decreased the proportion of
M2-like macrophages. Furthermore, the combination treatment was
found to prolong progression-free survival (PFS) in patients with
colorectal cancer (CRC) by regulating CD8+ T cells. We also used

flow cytometry to analyze the reshaping of the tumor
microenvironment (TME). In conclusion, this combination
treatment proved to be a valuable therapeutic strategy for various
types of cancer.

Materials and methods

Cell culture and experimental animals

The mouse colon cancer cell lines MC38 and CT26 were
provided by the Chinese Academy of Sciences, Shanghai
Institutes for Biological Sciences (Shanghai, China). Briefly,
MC38 and CT26 cells were maintained in DMEM (Gibco,
Thermo Fisher Scientific, United States) supplemented with 10%
(v/v) fetal bovine serum (FBS) and 100 U/mL penicillin. In addition,
male C57BL/6J and Balb/c mice (6–8 weeks old) were housed in a
specific pathogen-free (SPF) environment in Cavens Laboratory
Animals (Jiangsu Changzhou, China). All animal-related
procedures were approved by the Ethics Committee of the Third
Affiliated Hospital of Soochow University.

Animal models and in vivo treatment

Briefly, 1 × 106 MC38 cells were injected under the skin (s.c.)
on the right flank of C57BL/6J mice, and 1e−6 CT26 cells were
injected subcutaneously (s.c.) on the right flank of Balb/c mice.
Different treatments were given when the maximal diameter of the
tumor was greater than 5 mm, including PBS, cordycepin,
CD47 antibody (Clone MIAP301, BioXcell, United States), and
combination therapy (anti-CD47+ cordycepin) groups. The mice
were treated with the CD47 antibody (200 µg/mouse 200 i. p.) on
days 0, 4, 8, and 12 during the treatment. Extraction and
purification of cordycepin were completed by the College of
Biotechnology and Pharmaceutical Engineering, Nanjing Tech
University. Cordycepin was kept in clean and dried tubes at
4°C. It was dissolved in saline. The mice were treated daily with
cordycepin (500 µg/mouse, i. g.). The tumor volume was measured
every 2 days and calculated using the formula as follows: V =
Length × Width2 × π/6.

Flow cytometry

The tumor tissues were minced into pieces smaller than 1 mm3.
Next, the tumors were digested with DNase I (REF 10104159001,
Roche) and Liberase TL (REF 05401020001, Roche). Once the
digestion was complete, a serum-containing culture medium was
added, followed by grinding and screening through a 200-µm
strainer to obtain a single-cell suspension. Antibodies against
mouse CD45 (Clone 30-F11, BD Biosciences), Ghost (No.
59863S, Cell Signaling Technology), CD3 (Clone 17A2, BD
Biosciences), CD4 (Clone GK1.5, BD Biosciences), CD8 (Clone
53-6.7, BD Biosciences), GR1 (Clone RB6-8C5, BD Biosciences),
CD11b (Clone M1/70, BD Biosciences), MHC-II (Clone M5/
114.15.2, BD Biosciences), F4/80 (Clone BM8, BD Biosciences),
and CD206 (Clone CO68C2, BD Biosciences) were used to stain
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cells. Data acquisition was conducted using a Beckman Coulter
DxFLEX cytometer, followed by data analysis using FlowJo
software (version 10.8.1, FlowJo Software, United States).

scRNA-seq

Using the aforementioned method, single-cell suspensions of the
tumors were prepared. For FACS sorting, the cells were enriched
using the CD45 [tumor-infiltrating lymphocytes (TILs)] Microbead
Mouse Kit (Cat. 130-110-618, Miltenyi Biotec, Lerden, Netherlands)
and stained with Ghost Dye™ Violet 510 Viability Dye (No. 59863S,

Cell Signaling Technology) and Percp-Cy5.5-CD45 (Clone 30-F11,
BD Biosciences) antibodies. Each sample contained approximately
1 × 106 CD45+ cells sorted using the BD FACSAria II instrument.
FACS analysis was used to sort single cells into flow tubes, and the
AOPI was used to determine the viability of the cells. In order to
produce single-cell gel beads in the emulsion, the cell suspension,
which contained 300–600 living cells per microliter according to
CountStar, was loaded onto the chromium single-cell controller (10x
Genomics). Using an S1000TM Touch Thermal Cycler (Bio-Rad),
single-cell transcriptome amplification was conducted at 53°C for
45 min, followed by incubation at 85°C for 5 min and holding at 4°C
for 10 min. An Agilent 4200 instrument was used to assess the

FIGURE 1
Combination treatment shows significant therapeutic effects in animal models (A). Schematic illustration of the experimental design time flow.
MC38 tumor-bearing mice or CT26 tumor-bearing mice were treated with anti-CD47 antibodies or IgG (control) on days 6, 10, 14, and 18 after tumor
inoculation. Themice were treated with cordycepin via daily gavage (B, D). Tumor growth curves of all groups, following the injection of 1 × 106 MC38 or
CT26 cells (n > = 6, representative results from three independent experiments) (C, E). KM survival analysis of the mice from (B, D) (log-rank
(Mantel–Cox) test) (n = 6, representative results from three independent experiments). n. s. (not significant) p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001.
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FIGURE 2
Cordycepin decreases the function of macrophage I (M1 macrophages) (A). PCA showed the difference between the two groups (B). DEGs of two
groups. The marked genes by tags were those with a p-value < 0.005 and a log Fc > 0.25 (C). Heatmap was chosen to show the top 20 up- and
downregulated genes (D). Heatmap was chosen to show the correlations of the top 20 genes (E). KEGG pathway enrichment analysis was performed
utilizing the KEGG pathway database (http://www.genome.jp/kegg). Based on the function of macrophages, the pathways were selected. The
decreasing function is represented by the bar graphs (blue), and the increasing function is represented by the bar graphs (red) (F). Heatmapwas chosen to
show the differential gene expression of molecular markers of the M1 phenotype. Cordycepin was represented by “COR”.

Frontiers in Pharmacology frontiersin.org04

Feng et al. 10.3389/fphar.2023.1144330

90

http://www.genome.jp/kegg
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1144330


quality of the cDNA templates (performed by CapitalBio
Technology, Beijing).

scRNA-seq data processing

Gene-barcode matrices were generated using Cell Ranger (v5.0.0)
software by demultiplexing and aligning raw sequencing data to the

mm10 mouse reference genome. Filtration, normalization,
dimensionality reduction, clustering, and differential expression
analysis were performed using the Seurat (v4.1.1) R package. The
following criteria were applied to remove low-quality cells: gene
number between 200 and 6,000, UMI count >1,000, and
mitochondrial content >10%. A total of 12,907 cells were obtained
after filtration. The batch effect across different samples was eliminated
using the Harmony (v0.1.0) method. The “ElbowPlot” function was

FIGURE 3
scRNA-seq is used to test the changes inmyeloid cells (A). Sub-clustering of myeloid cells is shown on the UMAP plots of the scRNA-seq dataset (B).
Individual myeloid cell clusters in the scRNA-seq data could be identified phenotypically based on a heatmap of myeloid cell lineage and functional
markers (C). MC38 tumors from the combination treatment group or cordycepin group showed the proportions of different subpopulations of myeloid
cells. “COR + CD47” represents the combined treatment group; “COR” represents the cordycepin treatment group.

Frontiers in Pharmacology frontiersin.org05

Feng et al. 10.3389/fphar.2023.1144330

91

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1144330


adopted to select the top 40 harmony embeddings to perform clustering
and visualization. Different clustering results were generated using the
“FindClusters” function with resolutions ranging from 0.2 to 1.2. A
suitable resolutionwas determined using the clustree package (v0.5.0) in
R. Finally, 24 clusters were obtained (resolution = 1.2). A total of
12,772 cells were retained for further analysis after excluding two
clusters (18) that did not express any known markers. The MAST
method (“FindAllMarkers”) was used for differential gene analysis.
Log2-fold changes greater than 0.25 and Bonferroni-adjusted p-values
less than 0.05 were used to identify differentially expressed genes
(DEGs). In the second round of clustering for CD8+ T cells and
myeloid cells, the SCTransform method was used to normalize the
expression matrix, the Harmony method was used for integration
analysis, and the FindNeighbor and FindCluster functions were used
for clustering.

Gene Expression Omnibus (GEO) data

The GEO dataset was downloaded from the GEO database
(http://www.ncbi.nlm.nih.gov/geo)(GEO accession No.
GSE126157). Principal component analysis (PCA) was conducted

using the FactoMineR and factoextra R packages. DEGs were
identified using the limma R package. Heatmap was constructed
using the limma, ggplot2, and pheatmap packages. Finally, KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathway analysis was
carried out using the org.Mm.eg.db and dplyr R packages.

The Cancer Genome Atlas (TCGA) data and
COX survival model

RNA-seq profiles and corresponding clinical information on CRC,
CCA, GC, and esophageal carcinoma (ESCC) were downloaded from
TCGA database (https://portal.gdc.com). The count data were
converted to TPM and normalized, matching with the
corresponding clinical information. Log-rank was used to compare
differences in survival. The timeROC (version 0.4) analysis was used to
compare the predictive accuracy. R package survival was used to build
the COX survival model. For Kaplan–Meier (KM) curves, p-values and
hazard ratios (HRs) with 95% confidence interval (CI) were generated
by log-rank tests and univariate cox proportional hazards regression.
HOME for researchers (www.home-for-researchers.com) was used to
analyze the TCGA data.

FIGURE 4
Function of sub-clustering in myeloid cells is confirmed by scRNA-seq (A). Using the scRNA-seq data, M1-state, M2-state, and angiogenesis
signature scores for each myeloid cell cluster are shown by a heatmap and boxplot (B). This bar graph shows the changes of M1-like macrophages and
M2-like macrophages (C). Using the KEGG database, pathways were significantly enriched in the scRNA-seq data for each macrophage cluster (D). A dot
plot showed the expression of CD40 on myeloid cells in MC38 tumors from the combination treatment group or cordycepin group (E). Different
expressions of chemokines in different subpopulations ofmyeloid cells are shown by a dot plot inMC38 tumors from the combination treatment group or
cordycepin group. “COR + CD47” represents the combined treatment group; “COR” represents the cordycepin treatment group.
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Statistical analysis

GraphPad Prism V.10 software was used to perform statistical
analyses, and the data were expressed as mean ± SEM. The one-tailed,
unpaired Student’s t-test was used to compare the two groups. In addition,
tumor growth curves were compared by the two-way ANOVA. Finally,
the survival of the mice was analyzed using the KMmethod and the log-
rank test. p < 0.05 was considered statistically significant.

Results

Anti-CD47 antibody in combination with
cordycepin shows a significant therapeutic
effect on colon cancer models in mice

We constructed the subcutaneous tumor models to validate the
combined therapeutic effect using the murine CRC cell lines

MC38 and CT26. Then, the tumor-bearing mice were subjected
to anti-CD47, cordycepin, and combination treatments. Cordycepin
was administered daily by oral gavage for 30 days. In addition, the
anti-CD47 antibody and control IgG were administered every 4 days
via intraperitoneal injection (Figure 1A). For mouse models of
MC38 CRC, combination treatment significantly decreased the
proliferation of tumor cells and prolonged survival (Figures 1B, C).
Moreover, for mouse models of CT26, the combination treatment
showed a significant effect. Taken together, the combination
treatment decreased the proliferation of tumor cells and prolonged
survival (Figures 1D, E).

Cordycepin inhibits the function of
M1 macrophages

Many studies have confirmed that cordycepin exerts its
antitumor effects directly by inducing the apoptosis of tumor

FIGURE 5
scRNA-seq analysis is used to test the changes of CD8+ T cells (A). UMAP plots of the scRNA-seq dataset show sub-clustering of CD8+ T cells (B).
Individual CD8+ T-cell clusters in the scRNA-seq data could be identified phenotypically based on a heatmap of CD8+ T-cell lineage and functional
markers (C). A dot plot showed the expression levels and activity scores of known phenotypic markers in each CD8+ T-cell cluster (D). The proportions of
different subpopulations of CD8+ T cells are shown by bar graphs in MC38 tumors from the combination treatment group or cordycepin group.
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cells (Wang et al., 2017; Jin et al., 2018; Liu et al., 2020a). To test
the effect of cordycepin on macrophages, we found the matrix
used to record the gene expression of macrophages treated by
cordycepin (GSE126157) (Ashraf et al., 2019). We selected the
LPS-induced macrophage group and LPS-induced macrophages
treated with the cordycepin group as a new matrix. This new
matrix was then subjected to PCA. Moreover, we found that PCA
could discriminate between the control and cordycepin groups
(Figure 2A), indicating that cordycepin could significantly
influence the function of M1-like macrophages. DEG analysis
showed that the expressions of the Myc and Ccl7 genes were
decreased in the cordycepin group (Figure 2B), confirming that
theMyc gene could promote macrophage proliferation in a non-
inflammatory manner (Yin et al., 2020; Gerlach et al., 2021). In
addition, the Ccl7 gene could promote macrophage polarization
to M1-like macrophages and increase the level of macrophage
infiltration (He et al., 2019; Xie et al., 2021). We found that the
regulatory genes were enriched in multiple pathways (Figures
2C, D). In addition, enrichment and signaling pathway analysis
were performed for DEGs (Figure 2E). We found that
cordycepin could dampen the function of M1-like
macrophages in the LPS-induced macrophage model
(Figure 2E), such as by decreasing the interaction between
macrophages and IL-1 and cytokine production. Finally, gene
markers of the M1 macrophages were compared in DEGs, and
we found that cordycepin would decrease the expression of these
molecular markers (Figure 2F).

Anti-CD47 reverses the inhibitory effect of
cordycepin on M1-like macrophages

We found that the combination treatment resulted in better
effects than the cordycepin treatment alone (Figure 1), and the
cordycepin treatment could weaken the function of M1-like
macrophages (Figure 2). Therefore, we hypothesized that the
anti-CD47 antibody would increase the inhibitory effect. To test
this hypothesis, we used scRNA-seq in MC38 tumor-bearing mice.
Starting from the second day of the third anti-CD47 mAb treatment
cycle, cordycepin was administered daily through gavage. The
tumors were dissociated into a single-cell suspension. The
dissociated cells were positively selected using CD45 microbeads
and sorted by flow cytometry (Supplementary Figures S1A, B).
Furthermore, all cells were divided into six clusters, including
B cells, CD4+ T cells, CD8+ T cells, γδT, myeloid cells, and
natural killer (NK) cells (Supplementary Figure S1C).

The cluster of myeloid cells was chosen to analyze the function
of dendritic cells (DCs) and macrophages. First, we used the DEGs
to define all clusters (Figures 3A, B). We found that the number of
M2 macrophages in the combination treatment group decreased,
which accounted for a high proportion of all macrophages. For DCs,
Cxcl16 DCs and Clex10a DCs were increased in the combination
treatment group (Figure 3C). Moreover, we determined the M1-like
macrophage score and the M2-like macrophage score to assess the
function of TAMs. Genes associated with M1 macrophages include
C1qc, C1qb, Il23, Tnf, Cxcl9, Cd86, Il1a, Il1b, Il6, Ccl5, Irf7, Irf1,

FIGURE 6
Combination treatment is confirmed to increase the PFS of patients with digestive tractmalignancy by regulating the CD8+ T-cell sub-cluster (A–C).
In the scRNA-seq data, boxplots and heatmaps showed the cytotoxicity and exhaustion signature scores for each CD8+ T-cell cluster. The VISION
method was used to calculate signature scores for each cell cluster (two-sided Wilcoxon test) (D). KM survival curves of TCGA-CRC patients (n = 455)
grouped by the averaged expression of the COXmodel (with the median value as the threshold). HR (high expression) represents the hazard ratio of
the low-expression sample relative to the high-expression sample. HR (95% Cl) represents the median survival time (LT50) for different groups. The blue
line represents the low expression of the average expression of the COX model, and the red line represents the high expression (E). The ROCmodel was
used to test the accurate survival prediction for 1 year, 3 years, and 5 years. The higher AUC score corresponded to higher predictive power (F). The rectal
cancer data and clinical information were downloaded from TCGA database (n = 165). KM survival curves (F) were the same as (E).
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Cd40, Ido1, Cx3cr1, and Trem2. In addition, genes associated with
M2macrophages include Il4r, Ccl4, Ccl13, Ccl20, Ccl17, Ccl18, Ccl24,
Lyve1,Vegfa,Vegfb,Vegfc,Vegfd, Egf, Ctsa,Ctsb, Ctsc, and Tgfb1. We
observed that M2 macrophages had higher M2-like macrophage
scores (Figure 4A). We used the M1-like macrophage score and the
M2-like macrophage score to classify cells and identify changes in
the number of macrophages. Our findings showed that cordycepin
treatment increased M1-like macrophages and decreased M2-like
macrophages (Figure 4B). Then, we used the KEGG database to
enrich the pathway for each macrophage cluster. In addition, we
found that the genes of M2 macrophages were enriched in the
hypoxia pathway and TNFα signaling pathway (Figure 4C). In
addition, we explored the expression of CD40 in macrophages
and DCs. CCL22− DCs were found to have a higher expression
of CD40 (Figure 4D), which would be a key factor for enhancing
antigen presentation capacity (Bullock, 2022). Moreover, the
expression of CCL2 on macrophages and DCs was decreased,
and the expression of CCL9 was increased (Figure 4E). This
finding confirmed the correlation between CCL9 and cytotoxicity
(Matloubian et al., 2000; Dangaj et al., 2019; Di Pilato et al., 2021).
Furthermore, the expression of CCL2 has been confirmed to increase

tumor cell proliferation through the polarization of TAMs
(McClellan et al., 2012).

We found that the combination treatment of the anti-CD47
antibody and cordycepin could decrease M2-like macrophages and
increase M1-like macrophages. Furthermore, the combination
treatment could enhance the antigen-presenting ability by increasing
the expression of CD40. Finally, the combination treatment could
regulate CCL2 and CCL9 to mediate the functions of macrophages.

Anti-CD47, in combination with cordycepin,
regulates CD8+ T-cell-mediated antitumor
immune response

Because of the increased expression of CD40 in myeloid cells in
the combination treatment group, we further explored the
proportions of various T-cell subsets. The scRNA-seq data on
CD8+ T cells were chosen to reduce the dimension of features.
Moreover, the DEGs were used to discriminate 10 clusters
(Figure 5A). The C0 cluster represented a majority of CD8+

T cells, which exhibited high levels of CCL5, Rgs1, and Itga4

FIGURE 7
Change level of TAMs is shown by flow cytometry (A). Gating strategy for flow cytometric phenotyping was used to identify the proportions of
macrophages and DCs (B). Different proportions of macrophages and DCs are shown by a dot plot. (n = 5, representative results from three independent
experiments) (C–E). Bar graphs show a difference in the proportions ofMDSCs, macrophages, and DCs. The error bars showed SEM representative results
from three independent experiments (F). Different proportions of M1-like and M2-like macrophages (n = 5, representative results from three
independent experiments) (G, H). Bar graphs show different proportions of M1-like andM2-likemacrophages. Error bars show SEM representative results
from three independent experiments. n. s. (not significant) p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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(Figures 5B, C). In addition, the combination treatment decreased
these clusters (Figure 5D). In contrast, the combination treatment
increased the C1 cluster, which showed high expressions ofMki67,
Top2a, and Hist1h1b. To explore the function of all clusters, we
determined the exhaust score and cytotoxic score for all clusters.
We found that the C0 cluster and the C1 cluster had lower
exhaustion (Figures 6A, B). In addition, the C8 cluster got the
highest exhaust score (Figure 6C). Because the C0 cluster
accounted for a significant proportion among all clusters, we
used TCGA database to test the function of the C0 cluster for
PFS in digestive tract malignancy. We set up a COX survival model
using the DEGs of the C0 cluster (Supplementary Figure S2A). The
survival data on CRC were chosen to test the COX model. We
found that the low-level group showed better PFS (Figure 6D). To
evaluate survival prediction, we found that the 5-year AUC of the
COX model was 0.711 (Figure 6E), indicating that the COX
survival was an accurate prediction model for the 5-year PFS of
CRC. Carcinoma data from the TCGA were used to test the COX
model. It was confirmed that patients in the low-score group had
better PFS (Figure 6F). GC and ESCC data from the TCGA were
used to test the COX model. We found that the PFS for GC and
ESCC might be prolonged using the combination treatment
through regulating CD8+ T-cell subsets (Supplementary Figures
S2B, C). Therefore, we confirmed that the combination treatment
would regulate CD8+ T-cell subsets, which could decrease the
C0 cluster to improve PFS for digestive tract malignancy.

Combination treatment changes the
proportion of TAMs

We used flow cytometry to test the changes in TILs and TAMs in
MC38 tumor-bearing mice. We explored the effect of the
combination treatment on myeloid cells. First, macrophages were
gated as MHC-II and F4/80, and DCs were gated as MHC-II and
CD11c. Moreover, we used the expression of CD206 to distinguish
M1-like and M2-like macrophages (Figure 7A). We found that the
proportion of myeloid-derived suppressor cells (MDSCs) was not
significantly changed (Figure 7C). Therefore, it was confirmed that
the combination treatment increased the proportion of DCs (Figures
7B, D). In addition, the proportion of macrophages was not
significantly changed (Figures 7B, E). However, the proportions
of macrophage subsets were adjusted: the number of M1-like
macrophages was increased, and the number of M2-like
macrophages was decreased (Figures 7F–H). In addition, the
proportion of TILs was confirmed by flow cytometry, showing
that the proportions of CD3+ T cells, CD4+ T cells, and CD8+

T cells were not significantly changed (Supplementary Figures
S3A–D). These findings suggested that the combination
treatment could regulate CD8+ T-cell subsets rather than increase
the proportion of CD8+ T cells.

Discussion

In the present study, we examined the effect and explored the
mechanism of the combination treatment of the anti-CD47 antibody
and cordycepin. Cordycepin has been well known as an effective

tumor inhibitor, while its inhibitory effect on macrophages can also
limit its antitumor effect. Our current study aimed to reveal whether
the combination treatment had a remarkable effect against MC38 and
CT26 tumor-bearing mouse models. Using the scRNA-seq technique,
we confirmed that the combination treatment increased the
proportion of M1-like macrophages and decreased the proportion
of M2-like macrophages. In addition, the combination treatment
could increase the CD8+ T subset to improve the survival of
patients with digestive tract malignancies. Finally, flow cytometry
showed that the combination treatment could increase the proportion
of M1macrophages and decrease the proportion of M2macrophages.

In Chinese traditional medicine, Cordyceps militaris has been
confirmed as an essential medicine dealing with fever, hemoptysis,
and tumors (Hsu et al., 2008; Das et al., 2020). Cordycepin is the potent,
effective constituent of Cordyceps militaris. It is widely accepted to be a
direct antitumor inhibitor. Cordycepin is improved to decrease the drug
resistance of NSCLC by inhibiting the AMPK signaling pathway and
inhibit NSCLC with cisplatin resistance by the AMPK signaling
pathway and AKT signaling pathway (Wei et al., 2019) (Liao et al.,
2020). Moreover, a combination of cordycepin and apatinib can
suppress the progression of NSCLC via the VEGF/PI3K/AKT
signaling pathway (Wei et al., 2019). For breast cancer, cordycepin
is confirmed as an essential inhibitor of the Hedgehog pathway, which
can regulate angiogenesis, aggressive molecular subtypes, and the
metastatic potential of this malignancy (Liu et al., 2020a; Wu et al.,
2022) (Di Mauro et al., 2017; Riaz et al., 2018). Because of the high
correlation between breast cancer and hormone secretion, cordycepin
also serves as a direct inhibitor for ER-independent breast cancer (Choi
et al., 2011). Cordycepin has been shown to be a direct inhibitor in
many studies of CRC (Lee et al., 2013; Deng et al., 2022). In addition to
the direct killing effect of cordycepin, the effect of cordycepin on the
TME should be considered. It has been reported that cordycepin is an
excellent inhibitor of acute inflammation (Lan et al., 2021; Wei et al.,
2021; Chen et al., 2022). Studies have shown that cordycepin can
increase the polarization of M2-like macrophages and downregulate
M1-like macrophages in sepsis mouse models (Chen et al., 2022). In
Alzheimer’s disease, cordycepin has been found to enhance the
polarization of microglia from M1 to M2 (Wei et al., 2021).
Cordycepin has also been observed to decrease macrophage function
and increase M2 polarization in multiple models of inflammation.
Although cordycepin has a significant effect on suppressing tumor
growth, its suppressive effect on macrophages limits its antitumor
activity.

Blockade of CD47 signaling is a recently developed regimen targeting
macrophages and DCs (Tahk et al., 2021; Cao et al., 2022). Targeting the
CD47/SIRP signaling pathway can increase the antibody-dependent
cellular phagocytosis (ADCP) of macrophages and regulate
macrophage polarization (Kulkarni et al., 2018; Chen et al., 2019). For
melanoma, breast cancer, andNSCLC, blocking theCD47/SIRPαpathway
is an effective treatment strategy (Zhang et al., 2017; Hu et al., 2020; Rao
et al., 2020). Moreover, sorafenib, in combination with anti-CD38 and
anti-GD2 antibodies, can significantly increase its effect on inhibiting the
tumor (Huang et al., 2021; Müller et al., 2022; Theruvath et al., 2022).
However, because of the broad expression of CD47, an essential
mechanism of immune regulation is the phagocytosis of old RBCs by
macrophages. In clinical trials, anemia is the most common adverse effect
of blocking the CD47/SIRPα pathway (Advani et al., 2018; Harrison et al.,
2022). Furthermore, it has been confirmed that cordycepin can decrease
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the expression of CD47 on tumors in CRC (Deng et al., 2022). However,
considering the inhibitory effect of cordycepin on macrophages in the
TME, we did not believe that the inhibitory effect of CD47 expression
would stimulate the ADCP. Notably, based on Chinese medicine theory,
the regulation of cordycepin is bidirectional. Therefore, long-term
cordycepin treatment could enhance immune cell function. Generally,
we explored the combination treatment of cordycepin and anti-CD47
antibodies in the present study. The combination treatment could decrease
the inhibitory effect of ADCP and increase the survival of CRCpatients by
regulating CD8+ T cells.
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Necroptosis is a programmed form of necrotic cell death that serves as a host
gatekeeper for defense against invasion by certain pathogens. Previous studies
have uncovered the essential role of necroptosis in tumor progression and implied
the potential for novel therapies targeting necroptosis. However, no
comprehensive analysis of multi-omics data has been conducted to better
understand the relationship between necroptosis and tumor. We developed
the necroptosis index (NI) to uncover the effect of necroptosis in most
cancers. NI not only correlated with clinical characteristics of multiple tumors,
but also could influence drug sensitivity in glioma. Based on necroptosis-related
differentially expressed genes, the consensus clustering was used to classify
glioma patients into two NI subgroups. Then, we revealed NI subgroup I were
more sensitive to immunotherapy, particularly anti-PD1 therapy. This new NI-
based classification may have prospective predictive factors for prognosis and
guide physicians in prioritizing immunotherapy for potential responders.
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Introduction

Glioma is a common primary intracranial tumor that accounts for
approximately 40%–50% of all brain tumors. It is one of the leading
causes of cancer-related deaths, prone to chemo-resistance, and one of the
main reasons for unsatisfactory treatment outcomes (Huang et al., 2019;
Han et al., 2020).

Necroptosis, also known as programmed necrosis, is a
regulated form of necrotic cell death mediated by RIP1 and
RIP3 kinases. It was initially found to be an alternative to
apoptosis following the involvement of receptors in the dead
region (Degterev et al., 2005). Although necrosis is widely
considered to be a compromise strategy adopted by tumors
to create a favorable environment for proliferation and
metastasis (DARJAKANDUC et al., 2002), its genetically
programmed counterpart, i.e., necroptosis, has been found to
exert an inhibitory role in most tumors (Lawlor et al., 2015;
Newton, 2015). In some tumor cell lines, two-thirds of the
RIPK3 protein levels were decreased, indicating that tumor
cells tend to escape necroptosis for survival. Furthermore,
low expression of RIPK3 suggests a poorer prognosis for
tumor patients (Duan-Wu Zhang et al., 2009; Goodall et al.,
2016). Drug-induced necroptosis suppresses tumor growth and
decreases tumor metastasis using the accumulated reactive
oxygen species (ROS) (Fulda, 2013; Marino et al., 2014; Yang
et al., 2018); this may be one reason for the observed
relationship between the expression of necroptotic-related
genes and patient prognosis.

In the present study, we performed the first comprehensive
analysis of necroptosis regulator genes (NRGs) and the
necroptosis index (NI) in pan-cancer. The results revealed
that necroptosis was related to various cancer hallmarks,
mutation, the immune system, stemness, and prognosis.
Then, we calculated NI in glioma patients using the single
sample gene set enrichment analysis (ssGSEA) algorithm.
Subsequently, we obtained necroptosis subgroups and
explored differences in genomic variants and the tumor
microenvironment between the two necroptosis subgroups
through integration analysis to determine the differential
efficacy of immunotherapy and chemotherapy. These findings
discovered the important role of necroptosis in tumors and
contributed to further study of necroptosis-related molecular
mechanisms. In future, this could assist physicians and glioma
patients to individualize survival prediction and provide better
treatment choices based on NI classification.

Methods

Data extraction

RNA_seq, copy number alteration data, and clinical
characteristic of pan-cancer were gathered from UCSC Xena
Browser (https://xenabrowser.net/datapages/). RNA_seq
(FPKM) and clinical information for 698 and 1,018 glioma
samples were obtained from the TCGA and CGGA databases.
Mutation data of low-grade glioma (LGG) and Glioblastoma
(GBM) were download from TCGA.

Recognizing necroptosis regulators

In a recent study from 2016, Tania Love Aaes et al.
discovered that RIPK1, RIPK3, FADD, and MLKL were the
key factors for necroptosis (Aaes et al., 2016). In 2021, Han-Hee
Park et al. found that RIPK1, RIPK3, TNF, and MLKL are also
proposed to be key molecules in necroptosis (Park et al., 2021).
Kim Newton et al. identified TLR3, FASLG, and FAS as key
factors in necroptosis in 2016 (Newton and Manning, 2016).
Finally, we combined with MSigDB Team (GOBP_
NECROPTOTIC_SIGNALING_PATHWAY) (https://www.
gsea-msigdb.org/gsea/msigdb/) to obtain these eight
Necroptosis-related genes (FADD, TNF, FASLG, MLKL,
TLR3, RIPK1, FAS, and RIPK3) (Linkermann and Green, 2014).

Establishing the necroptosis index

The necroptosis index to represent the necroptosis level was
established based on the expression data for genes of necroptosis
key genes including positive components of FADD, TNF, FASLG,
MLKL, TLR3, RIPK1, FAS, and RIPK3. The enrichment score of these
genes that regulated necroptosis was calculated using ssGSEA in the R
package ‘GSVA’.

Gene set enrichment analysis

To identify the pathways associated with necroptosis, the
samples of each tumor type were divided into two groups
according to the NI, consisting of the top 30% and bottom
30%. Then, the gene set enrichment analysis was performed.

RNA extraction, RT-PCR, and qRT -PCR

Tissue RNA isolation total RNA was extracted from eight
Glioblastoma (GBM) and control brain tissue samples. Human
specimens were approved by the Ethics Committee of the
Second Hospital of Harbin Medical University. TRIzol
reagent (Invitrogen) was used to extract total RNA from the
cells and tissue specimens. Primers for eight genes were
synthesized from Tsingke Biotech (Beijing, China).
PrimeScript RT reagent kit with gDNA Eraser (Takara Bio,
Inc.) was used to prepare cDNA, and SYBR Green II mixture
(Takara Bio, Inc.) was used for RT-qPCR. Calculation of target
mRNA levels was based on the CT method and normalization to
human ACTB expression. The original PCR data and analysis
process of these 16 tissue samples are presented in
Supplementary Table S7.

Identification NI subgroups

Consensual clustering uses the k-means algorithm to identify
specific NI subgroups associated with the expression of NRGs.
Number and stability of clusters were decided by the consensus
clustering algorithm using the “ConsensuClusterPlus” package. We
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FIGURE 1
The relationship between clinical factors and NI. (A–D) The differential expression of NI among Immunophenotype (A), prognostic results (B),
treatment response (C), and race (D) in pan-cancer.
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conducted the experiment with 1,000 iterations to ensure the robustness
of our categorizations (Wilkerson and Hayes, 2010; Zhang et al., 2020).

Mutation data in NI subgroups

We detected the SNVs, SNPs, and INDELs using the software
VarScan2 (Koboldt et al., 2012a). The co-occurrence and mutually
exclusive mutations were identified using theCoMEt algorithm
(Leiserson et al., 2015). Mutation data were analyzed in two groups
and visualized using the “maftools” R package (Koboldt et al., 2012b).

Differential expression genes analysis of NI
subgroups

To test genes differentially expressed between NI subgroups, gene
expression data for glioma RNA_seq were downloaded from TCGA.
Then, the fold change and adjusted p-value were calculated by the limma
package (Ritchie et al., 2015). We defined genes with an adjusted p-value
less than 0.05 and fold change<|2| as the differential expression genes
(DEGs).

Clinical features analysis

TheRpackage “survival”was used to assess the prognosis potential of
theNRGs and necroptosis index among tumors. For survival analysis, the
expression threshold was exhaustively tested and the one with most
significant p-value was considered the best cut-off.

Immune infiltration

The ssGSEA was applied to detect the infiltrating scores of
28 immune cells. Feature gene panels for each immune cell type were
obtained from a recent publication (Charoentong et al., 2017). The
relative abundance of each immune cell type was represented by an
enrichment score in ssGSEA analysis. The ssGSEA score was normalized
to unity distribution, for which zero is the minimal and one is the
maximal score for each immune cell type. The bio-similarity of the
immune cellfiltrationwas estimated bymulti-dimensional scaling (MDS)
and a Gaussian fitting model.

WGCNA

The key genes in 4,645 DEGs were identified by applyingWGCNA.
First, we constructed the adjacency matrix according to the connectivity
of the best β values in order to make gene distributions conform to the
scale-free network and transformed the adjacency matrix to topology
overlap matrix (TOM). Next, we used the heterogeneity among genes to
aggregate the genes for the TOM. Finally, the identified TOMs were
defined as components and dynamical tree cutting algorithm was used
for stratified clustering to identifymodules withminimummodule size of
25 (Langfelder and Horvath, 2008; Yi et al., 2020).

Significance of the NI subgroups in
chemotherapeutic sensitivity

An algorithm developed by Geeleheret et al. (Paul Geeleher and
Huang, 2014) and the “pRRophetic” package (Geeleher et al., 2014) were
used by the TCGA project to compute the IC50 of commonly used
chemotherapeutic agents in order to evaluate the clinical efficacy of NI
subgroups. The AJCC guidelines recommend 30 common antineoplastic
agents for cancer treatment, such as Imatinib, Adriamycin, Cisplatin, and
Vinblastine. The distinction in IC50 of commonly used drugs in two NI
subgroups was assessed by the Wilcoxon test.

Statistical analysis

All statistical analyses were executed with R version 4.0.5 (Yoshihara
et al., 2013). Adjustment for multiple testing was used to compare
differences in immune and mutation status between NI subgroups.
p < 0.05 was regarded as statistically significant.

Results

Aberrant expression of necroptosis index in
cancers

In the present study, the eight genes extracted from MSigDB that
play crucial roles in the regulation of necroptosis were identified as
NRGs, and included FADD, TNF, FASLG, MLKL, TLR3, RIPK1, FAS,
and RIPK3. In order to further understand the importance of
necroptosis in tumor progression and explore the factors or
biological mechanisms relevant to necroptosis, NI was modeled
based on the positive core group component enrichment fraction
minus the negative core group component enrichment fraction
calculated by ssGSEA (Supplementary Table S1). First, we studied
the relationship between NI and molecular features. NI were clearly
distinguished in all tumor types according to immunophenotype from a
previous article (Figure 1A). We found that the NI of C4, C5, and
C6 were significantly higher than those of C1, C2, and C3. We know
C3 had the best prognosis, while C2 and C1 had less favorable
outcomes. In our study, C4 and C6 had poor clinical outcomes.
Thus, the NI in most tumors could respond to the immune status
and prognosis of patients. Of all the tumors, NI in 11 tumors showed
remarkable distinctions in survival status (Figure 1B), these were ACC,
KIRC, LGG,MESO, PAAD, SARC, SKCM, STAD, THCA, THYM, and
UCEC. NI in eight tumors revealed markedly different between-
treatment results (Figure 1C): ACC, COAD, DLBC, ESCA, KIRC,
KIRP, LGG, and UCEC. NI in nine tumors indicated a significant
difference in race, which were ESCA, HNSC, KIRC, LIHC, LUAD,
LUSC, OV, SARC, and THCA (Figure 1D). The NI of women was
higher than men in HNSC, LUAD, and STAD but lower in LIHC
(Supplementary Figure S1G). Finally, we performed cox model of NI in
pan-cancer. The result showed that ACC, GBM, LGG, LIHC, MESO,
PAAD, SARC, SKCM, STAD, THCA, and THYM were obviously
meaningful and had prognostic value (Supplementary Figure S1F).
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Association between necroptosis and
genetic alterations and pathways in tumors

We found that all of the NRGs were related to the prognosis of
patients in most tumor types, except PRAD, KIRP, READ, OV, UCS,
KICH, TGCT, and STAD (Figure 2A). This finding revealed that
NRGs were associated with the prognosis of most tumor patients. To

further explore the mutation profile of NRGs in tumors, the
proportion of somatic copy number alterations (SCNA) was
detected, and the results demonstrated that SCNA possess a high
rate (more than 5%) in most cancers (Figure 2B), but the SCNA
frequencies of NRGs were low in THCA. Furthermore, NRGs
displayed different SCNA profiles. For instance, FADD, FASLG,
RIPK1, RIPK3, and TNFwere more prone to copy number gain than

FIGURE 2
The dysregulation of necroptosis regulators. (A)The correlation between expression of necroptosis regulators and patient survival in pan-cancer. (B)
Histogram displays the rate of somatic copy number alterations for NRGs in pan-cancer. (C–E) Enrichment analysis for metabolism pathway (C), cancer
signaling (D), and hallmark gene sets (E) between high- and low-NI tumor tissues.
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loss in pan-cancer, but FAS and TLR3 displayed the reverse
tendency. To further clarify the association between the NI and
pathways, we applied GSEA to investigate the related cellular
signaling of necroptosis in tumors based on the RNA_seq of
tumors with the top and bottom 30% of NI. It was observed that
metabolism-related pathways in KEGG were usually enriched in
tumors with lower NI; pathways frequently enriched (>7 cancers)
are presented in Figure 2C. For example, T_cell_receptor_signaling_
pathway, Systemic lupus erythematosus, Primary_
immunodeficiency, JAK_STAT_SIGNALING_pathway, and
Intestinal_immune_network_for_iga_production were enriched in
the high-NI group in most cancers. Purine_metabolism, Mtor_
signaling_pathway, and Galactose_metabolism were also
significantly correlated with low-NI in all these cancer types,
which indicated that necroptosis was negatively related to these
metabolism-related pathways (Figure 2C). Furthermore, the
relationship between NI and cancer hallmarks were also
analyzed, and the results showed that 12 hallmarks were

frequently significantly correlated with NI (Figure 2E). For
example, INTERFERON_GAMMA_RESPONSE, INTERFERON_
ALPHA_RESPONSE, INTERFERON_ALPHA_RESPONSE, and
IL6_JAK_STAT3_SIGNALING were enriched in the high-NI
group. This indicated that necroptosis was positively related to
these cancer hallmarks. Finally, most oncogenic signatures were
also significantly negative with low-NI in pan-cancer. These results
are consistent with necroptosis activating tumor immunity and
inhibiting tumor growth (Figure 2D). We analyzed the
relationship between amplification (AMP), deletion (DEL),
mutation rate, and their expression values of these eight genes in
Figures 3A–D. Figure 3A showed the expression of eight genes in
pan-cancer, Figure 3B displayed the AMP of eight genes in pan-
cancer, Figure 3C revealed the DEL of eight genes in pan-cancer, and
Figure 3D showed the mutation rate of eight genes in tumor. From
the above results, we found that the expression of NRGs with CNV
AMP was significantly higher in cancer cells (e.g., FADD, FASLG,
RIPK3, and TNF), while the expression of NRGs with CNVDEL was

FIGURE 3
The relationship between AMP, DEL, mutation rate, and their expression values of NRGs. (A) The expression of NRGs in pan-cancer. (B) The AMP of
NRGs in pan-cancer. (C) The DEL of NRGs in pan-cancer. (D) The mutation rate of NRGs in pan-cancer. (E) The correlation between the expression and
CNV in NRGs.
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FIGURE 4
Performance of NI in pan-cancers. (A) Relationship between the immune cells and NI in pan-cancer. (B)Correlations between the NI and ESTIMATE
score in pan-cancer. (C) Association between the NI and stemness indices in pan-cancer. (D) Correlations between the NI and NRG in pan-cancer.
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significantly lower (e.g., RIPK1 and TNF). The expression values of
FADD, MLKL, RIPK1, and TLR3 were positively correlated with
their CNV, while FASLG, RIPK3, and TNF were the opposite
(Figure 3E). In conclusion, these findings implied that crosstalk
among the NRGs plays a crucial role in the development and
progression of most cancer types.

The efficacy of the NI across tumor types

Considering the solid relationship between necroptosis and
signaling pathways described above, we further investigated the
potency of the NI in different cancer types. We calculated the
relationship between the 28 kinds of immune cells and NI and
discovered a significant correlation among all tumor types. The
percentage of Tregs, T cells follicular helper, T cells CD8, T cells
CD4 memory active, NK cells activated, Macrophages M1, and
naive B cells were relevant to the NI of most tumor types
(Figure 4A; Supplementary Table S2). Interestingly, these cells
were antitumor types, suggesting, to some extent, that the NI
facilitates tumor immunity. Furthermore, we found a significant
correlation between NI and stem cell indices for cancer types,
except for BRCA, CHOL, COAD, and OV (Figure 4C;
Supplementary Table S3). Meanwhile, we also observed an
significant association between the Estimate score and the NI
in all tumors (Figure 4B; Supplementary Table S4). We
investigated the relationship of NRGs with NI and found that
NRGs were significantly positively correlated with NI (Figure 4D;
Supplementary Table S5). Finally, we found that NI was
significantly correlated with the prognosis of patients in nine
tumors: STAD, MESO, GBM, SKCM, LIHC, LGG, ACC, KIRC,
and THYM. This result revealed that NI could significantly affect
the prognosis of tumor patients (Supplementary Figures S1A–C;
Supplementary Table S6). Significant indicators reflecting the
reaction to immune checkpoint therapy can be broadly classified
into two types: microsatellite instability (MSI) or TMB, and
inflammatory infiltrating. The radar plots indicated significant
correlation between NI and TMB in 16 tumors (Supplementary
Figure S1D). Subsequently, we examined the association between
NI and MSI and discovered that COAD displayed the largest
positive relevance. These findings may indicate excessive T cell
infiltration in DLBC (Supplementary Figure S1E). By analyzing
the two immune-related indicators, the correlation between the
indicators and reaction was reversed in some tumors. This
phenomenon might be related to the heterogeneity of immune
infiltration among cancers. For instance, PAAD had a highly
positive relevance with TMB and a negative relevance with MSI
values, which may be associated with the nontypical
immunogenicity of PAAD. The results of these pan-cancer
analyses demonstrated the immunological, mutational, and
prognostic value of NI in a variety of tumors.

The landscape of NRGs in glioma

In Figure 2A, we found a clear effect of NRGs on the
prognosis of glioma. Thus, we further explored the role of
NRGs in glioma and found that the alterations of all NRGs

were common and mainly focused on copy number
amplification (Supplementary Figure S2B). We identified the
alterations in CNV characteristics of all the NRGs on the
chromosome. These findings revealed that the CNV state of
all NRGs is associated with the proliferation and development
of glioma. We further investigated the relevance of the NRGs
and found that RIPK3 was significantly correlated with other
genes, with the highest coefficient of correlation (0.8) between
RIPK3 and MLKL (Supplementary Figure S2C). In addition, we
studied the correlation between the expression patterns of
NRGs and molecular features. Of the NRGs, seven genes
showed a significant difference between normal tissues and
glioma, while RIPK3 did not (Supplementary Figure S2D).
The NRGs were distinct in groups classified according to
IDHmut subtypes except RIPK3 (Supplementary Figure S2E).
Of the NRGs, seven revealed remarkable distinctions among
WHO classification, except TNF (Supplementary Figure S2F).
The mutation frequency of NRGs in the 660 samples was 1.52%,
and were mostly missense mutations. MLKL exhibited the
greatest mutation rate, followed by other NRGs which did
not show any mutations in glioma samples (Supplementary
Figure S2G). We performed PCR validation of NRGs and
found that all genes except RIPK3 were significantly different
between tumor and normal tissues (Supplementary Figure S2H;
Supplementary Table S7). This result is consistent with the
expression of NRGs in the TCGA, indicating the stability of the
expression of NRGs. As a result of these findings, we found
significant differences in the expression of NRGs, which may
play critical roles in glioma development.

Associations between the NI and clinical
features

By applying the ssGSEA algorithm, the NI was computed
according to the RNA sequence of 698 glioma samples and then
ranked from lowest to highest to investigate the association
between molecular classification and clinical characteristics
(Figures 5A, B). As displayed in Figure 5C, the NI of male
patients was significantly higher than female patients, and the
NI in dead patients was obviously higher than in alive patients,
which suggests that NI could reflect the prognosis of glioma
patients. NI was significantly higher in patients older than
80 years than in those younger than 80 years. Patients with
1p19q codes had significantly lower NI than those with non-
codes. The patients were significantly higher in IDH-mutant
and ATRX-mutant samples than in wild-type samples. As
shown in Figure 5D, NI in patients increased significantly
with the increase of tumor grade, all of which were
statistically significant. Patients aged 60–79 years had
significantly higher NI than 40–59 and <40 patients.
Meanwhile, there was no significant difference between
groups in NI values in the ≥80 group. Among the WHO
classification, the GBM had the highest NI, followed by
astrocytoma, oligoastrocytoma, and oligodendroglioma.
Furthermore, patients with IDHwt subtype demonstrated
higher NI than IDHmut-non-codel and IDHmut-codel. These
results suggest that NI is positively correlated with the
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FIGURE 5
Clinical and molecular characteristics of glioma associated with NI. (A,B) A comprehensive analysis of the relationship between NI and
clinicopathological characteristics of patients. (C) Violin plots of NI in glioma patients, stratified by gender, age, ATRX mutation, IDH mutation, TERX
mutation, OS status, and 1p19q codel. (D) Violin plots of NI in glioma patients, stratified by grades, IDH mutation, ages, and histological classification.

Frontiers in Pharmacology frontiersin.org09

Ma et al. 10.3389/fphar.2023.1170240

107

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1170240


FIGURE 6
Relationship between NI and immune subgroups of gliomas. (A) The immune subgroups of glioma were classified based on the overall immune
activity of glioma. (B) Quantitative analysis of the proportion of immune checkpoint in three immune subtypes. (C–F) Quantitative analysis of NI and
ESTIMATE score in three immune subtypes.
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malignancy and age of glioma and can reflect the condition and
prognosis of glioma patients.

Associations between the NI and immune
microenvironment

The ssGSEA scores of 29 immune cells were sorted into three
immune subgroups using hierarchical clustering. 229 cases (32.8%)
had the highest enrichment scores and were considered as high
immune group and “hot immune” tumors. 203 cases (29%) had the
lowest enrichment scores and were considered as low immune group
and “cold immune” tumors. 353 cases (50.5%) had the medium
enrichment scores and were considered as medium immune group
and “altered immune” tumors, indicating the potential to conversion
to cold or hot tumors (Figures 6A,B). The immune checkpoints in
high immunity group was higher than other groups. Then, we
further investigated the relationship between NI and immunity.
The NI was significantly positively correlated with the immune score
and stromal score, indicating that, as the NI of glioma increased, the
level of infiltration of immune cells and stromal cells increased
(Supplementary Figures S3C, E). However, significant negative
correlation between NI and tumor purity was observed
(Supplementary Figure S3D). Then, the enrichment scores of
22 kinds of immune cells and immune checkpoints were
quantified by the ggplot (Supplementary Figures S3A, B). The
results revealed the high immune group had the highest scores of
immune cells and immune checkpoints, followed by medium and
low immune groups. In addition, the immune score and stromal
score were both the highest in high immune subgroups, indicating
high enrichment scores of stromal cells and immune cells, followed
by medium and low immune subgroups (Figures 6C, D). By
contrast, tumor purity increases gradually from high to low
immune subgroups, and NI gradually decreases. Moreover, the
NI in high immunity was higher than other two groups (Figures
6E, F). From the above findings, we suggest the NI has significant
association with the immune status of glioma.

Identification of two NI subgroups with
different OS and clinical characteristics

We performed DEGs between high and low groups of NI with
limma package and obtained 4,645 DEGs and performed univariate
and multivariate cox to obtain 125 DEGs. Then, we used consensus
clustering to discover a new classification of glioma on the basis of
the RNA sequence of 125 necroptosis-related DEGs. Based on the
CDF curve, the consensus heatmap, and the PAC algorithm, the best
number of clusters was identified as two (k = 2) (Supplementary
Figures S4A–C). We also displayed the clusters (k = 2–6) in
Supplementary Figures S5A–F. Therefore, glioma patients were
classified into two subgroups, which were termed NI subgroup I
(359 patients, 51.4%) and NI subgroup II (339 patients, 48.6%).
Glioma patients in the NI subgroup II presented superior OS than
those in the NI subgroup I in the TCGA and CGGA (Supplementary
Figures S4I, J). Then, we found a significantly lower number of high-
grade patients in the NI subgroup II than in the NI subgroup I, as
well as a higher proportion of deaths, a higher number of patients

with IDHmutation, a higher number of patients with 1p19q codel, a
higher percentage of MGMT methylation, and a higher percentage
of ATRX (Supplementary Figures S3F, S4D–H). For the original
subgroup and methylation subgroup, the proportions of idhmuton-
codel and IDHmutnon-codel in NI subgroup II were higher than
other types, and the proportions of codel and G-CIMP-high in NI
subgroup II were higher than other types (Supplementary Figures
S3G, H).

Identification of the characteristic of NI
subgroups with immunity

In the previous studies, depleted immune and active immune
subgroups differed significantly in B cells, cytolytic activity, and M1/
M2 macrophages, but not in cytotoxic cells, CD8T cells, and T cells.
Immune-active subtypes are strongly associated with immune-
active pathways and gene sets, and immune-depleted subgroups
are closely related to tumor-promoting signals that restrain host
immune response, like activation of the Wnt/TGFβ1 signaling
pathway (Chen et al., 2019). To investigate the correlation
between NI subgroups and tumor immunity, we investigated the
abundance of immune cells’ infiltration in NI subgroups and found
that activated B cells, activated CD4 T cells, and activated
CD8 T cells were significantly higher in NI subgroups I than in
NI subgroups II (Figures 7A, B). Immune score and Stromal score in
NI subgroup I are significantly higher than NI subgroup II, while
tumor purity is the reverse (Figures 7C–E). These results suggest that
NI subgroups were closely associated with tumor immunity.

Identification of the characteristic of NI
subgroups with mutation

Prior research confirmed the potential role of mutation in
regulating tumor immunity (Rooney et al., 2015; Thorsson et al.,
2018). Therefore, we performed CNA and somatic mutation
profiling to investigate the different mutation status in the two
NI subgroups. As displayed in Supplementary Figures S6A, B, NI
subgroup I had a higher mutation rate (90.88%) than NI
subgroup II (95.02%) (Supplementary Figures S6A, B). The
IDH1 mutation rate was higher in NI subgroup II (82%) than
NI subgroup I (36%), IDH1 mutation dramatically indicated the
outcome of glioma patients, so the distinction in IDH1 mutation
between two cluster subgroups may contribute to the prognosis
of glioma. Moreover, we examined the landscape of co-
occurrence using the top 25 mutation genes with the
comet algorithm. Twelve pair cases (EGFR-TP53, MUC16-
TP53, PTEN-IDH1, EGFR-IDH1, NF1-IDH1, PTEN-ATRX,
EGFR-ATRX, ATRX-CIC, ATRX-FUBP1, ATRX-PIK3CA,
TP53-CIC, TP53-FUBP1, TP53-NOTCH1, TP53-ZBTB20,
IDH1-IDH2, IDH-EGFR, and IDH1-PTEN) were compared
with prevalent mutually exclusive mutations, indicating that
they may have a superfluous impact on the common pathway
and a selected advantage of retaining the mutation copy between
them (Supplementary Figure S6E). After detecting RNA sequence
alterations in both subgroups, we further explored genomic-level
distinctions between the two NI subgroups. Somatic mutation,
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including single nucleotide variants, insertions, single nucleotide
polymorphisms (SNP), and deletions, were computed and
visualized applying the “maftools” package. The SNPs and
Total in NI subgroup I were also exceeded by those in NI

subgroup II (Supplementary Figure S6H). More interesting is
that several genes had distinct mutation rates between the two
cohorts. In terms of outcomes, the top 10 genes were shown in
Supplementary Figure S6I. Furthermore, IDH1 is another classic

FIGURE 7
Distinct immune patterns of two NI subgroups. (A)Quantitative analysis of ESTIMATE score between two NI subgroups. (B)Quantitative analysis of
the proportion of immune cells in two subgroups. (C–E) The expression levels of ESTIMATE score in NI subgroup I and II.
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example demonstrating the distinct mutation sites between two
cohorts (Supplementary Figures S6C, D) and the plausible chain
reaction of the variance in prognostic effect. Eventually, we
evaluated driver genes for the two NI subgroups, and the
findings indicated that the dominant driver genes of NI
subgroup I were PLCH2 and IDH1, meanwhile, the driver
genes of NI subgroup II subgroup were IDH1 and IDH2
(Supplementary Figure S6G). Moreover, the samples in the NI
subgroup I have remarkably higher enrichment scores of variant
allele fractions than those in the NI subgroup II (Supplementary
Figure S6F), which had been thought to be linked to cancer
progression and worse prognosis.

Comparison of DEGs in the two NI
subgroups

Given the prognostic distinctions between the high and low
subgroups, we investigated DEGs between the two subgroups.
4,645 DEGs were identified: 2,219 genes were upregulated and
2,426 genes downregulated in the high NI group. The most
upregulated genes were BRSK2, MAST1, CTIF, JPH4, ADGRL1,
SCAMP5, SLC25A27, CRIPAP1, USP11, and RUNDC3A, while
the most downregulated genes were ARHGDIB, TMEM109,
LAT2, HLA-DMA, SPI1, SASH3, LYN, CXCL16, NAGA, and
FERMT3 (Supplementary Figure S4K).

Construction and validation of the NI
subgroups predictor

The samples were aggregated in a scale-free network using
WGCNA algorithm, and 4,645 DEGs co-expression modules
were found (Supplementary Figure S7C). The obtained topology
matrix was clustered based on the β value to the proximity and
topology matrix and based on the differences between genes. The
hierarchical clustering method was applied to generate the gene
dendrogram. An assignment of modules identified by dynamic
cutting tree is shown in the colorful rows at the bottom of the
tree diagram (Supplementary Figure S7A). Closed modules were
merged into new modules, and the characteristic genes were
calculated for each module. As shown in Supplementary Figure
S7B, a total of 4,645 DEGs were divided into 24 modules. Since the
ME yellow module (GS > 0.5, MM > 0.8) had the highest correlation
with NI, we performed a NI subgroups predictor screen for genes in
this module. The yellow module obtained 125 genes significantly
associated with NI; we then performed multi-cox and lasso
regression on 125 genes, and finally obtained 10 hub genes: C3,
DOK3, FCER1G, FCGR2A, FCGR3A, GNA15, IL10RA, LRRC25,
RGS19, and WAS (Supplementary Figure S7D). We performed
model construction based on risk coefficients for these 10 hub
genes and found that patients in the low-risk group had
significantly higher survival than the high-risk group in the
TCGA and CGGA cohorts (Supplementary Figures S7E, F).
Finally, timeROC analysis in the TCGA cohort showed that the
AUC is greater than 0.79 at 1, 3, 5, and 7 years and greater than
0.74 in the TCGA and CGGA cohorts (Supplementary Figures
S6G, H).

Clinical application of NI subgroup

Different NI subgroups should contribute to the clinical
treatment of glioma. Therefore, we calculated the sensitivity of
the two NI subgroups for 30 anticancer drugs to identify
appropriate agents for glioma treatment by using the pRRophetic
algorithm. 24 chemotherapeutic drugs had obviously distinct
IC50 in the two NI subgroups (Supplementary Figure S8A;
Supplementary Table S8). Then, subclass mapping algorithm was
employed to forecast the outcome for ICI therapy, containing
CTLA4 and PD1 inhibitors. We discovered that the NI subgroup
I has a better outcome in anti-PD1 therapy (Supplementary Figure
S8B; Supplementary Table S9).

Discussion

Necroptosis is a specific form of cellular necrotic death mediated
mainly by MLKL, RIP1, and RIP3 (Gong et al., 2019; Martens et al.,
2021). In tumor therapy, necroptosis can be used as a programmed
death modality to avoid apoptosis resistance and enhance anti-
tumor immunity (Frank and Vince, 2018; Sprooten et al., 2020).
Nevertheless, there is an absence of comprehensive studies on
necroptosis and NRGs in pan-cancer. In present research, we
utilized multiomics and clinical features from TCGA to reveal
overall alterations of NRGs at genetic, transcriptional, and
epigenetic levels. We also processed expression data using
ssGSEA to construct NI to feature necroptosis and determine
which genes and non-gene factors are associated with NI.
Distinct molecular types affect the NI in most cancers, implying
that distinct molecular subgroups responding to therapy may be
associated with necroptosis.

It is unclear how necroptosis mediates glioma proliferation, but
the association we discovered between NI and cancer features could
increase the knowledge on necroptosis. GSEA revealed that the
degree of NI is strongly correlated with tumor-associated oncogenic
signaling pathway, cancer hallmarks, and metabolism-related
pathways in pan-cancer. NRGs can act as both oncogene and
tumor suppressor, and the NI plays the role of a protection or
risk factor in different tumors. We also discovered that some clinical
features affected necroptosis, like therapeutic response, survival
status, and immune phenotype. NI also differs between genders
in some tumors, including HNSC, LUAD, STAD, and LIHC, and
between races in HNSC, LUAD, ESCA, LIHC, LUSC, KIRC, OV,
THCA, SARC, and ESCA, implying the need to consider gender and
race when considering necroptosis as a treatment strategy. We also
observed that superior clinical outcome or status was also associated
with higher NI in several cancer types, which further confirmed the
double effect of necroptosis. Therefore, a distinct method of
modulating the necroptosis of tumor cells may be beneficial to
patients and enhance prognosis.

In addition, we found that most NRGs and NI were significantly
associated with the prognosis of GBM and LGG in Figure 2A, and we
went on to explore the effect played by NRGs in glioma. Then, we
thoroughly analyzed the relationship between the necroptosis of
glioma and the response of chemotherapy and immunotherapy, and
developed the method to differentiate subtypes based on
necroptosis. First, we applied the ssGSEA to construct the NI in
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1716 glioma samples from a public database. We classified the
glioma patients into two subgroups on the basis of their NI and
compared their clinical characteristics to identify the relationship
between the NI subgroups and clinical characteristics. ICI therapy,
especially anti-PD1 therapy, can obtain better treatment results in
NI subgroup I, as predicted by the subclass mapping algorithm,
while chemotherapeutic agents are effective, as predicted by the
pRRophetic algorithm. Furthermore, to distinguish clinical value
between these two NI subgroups, we identified the 10 crucial
necroptosis subgroup-related DEGs by lasso, univariate, and
multivariate cox, and regarded them as predictors of necroptosis
subgroup. The 10 genes were C3, DOK3, FCER1G, FCGR2A,
FCGR3A, GNA15, IL10RA, LRRC25, RGS19, and WAS.

Although the central nervous system is a relatively specific
immune region, immunotherapy has been extensively
investigated for glioma in recent years, mainly containing cellular
immunotherapy, ICI, and anti-tumor vaccines. Nevertheless, the
efficacy of these phase III clinical trials in GBM have been
unsatisfactory compared with other tumors (Weller et al., 2017;
Reardon et al., 2020). There are numerous parameters that influence
the efficacy of GBM immunotherapy. In the case of PD-L1/PD-
1 blockade therapy, the expression level of TMB, tumor-infiltrating
lymphocytes, PD-L1, and mismatch repair deficiency can all
influence ICI therapy (Wang et al., 2019; Touat et al., 2020). But
in the current phase III clinical trials, there was no screening of
glioma patients for these elements, and this non-distinctive therapy
may also account for the failure of these trials, which is a concern for
future studies.

In response to the above-mentioned challenges in
immunotherapy, this research presented a novel categorization of
glioma on the basis of necroptosis. We observed that NI subgroup I
presented higher NI and was more responsive to immunotherapy,
which offered a novel way of selecting patients who were appropriate
for immunotherapy. This study analyzed potential anti-glioma
compounds in the “pRRophetic” package. For NI subgroup I,
Gemcitabine, Bortezomib, Midostaurin, Lapatinib, Rapamycin,
Tipifarnib, Etoposide, Embelin, Roscovitine, Docetaxel,
Bexarotene, Pazopanib, and Dasatinib were reconsidered as the
targeted drugs. In the case of NI subgroup II, Gefitinib, Axitinib,
and Bosutinib were identified as the potential targeted drugs. These
are the anti-tumor drugs approved by the FDA for future screening
of anti-glioma drugs. Despite the absence of studies on drugs and
immunotherapy, our analysis confirmed the validity of drug
screening and the clinical translation of drug response to glioma
treatment.

Ferroptosis, cuproptosis, and necroptosis are all important cell
death modalities that play an important role in the tumor
microenvironment (Shen et al., 2022; Xie et al., 2022; Zhang
et al., 2023). It was found that ferroptosis could be involved in
tumorigenesis, progression, and activation of different regulatory
sites in the ferroptosis pathway and could promote tumor cell death.
Related studies have shown that cuproptosis is involved in most
mechanisms of tumorigenesis andmetastasis and complicates tumor
immune escape. Tumor cells undergo necrosis as a self-sacrificing
strategy to create a favorable environment for their proliferation and
metastasis, but necroptosis exerts tumor suppressive effects in most
cases. Studying the relationship between cell death and the tumor
microenvironment can further contribute to our understanding of

how different cell death modalities affect tumor development and
provide new ideas to inhibit tumor growth (Zou et al., 2022; Zou
et al., 2023).

We reviewed some related literature and found that they all present
systematic analysis of necroptosis mainly focusing on low-grade glioma
and breast cancer (Xie et al., 2022; Zou et al., 2022), and there is little
overall analysis of low-grade and high-grade gliomas.Moreover, previous
studies on gliomas have directly performedmodel construction using key
genes, and there is no integration of key genes’ enrichment scores to
comprehensively evaluate the role of necroptosis-related genes in tumors.

We calculated necroptosis index (NI) using eight necroptosis related
genes and found that it significantly responded to the prognosis of
patients by NI in most tumors. We also studied its prognosis, immune
environment, radiotherapy, and molecular-targeted therapy in glioma
patients, and obtained relatively satisfactory results. We performed PCR
validation of the expression of eight necroptosis genes in glioma samples,
and this cross-corroboration of database and experiment further
illustrates the reliability of our experiments.

Our analysis first correlated the role of necroptosis-related genes
in pan-cancer and further found that necroptosis was significantly
associated with the prognosis of glioma patients, and then further
analyzed the close relationship between necroptosis and glioma.
Such an analysis is more logical. However, our model has some
drawbacks. First, we need to test the expression of these eight key
genes in order to evaluate the prognosis of patients, and this
associated cost may be high. Second, although the CGGA
database has a considerable number of samples to validate the
conclusions, we need to develop the sample number of our
hospital in the future. Third, due to the very limited number of
patients receiving immunotherapy and our study being supported
by public databases, the relationship between immunotherapy and
NI subgroups needs to be investigated in future immunotherapy
cohorts.

Conclusion

In summary, there remains a great potential for immunotherapy
in glioma. Screening patients who may be more suitable for
immunotherapy is essential. In this research, we classified
patients into two distinct subtypes according to NI of glioma,
and predicted sensitivity of patients in two subgroups to
immunotherapy, offering a method for screening suitable patients
for immunotherapy. Our study also identified predictors of NI
subgroups, which makes it clinically feasible to translate NI.
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Peroxisome proliferator-activated receptor gamma (PPARG), a key
transcription factor involved in lipid metabolism and glucose homeostasis,
has been implicated in various types of cancer. However, its precise role in
cancer remains unclear. In this study, we conducted a comprehensive pan-
cancer analysis of PPARG expression using various types of cancer obtained
from public databases. We observed significant heterogeneity in PPARG
expression across different types of cancer. The association between
PPARG expression and patient prognosis was investigated using Cox
proportional hazards regression models and survival analysis. Clinical
features and protein expression levels in the cohort showed that PPARG
expression was strongly associated, suggesting its potential as a therapeutic
target. We also evaluated the prognostic potential of PPARG by analyzing
immune infiltration and genomic stability. We experimentally validated the
potential of PPARG as a therapeutic target by analyzing drug sensitivity profiles,
molecular docking simulations, and in vitro cell proliferation assays associated
with PPARG expression. We identified common expression patterns of PPARG
with other genes involved in key carcinogenic pathways. This provides deeper
insights into the molecular mechanisms underlying its carcinogenic role.
Additionally, functional enrichment analysis revealed significant enrichment
of genes related to drug metabolism, cell proliferation, and immune response
pathways associated with PPARG. Our findings highlight the importance of
PPARG in the broader biology of cancer and suggest its potential as a
diagnostic and therapeutic target for specific types of cancer. The results of
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our study provide strong support for the potential role of PPARG as a promising
prognostic biomarker and immunotherapeutic target across various types of
cancer.

KEYWORDS

PPARG, prognosis, tumor microenvironment, drug sensitivity, immunological function,
biomarkers

1 Introduction

Cancer has emerged as the leading cause of global mortality and
presents a formidable barrier to enhancing both the quality and quantity
of human life in the 21st century (Bray et al., 2018). The prevalence and
intricate progression of tumors have presented significant challenges in
the fields of cancer prevention, diagnosis, and treatment. Consequently,
comprehensive research and exploration of biomarkers related to
cancer, along with a deep understanding of their roles in cancer,
elucidation of their functional significance, and evaluation of their
potential as prognostic and predictive indicators, offer significant
potential for advancing our understanding of the disease and
enhancing therapeutic strategies (Wild, 2019).

Peroxisome proliferator-activated receptors (PPARs) were
initially discovered in 1990 by British scientists Issemann et al.
[3] as ligand-activated intranuclear transcription factors. There are
three known subtypes of PPAR: PPAR-alpha (α), PPAR-delta (δ),
and PPAR-gamma (γ). Among these subtypes, PPARγ, encoded by
the PPARG gene, acts as a regulator of adipocyte differentiation.
Recently, the association between PPAR proteins and cancer has
garnered significant attention. PPARγ, a member of the nuclear
receptor superfamily, plays a crucial role in controlling various
biological processes (BPs), such as cell division, differentiation,
and inflammation (Shu et al., 2016; Kesanakurti et al., 2017).
Furthermore, PPARG exhibits widespread expression, particularly
in the liver, colon, heart, several types of epithelial cells, and skeletal
muscle (Verreth et al., 2004; Lewis et al., 2008; Zhang et al., 2012;
Yang et al., 2016). As a transcription factor, PPARG is involved in
the regulation of lipid anabolism and glycolysis to meet the energy
demands of cancer cells. The metabolic reprogramming of glucose,
lipids, and amino acid metabolism during tumorigenesis provides
essential energy and substrates for sustained tumor cell proliferation
and survival (Menezes and Diederich, 2021; Villarroel-Vicente et al.,
2021). The activation of PPARG has been associated with beneficial
effects on various types of cancer. It has been established that in
cancer cells, the activation of PPARG leads to cell cycle arrest,
suppression of cell proliferation, and increased apoptosis. (Mal et al.,
2021). Additionally, the activation of PPARG has demonstrated
anti-inflammatory properties by suppressing the production of pro-
inflammatory cytokines and modulating the tumor
microenvironment (TME) (Shao et al., 2020). Intriguingly,
synthetic compounds known as PPARγ agonists, which activate
PPARG, have shown promise as potential therapeutic agents in the
treatment of cancer (Ryu et al., 2018; Ballav et al., 2022). Both
preclinical and clinical studies have reported the anticancer effects of
PPARγ agonists, including inhibition of tumor growth and reduced
angiogenesis (Hughes et al., 2014; Joshi et al., 2014). However, the
role of PPARG in tumor initiation remains highly intricate and is
influenced by environmental factors (Vallee et al., 2018). The

significance of PPARG in cancer development and the potential
for therapeutic targeting of PPARG remain elusive.

This study aims to comprehensively investigate PPARG expression
in human cancers and its impact on prognosis and clinical significance.
Additionally, we sought to elucidate the association between PPARG
and tumor formation, grading, and metastasis. We examined the
expression features of PPARG in cancer, including its effects on
genomic stability, the immune microenvironment, and potential
molecular mechanisms. Furthermore, cell functional experiments
were conducted to confirm the feasibility of targeting PPARG as a
potential anticancer therapy. Understanding the intricate interplay
between PPARG and tumors holds tremendous potential for the
development of novel therapeutic strategies that target this pathway.
By exploring the molecular mechanisms underlying the involvement of
PPARG in tumorigenesis, we can uncover new avenues for the
treatment of cancer and potentially identify biomarkers for patient
stratification and personalized therapeutic approaches.

2 Materials and methods

2.1 Data collection and processing

The original raw data were obtained from The Cancer Genome
Atlas (TCGA) (accessible at https://cancergenome.nih.gov/) and the
Gene Expression Omnibus (GEO) (accessible at https://www.ncbi.
nlm.nih.gov/geo/) databases. The obtained data were processed and
cleaned separately using the following portals.

2.2 PPARG differential expression analysis in
33 human cancers

To assess the PPARG differential expression in various human
cancers, the Tumor IMmune Estimation Resource (TIMER) database
(accessible at https://cistrome.shinyapps.io/timer/) and the Gene
Expression Profiling Interactive Analysis (GEPIA) database
(accessible at http://gepia2.cancer-pku.cn/analysis/)were used. These
databases allowed the measurement of PPARG expression in tumor
tissues compared to normal tissues across different types of cancer. The
differences in mRNA expression levels were analyzed, and the
distributions of gene expression levels were visualized using box plots.

2.3 Survival analysis and prognosis in human
cancers

The Kaplan-Meier method of survival analysis was used to
analyze overall survival (OS), disease-specific survival (DSS),
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progression-free interval (PFI), and disease-free interval (DFI). The
R software package Survival (version 3.2–7) was used for this
analysis. Cox proportional hazards regression models,
implemented through the Coxph function, were used to analyze
the association between gene expression and prognosis in each type
of cancer. The log-rank test was used to perform statistical tests to
obtain prognostic significance.

2.4 Genetic alteration analysis

The online platform cBioportal (accessible at https://www.
cbioportal.org/) was used to analyze the genetic variation features
of PPARG. This analysis involved investigating the query
mutation frequency, types of mutation, and post-translational
modifications (PTM).

2.5 Estimate of the TME, tumor mutational
burden, microsatellite instability, and PPARG
expression levels and immunological
checkpoint genes in human cancers

Sanger Box, an online tool for TCGA data processing, was used
to investigate the association between PPARG expression and
immunological checkpoint (ICP) genes, biomarkers, and
predicted scores in the TME. The unified and standardized pan-
cancer dataset was obtained from the University of California Santa
Cruz (UCSC; accessible at https://xenabrowser.net/) database. The
dataset used was TCGA TARGET GTEx (PANCAN, N = 19,131,
G = 60,499). From this dataset, the gene expression data of PPARG
in each sample was extracted. The tumor mutational burden (TMB)
of each tumor was calculated using the tmb function from the R
package maftools (version 2.8.05). Additionally, the microsatellite
instability (MSI) score of each tumor was determined by consulting
previous studies.

2.6 Examination of the interaction between
PPARG expression and clinical features

RNA-sequencing and clinical data for 31 types of cancer are
collected from the UALCAN database (accessible at http://ualcan.
path.uab.edu), which provides a reliable platform for examining
gene expression in both tumors and healthy tissues. This database
was utilized to explore the correlation between specific gene
expression levels and clinicopathological features in human tumors.

2.7 Investigating PPARG co-expression
networks using a database

The database LinkedOmics (accessible at http://www.
linkedomics.org/) provides public access to multi-omics data
from all 32 TCGA types of cancer and 10 Clinical Proteomics
Tumor Analysis Consortium (CPTAC) cancer cohorts. Pearson’s
correlation coefficient was used to identify the PPARG co-expressed
genes, and the results were visualized through a heat map, volcano

plot, and table. Furthermore, gene set enrichment analysis (GSEA)
was conducted to explore the association between the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway and the
Gene Ontology (GO) BPs associated with PPARG and its co-
expressed genes.

2.8 Sample collection

A total of 20 tissue samples, including 10 pancreatic cancer
samples and 10 liver cancer samples, were collected from patients at
the Pathology Department of Guizhou Medical University Affiliated
Hospital. All tissue wax blocks underwent histological diagnosis
following the guidelines of the World Health Organization (WHO).
The study was approved by the ethics committee of Guizhou
Medical University (Approval No. 538, 2023) and adhered to the
principles outlined in the Helsinki Declaration. According to
Chinese law, the materials used in this study were collected by
the Pathology Department of Guizhou Medical University Affiliated
Hospital for the purposes of diagnosis and treatment, and are used in
an anonymous form for this research. Therefore, written consent
from patients is not required.

2.9 Immunohistochemical staining for
PPARG expression in tumor tissue

Immunohistochemical staining was performed using an
immunohistochemical kit (Zhongshan Jinqiao, Beijing, China).
Paraffin sections were dewaxed at 65°C and subsequently
dewaxed using gradient concentrations of xylene and ethanol.
Antigen repair was conducted by high-pressure heating with a
citric acid solution (Servicebio, Wuhan, China) at pH 9.0 for
5 min. Following the removal of endogenous peroxidase using
the peroxidase blocker from the immunohistochemistry kit and
blocking non-specific antigen with 10% goat serum (Booster,
Wuhan, China), the primary antibody (1:200) was added and
incubated overnight at 4°C. The secondary antibody reaction
enhancement solution in the kit was incubated for 30 min at
37°C, followed by a 30-min incubation with goat or mouse anti-
rabbit immunoglobulin G (IgG) at 37°C. The slides were developed
using diaminobenzidine (DAB; Servicebio, Wuhan, China) reagent,
counterstained with hematoxylin, fractionated using 1%
hydrochloric acid in alcohol for 10 s, and then blued with a
saturated lithium carbonate solution. Finally, the slides were
sealed with neutral gum and photographed using an ortho-
optical microscope (Nikon). Additionally, we obtained
immunohistochemistry (IHC) images depicting the protein
expression levels of PPARG in LIHC and PAAD from the tissue
and pathology modules of the Human Protein Atlas (accessible at
https://www.proteinatlas.org/).

2.10 Cell culture

Hepatocellular carcinoma cells (LM3, Huh7, HLF, Hep G2) and
normal liver control cells (LO2 and L68) were generously provided
by Dr. Chu Jiao Hu from the Guizhou Provincial Engineering
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Technology Research Center for Chemical Drug R&D, Guizhou
Medical University. The cells were cultured under the following
conditions: Dulbecco’s modified Eagle medium (Gibco),
supplemented with 10% fetal bovine serum (FBS; Cell Box,
China). Briefly, the cells were cultured in T25 cell culture flasks
at 37°C in a constant temperature incubator with 5% CO2. When the
cell density reached 70%–90%, trypsin digestion with 0.25%
ethylenediaminetetraacetic acid (EDTA; Servicebio, Wuhan,
China) was used for a 3-min incubation to detach the cells for
subsequent experiments.

2.11 Gene expression and drug sensitivity
profiling analysis

The analysis involved utilizing the specialist R software
OncoPredict, which combines gene expression profiles with drug
sensitivity profiles, to assess the drug sensitivity data of relevant
cancer cohorts from the TCGA database. Additionally, expression
matrices from the GSE14520 and TCGA-LIHC datasets were
obtained from the GEO database for the PPARG expression and
drug sensitivity analyses.

2.12 Molecular docking

Molecular docking was performed using the AutoDock software,
employing specific branches (AutoDock v4.2.6, Autodock Vina, and
Autodocktools v1.5.6) for the docking of protein receptors with
small-molecule ligands. The three-dimensional (3D) structures of
four small molecule compounds (BDP9066, Axitinib, Nilotinib, and
Dabrafenib) in SDF format were retrieved from PubChem
(accessible at https://pubchem.ncbi.nlm.nih.gov/) and analyzed
using SYBYL-X 2.0 for the receptor and small molecule ligand
processing, resulting in energy-minimized optimal conformations.
Based on previous studies, the three-dimensional spatial locations of
the active pocket in the PPARγ protein receptor (PDB: 6K0T)
responsible for inhibition of tumor proliferation (Yamamoto
et al., 2019), at which were determined using Autodocktools v1.5.
6 software with centers of −1.063, 13.081, and 22.373 with sizes of
20 Å, 20 Å, and 20 Å, respectively. The four small-molecule ligands
underwent docking analysis using Autodock Vina v1.2.3 software,
following the principles of semi-flexible docking. The optimal
conformation from the docking results was selected for further
analysis and processing using PYMOL v2.1.1 software to generate
images.

2.13 Western blot analysis

Western blot analysis was conducted following a previously
described protocol (Ma et al., 2023). Protein lysates from whole cells
were obtained by using radioimmunoprecipitation assay (RIPA)
lysis buffer supplemented with protease inhibitors, and equivalent
amounts of protein were loaded onto a 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gel. The primary antibodies used
in the analysis included rabbit anti-PPARγ (Immunoway, SuZhou,
China) and rabbit anti-β-actin (Santa Cruz). The membranes were

incubated overnight at 4°C with the primary antibodies, followed by
incubation with horseradish peroxidase-conjugated anti-rabbit IgG
as the secondary antibody. Chemiluminescence detection was used
to visualize the protein bands, and images were captured using a
BIO-RAD imager. The greyscale values of the bands were quantified
using ImageJ software.

2.14 CCK-8 assay for proliferation and
viability of hepatocellular carcinoma cells

After trypsinization and digestion with 0.25% EDTA, the cells
were counted and evenly distributed into 96-well plates at a
density of 5,000 cells per well. Following a 24-h cell attachment
period, the culture medium was replaced with a basal medium
containing the appropriate drug concentration. The cells were
then incubated under standard cell culture conditions for 24 h.
Subsequently, 10 µL of CCK-8 reagent (Abisin, Shanghai, China)
was added to each well and incubated for 2 h. The drugs used in
the experiment were Axitinib (Aladdin, Shanghai, China),
Nilotinib (SelleckChem, Houston, United States), Dabrafenib
(Aladdin, Shanghai, China), and BDP9066 (GlpBio, Shanghai,
China). The absorbance of each drug concentration was
measured at a wavelength of 450 nm using a Microplate reader
(Thermo Fisher Scientific Inc., Shanghai, China).

2.15 Statistics analysis

Various investigations, including TBM, MSI, immunological
checkpoints, molecular biology, and bioinformatics, were
conducted to validate the association between PPAR expression
and the research objectives, such as survival prognosis and clinical
features. The Pearson test was used to assess the association between
PPARG expression and these variables. To compare the expression
differences across groups, paired t-tests or unpaired t-tests were used
depending on whether the samples were paired. Statistical
significance was defined as p < 0.05. R tools were used for data
visualization and creating plots, while GraphPad Prism v8.3.0 (San
Diego, United States of America) was used for all analyses. For
statistical significance analysis involving more than two groups, one-
way analysis of variance (ANOVA) was utilized. Two-tailed tests
were used to calculate each p-value, and a result of p < 0.05 was
considered statistically significant.

3 Results

3.1 PPARG expression analysis in human
cancers

The PPARG mRNA expression levels in tissue samples with
cancer and paraneoplasm were evaluated using the TIMER 2.0 and
TCGA databases. In various types of cancer, such as breast cancer
(BRCA), cervical cancer (CESC), colon adenocarcinoma (COAD),
head and neck squamous cell carcinoma (HNSC), lung
adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC),
skin cutaneous melanoma (SKCM), prostate adenocarcinoma
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(PRAD), thyroid cancer (THCA), and endometrioid cancer
(UCEC), PPARG mRNA expression levels were significantly
lower in cancerous tissues compared to paraneoplastic tissues.

Conversely, in kidney chromophobe (KICH), kidney renal
papillary cell carcinoma (KIRP), stomach cancer (STAD), and
liver hepatocellular carcinoma (LIHC), there was a significantly

FIGURE 1
Differential gene expression of PPARG in different human tumor types or specific cancer subtypes. (A) Analysis of PPARG expression status in
33 subtypes of cancer by TIMER2 database. (B) Differential expression of PPARG in various cancers was analysis through the GEPIA2 database in
combination with the TCGA dataset and the GTEx dataset. Log2 (TPM+1) was used as a logarithmic scale. (*p < 0.05, **p < 0.01, and ***p < 0.001).
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higher PPARG expression level in cancerous tissues compared to
paraneoplastic tissues (Figure 1A). However, due to the limited
number of normal samples in the TCGA database and potential
variations across data center platforms, we combined the normal
tissue data from the GTEx database with the tumor tissue data in the
GEPIA2 online database. This approach enabled us to analyze the

differences in PPARG mRNA expression across 27 types of cancer.
As shown in Figure 1B, the results indicated lower PPARG
expression levels in nine types of cancer, including LUSC,
ovarian serous cystadenocarcinoma (OV), BRCA, CESC, HNSC,
SKCM, THCA, UCEC, and uterine carcinosarcoma (UCS).
Conversely, PPARG exhibited high expression in pancreatic

FIGURE 2
Survival curve of human cancers with high and low PPARG expression analyzed by the Kaplan-Meier method. (A) High and low PPARG expression
was associated with poorer OS in the pan-cancer analysis. (B) Kaplan-Meier analysis of the association between PPARG expression and PFI. (C) Kaplan-
Meier analysis of the association between PPARG expression and DSS. (D) Kaplan-Meier analysis of the association between PPARG expression and DFI.
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cancer (PAAD), rectum adenocarcinoma (READ), and COAD.
These findings indicate significant heterogeneity in mRNA
PPARG expression levels among different human cancers.

3.2 Risk proportion of PPARG and prognostic
survival analysis in cancer

To investigate the association between PPARG expression
level and risk, correlation analysis was conducted between
PPARG expression level and survival, including OS, DSS, DFI,
and PFI. The Cox proportional hazards model analysis was
employed to assess the association between gene expression
and prognosis in each type of cancer. The OS analysis
(Supplementary Figure S1A) revealed that high PPARG
expression was associated with poor prognosis in lower-grade
glioma and glioblastoma (GBMLGG), lower-grade glioma
(LGG), glioblastoma (GBM), LIHC, THCA, PAAD, and ALL-
R. Conversely, in five types of cancer, such as pan-kidney cohort
(KIPAN), kidney renal clear cell carcinoma (KIRC), bladder
urothelial carcinoma (BLCA), READ, and uveal melanoma
(UVM), low PPARG expression was associated with a poor
prognosis.

The DSS analysis results showed that high PPARG
expression was associated with poor prognosis in six types of
cancer, including GBMLGG, LGG, CESC, GBM, THCA, and
PAAD. Conversely, in KIPAN, KIRC, BLCA, and UVM, low
PPARG expression was associated with poor prognosis
(Supplementary Figure S1B). In terms of PFI, forest plots
(Supplementary Figure S1C) indicated that high PPARG
expression was associated with poor prognosis in GBMLGG,
LGG, GBM, and PAAD. However, there was no significant
correlation observed between PPARG expression and PFI in
KIPAN, KIRC, BLCA, or UVM. DFI data analysis revealed a
strong association between high PPARG expression and PAAD,
unlike in other human cancers where it was not statistically
significant (Supplementary Figure S1D).

To determine the appropriate cutoff value for PPARG, we
employed the R package maxstat and successfully achieved it.
Consequently, the patients were categorized into two groups
based on their PPARG expression levels: high and low
expression groups. The survfit function in the R software
package Survival was used to analyze the prognostic
differences between the two groups. The significance of the
prognostic difference in OS, PFI, DSS, and DFI among the
samples in different groups was evaluated using the log-rank
test method (Figure 2). Based on the Kaplan-Meier (KM)
survival analysis, patients with LIHC, LGG, GBMLGG, GBM,
ALL-R, and PAAD who had high PPARG expression levels had
shorter OS compared to those with BLCA and KIRC, who had
higher PPARG expression levels and longer OS (Figure 2A).
Furthermore, the study revealed that PPARG expression level
significantly influenced the survival index of PFI in patients with
CESC, GBMLGG, and PAAD (Figure 2B). Additionally, the data
indicated that a high PPARG expression level in PAAD was
significantly associated with lower DSS and PFI, while high
PPARG expression in UVM and KIRC was significantly
associated with higher DSS (Figures 2C, D).

3.3 Examination of the association between
PPARG expression and clinical features

Our findings highlight the variability of PPARG expression
across different types of cancer and its impact on patient survival
and prognosis. By investigating the correlation between clinical
features and gene expression patterns, we can identify molecular
biomarkers associated with cancer development and treatment
response (Mun et al., 2018). To further explore the association
between PPARG expression and clinical features, we used the
UALCAN database for RNA-level analysis (Chandrashekar et al.,
2022). We observed significant differences in PPARG expression in
PAAD and LIHC tumors concerning lymph node metastasis status,
histological subtype, molecular subtype, tumor stage, and TP53
mutation status (Supplementary Figures S2, S3). However,
PPARG expression in CESC and LGG is significantly different
only in certain clinical features, such as the race of the patient in
CESC and histological subtypes and TP53 mutation status in LGG.
PPARG expression in GBM did not exhibit significant differences
with any of the clinical features analyzed (Supplementary Figures
S4–S6). Additionally, the UALCAN database does not include
datasets for relapsed acute lymphoid leukemia, LGG, or
glioblastoma. Therefore, analysis and exploration of the
association between PPARG expression and clinical features have
not been conducted.

3.4 PPARG protein expression levels in LIHC
and PAAD

Using immunohistochemistry analysis, we evaluated the protein
expression levels of PPARγ, encoded by the PPARG gene, in the
pathological tissues of patients with PAAD and LIHC. (Figure 3A).
The findings demonstrated significantly higher PPARγ protein
expression levels in these malignancies compared to the
corresponding paracancerous tissues, consistent with the RNA-
level expression pattern. To further investigate the variations in
PPARγ protein expression levels in LIHC and PAAD, we used the
Human Protein Atlas (HPA) online database (Figures 3B, C). The
results from the protein-level analysis aligned with the earlier RNA-
level study, revealing significantly elevated PPARγ protein
expression levels in PAAD and LIHC compared to their
respective paracancerous tissues. Finally, these findings indicate
that PPARγ is highly expressed in LIHC and PAAD, and this
elevated expression is positively associated with adverse disease
outcomes and clinical features. Consequently, PPARγ holds
promise as a potential target for evaluating cancer prognosis.

3.5 PPARG gene alterations analysis in
cancer

Gene alterations play a critical role in the initiation and
progression of various types of cancer. Disruptions in the
genome can disturb normal cellular processes, leading to
uncontrolled growth and tumor formation, ultimately affecting
patient prognosis (Baer et al., 2019; Cagan et al., 2022).
Understanding the intricate association between gene mutations
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and cancer is crucial for unraveling the underlying mechanisms
driving tumor occurrence, progression, and response to treatment.
To explore the association between PPARG expression and frequent
somatic mutations, we analyzed 17 datasets of hepatocellular
carcinoma and pancreatic cancer from the cBioprotal database, as
well as two datasets of pan-cancer. The findings revealed an overall
mutation rate of 0.5% (Figure 4A), including missense mutations,
deletion mutations, amplifications, and profound deletions.
Amplifications were predominantly observed in LIHC, while

profound deletions were more prevalent in PAAD (Figure 4B).
Despite the high PPARG expression in human cancers, the total
mutation rate at the oncogene level was relatively low (0.5%). This
suggests that PPARG expression level as a transcription factor may
not directly influence chromatin or DNA structural homeostasis.
Furthermore, the post-transcriptional modification analysis
revealed multiple amino acid phosphorylation sites of PPARG,
including amino acid sites Ser78, Ser95, Ser102, Leu112,
Gln269, and Ser273 (Figures 4C, D). This suggests a potential

FIGURE 3
Expression of PPARG in tumor and paraneoplastic tissues. (A) Detection of PPARG expression levels in hepatocellular carcinoma and pancreatic
cancer by immunohistochemical staining. Scale, 200 um. Images are representatives of three independent experiments with similar results. (B,C)
Immunohistochemical staining images of PPARG in LIHC and PAAD as well as their normal tissues were collected in the HPA database.
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role for multisite phosphorylation of PPARG in tumorigenesis.
Collectively, these findings indicate the presence of PPARG
genetic alterations and differential expression in cancer tissues,
particularly in LIHC and PAAD. These observations highlight the
potential significance of PPARG in cancer development and
progression.

3.6 Correlation of PPARG expression levels
with genomic stability in LIHC and PAAD

The higher tumor mutational burden (TMB) signifies increased
genetic abnormalities and is linked to elevated microsatellite
instability (MSI). These alterations enhance tumor cells’

FIGURE 4
PPARG gene alterations in human cancers analyzed by the cBioPortal database. (A) Types of PPARG genetic alterations in different pan-cancer
datasets. (B,C) Missense mutation, phosphorylation, and acetylation modification of PPARG in the pan-cancer analysis. (D) Details of PPARG gene
alteration types in the cancer cohort.
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adaptability, potentially leading to treatment evasion and resistance
(Petri and Sanz, 2018; Roudko et al., 2020; Fusco et al., 2021). As
shown in Figure 5A, the results demonstrate a significant positive
correlation between PPARG mRNA expression and TMB in both

PAAD and LIHC. This suggests that PPARG is associated with an
increased mutational burden in tumors, thereby promoting disease
progression. While no statistically significant association was found
between the other tumors andMSI, a direct correlation was observed

FIGURE 5
Relationship between PPARG expression and somatic mutation (A), Tumor mutational burden (B), Microsatellite instability (C), and Mismatch repair
genes (D) in human cancers. (*p < 0.05, **p < 0.01, and ***p < 0.001).
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between MSI and PPARG expression in BRAC, COAD, DLBC,
ESCA, KIRC, LUAD, SKCM, and STAD. Among the tumors with
high PPARG expression and poor prognosis, only LIHC showed a
positive correlation between high PPARG expression and MSI
(Figure 5B).

Mismatch repair (MMR) genes are essential for maintaining
genomic stability and preventing the accumulation of genetic
damage. We evaluated the association between mutations and
gene expression in five MMR genes: MLH1, MSH2, MSH6,
PMS2, and EPCAM, using data from the TCGA expression
profiling project. In PAAD, there was a significant positive
association between PPARG expression and the MMR genes
EPCAM, PMS2, and MSH2. However, in LIHC, except for
EPCAM, there was no significant correlation between PPARG
expression and the other MMR genes, indicating a lack of
association (Figure 5C). This suggests that PPARG does not
directly affect the MMR family genes, thereby not leading to an
increase in genomic instability.

In our previous study, we observed a low mutation rate of
PPARG in PAAD and LIHC (0.5%) (Figure 4). However, it may still
influence cancer progression by affecting key oncogenes or tumor
suppressor genes. To further investigate this, we analyzed co-
occurring gene mutations associated with PPARG expression.
The mutation landscape plot revealed the presence of prominent
genes such as TP53, KRAS, CTNNB1, and SMAD4 in LIHC and
PAAD, which are known to promote tumor initiation and
development (Figure 5D). Mutations in oncogenes not only lead
to a loss of response to targeted anticancer therapies but also activate
critical signaling pathways and regulatory mechanisms, thereby
conferring advantages in tumor proliferation, migration, and
invasion.

3.7 Alterations in the immune
microenvironment induced by dysregulated
PPARG in LIHC and PAAD

The TCGA dataset analysis reveals a significant correlation
between PPARG expression and the occurrence of cancer, as well
as a poor prognosis. To further investigate this association, we
obtained mRNA expression matrices from the GEO database,
specifically for LIHC (GSE14520) and pancreatic cancer
(GSE85916). These matrices included both tumor and adjacent
non-tumor tissues, accompanied by clinical data associated with
the samples. Based on these datasets, we calculated the optimal
cutoff value for the PPARG expression using the R software
package “maxstat.” Subsequently, we categorized patients with
tumors from both datasets into two groups: high and low PPARG
expression groups. Survival analysis was conducted using the R
software package “survival” to assess prognostic differences
(Figures 6A, B).

Our findings demonstrate a significant prognostic difference in
patients with high PPARG expression levels in both liver and
pancreatic cancers (Figures 6C, D). These findings support the
notion that higher PPARG expression significantly impacts the
prognosis and survival of patients with these malignancies, which
aligns with our TCGA database analysis. Furthermore, there is
increasing evidence emphasizing the critical role of TME in

tumor development. Hence, in this study, we investigated the
composition of the TME between the high and low PPARG
expression groups. Specifically, using the cell-type identification
by estimating relative subsets of RNA transcripts (CIBERSORT)
method in conjunction with the LM22 signature matrix, the
differential immune cell infiltration was assessed between the
high and low PPARG expression groups in the aforementioned
GEO datasets.

Our analysis revealed significant differences in immune cell
infiltration between the two PPARG expression groups.
Specifically, patients with liver cancer with high PPARG
expression exhibited a significant increase in the proportions of
macrophages M1, macrophages M2, T cells (δ and γ), and T cell
regulatory (Tregs). Conversely, the proportions of natural killer
(NK) cells activated and mast cells activated were significantly
decreased (Figures 6E, F). These findings provide valuable
insights into the immune landscape associated with PPARG
expression in liver cancer, indicating the potential
immunomodulatory effects of PPARG in shaping the TME.
Contrastingly, no discernible differences in the immune cell
composition were observed between the patients with pancreatic
cancer with high and low PPARG expression. Subsequently, we
evaluated the association between PPARG gene expression and the
statistically significant differences in immune cell populations
(Supplementary Figures S7A, 7B). The results revealed a positive
correlation between PPARG and macrophages M2, T cell regulatory
(Tregs), and T cell (δ and γ), while showing a negative correlation
with NK and mast cells activated (Supplementary Figures S7C–7G).
These findings suggest that the association between PPARG
expression and immune cell infiltration may vary across various
types of cancer.

While immune activation and infiltration are crucial for
tumor suppression, tumor cells often exploit excessive immune
responses and infiltration to establish immune evasion
mechanisms. Excessive immune infiltration can lead to
immune dysfunction, weakening the anticancer effect and
simultaneously promoting tumor progression and
dissemination. Elevated ICP expression levels are frequently
associated with cancer progression and may contribute to
immune evasion, drug resistance, and an unfavorable prognosis
in tumor development. In this study, we collected ICP genes and
analyzed their correlation with PPARG gene expression. A
Pearson correlation analysis was performed to assess the
association between PPARG and ICP genes. The results
showed a significant positive correlation between PPARG and
ICPs in LIHC, in contrast to PAAD. These findings suggest that
PPARG effectively regulates ICP expression to evade immune
attack (Supplementary Figure S8).

3.8 Correlation between PPARG expression
and sensitivity spectrum to anticancer drugs
and molecular docking simulation validation

Gene expression plays a crucial role in driving molecular and
epigenetic changes within the human body, influencing individual
responses to disease treatment drugs, and altering drug sensitivity.
In this study, we further investigated the differences in drug

Frontiers in Pharmacology frontiersin.org11

Ran et al. 10.3389/fphar.2023.1298341

125

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1298341


FIGURE 6
Relationship between PPARG expression and tumor microenvironment in human tumors. (A) In accordance with the optimal cutoff value
determinedusing theR software package “maxstat”, theexpressionof PPARG in the liver cancer datasetGSE14520was categorized into high-expression and low-
expression groups. (B) Prognostic survival analysis based on stratification of high and low expression groups of PPARG. (C) Stratification of PPARG expression into
high and low expression groups in the pancreatic cancer dataset GSE85916 based on the optimal cutoff value determined using the R software package
“maxstat”. (D)Prognostic survival analysis basedon stratification of high and lowexpression groups of PPARG in theGSE85196dataset. (E) Evaluation of differential
immune cell infiltration among high and low expression groups of PPARG using the CIBERSORT algorithm combined with the LM22 signature matrix in the
GSE14520 dataset. (F) Evaluation of differential immune cell infiltration among high and low expression groups of PPARG using the CIBERSORT algorithm
combined with the LM22 signature matrix in the GSE85196 dataset. (*p < 0.05, **p < 0.01, and ***p < 0.001).
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sensitivity between patients with high and low PPARG expression
levels using RNA-sequencing data. Through genomic stability and
immune microenvironment analysis, we identified a significant

association between PPARG expression and these factors in
LIHC. Subsequently, we evaluated the drug sensitivity profiles in
the GSE14520 dataset (LIHC) from the GEO database and the

FIGURE 7
Analysis of multiple datasets revealed the relationship between PPARG expression and drug sensitivity profiles. (A) The OncoPredict algorithm was used to
calculate the drug sensitivity of the liver cancer dataset GSE14520. (B) The OncoPredict algorithm was employed to calculate the drug sensitivity of liver cancer
datasets from theTCGA-LIHCdatabase. (C)TheVenndiagramwasused to identify thedrugs selectedby fitting twodatasets. (D)The relationship betweenPPARG
expression and the sensitivity of four drugs, namely, Axitinib, Nilotinib, Dabrafenib, and BDP9066, in the TCGA-LIHC dataset. (E) The association between
PPARG expression and drug sensitivity of the same four drugs in the GSE14520 dataset. (*p < 0.05, **p < 0.01, and ***p < 0.001).
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TCGA-LIHC patient cohort from the TCGA database using the
OncoPredict method (Figures 7A, B). The findings revealed
significant differences in drug sensitivity between the groups with

high and low PPARG expression. These findings highlight the
potential impact of PPARG expression on drug response and
emphasize its relevance in personalized medicine for the

FIGURE 8
Binding scores and binding conformations of potential therapeutic drugs with PPARγ (PDB: 6K0T) simulated using Autodock Vina. (A) Analysis of the
two-dimensional binding mode of Nilotinib with 6K0T using LigPlot + software (left panel) and the three-dimensional binding conformation using Pymol
(right panel), with a binding score of −9.7 kcal/mol. (B) Analysis of the two-dimensional binding mode of Axitinib with 6K0T using LigPlot + software (left
panel) and analysis of their three-dimensional binding conformation using Pymol (right panel), with a binding score of −7.2 kcal/mol. (C) Venn chart
analysis of key amino acids in the active pocket for four small molecule anticancer drugs.
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FIGURE 9
Relationship between the expression of PPARγ and drug sensitivity.(A) Expression of PPARγ in four hepatocellular carcinoma cell lines (LM3, Huh7,
HLF, and Hep G2) and two control liver cell lines (LO2 and L68). (B,C) Drug Sensitivity of Nilotinib and Axitinib in control Hepatic Cells LO2 and L68. (D,E)
Drug sensitivity of Nilotinib and Axitinib in four Hepatocellular CarcinomaCell Lines LM3, Huh7, HLF, andHep G2. (F) Bar graph of PPARγ expression levels
and drug sensitivity of four small molecule compounds.
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treatment of cancer. Furthermore, by integrating drug sensitivity
profiles from the TCGA-LIHC and GSE14520 datasets, we identified
a common set of drugs, including Nilotinib, BDP9066, Dabrafenib,
and Axitinib (Figure 7C). Notably, all four drugs are targeted

therapies for the treatment of cancer. The drug sensitivity
analysis revealed that patients with high PPARG expression in
TCGA-LIHC and GSE14520 may exhibit increased sensitivity to
Axitinib and Nilotinib (Figures 7D, E).

FIGURE 10
PPARG co-expression genes in LIHC analyzed by the LinkedOmics database. (A) Highly relevant genes for PPARG expression in the LIHC cohort
examined by Pearson’s test. Top 50 positive co-expression genes (B) and negative co-expression genes (C) of in heat map in LIHC. (D) Volcano plot of
PPARG KEGG pathways in LIHC cohort. (E) Directed acyclic graph of PPARG GO analysis (biological process) in LIHC cohort.
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The PPARgama molecular pocket formation and its binding
with ligands are crucial for the anti-proliferative activity against
tumors (Yamamoto et al., 2019). Molecular docking was
employed to validate the potential binding of Nilotinib,
Axitinib, Dabrafenib, and BDP9066 with the active pocket of
PPARG. Our results demonstrated robust binding modes and
remarkably low binding energies, indicating stable and favorable
interactions between these four anticancer drugs and PPARG
(Figures 8A, B). Notably, Axitinib, BDP9066, Dabrafenib, and
Nilotinib exhibited notable molecular docking capabilities, with
affinity values of −9.7, −6.7, −9.6, and −7.2 kcal/mol, respectively,
as determined by the absolute values of their binding energies
(Supplementary Figures S9A, 9B). Interactions between four
small-molecule anticancer drugs and key amino acid residues
within the active pocket were investigated by Venn diagram
analysis to examine the molecular interactions and binding
affinity of these small molecules with 6K0T (Figure 8C). This
analysis illustrates the statistical distribution and frequency of
these key amino acids within the active pocket, shedding light on
the molecular interactions and binding affinity of the small-
molecule drugs. These findings offer potential mechanisms of
action for inhibiting tumor growth.

3.9 Inhibition of hepatocellular carcinoma
cell proliferation activity through selective
targeting of PPARγ

In examining PPARγ expression between cancer cells and
healthy control cells, we observed significantly higher PPARγ
expression in the four hepatocellular carcinoma cell lines (LM3,
HLF, Huh7, and Hep G2) compared to the two normal liver cell
lines (LO2 and L68) (Figure 9A). Subsequently, cell proliferation
assays were conducted after incubating the 6 cell lines with the
four drugs at various concentrations for 24 h. The results revealed
increased sensitivity to all four drugs with high PPARγ
expression. Particularly, Nilotinib and Axitinib demonstrated
significant anti-proliferative activity against liver cancer cells.
In Huh7 cells, Nilotinib exhibited an IC50 of 10.94 uM, while in
Hep G2 cells, the IC50 remained around 15 uM. For LM3 cells,
both drugs maintained IC50 values between 30 and 40 uM.
Conversely, Dabrafenib showed weaker inhibitory effects on
liver cancer cell proliferation compared to the aforementioned
two drugs, with the highest IC50 reaching 81.86 uM. However,
even in LM3 cells, it reached 40.19 uM (Supplementary Figure
S10). Notably, the inhibitory effects of the four drugs on normal
liver cells were consistently lower compared to their effects on
liver cancer cells (Figures 9D, E). Axitinib exhibited an IC50 of
144.2 uM in LO2 cells, while Nilotinib reached concentrations
close to 200 uM. Similarly, Dabrafenib demonstrated a similar
pattern of activity (Figures 9B, C). Furthermore, we noted a
correlation between the four drugs’ inhibitory effects on cell
proliferation and PPARγ expression. Cells with elevated PPARγ
expression in liver cancer displayed increased drug sensitivity
(Figure 9F). The results were consistent with the predictions from
the Oncopredict algorithm and the protein level validation.
Through predictive analysis and experimental testing, we
confirmed its potential as a target for cancer treatment.

3.10 The co-expression networks of PPARG
demonstrate associations with relevant
molecular mechanisms

The above findings further validate the prognostic value of
PPARG in pan-cancer and its significant association with the
immune response. Elevated PPARG expression in LIHC and
PAAD is significantly positively correlated with poor OS, DSS,
PFI, and DFI (Figure 2; Supplementary Figure S1). To validate
the potential role of the PPARG gene as a biomarker in pan-cancer,
its functions and heterogeneity, as well as its potential role in LIHC,
were investigated. The LinkOmics database PPARG co-expression
network was used for this analysis (Supplementary Figure S11). In
LIHC, there was a significant positive correlation between PPARG
expression and 4,820 genes (represented by dark red dots) as well as
a significant negative correlation between 5,775 genes (represented
by dark green dots) [false discovery rate (FDR) <0.01] (Figure 10A).
The top 50 genes that exhibited the strongest correlation with
PPARG expression are shown in Figure 10B, while Figure 10C
shows the top 50 genes with the strongest negative correlation.
Furthermore, the positive and negative correlations of the top
50 genes co-expressed with PPARG are shown in Supplementary
Tables S1, S2, respectively. Notably, MST1R, ZDHHC3, and KCNN
emerged as the top three genes exhibiting the most significant
correlation with PPARG co-expression.

Further investigation of GO BP categories revealed the involvement
of PPARG and its co-expressed genes in various functions, including
T cell activation, immune response control, and regulation of peptidase
activity. This determination was made by using GSEA to identify the
major GO terms enriched among PPARG-co-expressed genes
(Figure 10D). The co-expressed genes were enriched in the nucleotide
oligomerization domain (NOD)-like receptor signaling pathway, tight
junction, control of the actin cytoskeleton, cell cycle, and drug
metabolism, according to a KEGG pathway analysis (Figure 10E).
These findings imply that PPARG expression may influence various
human cancers by affecting the immune response within TME.

4 Discussion

PPARG acts as a nuclear receptor that binds peroxisome
proliferators, including lipid-lowering drugs and fatty acids. Upon
activation by the ligand, the nuclear receptor binds to DNA-specific
PPAR response elements (PPRE) and regulates the transcription of its
target genes (Park et al., 2010). One such target gene is acyl-coenzymeA
oxidase, which controls the peroxisomal β-oxidation pathway of fatty
acids. PPARG plays a crucial role as a key regulator of adipocyte
differentiation and glucose homeostasis (Mukherjee et al., 1997). While
significant progress has been made in understanding the biological
activities and functions of various molecules through advancements in
molecular biology, there is still a need for further exploration of their
roles in human cancer and their potential as therapeutic targets.
Previous studies have shown that PPARG gene expression levels are
significantly upregulated in bladder cancer, esophageal
adenocarcinoma, and prostate cancer. Moreover, they have been
associated with treatment resistance and a poor prognosis in cancer
(Galbraith et al., 2018; Liu et al., 2019; Ma et al., 2021). In bladder
cancer, the potential of PPARG as a biomarker has been confirmed
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(Chiu et al., 2017). Furthermore, previous studies have demonstrated a
significant association between high PPARG expression and poor
prognosis in pancreatic ductal adenocarcinoma, with two key
contributing factors being obesity and diabetes (Andersen et al.,
2017). These findings align with our current research findings.
Concerning lung cancer, miR-130a and miR-130b have been
identified to play a regulatory role in macrophage polarization by
inhibiting or downregulating PPARG expression (Lin et al., 2015).
Moreover, they stimulate vascular endothelial growth factor A (VEGF-
A) and anti-apoptotic factor (B-cell lymphoma-2, Bcl-2) expression
(Tian et al., 2022), thereby influencing the progression of lung cancer.
The PPARG differential expression in human cancers is often
associated with tumor growth. However, there remains uncertainty
regarding the precise procedures and pathways through which PPARG
influences tumor development, leading to a poor prognosis.

Through our investigation, we confirmed the variability of PPARG
expression in various types of cancers by analyzing PPARG gene
expression levels in human cancers using the TCGA database.
Subsequently, we examined the association between PPARG
expression heterogeneity and survival outcomes, finding that high
PPARG expression in various types of cancer was strongly
associated with a poor prognosis. This suggests that the upregulation
of PPARG may contribute to human cancer development, particularly
in these specific types of cancer. Additionally, our PPARG gene
alteration analysis revealed a mutation frequency of 0.5%.
Furthermore, we observed higher rates of mutations, including
missense mutations, truncating mutations, amplifications, and
profound deletions, in PAAD. These findings indicate a potential
role in tumorigenesis and cancer progression. The correlation
between PPARG and TMB, MSI, and MMRs also demonstrated a
close association between PPARG and TME in human cancers.

Furthermore, our findings using immunohistochemical
experiments conducted on pathological sections of patients with
LIHC and PPAD, where PPARG expression was significantly
elevated, validated our previous analysis. These results demonstrated
a strong association between PPARG overexpression, tumorigenesis,
and cancer progression. Hence, PPARG has the potential to serve as a
molecular marker for cancer. Consequently, an in vitro screening of
anticancer drugs targeting PPARG was performed, which validated our
findings. The results revealed a positive correlation between the drug
sensitivity of these drug categories and PPARG expression. However, it
was observed that BDP9066 exhibited lower selectivity in its anticancer
proliferative activity compared to the other three drugs, with an IC50 as
high as 201.8 µM against Huh7 liver cancer cells. This could be
attributed to the binding mode of the small molecule with PPARG
and its high binding energy requirement (affinity = −6.7 kcal/mol). To
address this issue, further expansion of molecular library screening can
be pursued by using ligand- or receptor-based computationally-assisted
drug selection. This approach aims to identify small-molecule
compounds with enhanced targeting capabilities. Additionally,
conducting high-throughput simulations of PPARG ligand efficiency
and elucidating key amino acid residues will facilitate precise drug
targeting, thereby reducing off-target effects and minimizing the
potential for low anticancer activity and high toxic side effects.
These advancements will facilitate the clinical application of targeted
therapies directed at the potential biomarker PPARG. Furthermore, to
understand its potential mode of action, we examined PPARG
expression in several immunological and molecular subtypes of

human malignancies. The findings revealed significant variations in
PPARG expression among different immunological and molecular
subgroups in LIHC.

Immune infiltration is typically associated with the suppression of
tumor growth and metastasis. However, when immune infiltration
becomes excessive, it enables tumor cells to evade immune attacks.
Tumor cells establish immune escape mechanisms through various
means, including inhibitory factors and ICP molecule expressions such
as programmed death-1 (PD-1) and programmed death ligand-1 (PDL-
1) (Diesendruck and Benhar, 2017; Sharma et al., 2023). According to
this study, increased PPARG expression is associated with a poor
prognosis. Notably, PPARG expression is associated with the
expression of several ICPs in LIHC. Furthermore, excessive immune
infiltration can lead to functional abnormalities within TME.

Recent research has highlighted the involvement of PPARG in
regulating lipid degeneration and promoting neutrophil infiltration in
the liver during the transition from inflammatory liver disease and fatty
liver to hepatocellular carcinoma (Chan et al., 2017; Wang et al., 2017).
The attachment of neutrophils to the luminal surface of blood vessels
and their subsequentmigration to the site of the lesion outside the blood
vessels relies on the activation of integrins by chemotactic proteins
(Mohs et al., 2017;Wu et al., 2021). Neutrophils play a critical role in the
primary defense against infections and tissue damage, and they also
exhibit immunoregulatory functions. However, the recruitment of a
significant number of neutrophils by chemotactic factors can have
detrimental effects. Persistently high expression or upregulation of
chemotactic factors, as a part of the active physiological feedback
mechanism of the body, can exacerbate the degradation of the
extracellular matrix and lead to widespread tissue damage.
Consequently, this process directly enhances the survival, invasion,
and metastasis capabilities of tumor cells (Hughes and Nibbs, 2018;
Petri and Sanz, 2018). Paradoxically, the ultimate outcome can
compromise the protective role of immune cells, thus increasing the
risk of tissue damage and cancer development.

Moreover, the interaction between PPARG expression andmultiple
signaling pathways suggests its involvement in modulating the immune
microenvironment. These pathways include the NOD-like receptor
signaling pathway, T cell activation, cytoskeletal regulation, and drug
metabolism. Notably, the NOD-like receptors have been identified as
crucial factors in tumorigenesis, angiogenesis, cancer stemness, and
chemoresistance. In endometrial cancer (EMC), dysregulation of the
NOD-like receptor family protein (NLRP) has been shown to impair
the phagocytic function of macrophages and reduce the CD + T cell
population, thereby promoting the growth, invasion, and metastasis of
EMC cells (Zhu et al., 2023). Furthermore, recent research has revealed
that tumor cells can utilize lipids secreted by adipocytes to promote
tumor progression and chemoresistance through metabolic
reprogramming. In ovarian cancer, adipocytes, as a significant
component of the ovarian TME, impact drug distribution and
contribute to chemoresistance (Yang et al., 2019). Considering
PPARG as a key regulator of adipogenesis and differentiation, it
may be one of the underlying contributing factors to tumor
progression and chemoresistance. Thus, the manipulation of PPARG
expression holds promise as a potential strategy for shaping the
immune microenvironment and developing novel therapeutic
approaches to combat tumor growth and metastasis.

In summary, the pan-cancer analysis and experimental
investigations of PPARG have confirmed its differential expression
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across various types of cancers and its associationwith survival outcomes
and poor prognosis, including in PAAD, LIHC, LGG, GBM, and other
types of cancer. These associations have been attributed to PPARG gene
variants, epigenetic modifications such as acetylation and
phosphorylation patterns, and effects on immune infiltration.
However, despite the comprehensive research on PPARG, there are
certain limitations to this study. Firstly, more direct clinical studies are
required to further elucidate the precise function of PPARG in regulating
immunological processes. Secondly, the precise significance of PPARG
expression in various types of cancer and its precise role in immune
regulation within these tumors remain unclear.

5 Conclusion

In this study, we observed heterogeneous PPARG mRNA
expression levels across various types of cancer. Moreover, we found
a strong correlation between PPARG expression and several important
factors, including prognostic value, features related to clinical stages,
drug sensitivity profiles, and activation of immune cells. Additionally,
we identified PPARG as a keymolecule involved in the regulation of key
pathways such as the NOD-like receptor signaling pathway, cell cycle,
and drug metabolism. These findings highlight the potential utility of
PPARG as a valuable cancer biomarker.
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Ansofaxine hydrochloride inhibits
tumor growth and enhances
Anti-TNFR2 in murine colon
cancer model
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Introduction: As psychoneuroimmunology flourishes, there is compelling
evidence that depression suppresses the anti-tumor immune response,
promotes the progression of cancer, and inhibits the effectiveness of cancer
immunotherapy. Recent studies have reported that antidepressants can not only
alleviate the depressant condition of cancer patients, but also strengthen the anti-
tumor immunity, thus suppressing tumors. Tumor necrosis factor receptor 2
(TNFR2) antagonistic antibodies (Anti-TNFR2) targeting tumor-infiltrating
regulatory T cells (Tregs) has achieved great results in preclinical studies, and
with a favorable toxicity profile than existing immunotherapies, and is expected to
become a new generation of more effective treatment strategies. Understanding
the effects of combination therapy with antidepressants and Anti-TNFR2may help
design new strategies for cancer immunotherapy.

Methods: We treated CT26, HCT116, MCA38 and SW620 colon cancer cells with
fluoxetine (0–50 µM), ansofaxine hydrochloride (0–50 µM) and amitifadine
hydrochloride (0–150 µM) to examine their effects on cell proliferation and
apoptosis. We explored the antitumor effects of ansofaxine hydrochloride in
combination with or without Anti-TNFR in subcutaneously transplanted CT26
cells in tumor-bearing mouse model. Antitumor effects were evaluated by tumor
volume. NK cell, M1 macrophage cell, CD4+ T cell, CD8+ T cell, exhausted CD8+ T
and regulatory T cell (Tregs) subtypes were measured by flow cytometry. 5-
hydroxytryptamine, dopamine and norepinephrine levels were measured by
ELISA.

Results: Oral antidepression, ansofaxine hydrochloride, enhanced peripheral
dopamine levels, promoted CD8+T cell proliferation, promoted intratumoral
infiltration of M1 and NK cells, decreased the proportion of tumor-infiltrating
exhausted CD8+T cells, and strengthened anti-tumor immunity, thereby inhibiting
colon cancer growth. In combination therapy, oral administration of ansofaxine
hydrochloride enhanced the efficacy of Anti-TNFR2, and produced long-term
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tumor control in with syngeneic colorectal tumor-bearing mice, which was
attributable to the reduction in tumor-infiltrating Treg quantity and the recovery
of CD8+ T cells function.

Discussion: In summary, our data reveal the role of ansofaxine hydrochloride in
modulating the anti-tumor immunity. Our results support that exhausted CD8+T is
an important potential mechanism by which ansofaxine hydrochloride activates
anti-tumor immunity and enhances anti-tumor effects of anti-TNFR2.

KEYWORDS

ansofaxine hydrochloride, anti-TNFR2, exhausted CD8 + T cells, Tregs, tumor
immunotherapy, colon cancer

1 Introduction

Colon cancer (CRC) is the fourth deadliest cancer worldwide,
killing hundreds of thousands of people each year (Sung et al., 2021).
At the same time, the mental health of patients is also attracting
more and more attention, with the occurrence of depression in
cancer patients being higher than any other disease patients (Yan
et al., 2019; Yang et al., 2021a; Endo et al., 2022). There are
convincing evidences that Depression promotes the growth of
various cancers by regulating the neuroimmune system, and
inhibits the efficacy of cancer treatment (Liu et al., 2015;
Sommershof et al., 2017; Zhang et al., 2020). Therefore, research
into therapies that can treat both cancer and depression at the same
time is clinically valuable.

Currently, colon cancer treatment includes surgery, radiation,
chemotherapy, targeted therapy, and immunotherapy. In recent
years, immune checkpoint inhibitors such as anti-programmed
cell death protein 1 (PD-1) and anti-cytotoxic T
lymphocyte–associated protein 4 (CTLA-4) have achieved great
results in cancer treatment, however, because to low response rates
and immune-related adverse events (irAEs), most patients are
unable to benefit (Fritz and Lenardo, 2019). Tumor necrosis
factor receptor 2 (TNFR2), one of the two receptors that
mediate the biological function of TNF, is involved in cancer
cell growth (Vanamee and Faustman, 2017; Torrey et al., 2019;
Li et al., 2023), and is high expressed in exhausted CD8T cells and
tumor-infiltrating regulatory T cells (Tregs) in a variety of cancers
(Liao et al., 2023). Now, there are convincing evidences that
TNFR2 can serve as a key mediator involved in the activation
and proliferation of Tregs, enhancing immunosuppressive
function (Chen et al., 2007; Kawano et al., 2022). In addition,
Other types of immunosuppressive cells, such as MDSCs, and
some tumor cells also express TNFR2 (Vanamee and Faustman,
2017). Knocking down TNFR2 on cancer cells by CRISPR/
Cas9 technology significantly impaired the growth of colon
cancer, and increased the number of tumor-infiltrating IFN-γ+
CD8 cells (Li et al., 2023). TNFR2 antagonistic antibody (anti-
TNFR2) inhibit Tregs by targeting TNFR2 in vitro, and kill
TNFR2-expressing tumor cells and Tregs in advanced Sézary
syndrome (Torrey et al., 2019; Moatti et al., 2022). Moreover,
in mouse models, anti-TNFR2 was less toxic than anti-CTLA-4
(Tam et al., 2019). Therefore, Anti-TNFR2 is considered a very
promising new tumor immunotherapy (Vanamee and Faustman,
2017). Currently, preclinical studies of human anti-TNFR2

antibodies have yielded very encouraging results, justifying their
clinical development (Tam et al., 2019).

The combination of antidepressant and immune checkpoint
inhibitor has also been reported. Fluoxetine andmonoamine oxidase
inhibitor (MAOI) were common clinical medications for
depression, recent studies have shown that they not only
suppress the adverse impact of depression, but also enhance the
anti-tumor immunity of the body (Di Rosso et al., 2016; Di Rosso
et al., 2018; Marcinkute et al., 2019; Wang et al., 2021a; Yang et al.,
2021b; Schneider et al., 2021). Fluoxetine combined with anti-PD1
provides long-term tumor control inmouse models (Schneider et al.,
2021). MAOI inhibits macrophage immunosuppressive
polarization, and synergistically suppresses tumors in
combination with anti-PD-1 therapy (Wang et al., 2021b).
However, the effect of fluoxetine is slow and long-term use often
induces adverse effects such as loss of appetite or sexual dysfunction,
and MAOI was associated with an increased incidence of colorectal
cancer (Lee et al., 2017). Triple reuptake inhibitors (TRIs) are
believed to enhance neurotransmission in all monoamine
systems, and have the advantage of acting quickly, and
improving symptoms of sexual disorders and disorientation
(Tran et al., 2012; Shao et al., 2014; Sharma et al., 2015).
Ansofaxine hydrochloride (LY03005) is a new TRI for the
treatment of major depressive disorder in adults, which has
completed phase III clinical trials and is well tolerated (Mi et al.,
2022). However, the role of ansofaxine hydrochloride in cancer
immunotherapy is unclear. Therefore, we took the ansofaxine
hydrochloride as a breakthrough point to study its effect on
colon cancer.

Here, we found that ansofaxine hydrochloride, like
fluoxetine, inhibits colon cancer cell growth in vitro by
inducing apoptosis. In CT26 colon cancer model, ansofaxine
hydrochloride enhanced the proportion of CD8+T cells in spleen,
decreased the proportion of tumor infiltration exhausted
CD8+T cells, and increased the proportion of natural killer
cells (NKs) and M1 macrophages in spleen and tumor, which
may be due to the enhancement of peripheral dopamine (DA)
and the reduction of peripheral 5-hydroxytryptamine (5-HT),
ultimately inhibited tumor growth. In combination therapy,
ansofaxine hydrochloride enhanced the efficacy of anti-TNFR2
in colon cancer, enabling eradication of established tumors in
20% of mice, and triggering syngeneic tumor-specific systemic
immunity. These results provide a new way of treating colon
cancer patients with depression.
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2 Methods and materials

2.1 Mice and cell culture

Female wild-type Balb/c mice (6- to 8-week-old) were obtained
from Spaefer Biotechnology Co., Ltd. (Beijing, China) (Animal Quality
Certificate: SCXK (Beijing) 2019-0008). Mice were housed in a specific
pathogen-free (SPF) lab at the Experimental Animal Center of Guizhou
University of Traditional Chinese (Animal experiment license: SYXK
2021-0005), and the experiments were started after 7 days of
acclimatization to the surrounding environment. This animal
experiment was approved by Ethics Committee of Guizhou
Provincial People’s Hospital, China. The mouse colon cancer cell
lines (CT26, MCA38) and mouse breast cancer cell line (4T1) were
supplied by Pricella (Wuhan, China). The human colon cancer cell lines
(HCT116, SW620) were gifted by Prof. Jie Ding (Guizhou Province
People‘s Hospital, Guizhou, China). The cells were cultured in RPMI-
1640 complete medium containing 10% fetal bovine serum (FBS), and
supplemented with penicillin (100 units/mL), streptomycin (100 μg/
mL) glutamine (2 mM), at 37°C under 5% CO2.

2.2 Chemicals

All chemicals were of analytical grade. Fluoxetine was purchased
by Absin (Shanghai, China). Amitifadine hydrochloride (DOV

21947), ansofaxine hydrochloride (LY03005), cell counting kit-8
(CCK-8), and telratolimod (3M-052) were purchased by
MedChenExpress (Monmouth Junction, NJ, United States). Anti-
mouse TNFR2 (CD120b, clone TR75-54.7) was purchased by
BioXCell (W. Lebanon, NH). High mobility group nucleosome
binding protein 1 (HMGN1) was purchased by Bio-techne (R&D
Systems. United States). ST/5-HT (Serotonin/5-
hydroxytryptamine), DA (dopamine), and NA/NE
(Noradrenaline/norepinephrine) ELISA Kit, and Annexin-V-
FITC/PI were purchased by Elabscience Biotechnology Co., Ltd.
(Wuhan, China). Fetal bovine serum (FBS) was purchased by
Pricella (Wuhan, China). Penicillin-streptomycin stock solutions
was purchased by New Cell and Molecular Biotech Co., Ltd.
(Suzhou, China). Trypsin-EDTA (0.25%), EDTA- and phenol
red-free trypsin (0.25%) were purchased by Servicebio (Wuhan,
China). RPMI-1640 medium was purchased by GIBCO BRL (Grand
Island, NY, United States). FITC-anti-mouse CD4 (clone GK1.5)
was purchased by Biolegend (California, United States). BV510-
anti-mouse CD45 (clone 30-F11), BV605-anti-mouse CD3 (clone
17A2), BV421-anti-mouse CD8 (clone 53-6.7), PerCPcy5.5-anti-
mouse CD279 (clone J43), PE-anti-mouse CD223 (clone C9B7W),
BV421-anti-mouse CD49b (clone DX5), FITC-anti-mouse CD11b
(clone M1/70) and BV650-anti-mouse CD86 (clone GL1) were
purchased by BD Biosciences (Franklin Lake, New Jersey,
United States). PE-anti-mouse F4/80 (clone BM8) was purchased
by eBioscience (California, United States).

FIGURE 1
Comparison of fluoxetine, ansofaxine hydrochloride and amitifadine hydrochloride for inhibitory effect in various colon cancer cell lines. (A–D)
CT26, MCA38, HCT116 and SW620 were treated for 24 h with fluoxetine (0, 10, 20, 30, 40, and 50 μM). (E–H) CT26, MCA38, HCT116, SW620 were
treated for 24 h with Ansofaxine hydrochloride (0, 10, 20, 30, 40, and 50 μM). (J–M) CT26, MCA38, HCT116, SW620 cells were treated for 24 h with
Amitifadine hydrochloride (0, 30, 60, 90, 120, and 150 μM). CCK8 formeasurement of cell viability. Data are expressed asmean± SD; *p < 0.05, **p <
0.01, ***p < 0.001.
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2.3 Cell counting Kit-8 (CCK-8) assay

The cells (5,000 cells/well) were inoculated in the 96-well plates.
After 24 h of incubation, the cells were treated with fluoxetine,
amitifadine hydrochloride or ansofaxine hydrochloride for 24 h. The
medium was then replaced to FBS-free RPMI-1640 with 10%
CCK8 solution in a dark room. The OD values were collected at
450 nm after incubation at 37°C for 1 h.

2.4 Cell apoptosis analysis

Cells (2 × 105 cells/well) were inoculated into 6-well plates. After
24 h of incubation, the cells were treated with amitifadine
hydrochloride or ansofaxine hydrochloride at the appropriate
concentration. After 24 h, all cells were collected and then
incubated with PI-FITC antibody for 15 min. Detection was
performed using a flow cytometer (BD FACSCelestaTM).

2.5 Construction and treatment of mouse
model of CT26 colon cancer

CT26 colon cancer cells (2 × 105/100 ul/mouse) were injected
subcutaneously into the right abdomen of the subject mice. In
rechallenge experiments, tumor-free mice surviving for 80 days were

inoculated with CT26 cells (2 × 105) in the left abdomen and 4T1 breast
cancer cells (2 × 105) in the right abdomen. “Survival” represents the time
it takes for the tumor to progress to 2,000 mm3, which is the humane
endpoint for triggering euthanasia. The tumor size was monitored every
3 days, and was calculated as: tumor size = (length × width2)/2.

Treatment was started when tumor volume reached 100 mm3.
Ansofaxine hydrochloride was administered by gavage for 5 or
12 days at 300 μg in 0.1 mL of water. Tumors and spleens were
taken from mice the day after the last treatment and studied. In
combination treatment, ansofaxine hydrochloride (300 ug/100 ul)
was administered by gavage, anti-TNFR2 (200 ug/200 ul) was
injected intraperitoneally at days 2 and 7, HMGN1 (0.5 ug/50 ul)
and 3M-052 (20 ug/50 ul) was injected intratumoral at days 1, 5 and 9.

2.6 Flow cytometry analysis

To analyze the proportions of CD8+T and exhausted
CD8+T cells, cells were stained with BV510-CD45, BV605-CD3,
BV421-CD8, PerCPcy5.5-CD279 and PE-CD223 antibodies. To
analyze the proportions of CD4+T, Tregs and NK cells, cells were
stained with BV510-CD45, BV605-CD3, FITC-CD4, BV421-CD49b
and PE-Foxp3 antibodies. To analyze the proportions of M1, cells
were stained with BV510-CD45, FITC-CD11b, PE-F4/80, and
BV650-CD86 antibodies. All cells were assayed with flow
cytometry and data analyzed with Flowjo 10 software.

FIGURE 2
(A) CT26 and HCT116 were treated with amitifadine hydrochloride (0–120 μM) for 24 h. (B) The proportion of apoptosis cells was analyzed. (C)
CT26 and HCT116 were treated with ansofaxine hydrochloride (0–50 μM) for 24 h. (D) The proportion of apoptosis cells was analyzed.
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2.7 Detection of neurotransmitters (5-HT,
DA and NA/NE)

Cells (2 × 105 cells/well) are inoculated into 6-well plates. After
24 h of incubation, the cells were treated with 40 uM ansofaxine
hydrochloride or solvent control. After 48 h, the cell supernatant
was collected and then assayed by using ELISA. Mice were executed
after ansofaxine hydrochloride treatment for 5 days, peripheral
blood was collected, centrifuged at 3,000 rpm for 5 min, and the
neurotransmitter levels of serum were measured by ELISA.

2.8 Statistical analysis

Two-tailed Student’s t-test, one-way ANOVA and Log-rank test
were used to compare statistical differences between groups.
p-value < 0.05 was statistically significant.

3 Results

3.1 Comparison of fluoxetine, ansofaxine
hydrochloride and amitifadine
hydrochloride for inhibitory effect in various
colon cancer cell lines

Here, we chose fluoxetine and two TRIs, ansofaxine hydrochloride
and amitifadine hydrochloride, as subjects of study. The inhibitory
effect of fluoxetine, ansofaxine hydrochloride and amitifadine
hydrochloride on different types of colon cancer cells were assayed
by CCK8. For human colon cancer cell lines (HCT116, SW620), the
dates suggested that ansofaxine hydrochloride and amitifadine
hydrochloride inhibited the cell proliferation in a dose-dependent
manner such as fluoxetine (Figures 1B, D, F, H, K, M). We then
compared the inhibitory effects of the drugs onmouse colon cancer cell
lines (CT26, MCA38). The data showed that all drugs inhibited the

FIGURE 3
(A) Schematic diagram of the experimental program. When tumor volume reached 100 mm3 (day 7), mice were then treated with water or
ansofaxine hydrochloride for 9 days (300 ug/100 ul/mouse). (B) Mouse survival curves. (C) Average growth curves of the tumors (n = 8). (D) Growth
curves of tumor in each individual mouse (n= 8). (E) Tumor volume inmice on days 19 and 22. (F–H)Weights ofmice. (I)Concentrations of 5-HT, DA, and
NA/NE in the supernatant of CT26 colon cancer cells treatedwith or without ansofaxine hydrochloride for 48 h. (J)Concentrations of 5-HT, DA, and
NA/NE in the serum of mice with and without ansofaxine hydrochloride treatment for 5 days ns p > 0.05, *p < 0.05, **p < 0.01.
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growth of CT26 and MCA38 (Figures 1A, C, E, G, J, L). Therefore, we
thought that two TRIs have the antitumor activity in vitro such as
fluoxetine.

3.2 TRIs induced apoptosis of multiple colon
cancer cell lines

To investigate the mechanism by which TRIs inhibit tumor cells,
we focused on the cell apoptosis. The proportion of apoptotic cells
assessed by flow cytometry. Firstly, we found that ansofaxine
hydrochloride and amitifadine hydrochloride could induce
apoptosis of CT26 and HCT116 cells in a dose-dependent way
(Figures 2A, C), with a significant increase in the proportion of
apoptotic cells (Figures 2B, D). In addition, the apoptosis of
MCA38 and SW620 cell lines was also induced by ansofaxine
hydrochloride and amitifadine hydrochloride in a dose-
dependent manner (Supplementary Figure S1). On account of the
inhibitory effect of ansofaxine hydrochloride on colon cancer cells
was stronger than that of amitifadine hydrochloride, we chose
ansofaxine hydrochloride for further study.

3.3 Ansofaxine hydrochloride inhibited tumor
growth

Here, we focused on the effects of ansofaxine hydrochloride on the
body’s immune system, so we choose mouse CT26 colon cancer cells
which are more sensitive to it, are selected for further study. Here, we
successfully established CT26 colon cancer mouse model (Figure 3A).
Treatment was started when the tumor volume reached 100 mm3.
Ansofaxine hydrochloride was administered by gavage. Survival
analysis showed that ansofaxine hydrochloride improved survival
in the CT26 model (Figure 3B). The tumor volume of control
group was significantly larger than that of ansofaxine
hydrochloride group (Figures 3C–E), there was no change in
mouse weight (Figures 3F–H). These results suggest that
ansofaxine hydrochloride has anticancer ability in vivo.

Next, we investigated the effects of ansofaxine hydrochloride on
neurotransmitter secretion. First, we investigated whether
CT26 cells secrete neurotransmitters in vitro. The results showed
that CT26 cells did not secrete dopamine (Below the lower detection
line), secreted small amounts of 5-hydroxytryptamine (5-HT) and

FIGURE 4
Effects of ansofaxine hydrochloride on CD8+ T and exhausted CD8+ T in Vivo. (A, B) The percentages of CD8+ in CD3+T cells in spleen on days 5 and
12 after ansofaxine hydrochloride administration (n = 4). (C, D) The percentages of CD8+ in CD3+T cells in tumor on days 5 (n = 3) and 12 (n = 4) after
ansofaxine hydrochloride administration. (E, F) The percentages of CD223+CD279+ in CD8+T cells in spleen on days 5 and 12 after ansofaxine
hydrochloride administration (n = 4). (G, H) The percentages of CD223+CD279+ in CD8+T cells in tumor on days 5 (n = 3) and 12 (n = 5) after
ansofaxine hydrochloride administration. Data were expressed as mean ± SD. ns p > 0.05, *p < 0.05.
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norepinephrine (NA/NE), which were not affected by treatment
with ansofaxine hydrochloride in vitro (Figure 3I). We then
investigated the effects of ansofaxine hydrochloride on
neurotransmitters in vivo. After 5 days of ansofaxine
hydrochloride treatment, DA was significantly elevated, 5-HT
decreased but did not reach a statistical difference, and there was
no significant difference in NA/NE in the serum of the mice.

3.4 Ansofaxine hydrochloride enhanced the levels
of CD8+ T cells, inhibited their dysfunction in vivo

Next, we explored the influence of ansofaxine hydrochloride
therapy on the activity and phenotype of T cells. Mice bearing
tumors were executed on days 5 and 12 post treatment initiation,
and spleens and tumors were extracted for flow cytometry analysis. The
results showed a significant increase in the number of CD8+ T cells in
spleens on days 5 and 12 after ansofaxine hydrochloride administration
(Figures 4A, B), while intra-tumoral CD8+ T cells no significant change
on days 5 after treatment, and significant increased on days 12 after
treatment (Figures 4C, D). In addition, the exhausted [programmed
death receptor 1 (PD-1)/CD279 and lymphocyte activation gene 3

(LAG3)/CD223] markers showed reduced rates in tumors and spleens
in the ansofaxine hydrochloride treatment group (Figures 4E–H).

3.5 Ansofaxine hydrochloride enhanced the levels
of M1 and NK cells in vivo

Moreover, there was no change in CD11blow F4/80+

macrophages in spleen (Figure 5A), but there was a significant
increase in M1 (CD11blow F4/80+ CD86+) (Figure 5B) in spleen on
days 5 after ansofaxine hydrochloride treatment. There was
significant increase in CD11bhigh F4/80+ macrophages (Figure 5C)
and M1 (CD11bhigh F4/80+ CD86+) (Figure 5D) in tumor. We also
found that the percentages of NK (CD49b+ CD3−) cells in spleen and
tumor significant increased on days 5 after ansofaxine hydrochloride
treatment (Figures 5E–F).

3.6 Combination therapy with ansofaxine
hydrochloride and anti-TNFR2 potently inhibits the
growth of CT26 tumors

To investigate the effect of ansofaxine hydrochloride on the
efficiency of anti-TNFR2 treatment of colon cancer in mice, we

FIGURE 5
Effects of ansofaxine hydrochloride onM1 and NK cells in Vivo. (A) The percentages of CD11blow F4/80+ M cells in CD45+ cells in the spleens on days
5 after ansofaxine hydrochloride administration (n = 5). (B) The percentages and MFI of CD86+ in M cells in the spleens on days 5 after ansofaxine
hydrochloride administration (n = 5). (C) The percentages of CD11bhigh F4/80+ M cells in CD45+ cells in the tumor tissues on days 5 after ansofaxine
hydrochloride administration (n = 4). (D) The percentages and MFI of CD86+ M1 cells in M cells in the tumor tissues on days 5 after ansofaxine
hydrochloride administration (n = 4). (E) The percentages of CD49b+ CD3− NK cells in CD45+ cells in spleens on days 5 after ansofaxine hydrochloride
administration (n = 3). (F) The percentages of CD49b+ CD3− NK cells in CD45+ cells in tumor on days 5 after ansofaxine hydrochloride administration (n =
3). Data were presented as mean ± SD. ns p > 0.05, *p < 0.05, **p < 0.01.
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treated tumor-bearing mice with anti-TNFR2 and ansofaxine
hydrochloride (Figure 6A). Anti-TNFR2 were administered by
intraperitoneal injection. The combination of ansofaxine
hydrochloride and anti-TNFR2 (As-T) effectively inhibited the
growth of colon tumors (Figures 6B, C), 20% of mice were tumor-
free and survived for 80 days, which is the end of the experiment
(Figure 6D). Although the tumor growth curve of As-T therapy was
not significantly different compared with anti-TNFR2 alone, the
median survival of tumor-bearing mice was longer after As-T
therapy (41.5 days) compared with anti-TNFR2 (37 days) or
ansofaxine hydrochloride (32.5 days) monotherapy (Figure 6E).

3.7 Combination therapy with ansofaxine
hydrochloride and anti-TNFR2 increases the
proportion of CD8+ and CD4+ T cells in spleen, and
reduces the proportion of intra-tumoral Tregs and
exhausted CD8+ T cells

To investigate the effects of As-T therapy on mice’s systemic
immunity and tumor immune microenvironment, we studied the
distribution of immune cells in mouse spleens, draining lymph
nodes (DLN), and tumors by flow cytometry. The proportion of
CD8+T and CD4+T cells in spleen were significantly increased by
treatment with As-T combination therapy, as compared with
Anti-TNFR2 alone (Figures 7A, C). However, there was no
significant change in DLN. The proportion of tumor-
infiltrating CD8 T cells was no significantly change, and
tumor-infiltrating CD4+T cells was significantly decrease by
treatment with As-T combination therapy (Figures 7A, C).
Furthermore, As-T combination therapy also significantly
reduced the amount of CD223+ and CD279+ on intra-tumor
CD8+T cells (Figure 7B), and CD4+FOXP3+ Treg cells
(Figure 7D). Thus, our data suggest that As-T combination
therapy enhanced mice’s systemic immunity, and reduced the
ratio of intra-tumor exhausted CD8+T cells and Treg cells, thereby
enhanced anti-tumor immune responses.

3.8 Combination therapy with ansofaxine
hydrochloride, HMGN1 and 3M-052 potently
inhibits the growth of CT26 tumors

In addition, we also evaluated the efficacy of ansofaxine
hydrochloride combination with immunotherapy targeting
dendritic cells. Our previous studies have shown that
HMGN1 [toll-like receptor (TLR) 4 agonist] and 3M-052 (TLR7/
8 agonist) can work synergistically to stimulate dendritic cell
activation (Zhu et al., 2023). HMGN1 and 3M-052 by
intratumoral injection (Figure 6A). The combination of
ansofaxine hydrochloride and HMGN1 and 3M-052 (As-NM)
effectively inhibited the growth of colon tumors (Figures 8B, C),
and onemouse was tumor-free and survived for 80 days (Figure 8D).
Survival of As-NM treatment was significantly longer than that of
control (Figure 8E).

3.9 Re-challenge experiment in tumor-free mice
To determine whether the tumor-free mice produced long-term

tumor-specific systemic immunity, CT26 cells were reinoculated
subcutaneously into the left abdomen of tumor-free mice, and
4T1 breast cancer cells were inoculated into their right abdomen.
Following the same method, CT26 cells were injected
subcutaneously into naïve mice as control. And unsurprisingly,
on day 28 after inoculation, all naïve mice developed
CT26 tumors, all tumor-free mice developed 4T1 tumors, but
none of these mice developed CT26 tumors (Figure 9B). These
data show that the tumor-free mice after treatment produced long-
term development of tumor antigen-specific immunity.

4 Discussion

In this study, we confirmed that ansofaxine hydrochloride had
antitumor effects, possibly by enhancing anti-tumor immune
response. Ansofaxine hydrochloride enhanced the effect of

FIGURE 6
Combination therapy with ansofaxine hydrochloride and anti-TNFR2 potently inhibits the growth of CT26 tumors. (A) Schematic diagram of the
experimental program. When tumor volume reached 100 mm3 (day 7), mice were then treated with water or ansofaxine hydrochloride (8–16, 300 ug/
100 ul/mouse), PBS or anti-TNFR2 (9,14, 200 ug/200 ul/mouse). (B) Representative images of mouse on day 19. (C) Average growth curves of the tumors
(n = 10). (D) Mouse survival curves (n = 10). (E) Median survival. ns p > 0.05, ***p < 0.001.
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FIGURE 7
Effects of ansofaxine hydrochloride in combinationwith anti-TNFR2 on CD8+ and CD4+ T cells. (A) The percentages andMFI of CD8+ T cells in CD3+

cells in spleen, DLN and tumor (n = 3). (B) The percentages and MFI of CD223+ CD279+ cells in CD8+ T cells in tumor (n = 3). (C) The percentages andMFI
of CD3+CD4+ in CD45+ cells in spleen, DLN and tumor (n= 3). (D) The percentages andMFI of Tregs in CD3+ cells in tumor (n= 3). Data were presented as
mean ± SD. ns p > 0.05, *p < 0.05, **p < 0.01.
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immunotherapy with Anti-TNFR2 against CT26 tumors, which was
attributable to the reduction in Treg quantity and the recovery of
intra-tumor CD8+T cells function.

CD8+T cells are key effector cells of anti-tumor immunity,
however, immunosuppressive and stromal cells in the tumor
microenvironment (TME) may regulate intercellular signaling,
and the expression levels of cytokines and receptors, ultimately
leading to the development of their “exhausted” state (Dolina et al.,
2021). Exhausted CD8+T cells are lowly responsive to tumor cells
and may lead to poor response to ICB therapy, characterized by
impaired proliferation and viability, and co-expression of various
inhibitory receptors (Wherry and Kurachi, 2015). In general, the
greater the number of inhibitory receptors, including lymphocyte
activation gene 3 (Lag-3), T-cell immunoglobulin domain and
mucin domain protein 3 (Tim-3), CD244, CD160, T-cell
immunoreceptor with immunoglobulin and ITIM domains
(TIGIT), and cytotoxic T-lymphocyte-associated protein 4
(CTLA-4), co-expressed by exhausted CD8+T cells, the more
severe the exhaustion. These co-expression patterns are

mechanically correlated, and blocking multiple inhibitory
receptors simultaneously synergistically inhibits CD8+T-cell
exhaustion. Some researchers have suggested that peripheral cells
may be active reservoirs of exhausted CD8+T cells functional
precursors prior to physical tumor invasion and chronic
exposure to tumor-derived antigens (Dolina et al., 2021).
Comparing the tumor with normal neighboring tissue and
peripheral blood by scTCR-Seq, it was found that the ICB
appeared to primarily mobilize effector CD8+T cells from the
periphery into the tumor (Wu et al., 2020). In here, we
demonstrated that ansofaxine hydrochloride significantly
increased the number of peripheral CD8+T cells, and reducing
the percentages of intra-tumor exhausted CD8+T cells.
Interestingly, the number of CD8+ T cells in the tumor no
significantly change after 5 days of ansofaxine hydrochloride
treatment, which may be increased consumption of CD8+ T cells
due to the restoration of anti-tumor effects. Moreover, we also found
a significantly increased ratio of M1macrophages and NKs in spleen
and tumor after ansofaxine hydrochloride treatment. In summary,

FIGURE 8
(A) Schematic diagram of the experimental program. When tumor volume reached 100 mm3 (day 7), mice were then treated with water or
ansofaxine hydrochloride (8–16, 300 ug/100 ul/mouse), PBS or HMGN1 (8,12,16, 0.5 ug/50 ul/mouse) and 3M-052 (8,12,16, 20 ug/50 ul/mouse). (B)
Representative images of mouse on day 19. (C) Average growth curves of the tumors (n = 4). (D) Mouse survival curves (n = 4). (E) Median survival.
**p < 0.01.

FIGURE 9
(A) Representative images of tumor-free mice rechallenged. (B, C) Growth curves of the tumors of tumor-free (T-free) and naïve mice (n = 4).
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we concluded that ansofaxine hydrochloride remodeled the TME
and enhanced the anti-tumor immunity in mice. Studies have
reported that a variety of neurotransmitters, such as 5-HT, DA
and NA/NE, are involved in the regulation of the immune system
(Arreola et al., 2015; Arreola et al., 2016; Eduardo et al., 2019).
Dopamine expression was positively correlated with CD8+ T-cell
infiltration and survival in CRC patients. Dopamine treatment
promoted the antitumor activity of CD8+ T cells by the
dopamine-DRD5 signaling pathway, and inhibited CRC growth
in mice (Chen et al., 2022). 5-HT in peripheral blood impairs the
function of effector CD8 T cells in tumors, and 5-HT depletion
reduces the growth of pancreatic and colorectal tumors and
increases intratumoral infiltration of CD8 T cells in wild-type
mice (Schneider et al., 2021). In our study, DA was significantly
elevated and 5-HT was decreased in peripheral blood of mice after
ansofaxine hydrochloride treatment, which may explain the
enhancement of antitumor immunity.

Tregs are a subset of CD4+T cells with significant
immunosuppressive effects, characterized by expression of
FOXP3(37). A growing body of research suggests that Tregs are
key mediators of the tumor immunosuppressive microenvironment
(Takeuchi and Nishikawa, 2016). Tregs secrete immunosuppressive
cytokines, inhibit the synthesis and secretion of inflammatory factors,
downregulate the expression of major histocompatibility complex
class II (MHC II) molecules, and inhibit the expression of co-
stimulatory molecules (CD80, CD86) on antigen presenting cells
(APC), and finally inhibit T-cell response (Zhang et al., 2021).
Removal or inactivation of Tregs in TME is considered as a cancer
immunotherapy strategy to activate tumor immunity (Govindaraj
et al., 2013; Whiteside, 2018). The most inhibitory Tregs express
excess TNFR2, which plays a critical role in the activation and
expansion of Tregs, on their surfaces in human cancers
(Govindaraj et al., 2013; Govindaraj et al., 2014; Liao et al., 2023).
Recent studies have demonstrated that anti-TNFR2, as a potential
cancer immunotherapy, produces powerful anti-tumor effects and
long-lasting protective memory in a variety of mouse tumor models,
and that the mechanism of enhancing anti-tumor immunity may be
through the disinhibition of Tregs and exhausted CD8+T cells (Torrey
et al., 2019; He et al., 2023; Liao et al., 2023). However, other studies
have reported that anti-TNFR2mediates potent co-stimulation of FC-
dependent T cells, leading to expansion and improved function of
CD8+ T cells, without causing significant depletion of Tregs (Tam
et al., 2019). In this study, we found that anti-TNFR2 significantly
reduced the abundance of Tregs, while the reduction in exhausted
CD8+T was not statistically different compared with control.

In clinical treatment, the combination of anti-cancer drugs has
become routine, and an important consideration is that one
treatment may regulate the efficacy of the other. Therefore, we
further investigated the animal experimental study of ansofaxine
hydrochlorid combined with anti-TNFR2 to confirm whether
ansofaxine hydrochlorid has a synergistic anti-tumor effect. Our
data showed that ansofaxine hydrochloride not only did not impair
the inhibition of Tregs by anti-TNFR2, but also enhanced the
reduction of intratumoral exhausted CD8+T. In addition, the
combination therapy As-T enhanced the number of peripheral
CD8+T and CD4+T cells, compared with anti-TNFR2 therapy
alone. This provides new theories and therapeutic amplification
for cancer treatment. In addition, we explored the effects of a

combination therapy of ansofaxine hydrochlorid and dendritic
cell-targeting immunotherapy (As-NM), which resulted in
complete tumor elimination in one in four mice, and produced
long-term development of tumor antigen-specific immunity.
Overall, our work suggests that combined ansofaxine
hydrochloride may be a promising approach to cancer treatment.

5 Conclusion

In summary, our data reveal the role of ansofaxine
hydrochloride in modulating the anti-tumor immunity. Our
results support that exhausted CD8+T is an important potential
mechanism by which ansofaxine hydrochloride activates anti-tumor
immunity and enhances anti-tumor effects of anti-TNFR2. In
addition, the study presented here suggests that strategic
combination with ansofaxine hydrochloride may enhance the
efficacy of tumor immunotherapy in colon cancer.
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Favorable response to PD-1
inhibitor plus chemotherapy as
first-line treatment for metastatic
gastric mixed neuroendocrine-
non-neuroendocrine tumor: a
case report

Lingnan Zheng1†, Lingqi Sun2† and Ji Ma1*
1Abdominal OncologyWard, Division of Medical Oncology, Cancer Center, West China Hospital, Sichuan
University, Chengdu, China, 2Department of Neurology, The Air Force Hospital of Western Theater
Command, Chengdu, Sichuan, China

Gastric mixed neuroendocrine-non-neuroendocrine tumor (MiNEN), a rare
malignancy, currently has no standard treatment. Here, we report a patient with
pathologically confirmed gastric MiNEN following radical surgery with rapid
postoperative distant tumor recurrence. Immunofluorescence results suggested
intensive lymphocyte infiltration in the tumor. The programmed death receptor
ligand 1 (PD-L1) immunohistochemistry 22C3 pharmDx assay showed tumor
proportion score was 5% and combined positive score was 10. After 6 cycles of
treatment with etoposide and cisplatin in combination with toripalimab, efficacy was
assessed as a complete response. Our report shows that for gastric MiNEN patients
with high expression of PD-L1, chemotherapy combined with immune checkpoint
inhibitors may achieve more significant efficacy.

KEYWORDS

gastric MiNEN, immunotherapy, immune checkpoint inhibitors, PD-L1, chemotherapy

Introduction

Mixed neuroendocrine-non-neuroendocrine tumor (MiNEN) is a rare malignancy and
has been found in a variety of organs. Gastric MiNEN accounts for less than 1% of all gastric
cancers and is characterized by aggressive tumor behavior, high invasiveness, extensive
lymph node dissemination and a poor prognosis (Ramos et al., 2021). However, due to the
rarity of the disease, there is currently no standard treatment. Here, we report for the first
time a gastric MiNEN patient with high expression of programmed death receptor ligand 1
(PD-L1) who rapidly developed disease recurrence and metastasis after radical surgery. The
patient received first-line treatment with chemotherapy combined with toripalimab, a
monoclonal antibody against human programmed death-1 (PD-1), and the lesions
completely disappeared after 6 cycles of treatment without any obvious side effects.

Case report

In March 2022, a 64-year-old man presented to our hospital with abdominal pain.
Gastroscopy revealed a neophyte in the cardia, followed by a biopsy indicating poorly
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differentiated adenocarcinoma. An abdominal computed
tomography (CT) scan showed uneven thickening of the cardia
(Figure 1A). The patient subsequently underwent a radical total
gastrectomy. Postoperative pathology suggested that the
macroscopic type was Borrmann III. The tumor invaded the
subserous connective tissue, without involving the visceral
peritoneum. The histological diagnosis was MiNEN (Figure 1F),
of which approximately 50% were large cell neuroendocrine
carcinomas, 45% were poorly differentiated adenocarcinomas,
and approximately 5% were squamous cell carcinomas.
Moreover, nineteen lymph nodes were examined, with one node
showing lymphatic metastasis and another node showing a
gastrointestinal stromal tumor (very low risk).
Immunohistochemical analysis revealed pMMR, and positive

markers including CDX2, CK20, CD56, synaptophysin (Syn) and
chromogranin A (CgA). The average Ki-67 labeling index was 80%.
The stage was pT3N1M0. Postoperative detection of human
peripheral blood circulating tumor cells (CTC) by multiple
mRNA fluorescence in situ hybridization indicated that a total of
20 circulating tumor cells were detected, including 11 epithelial
types, and 9 mixed types. We recommended postoperative adjuvant
therapy for the patient. However, the patient’s postoperative
condition was not good, so the time for postoperative adjuvant
therapy was delayed.

Approximately 2 months after surgery, a CT scan revealed liver
metastasis (Figure 1B&C) with portal vein thrombosis (Figure 1D).
Subsequently, the PD-L1 immunohistochemistry (IHC) 22C3 pharmDx
assay and immunofluorescence (IF) were used to characterize the tumor

FIGURE 1
Imaging examination before and after treatment. (A) Preoperative CT images of cardiac lesions and postoperative anastomosis. (B) Preoperative and
postoperative CT images of the left liver lobe (C) right liver lobe and (D) portal vein. (E) Positron emission tomography/computed tomography scan after
six cycles of treatment. Preoperative examination (2022/3/25), postoperative examination (2022/6/7), after 3 cycles of treatment (2022/9/11), after
6 cycles of treatment (2022/12/13), last follow-up (2023/3/3). Immunohistochemical staining of gastric MiNEN. (F) Hematoxylin and eosin staining.
(G) Immunohistochemistry of PD-L1. Multiple immunofluorescences of gastric MiNEN. Analysis of the tumor microenvironment including PD-1, PD-L1,
T cells, tumor-associated macrophages, and natural killer cells was performed. The merging of fluorescence signals is shown. (H) Representative
immunofluorescence staining for PD-1 (green), PD-L1 (yellow), CD8 (pink), CD68 (cyan) and CD163 (red). (I) Representative immunofluorescence
staining for CD3 (pink), CD4 (red), CD20 (green), CD56 (cyan) and FoxP3 (yellow). (J) Changes in circulating tumor cells before and after treatment.
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microenvironment (TME). The results of the PD-L1 IHC 22C3 assay
showed that the tumor proportion score (TPS) was 5% and the
combined positive score (CPS) was 10 (Figure 1G). However, the IF
PD-L1 (E1L3N) assay showed TPS <1% and CPS <1. In addition, the
composition of immune cells in the TMEwas determined by IF analysis,
and the results (Figure 1H&I) showed CD3+, CD4+, and CD8+ T cell
infiltration in the tumor parenchyma and stroma (5.09% vs 14.94%,
0.35% vs 0.52%, 0.66% vs 0.30%, respectively). Moreover, the antitumor
M1-like tumor-associated macrophages (TAMs) were more dominant
than the pro-tumorM2-like phenotype in the tumor parenchyma (0.8%
vs 0.06%), reflecting a favorable anti-tumor immune response. In
addition, we analyzed the genetic characteristics by whole exon
sequencing (WES). A total of 8 tumor driver genes were detected
(Table 1), the tumor mutational burden (TMB) was 1.09363, and the
frequency of microsatellite instability (MSI) occurrence in somatic cells
(total number of MSI sites present in somatic variation/total number of
MSI sites present in the sample) was 3.09%.

Subsequently, the patient received etoposide (150mg, ivgtt, d1-3,
q3w) and cisplatin (50mg, ivgtt, d1-3, q3w) combined with
toripalimab (240mg, ivgtt, d1, q3w) treatment. According to the
Response Evaluation Criteria in Solid Tumors version 1.1, efficacy
was assessed as partial remission after three cycles of treatment.
After six cycles, both CT and positron emission tomography/
computed tomography (PET/CT) scans showed complete
regression of tumor lesions (Figure 1E). In addition, the number
of CTCs was significantly reduced compared with the pre-treatment
level (Figure 1J). Subsequently, the patient was treated with a
maintenance regimen of S1 combined with toripalimab in
December 2022. The patient underwent a CT scan in March
2023, and no signs of a tumor were found. Additionally, no
significant immune-related side effects (irAEs) were observed
during treatment.

Discussion

Gastrointestinal tumors with both exocrine and neuroendocrine
components were first described by Cordier in 1924 (Jiang et al., 2023)
and officially renamed MiNEN in the 2019 WHO classification system
(Jiang et al., 2023). MiNEN consists of non-neuroendocrine
components and neuroendocrine components, one of which must
comprise at least 30% of the tumor. At present, the diagnosis of

MiNEN is mainly based on immunohistochemical techniques and
morphological characteristics. However, the differential diagnosis is
difficult when both components are poorly differentiated, so the
diagnosis of MiNEN remains challenging (Zhang et al., 2021). Due
to its rarity, there is currently no standard treatment. Surgery remains
by far the most important treatment option, and studies have shown
that even patients with advanced disease may benefit from palliative
primary tumor resection (Li et al., 2022). However, the recurrence rate
after radical surgery is as high as 45.7% (Lin et al., 2021). In addition,
stage T3-4 and lymph node metastasis are independent risk factors for
distant recurrence, and the liver is the most common site for distant
recurrence. For patients with advanced tumors that progress rapidly,
chemotherapy is the preferred treatment.

In this work, the patient was diagnosed with poorly differentiated
adenocarcinoma by preoperative biopsy, while the postoperative
pathological diagnosis was MiNEN, suggesting that it is difficult to
diagnose MiNEN by biopsy alone, and that it is recommended to
evaluate pathological specimens after surgical removal of the entire
tumor. Moreover, the TME characteristics of tumor-infiltrating
lymphocytes (TILs) and PD-L1 positive expression suggest that this
patient may benefit from immune checkpoint inhibitors (ICIs). The
patient subsequently received treatment with chemotherapy in
combination with toripalimab. Efficacy was assessed as CR after
6 cycles of treatment. To date, patients have a progression-free
survival time of more than 10 months.

Notably, in this case, both IHC and IF were used to detect the
expression of PD-L1, but the results were contradictory. In addition
to considering the consistency of PD-L1 antibody clones, the
discordant results may also be related to observer variability and
tumor expression heterogeneity. The discordance between PD-L1
test results has been reported in previous studies, and such
discrepancies may cause patients to miss opportunities to receive
appropriate anti-PD-1/PD-L1 therapy (Yeong et al., 2020).
Therefore, the analysis of multiple indicators is conducive to the
more accurate identification of patients who may benefit from
immunotherapy. In addition, the results of IF indicated intensive
TILs in the tumor. As is well known, the main function of ICIs is to
relieve immune suppression and normalize the function of immune
cells, and the therapeutic effect is better for tumors with more
infiltrated immune cells. Therefore, it is of great significance to
analyze the composition of immune cells in tumors for screening
potential beneficiaries of ICIs.

TABLE 1 Somatic mutation (driver mutation) identified in this patient.

Gene Chr Position Ref Alt Variant classification Gene_Description

TP53 Chr17 7,577,018 C A Splice_Site_mutation Tumor protein p53

SETX Chr9 135,156,882 T A Missense_mutation Senataxin

RB1 Chr13 48,951,052 A T Splice_Site_mutation Retinoblastoma 1

CFH Chr1 196,645,183 C T Missense_mutation Complement factor H

ZNF638 Chr2 71,582,901 T C Missense_mutation Zinc finger protein 638

LRP1B Chr2 141,114,006 CA C Frameshift_deletion Low-density lipoprotein receptor-related protein 1B

SETX Chr9 135,156,881 C CA Frameshift_insertion Senataxin

LRP1B Chr2 141,114,004 C CT Frameshift_insertion Low-density lipoprotein receptor-related protein 1B

Chr: Chromosome, Ref: Reference base, Alt: Alternate base.
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WES is a technique that is widely used clinically. With this
technology, we can identify MSI, TMB and some gene mutations,
which can help select patients suitable for ICIs. However, the results of
WES in this patient did not provide definitive evidence for
immunotherapy. In the future, in addition to optimizing sequencing
technology, we will need more research to find valuable genes or
mutations to guide clinical treatment.

In conclusion, this study is the first to report a patient with PD-
L1 high expression gastric MiNEN, and the characteristics of the
TME were consistent with adaptive immune resistance. The patient
responded favorably to chemotherapy combined with toripalimab,
achieving complete regression of the tumor lesion after six cycles of
treatment, and no irAEs occurred during treatment. Therefore, this
treatment strategy should be considered when treating these rare
gastric MiNEN patients with high PD-L1 expression.
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Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase that exhibits high
expression in various tumors and is associated with a poor prognosis. FAK
activation promotes tumor growth, invasion, metastasis, and angiogenesis via
both kinase-dependent and kinase-independent pathways. Moreover, FAK is
crucial for sustaining the tumor microenvironment. The inhibition of FAK
impedes tumorigenesis, metastasis, and drug resistance in cancer. Therefore,
developing targeted inhibitors against FAK presents a promising therapeutic
strategy. To date, numerous FAK inhibitors, including IN10018, defactinib,
GSK2256098, conteltinib, and APG-2449, have been developed, which have
demonstrated positive anti-tumor effects in preclinical studies and are
undergoing clinical trials for several types of tumors. Moreover, many novel
FAK inhibitors are currently in preclinical studies to advance targeted therapy for
tumors with aberrantly activated FAK. The benefits of FAK degraders, especially in
terms of their scaffold function, are increasingly evident, holding promising
potential for future clinical exploration and breakthroughs. This review aims to
clarify FAK’s role in cancer, offering a comprehensive overview of the current
status and future prospects of FAK-targeted therapy and combination
approaches. The goal is to provide valuable insights for advancing anti-cancer
treatment strategies.

KEYWORDS

focal adhesion kinase, signal pathway, drug resistance, immune microenvironment,
inhibitor, IN10018, defactinib

1 Introduction

Focal adhesion kinase (FAK), also known as PTK2, is a non-receptor tyrosine
kinase encoded by the PTK2 gene. It plays a critical role in signal transduction
mediated by both growth factor receptors and integrins (Kornberg et al., 1992). Upon
activation by various extracellular signals received through transmembrane receptors
on the cell surface, FAK aggregates in a focal adhesion manner in the cytoplasmic
membrane. Autophosphorylation at tyrosine residue 397 (Tyr397), leading to FAK’s
activation and initiation of downstream signaling cascades. This process involves a
conformational change exposing the phosphorylation site through lipid binding
(Acebron et al., 2020; Le Coq et al., 2022). The FAK protein consists of three distinct
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domains: an N-terminal 4.1 ezrin-radixin-moesin domain
(FERM), a central kinase domain, and a C-terminal focal
adhesion targeting (FAT) domain (Figure 1) (Lim et al., 2008).
Through its FERM domain, FAK acts as an intracellular scaffold
facilitating the interconnection of multiple oncogenic signaling
pathways via diverse protein-protein interactions. FAK positively
regulates tumor progression by promoting cell proliferation,
survival, intracellular signaling, and angiogenesis. It also contributes
to maintaining the stability of the tumor microenvironment
(TME) (Sulzmaier et al., 2014; Dawson et al., 2021). At the
adhesion sites of cells with the extracellular matrix (ECM), FAK
enhances cellular dynamics, migration, and invasion capabilities by
participating in the formation of molecular complexes within the actin
and adhesion regulation network (Sulzmaier et al., 2014; Schoenherr
et al., 2017; Tapial et al., 2020).

FAK stands out as a key player in cancer pathogenesis, being
abnormally activated across various cancer types. Its expression
level not only is inversely linked to patient survival but also
positions FAK as a pivotal target for thwarting tumor
progression and curbing recurrence (Zeng et al., 2016; Kanteti
et al., 2018; Aboubakar et al., 2019a; Aboubakar et al., 2019b; Qiao
et al., 2020; Wei et al., 2021; Roy-Luzarraga et al., 2022). Rigorous
meta-analyses underscore the significance of heightened FAK
expression in predicting unfavorable overall survival (OS)

outcomes in a spectrum of solid tumors. These include gastric
cancer, ovarian cancer, endometrial cancer, glioma, breast cancer,
and squamous cell carcinoma (Zeng et al., 2016; Qiao et al., 2020).
Compared to non-small cell lung cancer (NSCLC), small-cell lung
cancer exhibits a higher degree of malignancy and is more prone to
early-stage metastasis. It is worth noting that the expression of
FAK in small-cell lung cancer is significantly elevated compared to
other types of lung cancer, which implying its potential association
with the degree of malignancy as well as invasion and metastatic
capabilities (Aboubakar et al., 2019b).

As a paralogous homolog of FAK, proline-rich tyrosine kinase
2 (PYK2) displays a similar multi-domain organization and
protein binding sites to FAK, forming a subfamily of adhesion
kinases together with FAK that is crucial in regulating signaling
networks involved in tumor growth and metastasis (Sulzmaier
et al., 2014; Naser et al., 2018). Unlike FAK, PYK2 does not localize
to focal adhesions, relying instead on intracellular calcium
mobilization for activation (Avraham et al., 2000). Moreover,
inhibiting FAK can induce an increase in the expression or
phosphorylation of PYK2 in cancer cells (Fan and Guan, 2011).
The concurrent targeting of both FAK and PYK2 is believed to
confer a more advantageous anti-cancer effect. FAK kinase
inhibitors are typically classified as either FAK specific
inhibitors or dual FAK/PYK2 inhibitors (Berger et al., 2021).

FIGURE 1
FAK domain structure. FAK consists of a central kinase domain flanked by a FERM homology domain on the N-terminal side and a C-terminal FAT
domain. Both the terminal domains are separated from the kinase domain by a linker region containing proline-rich regions (PRR). Important tyrosine (Y)
phosphorylation (P) sites are indicated; Y397, K454, andH58 play crucial roles in FAK activation. FAK binding partners are displayed at their interaction sites
within FAK. The color signifies the function of FAK interacting proteins, which facilitate diverse activities of cancer cells by interacting with FAK
(Sulzmaier et al., 2014).
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However, there is currently no clinical evidence demonstrating
specific differences in therapeutic efficacy between the use of FAK
or dual FAK/PYK2 kinase inhibitors (Dawson et al., 2021).
Multikinase inhibitors containing FAK, such as Conteltinib and
APG-244, have exhibited significant efficacy in specific tumor
types and are currently undergoing clinical investigation (Xing
et al., 2022; Zhao et al., 2022). Despite the promising anti-tumor
activity demonstrated in preclinical studies, the clinical efficacy of
FAK inhibitors as a monotherapy for anticancer treatment remains
limited. This limitation stems from the dual role of FAK, acting
both as a kinase and a protein scaffold, which mediates drug
resistance through crosstalk with specific signaling pathways in the
network (Gerber et al., 2020). As adjuvant therapy, the
combination of FAK inhibitors with conventional chemotherapy
agents as shown enhanced anti-tumor potential (Dawson et al.,
2021). Consequently, the exploration of combining FAK inhibitors
with chemotherapy, radiotherapy or immunotherapy has become
as a focal point of research in recent years.

This review critically delves into the role of FAK in regulating
tumor cell signal transduction, diverse cellular activities, the
immune microenvironment, and drug resistance. Additionally, it
explores the current research progress on FAK inhibitors in
anticancer therapy, aiming to provide new insights for the future
development and application of FAK inhibitors in the field.

2 Role of FAK in different
signaling pathways

2.1 PI3K/AKT signaling pathway

FAK plays a pivotal role in regulating the survival and
development of tumor cells through mediating multiple signaling
pathways (Figure 2). One key regulatory pathway for FAK is the
PI3K/AKT signaling pathway, which mediates various cellular
functions, such as proliferation, survival, migration, invasion, and
metastasis (Fresno et al., 2004). When activated, FAK forms
complexes with PI3K, boosting PI3K activation and generating
more PIP3, initiating downstream pathway signaling. In uveal
melanoma (UM), characterized by activating mutations in
GNAQ/GNA11, encoding the Gαq protein, FAK has been
identified as a central mediator of Gαq-driven signaling (Feng
et al., 2019; Paradis et al., 2021). Additionally, a whole-genome
CRISPR screen has revealed that activation of the PI3K/AKT
pathway is not only essential for the survival of human UM cells
but also contributes to drug resistance. Specifically, Gαq can
upregulate FAK expression and subsequently activate PI3K by
binding to its p85 regulatory subunit and inducing tyrosine
phosphorylation, thereby initiating downstream signaling
cascades associated with cancer promotion (Arang et al., 2023).

FIGURE 2
The regulatory mechanism of FAK in tumorigenesis, metastasis and angiogenesis. FAK promotes oncogenesis by activating transcription factors via
the p53, YAP, RAS/RAF/MEK/ERK, PI3K/AKT, and downstream pathways including mTOR, β-catenin, or JNK.
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Targeting FAK effectively blocks this process. As a crucial upstream
regulator of the PI3K/AKT pathway, FAK activates PI3K/AKT and
its related downstream effectors, including mTOR, β-catenin and
p53, promoting cancer progression (Claesson-Welsh and Welsh,
2013; Sulzmaier et al., 2014; Guo et al., 2020). The PI3K/AKT/
mTORC1 pathway is a widely targeted therapeutic pathway for
various cancer types (Popova and Jucker, 2021; Tewari et al., 2022).
Despite the promising clinical activity of mTORC1 inhibitors, their
effectiveness in treating breast cancer is limited, with certain patients
developing rapid drug resistance. Inhibiting FAK has been shown to
enhance the sensitivity of rapamycin resistant tumors to
mTORC1 inhibition, revealing an inherent reliance of mTORC1-
resistant tumors on FAK (Cuellar-Vite et al., 2022). Combining FAK
inhibitors with mTORC1 inhibitors to improve efficacy against
drug-resistant cancers appears feasible (Shi et al., 2016; Liao
et al., 2022; Qiao et al., 2022; Wang Z et al., 2022; Yang F et al.,
2022), although further validation through clinical studies is
necessary. In addition, activation of the PI3K/AKT/β-catenin
pathway by FAK is crucial for promoting β-catenin nuclear
translocation, influencing the transcriptional regulation of tumor
cell genesis (Xing et al., 2021; Lee et al., 2023).

2.2 P53 signaling pathway

P53, a prominent tumor suppressor gene, plays a crucial role in
regulating tumor growth and maintaining the anti-cancer effect
properties associated with cell cycle regulation (Hu et al., 2021). The
relationship between FAK and p53 is intricate. Studies have
demonstrated that p53 directly binds to the PTK2 promoter,
inhibiting the transcription of PTK2 (Golubovskaya and Cance,
2010). Various drugs achieve FAK targeting effect by modulating
this interaction (Lin et al., 2019; Klungsaeng et al., 2020; Miao et al.,
2020; Shen et al., 2022). Furthermore, p53 can indirectly
downregulate FAK expression. Wild-type p53 transactivates the
transcription of immunoglobulin superfamily 9 (IGSF9), and the
resulting IGSF9 interacts with FAK, inhibiting FAK/AKT signal
transduction in breast cancer (Li H et al., 2022). Recent research has
unveiled that the extracellular domain (ECD) of IGSF9 binds to
T cells, inhibiting their proliferation and activation, thereby creating
a microenvironment conducive to tumor growth (Liu X et al.,
2023a). Consequently, upregulating IGSF9 expression to inhibit
FAK function may not be an ideal strategy. Additionally, the
impact of FAK as a scaffold protein on p53 can be critical.
Studies indicate that nuclear FAK promotes the ubiquitination of
p53 in a kinase-independent manner by enhancing MDM2 activity.
The inactivation of p53 by FAK requires the binding of FAK FERM
F1 leaf and p53 FERM F2 leaf, facilitating the nuclear localization of
FAK, while FERM F3 leaf connects with MDM2, mediating
proteasomal degradation (Lim et al., 2008; Steinberg et al., 2023).
Targeting specifically the FAK FERM domain of FAK using its
scaffold function may offer novel therapeutic avenues to counteract
this pro-cancer effect (Pomella et al., 2022). However, clinical and
preclinical studies have revealed that higher FAK copy number and
gene overexpression are associated with worse disease-free survival
in patients with mutant-type p53, but not in patients with wild-type
p53 (Lakshmanan et al., 2021; Yu et al., 2021; Pifer et al., 2023). This
could be attributed to the fact that mutated p53 loses its inhibitory

effect on FAK transcription, restoring the positive influence of FAK
on the biological behavior of tumor cells. Lakshmanan et al.
developed two genetically engineered lung cancer mouse models
KrasG12D/+; Trp53R172H/+; Ad-Cre (KPA) and KrasG12D/+; Ad-Cre
(KA), revealing the ST6GalNAc-1/MUC5AC axis as a mediator
of mutant p53’s regulation of FAK signal transduction. The
p53 R175H mutation leads to increased expression of
ST6GalNAc-I, promoting glycosylation of MUC5AC and
enhancing its interaction with integrin β4. This, in turn, increases
phosphorylation of FAK at Y397, ultimately promoting lung cancer
invasion and liver metastasis (Lakshmanan et al., 2021).

2.3 RAS/RAF/MEK/ERK signaling pathway

Abnormal activation or gene mutation of the RAS/RAF/MEK
signaling pathway is a crucial factor in sustaining tumor survival and
invasion (Imperial et al., 2019). In recent years, targeting RAS, RAF,
or MEK to disrupt pathway transduction has emerged as a
promising breakthrough in cancer treatment (Song et al., 2023).
Intriguingly, there is a close relationship between FAK expression
and the transduction of the RAS/RAF/MEK pathway. FAK
promotes the invasion and metastasis of tumor cells by
regulating the activation of the RAS/RAF/MEK/ERK signaling
pathway (Shao et al., 2022; Yoon et al., 2022). A study has
identified a significant correlation between ERK5 activity and
FAK expression, as well as Ser910 site phosphorylation in lung
cancer and malignant melanoma. ERK5 increases the expression of
the transcription factor USF1, which, in turn, upregulates the
expression of FAK and activates the FAK signal to promote cell
migration (Jiang W et al., 2020). Furthermore, TCGA cancer
survival data indicates that lower RNA expression of PTK2 is
associated with better survival outcomes in KRAS mutated
tumors (Zhang L et al., 2021). This suggests that FAK could
potentially serve as an effective biomarker for cancer
development induced by abnormal KRAS signaling. Inhibiting
the expression of KRAS G12C induces sustained activation of
FAK, subsequently restoring the vitality of KRAS G12C mutant
tumor cells, including a human CRC cell line (SW837), a human
Pancreatic cancer cell line (Mia PaCa-2), and 3 human NSCLC cell
lines (NCI-H23, NCI-H1792, and NCI-H2122), through the FAK/
YAP pathway (Zhang L et al., 2021). High-throughput
transcriptome sequencing of three cell lines from malignant
peripheral nerve sheath tumors resistant to MEK inhibitors,
revealed that the upregulation of FAK/SRC, leading to the
reactivation of the ERK signaling pathway, is a crucial factor in
cell resistance. Therefore, the compensatory activation of FAK-
related pathways, such as FAK/SRC and FAK/YAP, is a crucial
pathway contributing to the ineffectiveness of single targeted
therapies for RAS, RAF, or MEK in KRAS mutant tumors.
Combining FAK inhibition therapy can potentially restore the
sensitivity of drug-resistant cells to MEK or KRAS inhibitors,
improving their anti-tumor effect (Gu et al., 2022; Tarin et al.,
2023). Based on these preclinical research findings, a phase II clinical
trial (NCT04620330) is currently underway (Capelletto et al., 2022)
to investigate the true efficacy of the combination therapy of FAK
inhibitor defactinib and the RAF/MEK inhibitor VS-6766 for KRAS-
mutant NSCLC. FAK holds the potential to serve as a promising
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therapeutic target for future combination therapy in KRAS
mutant tumors.

2.4 YAP signaling pathway

The Yes-associated protein (YAP), a primary downstream
effector of the Hippo pathway, exhibits dynamic cellular
localization, influencing its role as a transcriptional activator.
While YAP in the cytoplasm undergoes ubiquitination and
degradation, nuclear YAP acts on TEA domain DNA-binding
proteins to induce gene transcription (Heng et al., 2021).
Phosphorylation intricacies govern YAP’s cytoplasmic-nuclear
translocation. Phosphorylation at S127 and S397 suppresses
nuclear localization, while Y357 phosphorylation enhances YAP
stability and facilitates nuclear translocation, with FAK playing a
crucial role in this phosphorylation process (Lachowski et al., 2018;
Fard et al., 2023). In cholangiocarcinoma, FAK and activated AKT
synergize to induce the YAP oncogene, promoting AKT/Jag1-driven
biliary tract cancer occurrence (Song et al., 2021). Interestingly, YAP
reciprocally activates FAK, contributing to tumor cell migration
(Goto et al., 2020). The YAP-TEAD axis, highlighted by Jie Shen
et al., plays a crucial role in inducing FAK activation by targeting
platelet-derived growth factor 1 (THBS1) in breast cancer (Shen
et al., 2018). The FAK-YAP signaling pathway emerges as a key
player in chemotherapy resistance and cancer relapse. Activation of
the FAK-YAP cascade, disrupts COL17A1, enabling LGR5+p27+
cancer stem cells (CSCs), to exit dormancy, re-enter the cell cycle,
and restore proliferative capacity. Targeting YAP through TEAD
inhibitors provides an effective strategy to impede tumor organoid
regeneration, offering a novel approach for overcoming cancer
recurrence following chemotherapy (Ohta et al., 2022).
Furthermore, YAP-FAK contributes significantly to radiotherapy
resistance. The focal adhesion component, p130Cas, regulates the
YAP-FAK signaling pathway, mediating radiotherapy resistance in
NSCLC. p130Cas directly interacts with FAK to regulate YAP
activation and nuclear translocation (Li J et al., 2022). Targeting
the p130Cas-FAK interaction merges as a potentially cost-effective
strategy for overcoming YAP activation-mediated radioresistance
in NSCLC.

3 Role of FAK in the occurrence and
development of tumors

3.1 FAK promotes tumor cell survival and
proliferation

FAK plays a pivotal role in promoting the survival and
proliferation of tumor cells through both kinase-dependent and
kinase-independent mechanisms, orchestrating downstream signal
transduction. Recent insights highlight FAK’s dual role in phenotype
transition, with distinct functions in the cytoplasmic and nuclear
compartments. In the cytoplasm, activated FAK initiates survival
pathways in a PI3K andMAPK-dependent manner. Simultaneously,
within the nucleus, the FERM domain of FAK hinders the activation
of p53, thereby preventing inherent cell apoptosis (Del et al., 2022;
Ke et al., 2022). Previous studies have delineated various

mechanisms through which FAK promotes tumor cell survival
and proliferation. These include activating NF-κB to mediate the
expression of inhibitor of apoptosis proteins (IAPs), inducing
upregulation of cyclin D1 through the ERK pathway activation,
and interacting with receptor-interacting protein (RIP) via the death
domain kinase to neutralize the pro-apoptotic function of RIP
(Chuang et al., 2022). Moreover, FAK contributes to maintaining
tumor cell survival by countering anoikis, a form of cell death
induced by cell detachment from the ECM. FAK reduces the
sensitivity of cancer cells to receptor ligands inducing death by
stabilizing the TPL2 protein (Del et al., 2022). Additionally, FAK
inhibits cellular senescence, a process crucial for maintaining cell
survival (Fard et al., 2023; Steinberg et al., 2023; Tien et al., 2023).
Notably, the Sema6C protein, initially recognized as Semaphorin Y,
not only forms a complex with tyrosine kinases c-Abl, activating
FAK, and leading to the nuclear localization of the YAP
transcriptional co-activator. This interaction enables YAP-
dependent cancer cells to survive under nutrient deprivation
conditions. Inhibition of Sema6C expression reverses these
effects, inducing cellular senescence (Fard et al., 2023).

The dysregulation of CDK4/6 in tumor cells is a critical factor in
sustaining tumor cell proliferation, making CDK4/6 inhibitors a
focal point in inhibiting tumor growth. However, utilizing CDK4/
6 inhibitors as a standalone treatment often leads to the
development of drug resistance. This resistance is thought to be
linked to FAK signaling, which mediates CDK4/6-independent
activation of CDK2, driving cell cycle progression and fostering
cell survival even in the presence of CDK4/6 inhibitors (Jiang H
et al., 2020). Furthermore, research suggests a correlation between
CDK4/6 activity and the subcellular localization of FAK in
B16F10 melanoma cells. Inhibiting FAK kinase activity promotes
nuclear the localization of FAK. In its inactive state, nuclear FAK,
leveraging its scaffold function, recruits CDH1 and CDK4/6 to its
N-terminal FERM domain. This recruitment facilitates the
ubiquitination and proteasomal degradation of CDK4/6,
suppressing melanoma cell proliferation. Importantly, this
process occurs exclusively when FAK is localized within the
nucleus (Murphy et al., 2022). The scaffold structure of nuclear
FAK has been observed in multiple studies to possess the ability to
facilitate the degradation of various nuclear factors in multiple
studies (Jeong et al., 2019; Zhou et al., 2019; Jeong et al., 2021;
Jeong et al., 2022). Therefore, concurrent inhibition of FAK and
CDK4/6 expression holds the potential to overcome drug resistance.
Currently, preclinical studies in intrahepatic cholangiocarcinoma
and diffuse gastric cancer (DGC) have demonstrated the synergistic
anti-cancer effects of combining FAK and CDK4/6 inhibitors (Song
et al., 2021; Peng et al., 2023) These findings provide a solid
theoretical foundation for future clinical studies in this area.

3.2 FAK promotes tumor cell migration
and invasion

The heightened expression of FAK is intricately linked with
unfavorable outcomes for cancer patients due to its pivotal role in
promoting tumor metastasis. FAK’s influence on cell migration
involves its participation in the integration and resolution of
components within the focal adhesion complex, coupled with
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dynamic interactions with intracellular Actin and the ECM. In
migrating cells, the contraction of myosin stress fibers attached
to the focal adhesion complex exerts force to regulate cell migration
(Tapial et al., 2020; Le Coq et al., 2022). Additionally, various
intracellular protein molecules have been identified that activate
FAK, thereby promoting tumor cell invasion and migration (Hu
et al., 2019; Jiang W et al., 2020; Dong et al., 2021; Kim et al., 2021).
For example, PPFIA binding protein 1 induces the movement of
glioblastoma U87 MG and U251 MG cell lines by interacting with
FAK to activate Src and JNK (Dong et al., 2021). Similarly, Rho-
associated protein kinase 1 (ROCK1) enhances the migratory ability
of NSCLC cells through the PTEN/PI3K/FAK signaling pathway
(Hu et al., 2019). Sialylation, a terminal glycosylation modification
of glycoproteins, plays a crucial regulatory role in facilitating tumor
cell adhesion and immune evasion (Jarahian et al., 2021; Pietrobono
and Stecca, 2021). Sun et al. employed the CRISPR/Cas9 system to
establish a stable FAK knockout (KO) cell line in HeLa cells,
revealing that sialylation levels were significantly reduced in KO
cells, leading to inhibited cell migration. Specifically, FAK primarily
regulates N-glycan sialylation via the FAK/PI4KIIα/GolPH3/ST
axis, reaffirming FAK’s unique position in multiple pathways
regulating cell migration (Sun et al., 2023).

Epithelial-mesenchymal transition (EMT) plays a crucial role in
the infiltration and spread of cancer cells, and FAK expression is
positively correlated with EMT. Epidermal growth factor induces
EMT in colorectal cancer cells by activating FAK (Huang et al.,
2020). Tspan9 stimulates osteosarcoma migration by inducing EMT
via activation of the FAK/Ras/ERK1/2 signaling cascade (Shao et al.,
2022). The activated ERK further promotes cell contraction and
stimulates tumor cell movement by driving actin polymerization
and edge protrusion adhesion turnover (Samson et al., 2022). FAK
has been identified as a significant regulatory factor for interleukin-6
induced EMT in colorectal cancer (Huang et al., 2023). In DGC, the
loss of CDH1 (encoding E-cadherin, a key regulator of the EMT)
and RHOA Y42C mutation in gastric organs of engineered mice co-
activate the FAK/AKT/β-catenin and YAP-TAZ pathways,
promoting the transformation of normal gastric epithelial cells
into highly invasive DGC cells (Zhang et al., 2020). Despite the
single drug resistance observed with FAK inhibitors, studies have
shown that combining FAK inhibitors with MAPK inhibitors can
effectively eliminate compensatory ERK activation, synergistically
inhibiting the migration and invasion of malignant tumors such as
DGC and UM (Paradis et al., 2021; Peng et al., 2023). Further
investigation is warranted to uncover the specific molecular
mechanisms underlying this phenomenon.

3.3 FAK regulates tumor angiogenesis

Angiogenesis is essential for the malignant development of
tumors, and key regulatory molecules such as vascular
endothelial growth factor (VEGF), VEGFA, and vascular
endothelial growth factor receptor 2 (VEGFR2) play crucial roles
in this process (Wang et al., 2020; Shiau et al., 2021; Patel et al.,
2023). VEGFA, with a strong affinity for VEGFR2, promotes
angiogenesis by activating downstream pathways, including the
FAK-paxillin pathway. This activation facilitates the proliferation,
survival, and migration of vascular endothelial cells (Simons et al.,

2016; Wang et al., 2020). The VEGFR2-FAK signaling pathway
induces VEGFA secretion, promoting angiogenesis and vascular
permeability (Li L et al., 2022). In triple-negative breast cancer
(TNBC), The results showed a positive correlation between FAK and
VEGFR2 expression was observed, and knockout of FAK inhibited
endodermal tube formation and angiogenesis in zebrafish,
suppressing suppressed VEGF and VEGFR2 expression at the
molecular level (Shiau et al., 2021).

Temporal quantitative phosphoproteomic analysis of human
umbilical vein endothelial cells revealed that FAK phosphorylation
activation is an early phosphorylation-dependent signaling event in
the VEGFA/VEGFR2 pathway, emphasizing the crucial role of FAK
in initiating angiogenesis (Abhinand et al., 2023). Notably, distinct
phosphorylation sites on EC-FAK have divergent effects on tumor
angiogenesis in vivo. EC Cre+; FAK Y397F/Y397F small mutant mice
exhibited constitutive reduction in tumor growth and angiogenesis,
while EC Cre+; FAK Y861F/Y861F mice showed normal tumor growth
without significant inhibition of angiogenesis. These effects were
attributed to decreased VEGFR2 expression, attenuated integrin
β1 activation, and disruption of downstream FAK/Src/PI3K/AKT
signaling induced by EC FAK-Y397F (Pedrosa et al., 2019).
However, studies by Marina Roy-Luzarraga et al. found that
inducing endothelial FAK deficiency in both orthotopic and
spontaneous mouse model of pancreatic ductal adenocarcinoma
(PDA) did not hinder angiogenesis but reduced the incidence of
tumor metastasis and improved mouse survival (Roy-Luzarraga
et al., 2022). However, Combining EC-FAK inhibition with other
tumor therapies, such as Doxorubicin for melanoma (Tavora et al.,
2014), demonstrated potential effectiveness in suppressing tumor
angiogenesis, suggesting distinct effects of FAK inhibition when
combined with different cancer types. The impact of EC-FAK on
tumor angiogenesis may be intricately linked to the regulation of EC
barrier function (Jean et al., 2014; Roy-Luzarraga et al., 2022).

Contrary to FAK expression in ECs, FAK expressed in pericytes
(perivascular cells) may exert an opposing regulatory effect on
tumor angiogenesis (Lechertier et al., 2020). The loss of FAK in
pericytes enhances GAS6-stimulated receptor tyrosine kinase Axl
phosphorylation and upregulates Cyr61, promoting tumor growth
(Lechertier et al., 2020; Zhang et al., 2023b). Notably, FAK-Y861 in
pericytes plays a pivotal regulatory role in tumor vascular regression
and control of tumor growth (Lees et al., 2021). Targeting FAK
specifically in ECs rather than pericytes remains an urgent challenge
for future anti-FAK therapy.

4 Role of FAK in TME

TME comprises a diverse array of cell types, including cancer
cells, immune cells, dendritic cells, tumor-associated macrophages
(TAMs), cancer-associated fibroblasts (CAFs), tumor blood vessels,
lymphatics, adipocytes, and an ECM with collagen and elastin
fibrous networks, along with numerous cytokines. This complex
and dynamic ecosystem plays a pivotal role in evading immune
responses and promoting tumor progression (Xiao and Yu, 2021).
FAK influences various TME cell populations, ECM architecture,
and associated signaling pathways involved in immunosuppression
and matrix regulation, orchestrating the development of the
immunosuppressive TME (Figure 3) (Osipov et al., 2019).
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ECM is a crucial component in mediating FAK’s regulation of
the TME. CAFs are key regulators of tumor occurrence and
progression, residing in the tumor matrix surrounding tumor
cells. CAFs promote tumor fibrosis, resisting various therapies by
synthesizing collagen and other ECM molecules. Lumican,
overexpressed in CAFs, activates the integrin β1/FAK pathway,
promoting the growth and migration of gastric cancer cells
(Wang et al., 2017). In PDA, CAFs play a pivotal role in
promoting clonal growth, self-renewal, and migration, associated
with enhanced differentiation activity of CSCs. Inhibiting FAK
kinase activity in PDA cells eliminates the influence of CAFs on
clonal growth (Begum et al., 2019). Lysyl oxidase-rich extracellular
vesicles from CAFs promote tumor EMT through the activation of
the p-FAK/p-axis/YAP pathway, identified as a pivotal step in
collagen cross-linking. Targeting FAK disrupts this process (Liu
X et al., 2023b). However, FAK-targeted therapy can lead to stroma
depletion in the TME and decreased resident fibroblasts, resulting in
reduced TGF-β secretion and weakened inhibition of the
STAT3 signaling pathway. Combining FAK and STAT3 targeting
alleviates this impact (Jiang H et al., 2020). Discoidin domain
containing receptor 1 (DDR1), crucial for ECM stability through
collagen interaction, has FAK as an important downstream
regulatory molecule. Targeting DDR1 reshapes the TME,
inhibiting chemotherapy resistance induced by the ECM in

pancreatic cancer through the DDR1/PYK2/FAK pathway (Ko
et al., 2022). Matrix stiffness induces lipid metabolic crosstalk
between tumor and stromal cells, leading to bevacizumab
resistance in colorectal cancer liver metastases. FAK, in the FAK/
YAP pathway, plays a crucial role in this process. Inhibiting FAK
enhances anti-VEGF therapy efficacy by suppressing hepatic stellate
cell lipolysis (Zheng et al., 2023).

Despite the promise of immune checkpoint inhibitors, only a
fraction of cancer patients benefits from them due to the
immunosuppressive effects within the TME, involving regulatory
T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and
TAMs. Inhibiting FAK expression reduces the presence of these
immunosuppressive cells, affecting CSCs differentiation, and
creating a more favorable TME for anti-tumor immune responses
(Osipov et al., 2019). Furthermore, FAK has been found to inhibit the
expression of PD-L1 on tumor cells, enhancing the recognition
efficiency of cytotoxic T cells (Li et al., 2019; Zhang D et al., 2022).
Positive correlations between PD-L1 and FAK was discovered in PD-
L1-positive triple-negative breast cancer (TNBC) tissue samples
(Mohan et al., 2019). The infiltration of various immune cells
(CD8+ T cells, CAFs, and MDSCs) correlates with FAK expression.
Blair et al. suggest that a promising strategy to modulate the immune
microenvironment and enhance immunotherapy efficacy involves
targeting stromal components in combination. Their study

FIGURE 3
The role of FAK in tumor microenvironment (TME). The abnormal activation of FAK inhibits T cells, B cells, and dendritic cells (DCs) in the immune
microenvironment. Furthermore, the activation of FAK leads to the promotion of myeloid-derived suppressor cells (MDSCs), tumor-associated
macrophages (TAMs), cancer-associated fibroblasts (CAFs), and angiogenesis, all of which contribute to the progression of the tumors. FAK inhibitors,
when combinedwith PD-1/PD-L1 inhibitors, demonstrate amore powerful anti-tumor effect by blocking tumor growth and enhancing immune cell
functionality. ECM, extracellular matrix.
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showcased the effectiveness of co-inhibition strategies targeting
hyaluronic acid degradation and FAK, in combination with PD-1
blockade. This combined approach specifically reduced the number of
granulocytes and bone marrow-derived cells expressing C-X-C
chemokine receptor type 4 (CXCR4). Simultaneously, it facilitated
T cell infiltration leading to an enhancement in the therapeutic
outcomes of immune-based interventions for pancreatic cancer
(Blair et al., 2022). Combining the FAK inhibitors with anti-PD-
1antibodies demonstrated enhanced anti-cancer effects in C57BL/6 J
primary hepatocellular carcinoma model with complete immune
function, reducing Tregs and TAMs while increasing CD8+ T cell
population (Wei et al., 2021). FAK also impedes antigen the processing
and presentation in pancreatic cancer, contributing to immune evasion
of pancreatic cancer. Depletion of FAK enhances anti-tumor activity by
upregulating immune proteasome,MHC-I, and increasing CD8+ T cell
infiltration (Blanco-Gomez and Jorgensen, 2023; Canel et al., 2023).
CD11b, a protein in myeloid cells, enhances T cell-mediated immunity
through downregulation of interferon gene expression, leading to
suppression of tumor progression by decreasing infiltrating myeloid
cells. Inhibiting FAK-mediatedmitochondrial dysfunction activates the
STING/STAT1 pathway, contributing to this process (Schmid et al.,
2018; Panni et al., 2019; Liu Y et al., 2023a).

FAK serves as a potential target for radiotherapy, modulating
tumor immune responses. A study demonstrated that radiation
alone or in combination with checkpoint immunotherapy failed to
elicit antigen-specific T-cell responses in PDA. In contrast, In the
p48-Cre/LSL-KrasG12D/p53Flox/Flox (KPC) genetically engineered
mouse models, combined administration of FAK inhibitors with
checkpoint immunotherapy and radiation led to complete tumor
regression and long-term survival in spontaneous PDA mice. This
highlights FAK inhibition’s role in facilitating radiotherapy-induced
tumor immunity and enhancing responsiveness to checkpoint
immunotherapy (Lander et al., 2022). Additionally, combining
low-dose radiotherapy with FAK inhibitors mitigated fibrosis and
hypoxia in pancreatic cancer, promoting CD8+T cell infiltration and
enhancing sensitivity to cancer radiotherapy (Chen H et al., 2022).
Therefore, Clinical research is needed to assess the safety and efficacy
of this combination therapy.

5 FAK mediates drug resistance

The pivotal role of FAK in regulating chemoradiotherapy
resistance across various cancers underscores its potential as a
therapeutic target. Targeting FAK has demonstrated sensitizing
effects on both radiotherapy and various chemotherapy
treatments (Allert et al., 2022; Gu et al., 2022; Jang et al., 2022;
Li Y et al., 2022; Ling et al., 2022; Wang C et al., 2022; Yu et al., 2022;
Gao et al., 2023). Most chemotherapy drugs, including platinum-
based agents and fluoropyrimidine chemotherapy, exert their
anticancer effects by inducing DNA damage in cancer cells
(Newport et al., 2022). FAK, as a crucial regulatory protein in
DNA damage repairs, orchestrates its regulatory function by
facilitating the nuclear translocation of β-catenin. This process
regulates the transcription of DNA damage repair genes,
promoting cell survival and ultimately contributing to drug
resistance. Targeting FAK emerges as a promising strategy to
restore sensitivity to DNA damage therapy (Tavora et al., 2014;

Newport et al., 2022; Roy-Luzarraga et al., 2022; Gao et al., 2023).
Notably, Pifer et al. reported that targeting FAK suppresses
homologous recombination and nonhomologous end-joining
repair in p53-mutant HPV-negative head and neck squamous
cell carcinoma cell lines, thereby enhancing the DNA-damaging
effects of radiotherapy (Pifer et al., 2023). Additionally, in human
CDH1-deficient cell line (SNU-668 and NUGC-4)-derived
xenograft models in mice, ROS1 inhibitors activate the FAK-
YAP-TRX signaling pathway, mitigating oxidative stress-induced
DNA damage, thereby attenuating their anticancer efficacy (Gao
et al., 2023).

Furthermore, FAK frequently facilitates the emergence of drug
resistance in specific tumor types undergoing targeted therapy for
particular gene mutations:1. BRAF/KRAS: Tumors harboring BRAF
or KRAS mutations can effectively suppress the RAS/RAF/MEK/
ERK pathway with BRAF or MEK inhibitors. However, tumor cells
rapidly develop adaptive or acquired resistance mechanisms often
accompanied by exhibit heightened expression of FAK and
activation of the downstream Wnt/β-catenin signaling pathway
(Fallahi-Sichani et al., 2017; Chen et al., 2018). This phenomenon
may be related to the negative regulation of FAK signal transduction
by the RAS/RAF/MEK pathway (Zheng et al., 2009). Additionally,
CRISPR/Cas9 genome screening revealed significant enrichment of
the Grb7 gene in KRAS mutant colorectal cancer cells exhibiting
resistance to MEK inhibitors. This gene facilitates the activation of
the FAK pathway through RTK signaling, triggering the ERK/
MAPK signaling pathways and conferring resistance to MEK
inhibition in tumor cells (Yu et al., 2022). 2. CDH1: CDH1-
deficient tumors, characterized by a poor response to
chemotherapy and increased susceptibility to drug resistance,
often show upregulated FAK expression as a prognostic marker
(Yuen et al., 2021). Treatment with FAK inhibitors has
demonstrated significant efficacy against CDH1-deficient gastric
cancer, characterized by downregulated E-cadherin and damaged
membrane E-cadherin/β-catenin protein complexes a, resulting in
reduced sensitivity of tumor cells to chemotherapy. The dense
collagen matrix in gastric cancer cells further increases the
interaction between integrin-mediated ECM and activated FAK/
ERK signaling, facilitating the nuclear translocation of β-catenin and
promoting the invasion and metastasis of tumor cells (Jang et al.,
2018). In addition to CDH1 deficiency, DGC, often accompanied by
RHOA gene mutation and activation of the YAP downstream
signaling pathway, promotes tumor survival. FAK, a classic
upstream regulator of YAP, inhibits the activation of the YAP
pathway, restores the E-cadherin/β-catenin complex, and
remodels ECM. Combining FAK inhibitors with chemotherapy
enhances the anticancer effect synergistically (Gao et al., 2023). 3.
HER2: FAK mediates resistance to anti-HER2 targeted drugs. The
N-terminal FERM domain structure of FAK interacts with HER2,
and the Src-FAK signaling pathway activates key downstream
signaling pathways involved in HER2 crosstalk (Nahta, 2012).
Activated FAK can further activate the downstream AKT, ERK
and STAT3 pathways promoting drug resistance. Therefore,
targeting FAK emerges as a promising strategy to overcome anti-
HER2 drug resistance (Lazaro et al., 2013; Jin et al., 2017; Cooper
and Giancotti, 2019; Castro-Guijarro et al., 2023). However, not all
HER2-positive cancers exhibit sensitivity to FAK inhibition. Recent
studies have demonstrated that HER2-positive breast cancer
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patients with elevated levels of circCDYL2 experience rapid
recurrence after anti-HER2 therapy compared with those with
lower levels of circCDYL2. Mechanistic investigations have
revealed that circCDYL2 stabilizes Grb7 by preventing its
ubiquitination and degradation, enhancing its interaction with
FAK, and sustaining downstream AKT and ERK1/2 activity,
mediating trastuzumab resistance. The application of FAK
inhibitors has been shown potential in ameliorating trastuzumab
resistance in cells exhibiting high levels of circCDYL2 (Ling et al.,
2022). Future research should focus on screening specific tumor
types highly sensitive to FAK inhibitors to explore their potential
clinical application value.

The presence of CSCs plays a significant role in conferring drug
resistance and promoting tumor recurrence. FAK, as a critical
regulator of CSC activity, exerts a significant influence (Yin et al.,
2021; Jang et al., 2022). CSCs rely on the highly expressed laminin to
bind to integrin α6β1, promoting FAK-mediated self-renewal signaling
of CSCs (Cooper and Giancotti, 2019). Yin et al. found that ATP-
binding cassette subfamily G member 1 mediates the signaling of
extracellular matrix protein-1-integrin αXβ2 interaction, leading to the
activation of FAK/Rho/cytoskeletonmolecules and conferring cisplatin
resistance on cancer cells by upregulating CD326-mediated stemness
(Yin et al., 2021). Moreover, the overexpression of KRT17 is correlated
with unfavorable OS and reduced responsiveness to platinum-based
therapy in patients diagnosed with oral squamous cell carcinoma The
interaction betweenKRT17 and plectin (amacromolecular cytoskeletal
protein) triggers the activation of the integrin β4/FAK/ERK pathway,
thereby facilitating the stabilization and nuclear translocation of
β-catenin while augmenting oral squamous cell carcinoma stemness
and CD44 expression (Jang et al., 2022).

6 Development and clinical research
progress of FAK inhibitors

Targeting FAK has demonstrated efficacy in cancer therapy,
particularly when standard treatments prove ineffective or in
combination with other drugs. The ongoing development of novel
FAK inhibitor reflects the significance of this approach. However,
despite the active pursuit, no FAK inhibitor has yet received clinical
approval. Most of them are currently in preclinical or clinical
development stages (Quispe et al., 2022). FAK inhibitors can be
categorized into allosteric site inhibition, ATP-competitive
inhibition of kinase inhibitors, as well as FERM domain and FAT
domain inhibitors. Notably, only ATP-competitive inhibitors of FAK
have advanced to the clinical research stage (Mustafa et al., 2021b;
Spallarossa et al., 2022). Consequently, this article will focus on
providing a detailed overview of representative drugs within this
class, covering their progress in both preclinical and clinical studies
(Table 1). Certain studies within this class have shown promising
advancements, instilling new hope for patients who are responsive to
FAK inhibition therapy (Figure 4). Additionally, recent developments
in FAK degraders based on PROTAC technology have addressed the
limitation of FAK scaffold function being untargetable by small
molecule inhibitors (Huo et al., 2022). This breakthrough opens
avenues for exploring novel mechanisms of FAK degradation,
aiming to enhance anticancer efficacy and gain new insights into
targeted FAK therapy. The evolving landscape of FAK inhibitors,

coupled with innovative approaches like PROTAC technology, holds
the potential to reshape cancer therapy. Ongoing research endeavors
are critical for advancing our understanding and application of these
promising treatments.

6.1 IN10018 (BI 853520; Ifebemtinib)

IN10018 stands out as a highly efficient and selective ATP-
competitive FAK inhibitor. Biomarker analysis and gene set
enrichment studies have unveiled a heightened sensitivity of
IN10018, particularly associated with the mesenchymal tumor
phenotype. This sensitivity is notably correlated with elevated
E-cadherin expression. Impressively, IN10018 demonstrates rapid
and persistent inhibition of FAK autophosphorylation in the tumor
tissue of immunodeficient mice (Hirt et al., 2018; Tiede et al., 2018).
IN10018 shows robust anti-cancer activity both in breast cancer cells
in vitro and multiple preclinical mouse models. It also inhibits the
in vitro growth of malignant pleural mesothelioma cell spheroids,
significantly reduces tumor weight in mice, and show effective
inhibitory effects on cell proliferation and microvascular growth
in tumor tissue (Laszlo et al., 2019). IN10018 also inhibit EMT and
tumor growth in vivo of ovarian cancer cells through the FAK/AKT/
mTOR signaling pathway (Li et al., 2021). Moreover, in KPC
orthotopic murine model, IN10018 enhances the sensitiveness of
PDA to radiotherapy. Compared with single radiotherapy or FAK
inhibition therapy, the combination of FAK inhibitor and
radiotherapy significantly increases the infiltration of CD8+

T cells and macrophages (Osipov et al., 2021).
The initial findings from the phase I study of IN10018 in human

subjects demonstrate its safety and excellent tolerability among
advanced non-hematologic malignancy patients. The maximum
tolerated dose (MTD) was determined to be 200 mg daily. Out of
the 63 patients enrolled, 49 were evaluable, and 17 (27%) achieved
disease stabilization as the best response, with four cases exhibiting
stability for over 150 days (de Jonge et al., 2019). Additionally, a phase
I research conducted with patients having advanced or metastatic
solid tumors in Japan and Taiwan revealed favorable
pharmacokinetics and safety profiles for IN10018. The median
disease control duration was recorded at 3.7 months, indicating
promising anti-tumor activity (Doi et al., 2019). The prospect of
combination therapy involving IN10018 appears to be a feasible
approach for maximizing the anti-tumor effects of FAK inhibitors.
A phase I study of IN10018 combined with pegylated liposomal
doxorubicin for platinum-resistant ovarian cancer showed an ORR of
56.7% (95% CI: 37.4%–74.5%) and a DCR of 86.7% (95% CI:
69.3%–96.2%) in the 30 evaluable patients. The observed median
progression-free survival (PFS) among all 42 enrolled patients was
6.2 months (95% CI: 6.2 months–NA), suggesting that the
combination of IN10018 and pegylated liposomal doxorubicin has
elucidated therapeutic effects and manageable safety in platinum-
resistant ovarian cancer patients (Wu X et al., 2022).

6.2 Defactinib (VS-6063)

Defactinib is a highly efficient and reversible dual inhibitor of
FAK and Proline-rich tyrosine kinase 2 (PYK2), belonging to the
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TABLE 1 Summary of FAK inhibitors in clinical studies.

Drug Target Tumor type Clinical
stage

NCT
Trial No.

References

IN10018 FAK Metastatic non-hematologic malignancy I NCT01335269 de Jonge et al. (2019)

IN10018 FAK Advanced or metastatic solid tumors I NCT01905111 Doi et al. (2019)

IN10018 +PLD FAK Platinum-resistant ovarian cancer I/II NCT05551507 Wu X et al. (2022)

Defactinib FAK/PYK2 Merlin protein low expression epithelioid
sarcoma

II NCT01870609 Fennell et al. (2019)

Defactinib FAK/PYK2 KRAS mutant NSCLC II NCT01951690 Gerber et al. (2020)

Defactinib+ Pembrolizumab +
Gemcitabine

FAK/PYK2 PD-1 Intractable pancreatic cancer I NCT02546531 Wang-Gillam et al.
(2022)

Defactinib+ VS-6766 FAK/
PYK2RAF/MEK

KRAS mutant NSCLC II NCT04620330 Capelletto et al. (2022)

GSK2256098 FAK Advanced solid tumor I NCT01138033 Soria et al. (2016)

GSK2256098+ Trametinib FAK MEK Advanced solid tumor Ib NCT01938443 Mak et al. (2019)

GSK2256098 FAK NF2 Mutant Meningioma II NCT02523014 Brastianos et al. (2023)

Conteltinib FAK/PYK2/ALK Advanced ALK-positive NSCLC I NCT02695550 Xing et al. (2022)

APG-2449 FAK/PYK2/ALK Advanced solid tumor Ib/II NCT03917043 Zhao et al. (2022)

Note: FAK, focal adhesion kinase; PLD, polyethylene glycol-conjugated liposomal doxorubicin; NF2, neurofibromatosis type 2; PYK2, protein tyrosine kinase; NSCLC, non-small cell lung

cancer.

FIGURE 4
The chemical structure of FAK inhibitors IN10018, defactinib, GSK2256098, conteltinib, and APG-2449.
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class of ATP-competitive inhibitors. Defactinib inhibits the
phosphorylation of FAK Tyr397 in a time- and dose-dependent
manner. Many studies have demonstrated that defactinib effectively
inhibits in various types of FAK-overexpressing cancers by
effectively blocking the PI3K/AKT and downstream signaling
(Zhang B Y et al., 2021; Cuellar-Vite et al., 2022; Liu et al.,
2024). Moreover, a negative correlation was found between FAK
activation and the sensitivity of breast cancer cells to rapamycin. In
preclinical models, the inhibition of FAK has shown the potential to
increase the sensitivity of rapamycin-resistant tumors to
mTORC1 inhibition, suggesting that targeting FAK signaling
could be a feasible and effective strategy to enhance the efficacy
of mTORC1 inhibitors in resistant cancers (Cuellar-Vite et al.,
2022). Moreover, the combination of docetaxel and defactinib
has demonstrated significant reductions in the survival rate of
docetaxel-resistant prostate cancer cells in vitro. Additionally, it
effectively inhibits the growth of PC3 xenograft tumors. Notably,
FAK expression is positively correlated with advanced tumor stages
in human primary prostate cancer (Lin et al., 2018). Defactinib,
when combined with osimertinib (an EGFR inhibitor),
synergistically inhibits the activation of AKT and induces
apoptosis in NSCLC. This combined therapy exhibits a higher
therapeutic effect in vivo compared to single-drug therapy,
suggesting a feasible strategy to overcome drug resistance of
NSCLC to EGFR-TKI (Tong et al., 2019). Le Large et al. (Le
Large et al., 2021) confirmed that defactinib has anti-proliferative
and anti-migratory effects in PDA with overexpressed FAK. When
combined with albumin-bound paclitaxel, it synergistically inhibits
cell proliferation both in vitro and in vivo. Uterine serous carcinoma
(USC), a distinct subtype of endometrial cancer with higher
malignant potential than endometrioid endometrial carcinoma,
exhibits enhanced oxidative stress compared with endometrioid
endometrial carcinoma tumors. This heightened oxidative stress
leads to the phosphorylation of FAK, facilitating tumor invasion and
metastasis through the ROS-FAK-PAX signaling pathway.
Defactinib significantly inhibited the growth of the tumors of
patient-derived orthotopic xenograft models in this context,
emphasizing the potential of FAK inhibition in the treatment of
USC (Lopez-Mejia et al., 2023).

A phase II trial of defactinib for low Merlin protein-expressing
malignant pleural mesothelioma did not demonstrate improvement
in PFS and OS compared with placebo after first-line chemotherapy
(Fennell et al., 2019). Consequently, it is not recommended to use
defactinib alone as maintenance therapy for advanced malignant
pleural mesothelioma. However, a phase I study for previously
treated advanced KRAS-mutant NSCLC showed that defactinib
monotherapy had good overall tolerability, moderate clinical
activity, and efficacy in heavily pretreated patients with KRAS-
mutant NSCLC, irrespective of TP53 and CDKN2A status
(Gerber et al., 2020). This suggests heterogeneity in the response
to FAK inhibition across different cancers. In addition, a phase I
study revealed that the combination of defactinib, pembrolizumab,
and gemcitabine was well-tolerated and did not exhibit any dose-
limiting toxicity in patients with refractory pancreatic cancer. The
disease control rate (DCR) of 20 evaluable patients with refractory
pancreatic cancer was 80%, with the median PFS of 3.6 months and
OS of 7.8 months. The combination regimen showed good
tolerability and safety, demonstrated preliminary efficacy, and

increased the infiltration of T lymphocytes in tumors (Wang-
Gillam et al., 2022). Currently, a phase II clinical study known as
RAMP-202 aims to assess the effectiveness and safety of the
combination treatment of VS-6766 (an RAF/MEK inhibitor) and
defactinib in patients with advanced KRAS-mutant NSCLC who
have experienced treatment failure with previous platinum
chemotherapy and immunotherapy (Capelletto et al., 2022).

6.3 GSK2256098

GSK2256098 is an orally available small molecule compound that
exhibits high selectivity in inhibiting FAK to block adhesion,
proliferation, and migration of cancer cells (Auger et al., 2012). A
preclinical study indicated that GSK2256098 effectively blocks the FAK
signaling pathway mediated by CPNE8 in gastric cancer cell migration
and metastasis (Zhang P et al., 2022). Additionally, it inhibits the
proliferation of various PDA cells (Zhang et al., 2014). The efficacy of
GSK2256098 is closely associated with the abnormal expression of
certain genes or proteins. Research indicates that PTEN-mutant
endometrial cancer patients exhibit markedly superior responses to
GSK2256098 treatment compared with patients with PTEN-wild type
endometrial cancer (Thanapprapasr et al., 2015). In a phase I trial
involving late-stage solid tumor patients, GSK2256098 demonstrated a
controllable safety profile, with most adverse reactions ranking grade
1–2, and the maximum tolerated dose (MTD) was determined to be
1000 mg twice daily. When targeting at or below MTD doses,
GSK2256098 exhibits clinical activity in mesothelioma patients,
especially those with Merlin protein deficiency (Soria et al., 2016).
Another phase Ib trial showed that the combined use of trametinib
(a MEK inhibitor) and GSK2256098 to treat solid tumors also
demonstrated good safety, supporting the progress of further
clinical research (Mak et al., 2019). As NF2 mutations serve as
malignant markers of meningioma, FAK inhibition, and NF2 loss
have been shown to have a synthetic lethality relationship. A phase II
trial examined the effectiveness of GSK2256098 in the treatment of
patients with NF2 mutant meningiomas. The results demonstrated
that GSK2256098 improved 6-month PFS in patients with recurrent or
progressive NF2 mutant meningioma compared with that in the
control group (Brastianos et al., 2023). These findings suggest the
need for further evaluation of GSK2256098 in this specific patient
population.

6.4 Conteltinib (CT-707; SY-707)

Conteltinib is a multi-kinase inhibitor targeting FAK, PYK2, and
anaplastic lymphoma kinase (ALK). Initially developed as an ALK
inhibitor due to its strong inhibitory activity against ALK (IC50 =
2.4 nM), conteltinib demonstrated manageable safety, favorable
pharmacokinetic properties, and anticancer effects in patients
with advanced ALK-positive NSCLC in a phase I human clinical
study (Xing et al., 2022). In a breast cancer mouse model, conteltinib
was found to inhibit tumor growth and spontaneous metastasis to
the lung (Liu P et al., 2022), with the inhibitory effect on tumor
invasion and metastasis primarily attributed to FAK inhibition.
Preclinical studies further support conteltinib’s efficacy in
inhibiting FAK kinase activity and blocking downstream
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signaling in various tumors, including liver and lung cancer. In liver
cancer, conteltinib inhibits the growth of cancer cells in vitro and
xenografts derived from patients in vivo by blocking the IGF1R-YAP
signaling axis activated by hypoxia (Zhu et al., 2018). Additionally,
conteltinib overcomes sorafenib resistance in hypoxia-mediated
liver cancer by inhibiting the YAP signaling pathway (Chen Y
et al., 2022). Moreover, conteltinib synergizes with cabozantinib,
a MET inhibitor, to inhibit the progression of liver cancer by
blocking cabozantinib-induced FAK inactivation (Wang et al.,
2016). This approach with FAK-containing kinase inhibitors
offers a new therapeutic strategy for refractory metastatic cancers.
Previous studies have highlighted the role of FAK inhibition in
enhancing immune surveillance by overcoming fibrosis and
improving immunosuppressive TME in KPC mouse models. This
enhancement results in an improved response of PDA to T cell
immunotherapy and PD-1 antagonists (Jiang et al., 2016; Blair et al.,
2022). Building on this, a Phase Ib/II, open-label, dose-escalation,
and dose-expansion study has been initiated to evaluate the safety,
tolerability, pharmacokinetics, and antitumor activity of conteltinib
in combination with toripalimab (anti- PD-1 monoclonal antibody)
and gemcitabine in advanced pancreatic cancer (NCT05580445).

6.5 APG-2449

APG-2449 is a multi-kinase inhibitor targeting FAK, ALK, and
ROS1 in various cancers. In esophageal squamous cell carcinoma,
the combination of APG-2449 and ibrutinib effectively inhibits the
survival and invasion of cancer cells, inducing cell cycle arrest in the
G1/S phase and promoting apoptosis. Mechanistically, this
combination therapy significantly reduces the phosphorylation of
MEK/ERK and AKT (Luo et al., 2021). Furthermore, APG-2449 has
demonstrated the ability to sensitize drug-resistant ovarian
xenograft tumors to carboplatin and paclitaxel. The inhibitory
effect of APG-2449 on FAK activity contributes to a reduction in
CD44-positive and aldehyde dehydrogenase 1-positive CSCs within
the TME, thereby improving drug resistance (Fang et al., 2022).
Currently, a phase I clinical trial (NCT03917043) is underway to
evaluate the safety and preliminary efficacy of APG-2449 in
advanced solid tumors (Zhao et al., 2022).

6.6 Other FAK inhibitors

In addition to the aforementioned FAK inhibitors, several drugs
entered clinical research based on promising anti-tumor activity in
preclinical studies. Unfortunately, these candidates failed to
demonstrate significant improvements in disease treatment during
subsequent clinical trials. Examples include PF-00562271
(NCT00666926), VS-4718 (NCT01849744; NCT02651727), and
CEP-37440 (NCT01922752). Additionally, numerous FAK-targeted
drugs are still in preclinical research, such as BJG-03-025 (Groendyke
et al., 2021), PF-573228 (Slack-Davis et al., 2007), and Y15 (Hochwald
et al., 2009) (Table 2), demanding extensive preclinical research data
to support their transition to clinical application.

Given the intricate crosstalk between FAK and multiple signaling
proteins in tumor development, various dual or multiple inhibitors
emerged to simultaneously target FAK and other pathways. Examples

include HDAC2/FAK inhibitors (Compounds 6a (Mustafa et al.,
2021a)), EGFR/FAK inhibitors (2-Arylquinolines (Elbadawi et al.,
2022)), FAK/IGF-1R inhibitors (TAE-226 (Schultze et al., 2010) and
INT2-31167 (Ucar et al., 2012)), and ALK/IGF-R1/FAK inhibitors
(Certinib (Mehta et al., 2022)), FAK/ALK inhibitors (CEP-37440 (Ott
et al., 2016)), and FAK/CDK4/6 inhibitors (Compounds 1–7 (Sun
et al., 2021)). While most inhibitors have displayed promising
anticancer activity in preclinical studies, certain drugs faced
setbacks in further clinical investigation due to adverse effects (Wu
L Y et al., 2022). Notably, TAE-226 remains in the preclinical research
stage due to side effects causing severe dysregulation of glucose
metabolism and blood glucose in animal models (Kurio et al.,
2011). Recent preclinical studies have highlighted novel FAK
inhibitors based on the lead compound TAE-226, such as 4-
arylamino-pyrimidine derivatives (Long et al., 2023) and 2,4-
diaminopyrimidine cinnamyl derivatives (Liu Y et al., 2023b).
These compounds exhibit remarkable drug stability and potent
anticancer activity, emphasizing the imperative need for further
optimization of molecular structures to enhance drug safety, and
stability, and reduce off-target effects for clinical application.

6.7 FAK degraders based on PROTAC

The successful development of FAK degraders through
Proteolysis Targeting Chimera (PROTAC) technology has also
opened up a new pathway for FAK targeted therapy (Pang et al.,
2021). A PROTAC comprises three components: a warhead
designed for specific binding to target proteins, an E3 ubiquitin
ligand to recruit E3 ubiquitin ligases, and a linker to connect them.
Specifically, PROTAC facilitates the proximity of the target protein
with the E3 ubiquitin ligase, leading to ubiquitination and
subsequent degradation through the proteasome system (Bekes
et al., 2022). The primary distinction in FAK-PROTAC design
lies in the variation of their ligands. The activity of PROTACs is
closely associated with the expression of ligase RNA, DNA copy
number, and protein levels (Luo et al., 2022). Currently, cereblon
(CRBN) and Von Hippel-Lindau (VHL)-based PROTACs are
extensively utilized due to their low molecular weight, favorable
drug formation, and facile synthesis (Luo et al., 2022; Jiang et al.,
2023). Utilizing PROTAC technology, a diverse range of degraders
targeting androgen receptor (AR), estrogen receptor (ER), Bruton’s
tyrosine kinase (BTK), STAT3, BRD4, and other protein molecules
have been developed. While certain drugs like ARV-110 (targeting
AR) and ARV-471 (targeting ER) have exhibited remarkable efficacy
in clinical trials, the degraders targeting FAK are yet to progress into
the clinical stage (Chen Z et al., 2022; Liu Z et al., 2022; Zhao et al.,
2023). Compared with the conventional small molecule inhibitors
that solely inhibit kinase activity, PROTAC technology effectively
eliminates both kinase-dependent enzymatic activity and scaffold
function by inducing degradation of FAK (Figure 5). This approach
circumvents drug resistance arising from the restoration of FAK
functionality (Huo et al., 2022).

Cromm et alprepared PROTAC 3, a compound that efficiently
degrades FAK at low concentrations, inhibiting 95% of Fak at
50 nM. This compound is created by conjugating a modified
defactinib warhead to a VHL ligand via a linker. Their study
findings demonstrate the superiority of PROTAC 3 over the FAK
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inhibitors defactinib in terms of activating FAK and inhibiting
downstream proteins paxillin and AKT signaling (Cromm et al.,
2018). Notably, both FAK encoding genes PTK2 and ASAP1 are
located in the oncogenomic locus 8q24 and are associated with
tumor metastasis and recurrence. By blocking FAK kinase activity
and the interaction between FAK and ASAP1, PROTAC 3 exhibits
high efficacy in inhibiting invasion and metastasis of ovarian cancer
cells (Huo et al., 2022). GSK215 is a FAK highly selective PROTAC
based on VHL E3 ligase adhesive and FAK inhibitor VS-4718. In
mice, a single dose of GSK215 induced rapid and long-term
degradation of FAK, having a lasting effect on FAK levels lasting
approximately 96 h (Law et al., 2021). Additionally, another team
developed and compared the consequences and advantages of the
FAK degrader BSJ-04146 and the FAK inhibitor BSJ-04-175 in
eliminating all FAK activities in cancer models. The results
showed that, compared with kinase inhibition, the targeted
degradation of FAK performed better in downstream signal
transduction and cancer cell viability and migration (Koide et al.,
2023). Based on the above findings, FAK-targeted PROTAC may
emerge as a more promising research and development strategy, as
well as a treatment modality, compared with FAK small molecular
inhibitors in the foreseeable future.

In preclinical studies of lung cancer, two novel FAK-
PROTACs (PROTAC-A13 and PROTAC B5) demonstrated
superior FAK degradation compared with the FAK inhibitor
PF-562271 (PROTAC-A13: 85% degradation at 10 nM;

PROTAC-B5: 86.4% degradation at 10 nM), as well as potent
anti-cancer activity (PROTAC-A13: IC50 value of 26.4 nM;
PROTAC-B5: IC50 = 0.14 μM). At the same time, they exhibit
excellent plasma stability and appropriate membrane permeability
(Qin et al., 2022; Sun et al., 2022). Additionally, Professor Rao Yu’s
team developed a FAK PROTAC (FC-11) based on the CRBN
ligand, which exhibiting remarkable degradation activity with a
DC50 value of 310 pM (Gao et al., 2020b). Furthermore, the
team investigated the practical application potential and side
effects of this compound and discovered that after treatment
with FC-11, there was a significant decrease in both sperm
count and vitality in the mouse epididymis. However, no
impact on the reproductive system was observed when using
the FAK inhibitor PF562271. Importantly, discontinuing the
administration of PF562271 restored sperm vitality (Gao et al.,
2020a). These findings offer promising prospects for the future
development of reversible male contraceptives.

7 Summary and prospect

FAK is frequently overexpressed in various cancer types and is
associated with poor prognoses for cancer patients. FAK plays a
crucial role in mediating signaling pathways such as p53, RAS/RAF/
MEK, and YAP/TAZ, promoting tumor cell survival and
progression. Additionally, FAK influences the tumor immune

TABLE 2 Summary of FAK inhibitors in preclinical studies.

Drug Target CAS number IC50 to FAK Start time References

BJG-03-025 FAK 2553213-90-2 20.2 nM 2020 Groendyke et al. (2021)

PF-573228 FAK 869288-64-2 4 nM 2007 Slack-Davis et al. (2007)

Y15 FAK 4506-66-5 - 2009 Hochwald et al. (2009)

PF-562271 FAK/PYK2 717907-75-0 1.5 nM 2008 Roberts et al. (2008)

FAK-IN-9 FAK 2911655-93-9 27.44 nM 2023 Zhang et al. (2023a)

PROTAC FAK degrader 1 FAK 2301916-69-6 6.5 nM 2018 Cromm et al. (2018)

NVP-TAE 226 FAK/IGF-1R 761437-28-9 5.5 nM 2007 Liu et al. (2007)

GSK215 FAK 2743427-26-9 - 2021 Law et al. (2021)

BI-3663 FAK/PYK2 2341740-84-7 18 nM 2019 Popow et al. (2019)

BI-4464 FAK 1227948-02-8 17 nM 2019 Popow et al. (2019)

FAK inhibitor 2 FAK 2354405-14-2 0.07 nM 2019 Su et al. (2019)

FAK-IN-7 FAK 19948-85-7 11.72 μM 2012 Yang et al. (2012)

FAK-IN-8 FAK 1374959-91-7 5.32 μM 2012 Yang et al. (2012)

FAK-IN-5 FAK 2408317-70-2 - 2020 Jorda et al. (2020)

FAK inhibitor 5 FAK 2237234-47-6 0.6 nM 2013 Iwatani et al. (2013)

FAK-IN-3 FAK 2882094-29-1 - 2022 Wei et al. (2022)

FAK-IN-4 FAK - - 2022 Yang L et al. (2022)

EGFR-IN-46 EGFR/FAK 2764772-88-3 14.25 nM 2022 Elbadawi et al. (2022)

FAK-IN-2 FAK 2872588-02-6 35 nM 2021 Chen et al. (2021)

Note: CAS, chemical abstracts service; FAK, focal adhesion kinase; PYK2, proline-rich tyrosine kinase 2; IGF-1R, insulin-like growth factor 1 receptor; EGFR, epidermal growth factor receptor.
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microenvironment, affecting the expression and chemotaxis of
immune cells and modulating ECM density to promote
metastasis and drug resistance. As a result, FAK has become an
attractive therapeutic target. Numerous small molecular inhibitors
of FAK have been developed, some progressing to the clinical
research stage. While FAK kinase function inhibitors have
demonstrated safety and efficacy, there are currently no clinically
approved FAK inhibitors. Recently, the focus has shifted to the
development of FAK degradation agents based on PROTAC
technology (Qin et al., 2022; Sun et al., 2022; Koide et al., 2023).
This approach aims to induce the complete loss of FAK function
through ubiquitination, reducing the occurrence of drug resistance.
Nevertheless, the improvement of both high selectivity and
specificity of FAK degraders remains a primary focus for future
research and development endeavors. Additionally, the CRISPR/
Cas9 system, comprising a small guide RNA and a functional
Cas9 endonuclease protein, serves as a potent gene editing tool
capable of precisely disrupting or modifying FAK at the DNA level.
Simultaneously, other genes such as MEK can be targeted for
knockout to investigate potential synergistic effects between
related genes, offering promisingly exploration and application
prospects (Paradis et al., 2021; Sun et al., 2023).

Current research indicates that FAK inhibitors show limited
efficacy as monotherapy in cancer treatment, but promising
results emerge when combined with other drugs. Additionally,

while explaining the role of FAK in signaling pathways and tumor
development, we found promising therapeutic targets that can be
synergistically combined with FAK. Specifically, significant
synergies were noted when FAK inhibitors were combined with
mTOR inhibitors (Shi et al., 2016; Cuellar-Vite et al., 2022), RAF/
MEK inhibitors (Capelletto et al., 2022; Gu et al., 2022; Tarin et al.,
2023), CDK4/6 inhibitors (Murphy et al., 2022; Peng et al., 2023),
MAPK inhibitors (Peng et al., 2023), and VEGF inhibitors such as
bevacizumab (Zheng et al., 2023). Furthermore, we observed an
upregulation of FAK in specific tumor types with gene mutations
or aberrant protein expression, such as BRAF/KRAS mutations,
CDH1 deletions, EGFR or HER2 overexpression, and mediated
drug resistance processes (Tong et al., 2019; Yuen et al., 2021; Yu
et al., 2022; Castro-Guijarro et al., 2023). Therefore, identifying
tumor types that exhibit increased sensitivity to FAK is important
for enhancing targeted efficacy and screening specific populations
responsive to FAK inhibition. Inhibition of FAK enhances
the sensitivity to chemotherapy drugs or radiotherapy by
modulating DNA damage repair genes (Tang et al., 2016),
making it a potential ally for immunotherapy by reshaping the
TME. Combination therapy with FAK inhibitors is considered a
promising treatment strategy with broad research prospects.
Ongoing clinical studies on FAK inhibitors are awaited to
provide further guidance for current research strategies
targeting FAK.

FIGURE 5
FAK- PROTAC domain structure and working principle. The FAK-PROTAC system comprises three essential components: a specifically designed
warhead to bind to FAK, an E3 ubiquitin ligand responsible for recruiting E3 ubiquitin ligase, and a linker connecting the two. PROTAC functions by
facilitating the proximity between FAK and E3 ubiquitin ligase, which subsequently leads to ubiquitination, followed by proteasome degradation. PROTAC:
Proteolysis Targeting Chimera.
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