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Background: Hepatocellular carcinoma (HCC) is a common malignancy with high
mortality worldwide. Despite advancements in diagnosis and treatment in recent
years, there is still an urgent unmet need to explore the underlying mechanisms and
novel prognostic markers. Anoikis has received considerable attention because of its
involvement in the progression of human malignancies. However, the potential
mechanism of anoikis-related genes (ANRGs) involvement in HCC progression
remains unclear.

Methods: We use comprehensive bioinformatics analyses to determine the
expression profile of ANRGs and their prognostic implications in HCC. Next, a risk
score model was established by least absolute shrinkage and selection operator
(Lasso) Cox regression analysis. Then, the prognostic value of the risk score in HCC
and its correlation with clinical characteristics of HCC patients were further explored.
Additionally, machine learning was utilized to identify the outstanding ANRGs to the
risk score. Finally, the protein expression of DAP3 was examined on a tissue
microarray (TMA), and the potential mechanisms of DAP3 in HCC was explored.

Results: ANRGs were dysregulated in HCC, with a low frequency of somatic
mutations and associated with prognosis of HCC patients. Then, nine ANRGs
were selected to construct a risk score signature based on the LASSO model.
The signature presented a strong ability of risk stratification and prediction for
overall survival in HCC patients.Additionally, high risk scores were closely
correlated with unfavorable clinical features such as advanced pathological stage,
poor histological differentiation and vascular invasion. Moreover, The XGBoost
algorithm verified that DAP3 was an important risk score contributor. Further
immunohistochemistry determined the elevated expression of DAP3 in HCC
tissues compared with nontumor tissues. Finally, functional analyses showed that
DAP3may promote HCC progression throughmultiple cancer-related pathways and
suppress immune infiltration.

Conclusion: In conclusion, the anoikis-based signature can be utilized as a novel
prognostic biomarker for HCC, and DAP3 may play an important role in the
development and progression of HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the most common subtype of
primary liver cancer, ranking sixth in cancer incidence and third in
cancer-related mortality worldwide (Sung et al., 2021). Although major
advances have been made recently in diagnosis and treatment, such as
surgery, chemotherapy and immunotherapy, the prognosis of HCC is far
from satisfactory (Kulik and El-Serag, 2019). Therefore, identifying novel
prognostic markers to improve the outcomes of HCC patients is still much
necessary, andmay contribute to optimizing personalized treatment ofHCC.

Anoikis is a type of programmed cell death that occurs upon cell
detachment from the native extracellular matrix (ECM) (Taddei et al.,
2012). Under physiological conditions, anoikis can efficiently remove
displaced cells and prevent detached cells from attaching to other
tissues. Thus, anoikis plays an important role in tissue homeostasis and
development (Taddei et al., 2012; Tajbakhsh et al., 2019). Unfortunately,
anoikis is also implicated in pathological processes (Michel, 2003). It was
reported that the anoikis of vascular cells was enhanced during
cardiovascular infections, thereby contributing to pathological
remodeling of cardiovascular tissues (Beaufort et al., 2011). Yin et al.
(2022) demonstrated that anoikis resistance promotes fibroblast
activation and is involved in pulmonary fibrosis. Moreover, anoikis is
closely correlatedwith the development of human cancers. Survival in the in
circulatory system and/or distant organs in the absence of native ECM
contacts is a pivotal step for cancer metastasis. Therefore, anoikis resistance
is the theoretical prerequisite for the aggressive metastasis of malignancies.
The dysregulation of ANRGs has been found in various cancers such as
gastric, breast and lung cancer (Madajewski et al., 2016; Du et al., 2018; Du
et al., 2021). NOX4 overexpression could promote anoikis resistance in
gastric cancer by increasing reactive oxygen species (ROS) generation and
upregulating EGFR expression, thereby enhancing the metastasis of gastric
cancer (Du et al., 2018). Additionally, anoikis resistance was shown to exert
an important function in therapeutic resistance (Sharma et al., 2022).
Although anoikis plays a non-negligible role in HCC progression (Hu
et al., 2017; Li et al., 2019; Mo et al., 2020; Song et al., 2021), its prognostic
value has not been systematically evaluated in HCC.

In this study, we investigated the alterations of ANRGs, explored their
prognostic values in HCC and further developed a nine-gene signature that
could predict the prognosis of HCC patients. Moreover, we determined the
expression of DAP3 protein in an HCC tissue microarray. DAP3 was
speculated to be an oncogene involved in the progression of HCC.

Materials and methods

Datasets

The TCGA-HCC cohort, including the mutations, RNA
expression profiles and clinical data of 50 non-tumor samples and
370 HCC samples, was utilized for identification. A total of 203 HCC
samples from HCCDB were selected as the validation cohort.

Tissue samples

A tissue microarray (TMA) containing 80 paired adjacent non-
tumor and HCC tissues was constructed by our laboratory. Our study
was approved by the Ethics Committee of the First Affiliated Hospital
of Zhengzhou University.

Immunohistochemistry

IHC and evaluation were conducted as previously reported (Cui et
al., 2019; Li et al., 2020). Two experienced pathologists blinded to the
clinicopathological data separately scored the immunostaining
samples. The criteria of the score according to the proportion of
positive cells were as follows: none, 0; <25%, 1; 25%–50%, 2; 50%–75%,
3; 75%–100%, 4. The intensity of staining was evaluated as follows: no
staining, 0; weak, 1; moderate, 2; and strong, 3. The total score was
calculated by multiplying these two subscores. Specimens with scores
of 0–4 were classified as low expression, whereas scores of 5–8 and
9–12 were defined as moderate and high expression, respectively.
Antibody information is listed in Supplementary Table S1.

Identification and validation of the risk score
model

Univariate Cox regression analysis was performed to select overall
survival (OS)-related ANRGs, followed by LASSO regression analysis
to develop the prognostic model. To prevent the overfitting effect of
the model, we determined the parameter λ by tenfold cross validations.
Based on the optimal λ value and the corresponding coefficients, nine
ANRGs were screened to construct the risk score model. The risk score
for each patient was calculated using the following formula:

Risk Score � ∑
n

i�1Coefi p Expi

Coefi and Expi represent the coefficient and expression level of each
selected gene, respectively. Based on the median score, patients were
divided into low- and high-risk groups. Finally, Kaplan-Meier survival
curves were used to evaluate the prognostic capacity of this risk model.
Additionally, validation was conducted in the validation cohort.

Pathway enrichment analysis

We performed Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis, Gene Ontology (GO) and Gene Set Enrichment
Analysis (GSEA) using R packages to identify the potential
mechanisms and related pathways of anoikis regulators in HCC.

Machine learning algorithm

The machine learning algorithm, extreme gradient boosting
(XGBoost) with the SHapley Aditive exPlanation (SHAP) method was
utilized to investigate the importance of ANRGs in the risk score model.

Statistical analysis

R language was utilized for the statistical analyses. To screen
differentially expressed ANRGs in HCC, we performed
differentiation analysis by limma in R software (log2|fold
change| >1.0, p < 0.05 and adjust p < 0.05). The differences
between two groups were determined by Student’s t-test or Chi-
square test. Univariate Cox regression analyses were performed to
identify prognostic regulators. Kaplan-Meier and log-rank tests
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were implemented to analyze the survival time of patients. p <
0.05 was considered statistically significant.

Results

Differential expression and prognostic value
of anoikis-related genes in hepatocellular
carcinoma

To explore the potential mechanism of ANRGs in HCC, we first
investigated the mRNA expression profiles of 311 ANRGs in HCC based
on the TCGA database. The heatmap showed that these regulators were
generally dysregulated in the tumor tissues compared with the non-tumor
tissues (Figure 1A). Principal component analysis (PCA) indicated that
gene expression profiles between tumor and non-tumor tissues were well
differentiated (Figure 1B, Additional file 1: Supplementary Figure S1). To
further gain insights into the relevant genetic alterations, we investigated the
somatic mutations of ANRGs in HCC. The results demonstrated that only
26 of the 368 patients (7.07%) had somatic mutations (Additional file 1:

Supplementary Figure S2), suggesting that somatic mutations may not be
the only factor responsible for the dysregulation of anoikis regulators, which
needs to be further explored. Subsequently, a total of 178 differentially
expressed genes (DEGs) between HCC tissues and non-tumor tissues were
identified (Figure 1C). Among them,most regulators were upregulated. The
forest plot shows the top 27 ANRGs that were statistically correlated with
OS (p < 0.001) (Figure 1D). Collectively, these results suggested that anoikis
regulators were generally dysregulated in HCC and had potential
prognostic value in HCC.

Identification and validation of the risk score
signature of anoikis regulators

As a next step, we performed LASSO Cox regression analysis to
further compress these 27 significant ANRGs, thereby reducing the
number of genes in the model. Then, a risk score signature was
established by tenfold cross-validation (Figure 2A) and the value of
λ was determined according to the minimum partial likelihood
deviation (Figure 2B). Nine genes (NQO1, ETV4, BSG, HMGA1,

FIGURE 1
The variation and prognostic value of anoikis-related genes in HCC. (A) Heat map of ANRGs of non-tumor tissues and HCC tissues. (B) Three-
dimensional PCA of the non-tumor samples and tumor samples. (C) The volcano diagram of 311 differentially expressed ANRGs. Red dots: upregulation.
Purple dots: downregulation. Gray dots: no significant difference. (D) Univariate Cox analysis of OS in HCC. ANRGs: anoikis-related genes; PCA: principal
component analysis; HR: hazard ratio. CI: confidence interval; OS: overall survival.
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DAP3, PBK, BIRC5, PLK1, and EZH2) were ultimately selected for
the signature (Figure 2B). The Kaplan-Meier analysis revealed that
higher expression of these nine regulators indicated unfavorable
prognosis in the TCGA cohort (Additional file 1: Supplementary
Figure S3).The risk score of each sample in the TCGA cohort was
calculated with the following formula: Risk Score = (0.01964572 ×
NQO1 expression) + (0.001610727 × ETV4
expression) + (0.141016275 × BSG
expression) + (0.031793916 × HMGA1 expression)
+ (0.120024309 × DAP3 expression) + (0.058951788 × PBK expression)
+ (0.005813196 × BIRC5 expression) + (0.081335647 × PLK1
expression) + (0.036663928 × EZH2 expression).

To further determine the prognostic value of the signature, we
stratified patients from the TCGA-HCC cohort into low- or high-risk
groups according to the median score. Figure 2C depicts the
distribution of risk scores of patients with HCC and the
relationship between risk scores and survival states. Survival

analysis demonstrated that patients with high risk scores tended to
have shorter OS times than patients with low risk scores (Figure 2E).
To determine the robustness of this nine-gene signature, we conducted
the same analysis in the HCCDB validation cohort (n = 203).
Encouragingly, the results were consistent with the aforementioned
findings in the TCGA-HCC cohort (Figures 2D,F, Additional file 1:
Supplementary Figure S4). These findings suggested that the anoikis-
based signature had good performance and could be utilized as an
effective prognostic tool for HCC patients.

Correlations between the risk score and
clinical characteristics in hepatocellular
carcinoma patients

Subsequently, correlations between the risk score and clinical
characteristics were investigated. The expression of nine anoikis

FIGURE 2
Construction and validation of the risk score signature of anoikis-related genes. (A) Selection of the optimal parameter (lambda) in the LASSOmodel. (B).
LASSO coefficients of the 27 ANRGs in TCGA cohort. (C,D) Overall survival analysis for high-risk and low-risk groups in the training (TCGA) cohort and
validation (HCCDB) cohort, respectively. (E,F) Diagrams of the risk score, survival status and heatmap for nine model genes in the TCGA and HCCDB cohorts.

Frontiers in Pharmacology frontiersin.org04

Guizhen et al. 10.3389/fphar.2022.1096472

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1096472


regulators and clinical features of HCC patients in the TCGA database
were visualized by a heatmap according to risk status (Figure 3A). Further
analysis illustrated that advanced TNM stage, poor histological
differentiation, vascular invasion and high levels of AFP indicated a
higher risk score. Additionally, differential risk scores were observed in
patients with progression or a poor OS (Figure 3B, Supplementary Table
S2). Our findings suggested that the risk score had significant
relationships with the malignancy of HCC.

Contributions of ANRGs to the risk score by
machine learning

To evaluate the contributions of nine ANRGs to the risk score, we
established a model as the classifier by applying the XGBoost

algorithm. Figure 4A shows the rank of nine ANRGs based on the
SHAP value. Each dot represents a value of the specific gene. By
summing all scores of the samples, the regulators were sorted
according to the final scores (Figure 4B).

DAP3 was upregulated in hepatocellular
carcinoma tissues

Previous studies have proven that NQO1, ETV4, BSG, and
HMGA1 are highly expressed in HCC (Jin et al., 2019; Teng et al.,
2019; Yang et al., 2021; Zheng et al., 2022). In addition, the
upregulation of PBK, BIRC5, PLK1, and EZH2 was also validated
in HCC tissues (Xiao et al., 2019; Yang et al., 2019; Tian et al., 2020;
Huang et al., 2021; Lin et al., 2021; Peng et al., 2021). However, the

FIGURE 3
The relationship between the risk score and clinical characteristics in HCC patients. (A) Heat map of nine anoikis-related genes expression and
corresponding clinicopathological features of low- and high-risk group. (B) The relationships between the risk score and clinical characteristics including TNM
stage, histologic grade, vascular invasion, AFP level, PFS andOS. **p < 0.01, ****p < 0.0001. TNM, Tumor NodeMetastasis; PFS, Progression-Free Survival; OS,
Overall Survival.
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protein expression of DAP3 in HCC has scarcely been investigated, so
we selected DAP3 as the candidate molecule. Subsequently, an IHC
assay was conducted to explore the expression of DAP3 in HCC
tissues. DAP3 protein was mainly localized to the nucleus. As shown
in Figures 5A,B, DAP3 was significantly upregulated in HCC tissues
compared with adjacent non-tumor tissues which was consistent with
the mRNA expression in TCGA.

Functional analysis of DAP3

To deeply investigate the potential roles of DAP3 in HCC, we
performed KEGG pathway analysis based on DEGs between
subgroups with differential DAP3 expression. The results
indicated that multiple pathways involved in cell proliferation
and metabolism were significantly activated in the group with

FIGURE 4
Contributions of anoikis-related genes to the risk score by machine learning. (A) The rank of nine anoikis-related genes according to the SHAP value. (B)
Important feature score in the XGBoost algorithm model.

FIGURE 5
DAP3was upregulated in HCC tissues. (A) Representative images of DAP3 staining in adjacent normal tissues andHCC tissues. (B) The comparison of IHC
score between adjacent normal tissues and HCC tissues.
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high DAP3 expression (Figure 6A). Figure 6B illustrates the
interactions of molecules in these pathways, implying that
DAP3 may exert an oncogenic role in HCC mainly through the
“HALLMARK_E2F_TARGETS,” “HALLMARK_G2M_
CHECKPOINT,” “HALLMARK_MITOTIC_SPINDLE” and
“HALLMARK_MYC_TARGETS” pathways. As shown in Figures
6C–F, “cell cycle,” “DNA replication” and “Wnt signaling
pathways” were significantly enriched when DAP3 was
upregulated. GSEA demonstrated that “G2M checkpoint,”
“Mitotic spindle,” Myc targets,” “DNA repair” and “E2F
targets,” which are related to cancer development and
progression, were significantly activated in patients with high
DAP3 expression (Figures 6G–J). These results indicated that
DAP3 may serve as an oncogene in HCC.

The correlation between immune infiltration
and DAP3

As mentioned above, Wnt signaling pathways were apparently
enriched in the group with high DAP3 expression. Moreover,
recent studies have shown that Wnt pathways are implicated in
regulating immune infiltration of the tumor microenvironment.
(Chae and Bothwell, 2018; Li et al., 2021; Takeuchi et al., 2021; Du
et al., 2023). Therefore, we further explored whether
DAP3 expression was related to immune infiltration in HCC
based on the TCGA database. The results showed that innate
immune cells, including neutrophils, dendritic cells, and natural
killer cells, were negatively correlated with DAP3 expression
(Figures 7A–E). Moreover, the infiltration of adaptive immune

FIGURE 6
Functional annotation of different subgroups. (A) KEGG enrichment pathways analysis of differentially expressed genes in DAP3 high expression
group. (B) Interactions of multiple pathways. (C,D) KEGG enrichment and GO analysis (E,F) showed that the “cell cycle,” “DNA replication” and “Wnt signaling”
pathways were significantly enriched in DAP3 high expression group. (G–J) The GSEA analysis between DAP3 low and high expression groups using hallmark
gene sets.
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cells such as B cells, T cells, CD8+ T cells and cytotoxic cells, which
are responsible for the antitumor response, was significantly
inhibited in patients with high DAP3 expression (Figures
7F–I). These findings implied that DAP3 expression might be
associated with the immunosuppressive tumor
microenvironment of HCC.

Discussion

HCC is a highly life-threatening malignancy, and effective
predictive biomarkers of HCC are still lacking. Recently, an
increasing number of studies have demonstrated alterations of
anoikis regulators and their significant role in tumorigenesis and
progression in various malignancies, including lung cancer,
prostate cancer, breast cancer and glioblastoma (Jin et al., 2018;
Tajbakhsh et al., 2019; Du et al., 2021; Sun et al., 2022; Yu et al.,
2022). However, the underlying mechanisms and prognostic value of
dysregulated anoikis-related genes in HCC remain unclear. Hence, we
explored the alterations of ANRGs and constructed a risk score
signature to predict the prognosis in HCC.

In this study, we first compared the expression profiles of
311 ANRGs retrieved from the TCGA database in HCC tissues
and non-tumor tissues. The results showed that ANRGs were
significantly differentially expressed, and PCA based on these
dysregulated genes could distinguish tumor and non-tumor

samples well. Additionally, we investigated whether somatic
mutations contributed to aberrant expression of ANRGs, but
few patients (7.07%) exhibited mutations, implying that there
may be other regulatory mechanisms that led to alterations in
ANRGs. Given the prognostic value of ANRGs evaluated by
univariate Cox analysis, we established a nine-gene risk score
signature, with NQO1, ETV4, BSG, HMGA1, DAP3, PBK,
BIRC5, PLK1, and EZH2, by means of the scoring algorithm to
predict HCC patient prognosis. Further analysis suggested that the
risk score model had stable capabilities of stratification and
prediction for OS in HCC patients. In addition, we found that
high risk scores were closely associated with advanced TNM stage,
poor histological differentiation, vascular invasion and high levels
of AFP. These findings revealed that the anoikis-based gene
signature may serve as a potential tool to predict the
progression and prognosis in HCC patients.

To obtain more insights into the risk score model, we
conducted machine learning via the XGBoost algorithm.
According to the contributions of ANRGs, genes were ranked
with NQO1, ETV4, BSG, HMGA1, and DAP3 as the top
5 factors. We further identified the elevated expression of
DAP3 in HCC and found that DAP3 may be involved in HCC
progression by participating in multiple cancer-related pathways,
including the cell cycle, DNA replication and Wnt signaling
pathways. Notably, emerging data have demonstrated that the
activation of Wnt/β-catenin signaling contributes to tumor

FIGURE 7
Immune infiltration analysis of DAP3. (A–E)Correlation between innate immune cells and the expression of DAP3, including DC, NK cells, and cells. (F–I)
The infiltration of adaptive immune cells including B cells, T cells, CD8+T cells and cytotoxic cells, was negatively correlated with the expression of DAP3. DC:
dendritic cells; NK cells: natural killer cells.
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progression by modulating the infiltration of immune cells into the
tumor microenvironment (Swafford and Manicassamy, 2015;
Takeuchi et al., 2021). For instance, Marina et al. found that
Wnt/β-catenin could promote immune escape in HCC by
decreasing the recruitment of dendritic cells and consequently
impairing T-cell activity (Ruiz de Galarreta et al., 2019).
Although Wnt pathways were activated in response to elevated
DAP3, it was not clear whether upregulation of DAP3 was
associated with immune infiltration. Interestingly, our study
found that there was a negative correlation between immune
infiltration and DAP3 expression in HCC.

Previous studies have revealed that NQO1 is upregulated and
promotes an aggressive phenotype in HCC (Shimokawa et al.,
2020; Yang et al., 2021; Wang et al., 2022). Zheng et al. reported
that the enhanced expression of ETV4 by HBx may stimulate the
metastasis of HCC (Zheng et al., 2022) The literature showed that
the interaction between ETV4 and YAP conferred a growth
advantage to HCC and had a protumorigenic role (Xu et al.,
2022). Some studies have shown that BSG and HMGA1 play
significant roles in the development and progression of HCC (Li
et al., 2015; Jin et al., 2019; Teng et al., 2019; Chen et al., 2022).
Moreover, elevated expression of PBK, BIRC5, PLK1 and
EZH2 was identified in HCC tissues (Xiao et al., 2019; Yang
et al., 2019; Tian et al., 2020; Lin et al., 2021; Peng et al., 2021). It
was reported that DAP3 was upregulated in pancreatic cancer,
breast cancer and correlated with malignant phenotypes (Wazir
et al., 2015; Sui et al., 2021). Han et al. elaborated that DAP3 could
suppress A-to-I RNA editing in cancer cells and promote cancer
progression (Han et al., 2020). However, studies on the expression
and potential function of DAP3 in HCC are very limited, and
these issues remain to be investigated. Our work as a pioneering
study may provide insights into the role of DAP3 in HCC
progression.

However, there are some limitations and shortcomings in our
study. First, we identified nine anoikis-related genes (NQO1, ETV4,
BSG, HMGA1, DAP3, PBK, BIRC5, PLK1, and EZH2) in the risk score
model, but only DAP3 protein expression was validated by the tumor
microarray. More attention needs to be paid to other molecules in
further research. Second, we only investigated the potential function of
DAP3 based on bioinformatic analysis. Research on the role of
DAP3 in promoting HCC progression is worth conducting in the
future.

In conclusion, we developed and validated a risk score
signature to predict the prognosis of HCC patients based on
dysregulated anoikis-related genes. DAP3 is an important
tumor-promoting molecule in HCC. This study provides a
unique method for the application of new prognostic
biomarkers for HCC.

Data availability statement

The raw data supporting the conclusion of this article will be made
available by the authors, without undue reservation.

Author contributions

ZY and YZ conceived and guided the research ideas of this study.
ZG, CG, and YZ collected and analyzed the data. ZW and WY
interpreted the data and performed experiments. ZG and ZW
drafted the manuscript. ZY, YZ, ZG, and ZW revised the
manuscript. All the authors read and approved the final manuscript.

Funding

This work was supported by National Natural Science Foundation
of China (No. 82070643, U1904164, and U2004121).

Acknowledgments

We are grateful to National Natural Science Foundation of China
for its support.

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.2022.1096472/
full#supplementary-material

References

Beaufort, N., Corvazier, E., Hervieu, A., Choqueux, C., Dussiot, M., Louedec, L., et al.
(2011). The thermolysin-like metalloproteinase and virulence factor LasB from pathogenic
Pseudomonas aeruginosa induces anoikis of human vascular cells. Cell. Microbiol. 13 (8),
1149–1167. doi:10.1111/j.1462-5822.2011.01606.x

Chae, W. J., and Bothwell, A. L. M. (2018). Canonical and non-canonical Wnt signaling
in immune cells. Trends Immunol. 39 (10), 830–847. doi:10.1016/j.it.2018.08.006

Chen, J., Ji, K., Gu, L., Fang, Y., Pan, M., and Tian, S. (2022). HMGA1 promotes
macrophage recruitment via activation of NF-κB-CCL2 signaling in hepatocellular
carcinoma. J. Immunol. Res. 2022, 4727198. doi:10.1155/2022/4727198

Cui, X., Liu, X., Han, Q., Zhu, J., Li, J., Ren, Z., et al. (2019). DPEP1 is a direct target of
miR-193a-5p and promotes hepatoblastoma progression by PI3K/Akt/mTOR pathway.
Cell. Death Dis. 10 (10), 701. doi:10.1038/s41419-019-1943-0

Du, S., Miao, J., Zhu, Z., Xu, E., Shi, L., Ai, S., et al. (2018). NADPH oxidase 4 regulates
anoikis resistance of gastric cancer cells through the generation of reactive oxygen species
and the induction of EGFR. Cell. Death Dis. 9 (10), 948. doi:10.1038/s41419-018-0953-7

Du, S., Yang, Z., Lu, X., Yousuf, S., Zhao,M., Li,W., et al. (2021). Anoikis resistant gastric cancer
cells promote angiogenesis andperitonealmetastasis throughC/EBPβ-mediatedPDGFBautocrine
and paracrine signaling. Oncogene 40 (38), 5764–5779. doi:10.1038/s41388-021-01988-y

Frontiers in Pharmacology frontiersin.org09

Guizhen et al. 10.3389/fphar.2022.1096472

https://www.frontiersin.org/articles/10.3389/fphar.2022.1096472/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.1096472/full#supplementary-material
https://doi.org/10.1111/j.1462-5822.2011.01606.x
https://doi.org/10.1016/j.it.2018.08.006
https://doi.org/10.1155/2022/4727198
https://doi.org/10.1038/s41419-019-1943-0
https://doi.org/10.1038/s41419-018-0953-7
https://doi.org/10.1038/s41388-021-01988-y
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1096472


Du, W., Menjivar, R. E., Donahue, K. L., Kadiyala, P., Velez-Delgado, A., Brown, K. L., et al.
(2023). WNT signaling in the tumor microenvironment promotes immunosuppression in
murine pancreatic cancer. J. Exp. Med. 220 (1), e20220503. doi:10.1084/jem.20220503

Han, J., An, O., Hong, H., Chan, T. H. M., Song, Y., Shen, H., et al. (2020). Suppression of
adenosine-to-inosine (A-to-I) RNA editome by death associated protein 3 (DAP3)
promotes cancer progression. Sci. Adv. 6 (25), eaba5136. doi:10.1126/sciadv.aba5136

Hu, X., Zhao, Y., Wei, L., Zhu, B., Song, D., Wang, J., et al. (2017). CCDC178 promotes
hepatocellular carcinoma metastasis through modulation of anoikis. Oncogene 36 (28),
4047–4059. doi:10.1038/onc.2017.10

Huang, C., Zhang, C., Sheng, J., Wang, D., Zhao, Y., Qian, L., et al. (2021). Identification
and validation of a tumor microenvironment-related gene signature in hepatocellular
carcinoma prognosis. Front. Genet. 12, 717319. doi:10.3389/fgene.2021.717319

Jin, J., Wang, S. J., Cui, J., Li, L., Li, J. Y., Liu, F. L., et al. (2019). Hypo-phosphorylated
CD147 promotes migration and invasion of hepatocellular carcinoma cells and predicts a
poor prognosis. Cell. Oncol. (Dordr) 42 (4), 537–554. doi:10.1007/s13402-019-00444-0

Jin, L., Chun, J., Pan, C., Kumar, A., Zhang, G., Ha, Y., et al. (2018). The PLAG1-GDH1
Axis promotes anoikis resistance and tumor metastasis through CamKK2-AMPK
signaling in LKB1-deficient lung cancer. Mol. Cell. 69 (1), 87–99. doi:10.1016/j.molcel.
2017.11.025

Kulik, L., and El-Serag, H. B. (2019). Epidemiology and management of hepatocellular
carcinoma. Gastroenterology 156 (2), 477–491. e471. doi:10.1053/j.gastro.2018.08.065

Li, J., Huang, Q., Long, X., Zhang, J., Huang, X., Aa, J., et al. (2015). CD147 reprograms
fatty acid metabolism in hepatocellular carcinoma cells through Akt/mTOR/SREBP1c and
P38/PPARα pathways. J. Hepatol. 63 (6), 1378–1389. doi:10.1016/j.jhep.2015.07.039

Li, J., Rao, B., Yang, J., Liu, L., Huang, M., Liu, X., et al. (2020). Dysregulated m6A-related
regulators are associated with tumor metastasis and poor prognosis in osteosarcoma.
Front. Oncol. 10, 769. doi:10.3389/fonc.2020.00769

Li, K., Zhao, G., Ao, J., Gong, D., Zhang, J., Chen, Y., et al. (2019). ZNF32 induces anoikis
resistance through maintaining redox homeostasis and activating Src/FAK signaling in
hepatocellular carcinoma. Cancer Lett. 442, 271–278. doi:10.1016/j.canlet.2018.09.033

Li, W., Zhou, Y., Wu, Z., Shi, Y., Tian, E., Zhu, Y., et al. (2021). Targeting Wnt signaling
in the tumor immune microenvironment to enhancing EpCAM CAR T-cell therapy.
Front. Pharmacol. 12, 724306. doi:10.3389/fphar.2021.724306

Lin, X. T., Yu, H. Q., Fang, L., Tan, Y., Liu, Z. Y., Wu, D., et al. (2021). Elevated
FBXO45 promotes liver tumorigenesis through enhancing IGF2BP1 ubiquitination and
subsequent PLK1 upregulation. Elife 10, e70715. doi:10.7554/eLife.70715

Madajewski, B., Boatman, M. A., Chakrabarti, G., Boothman, D. A., and Bey, E. A.
(2016). Depleting tumor-NQO1 potentiates anoikis and inhibits growth of NSCLC. Mol.
Cancer Res. 14 (1), 14–25. doi:10.1158/1541-7786.MCR-15-0207-T

Michel, J. B. (2003). Anoikis in the cardiovascular system: Known and unknown
extracellular mediators. Arterioscler. Thromb. Vasc. Biol. 23 (12), 2146–2154. doi:10.
1161/01.ATV.0000099882.52647.E4

Mo, C. F., Li, J., Yang, S. X., Guo, H. J., Liu, Y., Luo, X. Y., et al. (2020). IQGAP1 promotes
anoikis resistance and metastasis through Rac1-dependent ROS accumulation and
activation of Src/FAK signalling in hepatocellular carcinoma. Br. J. Cancer 123 (7),
1154–1163. doi:10.1038/s41416-020-0970-z

Peng, Y., Liu, C., Li, M., Li, W., Zhang, M., Jiang, X., et al. (2021). Identification of a
prognostic and therapeutic immune signature associated with hepatocellular carcinoma.
Cancer Cell. Int. 21 (1), 98. doi:10.1186/s12935-021-01792-4

Ruiz de Galarreta, M., Bresnahan, E., Molina-Sanchez, P., Lindblad, K. E., Maier, B., Sia,
D., et al. (2019). β-Catenin activation promotes immune escape and resistance to anti-PD-
1 therapy in hepatocellular carcinoma. Cancer Discov. 9 (8), 1124–1141. doi:10.1158/2159-
8290.CD-19-0074

Sharma, R., Gogoi, G., Saikia, S., Sharma, A., Kalita, D. J., Sarma, A., et al. (2022).
BMP4 enhances anoikis resistance and chemoresistance of breast cancer cells through
canonical BMP signaling. J. Cell. Commun. Signal 16 (2), 191–205. doi:10.1007/s12079-
021-00649-9

Shimokawa, M., Yoshizumi, T., Itoh, S., Iseda, N., Sakata, K., Yugawa, K., et al. (2020).
Modulation of Nqo1 activity intercepts anoikis resistance and reduces metastatic potential
of hepatocellular carcinoma. Cancer Sci. 111 (4), 1228–1240. doi:10.1111/cas.14320

Song, J., Liu, Y., Liu, F., Zhang, L., Li, G., Yuan, C., et al. (2021). The 14-3-3σ protein
promotes HCC anoikis resistance by inhibiting EGFR degradation and thereby activating

the EGFR-dependent ERK1/2 signaling pathway. Theranostics 11 (3), 996–1015. doi:10.
7150/thno.51646

Sui, L., Ye, L., Sanders, A. J., Yang, Y., Hao, C., Hargest, R., et al. (2021). Expression of
death associated proteins DAP1 and DAP3 in human pancreatic cancer.Anticancer Res. 41
(5), 2357–2362. doi:10.21873/anticanres.15010

Sun, Z., Zhao, Y., Wei, Y., Ding, X., Tan, C., and Wang, C. (2022). Identification and
validation of an anoikis-associated gene signature to predict clinical character, stemness,
IDHmutation, and immune filtration in glioblastoma. Front. Immunol. 13, 939523. doi:10.
3389/fimmu.2022.939523

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al.
(2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71 (3), 209–249. doi:10.3322/
caac.21660

Swafford, D., and Manicassamy, S. (2015). Wnt signaling in dendritic cells: Its role in
regulation of immunity and tolerance. Discov. Med. 19 (105), 303–310. doi:10.3389/
fimmu.2020.00122

Taddei, M. L., Giannoni, E., Fiaschi, T., and Chiarugi, P. (2012). Anoikis: An emerging
hallmark in health and diseases. J. Pathol. 226 (2), 380–393. doi:10.1002/path.3000

Tajbakhsh, A., Rivandi, M., Abedini, S., Pasdar, A., and Sahebkar, A. (2019). Regulators
and mechanisms of anoikis in triple-negative breast cancer (tnbc): A review. Crit. Rev.
Oncol. Hematol. 140, 17–27. doi:10.1016/j.critrevonc.2019.05.009

Takeuchi, Y., Tanegashima, T., Sato, E., Irie, T., Sai, A., Itahashi, K., et al. (2021). Highly
immunogenic cancer cells require activation of the WNT pathway for immunological
escape. Sci. Immunol. 6 (65), eabc6424. doi:10.1126/sciimmunol.abc6424

Teng, K., Wei, S., Zhang, C., Chen, J., Chen, J., Xiao, K., et al. (2019). KIFC1 is activated
by TCF-4 and promotes hepatocellular carcinoma pathogenesis by regulating
HMGA1 transcriptional activity. J. Exp. Clin. Cancer Res. 38 (1), 329. doi:10.1186/
s13046-019-1331-8

Tian, L., Yao, K., Liu, K., Han, B., Dong, H., Zhao, W., et al. (2020). PLK1/NF-κB
feedforward circuit antagonizes the mono-ADP-ribosyltransferase activity of PARP10 and
facilitates HCC progression. Oncogene 39 (15), 3145–3162. doi:10.1038/s41388-020-
1205-8

Wang, X., Liu, Y., Han, A., Tang, C., Xu, R., Feng, L., et al. (2022). The NQO1/p53/
SREBP1 axis promotes hepatocellular carcinoma progression and metastasis by
regulating Snail stability. Oncogene 41 (47), 5107–5120. doi:10.1038/s41388-022-
02477-6

Wazir, U., Sanders, A. J., Wazir, A. M., Ye, L., Jiang, W. G., Ster, I. C., et al. (2015).
Effects of the knockdown of death-associated protein 3 expression on cell adhesion,
growth and migration in breast cancer cells. Oncol. Rep. 33 (5), 2575–2582. doi:10.
3892/or.2015.3825

Xiao, G., Jin, L. L., Liu, C. Q., Wang, Y. C., Meng, Y. M., Zhou, Z. G., et al. (2019).
EZH2 negatively regulates PD-L1 expression in hepatocellular carcinoma. J. Immunother.
Cancer 7 (1), 300. doi:10.1186/s40425-019-0784-9

Xu, X., Wang, B., Liu, Y., Jing, T., Xu, G., Zhang, L., et al. (2022). ETV4 potentiates
nuclear YAP retention and activities to enhance the progression of hepatocellular
carcinoma. Cancer Lett. 537, 215640. doi:10.1016/j.canlet.2022.215640

Yang, Q. X., Zhong, S., He, L., Jia, X. J., Tang, H., Cheng, S. T., et al. (2019). PBK
overexpression promotes metastasis of hepatocellular carcinoma via activating
ETV4-uPAR signaling pathway. Cancer Lett. 452, 90–102. doi:10.1016/j.canlet.
2019.03.028

Yang, Y., Zheng, J., Wang, M., Zhang, J., Tian, T., Wang, Z., et al. (2021).
NQO1 promotes an aggressive phenotype in hepatocellular carcinoma via amplifying
ERK-NRF2 signaling. Cancer Sci. 112 (2), 641–654. doi:10.1111/cas.14744

Yin, J., Wang, J., Zhang, X., Liao, Y., Luo, W., Wang, S., et al. (2022). A missing piece of
the puzzle in pulmonary fibrosis: Anoikis resistance promotes fibroblast activation. Cell.
Biosci. 12 (1), 21. doi:10.1186/s13578-022-00761-2

Yu, Y., Liu, B., Li, X., Lu, D., Yang, L., Chen, L., et al. (2022). ATF4/CEMIP/PKCα
promotes anoikis resistance by enhancing protective autophagy in prostate cancer cells.
Cell. Death Dis. 13 (1), 46. doi:10.1038/s41419-021-04494-x

Zheng, C., Liu, M., Ge, Y., Qian, Y., and Fan, H. (2022). HBx increases chromatin
accessibility and ETV4 expression to regulate dishevelled-2 and promote HCC
progression. Cell. Death Dis. 13 (2), 116. doi:10.1038/s41419-022-04563-9

Frontiers in Pharmacology frontiersin.org10

Guizhen et al. 10.3389/fphar.2022.1096472

https://doi.org/10.1084/jem.20220503
https://doi.org/10.1126/sciadv.aba5136
https://doi.org/10.1038/onc.2017.10
https://doi.org/10.3389/fgene.2021.717319
https://doi.org/10.1007/s13402-019-00444-0
https://doi.org/10.1016/j.molcel.2017.11.025
https://doi.org/10.1016/j.molcel.2017.11.025
https://doi.org/10.1053/j.gastro.2018.08.065
https://doi.org/10.1016/j.jhep.2015.07.039
https://doi.org/10.3389/fonc.2020.00769
https://doi.org/10.1016/j.canlet.2018.09.033
https://doi.org/10.3389/fphar.2021.724306
https://doi.org/10.7554/eLife.70715
https://doi.org/10.1158/1541-7786.MCR-15-0207-T
https://doi.org/10.1161/01.ATV.0000099882.52647.E4
https://doi.org/10.1161/01.ATV.0000099882.52647.E4
https://doi.org/10.1038/s41416-020-0970-z
https://doi.org/10.1186/s12935-021-01792-4
https://doi.org/10.1158/2159-8290.CD-19-0074
https://doi.org/10.1158/2159-8290.CD-19-0074
https://doi.org/10.1007/s12079-021-00649-9
https://doi.org/10.1007/s12079-021-00649-9
https://doi.org/10.1111/cas.14320
https://doi.org/10.7150/thno.51646
https://doi.org/10.7150/thno.51646
https://doi.org/10.21873/anticanres.15010
https://doi.org/10.3389/fimmu.2022.939523
https://doi.org/10.3389/fimmu.2022.939523
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.3389/fimmu.2020.00122
https://doi.org/10.3389/fimmu.2020.00122
https://doi.org/10.1002/path.3000
https://doi.org/10.1016/j.critrevonc.2019.05.009
https://doi.org/10.1126/sciimmunol.abc6424
https://doi.org/10.1186/s13046-019-1331-8
https://doi.org/10.1186/s13046-019-1331-8
https://doi.org/10.1038/s41388-020-1205-8
https://doi.org/10.1038/s41388-020-1205-8
https://doi.org/10.1038/s41388-022-02477-6
https://doi.org/10.1038/s41388-022-02477-6
https://doi.org/10.3892/or.2015.3825
https://doi.org/10.3892/or.2015.3825
https://doi.org/10.1186/s40425-019-0784-9
https://doi.org/10.1016/j.canlet.2022.215640
https://doi.org/10.1016/j.canlet.2019.03.028
https://doi.org/10.1016/j.canlet.2019.03.028
https://doi.org/10.1111/cas.14744
https://doi.org/10.1186/s13578-022-00761-2
https://doi.org/10.1038/s41419-021-04494-x
https://doi.org/10.1038/s41419-022-04563-9
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1096472

	An anoikis-based signature for predicting prognosis in hepatocellular carcinoma with machine learning
	Introduction
	Materials and methods
	Datasets
	Tissue samples
	Immunohistochemistry
	Identification and validation of the risk score model
	Pathway enrichment analysis
	Machine learning algorithm
	Statistical analysis

	Results
	Differential expression and prognostic value of anoikis-related genes in hepatocellular carcinoma
	Identification and validation of the risk score signature of anoikis regulators
	Correlations between the risk score and clinical characteristics in hepatocellular carcinoma patients
	Contributions of ANRGs to the risk score by machine learning
	DAP3 was upregulated in hepatocellular carcinoma tissues
	Functional analysis of DAP3
	The correlation between immune infiltration and DAP3

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


