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Abstract
Cumulative evidence indicates that the abnormal regulation of the NEDD4 family of E3-ubiquitin ligases
participates in the tumorigenesis and development of cancer. However, their role in lung adenocarcinoma
(LUAD) remains unclear. This study comprehensively analyzed the NEDD4 family in LUAD data sets from
public databases and found only NEDD4L was associated with the overall survival of LUAD patients.
Gene set enrichment analysis (GSEA) indicated that NEDD4L might be involved in the regulation of
mTORC1 pathway. Both cytological and clinical assays showed that NEDD4L inhibited the activity of the
mTOR signaling pathway. In vivo and in vitro experiments showed that NEDD4L could signi�cantly inhibit
the proliferation of LUAD cells. In addition, this study also found that the expression of NEDD4L was
regulated by EGFR signaling. These �ndings �rstly revealed that NEDD4L mediates an interplay between
EGFR and mTOR pathways in LUAD, and suggest that NEDD4L held great potential as a novel biomarker
and therapeutic target for LUAD.

Introduction
The morbidity and mortality of lung cancer rank �rst among all the malignant tumors worldwide[1].
Although signi�cant progress has been made in tumor screening and treatment in recent years, the 5-year
survival rate for lung cancer has not improved signi�cantly[2]. Lung adenocarcinoma (LUAD), accounting
for 50% of all lung cancer cases, is the most common subtype of non-small cell lung cancer (NSCLC)[3].
Therefore, an in-depth study of the pathogenesis of LUAD is essential for the development of its
biomarkers and the improvement of the detection and survival rate of LUAD patients.

NEDD4 family belongs to the E3 ubiquitin ligase subfamily, which contains nine members: NEDD4,
NEDD4L, WWP1, WWP2, HECW1, HECW2, SMURF1, SMURF2, and ITCH. NEDD4-like proteins can target
cell cycle and apoptosis-related proteins and regulate various biological processes of cells[4]. Previous
studies have shown that NEDD4-like proteins can regulate TGFβ, Notch, Hedgehog, Hippo, Wnt, Raf/
MEK/ERK, and PTEN/PI3K/Akt signaling pathways, which play key roles in the occurrence and
development of carcinomas[5]. NEDD4 was con�rmed to mediate cell migration signaling of EGFR in
lung cancer[6]. NEDD4L was reported to inhibit TGFβ induced epithelial to mesenchymal transition (EMT)
and be related to the prognosis of lung cancer patients[7, 8]. WWP1 induces the ubiquitination of EGFR at
Lys689, which enhances EGFR recycling in lung cancer[9]. WWP2 promotes the proliferation of lung
cancer cells by mediating p27 ubiquitination[10]. SMURF1 regulates lung cancer proliferation and
migration by mediating PIPKIγ ubiquitination[11]. SMURF2 acts as a negative regulator of TGFβ signaling
by ubiquitin-mediated degradation of TGFβR1 in lung cancer[12]. HECW1 promotes the metastasis of
NSCLC by mediating the ubiquitination of Smad4[13]. Li et al. reported that inhibition of ITCH could
suppress proliferation and induce apoptosis of lung cancer cells[14]. The function of HECW2 in lung
cancer is still unclear. NEDD4 family members play an important role in the biological process of lung
cancer, but their function and mechanism in LUAD still need to be further explored.
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EGFR is the key driver of lung cancer. EGFR signaling network plays a vital role in the maintenance and
growth of epithelial tissues[15]. EGFR signaling pathway is involved in the regulation of lung cancer cell
proliferation, migration, invasion, apoptosis, and other biological processes[16-18]. mTOR is another key
oncogene in carcinomas. Activated mTOR signaling regulates protein synthesis, survival, and cell growth
by downstream effectors P70S6K, 4ebp1, and eIF4[19]. Insulin inhibits TSC2 by activating Akt and
releases the inhibitory effect of the latter on Rheb, thereby activating mTOR[20]. In addition, PI3K
Signaling also regulates mTORC1 through Rheb[21]. However, the activity of the PI3K/Akt pathway is
regulated by EGFR. Due to the limited role of TSC2 in lung adenocarcinoma, EGFR should be able to
regulate mTOR activity in other ways. Deng et al. reported that ubiquitin ligases RNF152 and USP4 play a
vital role in Rheb-mediate mTORC1 activation[22]. Hong's study showed that CBLC enhanced EGFR
dysregulation and signaling in LUAD[23].

Cumulative evidence indicates that ubiquitin ligase is related to the EGFR signal and the mTOR pathway.
However, the role of the NEDD4 family in LUAD remains unclear and needs to be further studied.

In this study, we probed the expression of NEDD4 family members in LUAD via bioinformatics analyses
and found that NEDD4L was down-regulated and associated with poor prognosis. Subsequently, we
con�rmed that EGFR enhanced mTOR signaling activity by down-regulating NEDD4L, thereby promoting
the proliferation of LUAD.

This study is �rst to reveal the mechanism of EGFR/NEDD4L/mTOR signal axis and provided a new
potential target for the treatment of LUAD.

Materials And Methods
Data acquisition and processing: The LUAD project of the TCGA (TCGA_LUAD) dataset and GSE68465
dataset was acquired from the GDC hub of the UCSC Xena website (http://xena.ucsc.edu/public) and the
Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/gds/), respectively. Data were
processed as described in our previous study[24].

Online database analysis: A meta-analysis of NEDD4L transcriptional level in LUAD was performed by the
Oncomine database (https://www.oncomine.org/resource/login.html). NEDD4L expression data of 9
groups of LUAD and normal tissues were retrieved and compared statistically. The default threshold was
as follows: P < 1E-4, fold change > 2, and the top 10% of genes. The GEPIA database (http://gepia.cancer-
pku.cn/index.html) was used to analyze the correlation between NEDD4L expression level and prognosis
of LUAD patients.

Cell culture and treatment: Human LUAD cancer H1299 and PC9 cells were obtained from Cell Bank of
Shanghai Institute for Biological Sciences, Chinese Academy of Sciences. Cells were cultured in RPMI
1640 (H1299), DMEM (PC9) medium, containing 10% FBS, and maintained in an incubator with constant
temperature and CO2. Cells were treated with ge�tinib (ZD1839, Selleck).

https://www.oncomine.org/resource/login.html
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Transfection and lentiviral transduction: Transfection was performed using Lipo8000™ (C0533,
Beyotime). The siRNAs were acquired from GenePharma Company (Shanghai, China). The siRNA
sequences are as follows: siEGFR#1, 5'-GUCCGCAAGUGUAAGAAGUTT-3'; siEGFR#2, 5'-GGAG

AUAAGUGAUGGAGAUTT-3'; negative control, 5'-UUCUCCGAACGUGUCACG

UTT-3'. The lentivirus was acquired from Genechem company (Shanghai, China).

The target sequence of shNEDD4L is as follow: 5'-GGAACUAAGCAGAAGGCUU

TT-3'. The method of lentivirus transfection of cells was described in our previous study[25].

CCK-8 assay: Cells were plated in 96-well plates and incubated as described in our previous study[26].
The viable cells were quanti�ed by cell counting kit-8 (c0037, Beyotime) according to the manufacturer’s
instructions.

Colony formation assay: The PC9 cells were seeded onto 6-well plates (200 cells/well) and cultured for
14 days. Cells were �xed using paraformaldehyde and stained using crystal violet as described in our
previous study[26]. Each group had three repetitions, and the t-test was used to analyze the difference in
clone number between groups.

Cell cycle assay: Cells were �rst starved in 1% FBS medium for 12 hours, then spread onto 6-well plates
and cultured in complete medium for 24 hours. Cells were treated using a cell cycle and apoptosis
analysis kit (C1052, Beyotime) and detected using �ow cytometry. The difference between groups was
detected by t-test.

Gene set enrichment analysis: Patients from the TCGA_LUAD dataset were divided into high-expression
and low-expression subgroups according to NEDD4L expression level. Gene set enrichment analysis
(GSEA) was performed to investigate pathways enriched in the high-expression and low-expression
subgroups. C2.cp.kegg.v7.1.symbols.gmt was chosen as the gene set database. Signaling pathways that
meet the following criteria can be signi�cantly enriched: nominal p-value < 0.05, q-value < 0.25, and
normalized enrichment score > 1[27].

Western Blotting: Cells were lysed on ice with pre-cooled RIPA for 10 minutes, and centrifuged at 4°C for
10 minutes (12000 rpm/min) to obtain the supernatant for subsequent detection. Western blotting was
performed using antibodies against EGFR (#4267S, CST), phospho-EGFR (#3777, CST), mTOR (#2983,
CST), phospho-mTOR (ab109268, Abcam), NEDD4L (ab46521, Abcam), and S6K (ab186753, Abcam),
phospho-S6K (ab131436, Abcam), β-Actin (#3700, CST). Horseradish peroxidase-labeled Goat anti-rabbit
IgG (H + L) (A0208, Beyotime) was used as secondary antibodies.

Patients and specimens: Twenty-four pairs of human LUAD tissues and para-carcinoma tissues were
obtained from patients at Shanxi Provincial People's Hospital (Taiyuan, China). The use of clinical
specimens was approved by the Ethics Committee of Zhoukou Normal University (ZKNU-2019043).
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Immunohistochemistry and immuno�uorescence assay: The carcinoma tissues and para-carcinoma
tissues were fabricated into a tissue chip. Immunohistochemical (IHC) staining of FFPE sections was
performed as described[26]. The expression of target genes was assessed by the H-score system, and the
formula for the H-score is as follows: Histoscore = Σ (I × Pi), where I = intensity of staining and Pi =
percentage of stained tumor cells[28]. Cells were seeded onto the special dish for laser confocal
scanning, and the density was about 30%. Cells were treated with 10μM ge�tinib for 24 hours.
Immuno�uorescence was performed as described in our previous study[26].

Xenograft lung adenocarcinoma model: For the xenograft lung cancer models, 6-week-old BALB/c nude
mice were obtained from Weitong Lihua Experimental Animal Technology Co., Ltd (Beijing, China). H1299
cells (5 × 106 per mouse) were injected subcutaneously into the right side of mice, and the tumor volumes
were measured 7 days later (Day 0). We measured the tumor volume every three days, and the formula is
as follows: volume = (length*width2)/2. On day 18 of tumor development, mice were sacri�ced and
tumors were isolated and subjected to IHC analysis. All animal experiments were approved by the Ethics
Committee of Zhoukou Normal University (ZKNU-2019043).

Statistical analysis: Correlation analysis was conducted by GraphPad Prism (version 8.0.1) with the
Pearson method. The IHC score difference analysis was also conducted by GraphPad Prism software
using paired t-test. The prognosis of LUAD patients from different subgroups was compared using the
Kaplan–Meier method with a log-rank test. Target genes expression from different groups was compared
by R software (version 4.0.2) using the Wilcox test. The “pheatmap”, "ggplot2", "ggpubr", "survival",
"survminer", "plyr", "grid", and "gridExtra" packages in R (version 4.0.2) were used for visualization. A p-
value of less than 0.05 was considered to be statistically signi�cant (*, p < 0.05; **, p < 0.01; ***, p <
0.001).

Results
NEDD4L downregulation is correlated with poor prognosis in LUAD.

To investigate the potential function of the NEDD4 family members in LUAD, we examined their
transcription levels in 59 normal tissues and 526 cancer tissues from the TCGA_LUAD dataset. The
differentially expressed genes (DEGs) between normal and tumor tissues were analyzed using the
following criteria: fold change (FC) > 2 and FDR < 0.05. The results revealed that NEDD4, NEDD4L, WWP1,
WWP2, and HECW2 were signi�cantly downregulated while SMURF1, HECW1, and ITCH were signi�cantly
upregulated in cancer tissues compared with normal tissues (Figure 1A-1C). Subsequently, a meta-
analysis of NEDD4L transcriptional level in LUAD was performed using 9 studies from the Oncomine
database, and the result was consistent with that of the TCGA_LUAD dataset (Figure 1D). Next, we
examined NEDD4L protein levels in LUAD tissues and para-carcinoma tissues using IHC. The result
con�rmed that NEDD4L was signi�cantly downregulated in LUAD (Figure 1E&1F). Survival analysis of
patients from the TCGA_LUAD dataset indicated that only NEDD4L was associated with overall survival
(OS) of patients, and NEDD4L patients expressing higher levels of NEDD4L showed better prognosis
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(Figure 1G, Supplementary �gure 1). Analyses using other datasets (GSE48465 and GEPIA_LUAD)
validated that NEDD4L could serve as a better prognosis of LUAD (Figure 1H&1I). Taken together, these
�ndings suggested that NEDD4L might function as a tumor suppressor in clinical LUAD.

NEDD4L represses the proliferation of LUAD cells

To explore the function of NEDD4L in lung adenocarcinoma, we carried out the following cytological
experiments. CCK-8 and clone formation assays were performed to detect cells proliferation ability.
Overexpression of NEDD4L in LUAD cell lines inhibited cells proliferation, while knockdown of NEDD4L
promoted cell proliferation (Figure 2A-2D). NEDD4L knockdown promoted in vitro colony formation of
PC9 cells, while NEDD4L overexpression inhibited colony formation (Figure 2E&2F). Flow cytometry
results showed that the number of S-phase cells increased after NEDD4L overexpression, while it
decreased after NEDD4L knockdown (Figure 2G-2J). These results suggested that NEDD4L might inhibit
the proliferation of LUAD cells by inducing cell cycle arrest in S phase.

NEDD4L inhibited mTOR pathway activity in LUAD

Because the mTOR signaling pathway is closely related to tumor proliferation[29], we explored the effect
of NEDD4L on its activity in LUAD cells. GSEA results showed that mTORC1 signaling was einforced in
the NEDD4L low-expression subgroup (Figure 3A). Compared with the NEDD4L high-expression subgroup,
the mTORC1 pathway-related genes such as CDC25C, CDK4 CDK6, GCLC, HK2, MCM2, MKI67, PDK1,
PGK1, and SLC2A1 were upregulated in the NEDD4L low-expression subgroup (Figure 3B). Western
blotting (WB) and cellular immuno�uorescence (ICC) results showed that NEDD4L overexpression
reduced the levels of phosphorylated mTOR (p-mTOR) and S6K (p-S6K), while NEDD4L knockdown
promoted the phosphorylation of these proteins (Figure 3C-3E). Immunohistochemistry (IHC) results
indicated that p-mTOR and p-S6K were signi�cantly upregulated in carcinoma tissues, and signi�cantly
negatively correlated to NEDD4L (Figure 4A-4F). These data suggest that the mTOR pathway could be
regulated by NEDD4L in LUAD.

NEDD4L expression was deregulated by EGFR in LUAD

Since EGFR is the key driver of lung cancer and can regulate the expression of various genes, therefore
we analyzed the correlation between EGFR and NEDD4L. As a result, NEDD4L was negatively correlated
to EGFR mRNA and protein levels in cancer tissues in the TCGA_LUAD dataset (Figure 5A&5B). However,
there was a signi�cant positive correlation between NEDD4L and EGFR in normal tissues (Supplementary
�gure 2). IHC was then performed to detect the expression of EGFR, p-EGFR, and NEDD4L in 24 LUAD
samples. Correlation analysis showed that NEDD4L was signi�cantly negatively correlated with total and
phosphorylated EGFR (Figure 5C-5D). To probe whether NEDD4L expression was regulated by the EGFR
pathway, we treated LUAD cells with ge�tinib, a tyrosine kinase inhibitor targeting EGFR. WB and ICC
results showed that ge�tinib could signi�cantly inhibit the activity of EGFR and promote NEDD4L
expression (Figure 6A-6D). We also knocked down EGFR in LUAD cells by siRNA, and WB assay indicated
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that the expression level of NEDD4L was upregulated after EGFR knockdown (Figure 6E&6F). These
results suggest that the EGFR pathway could inhibit NEDD4L expression in LUAD.

NEDD4L inhibited the proliferation of LUAD in vivo

To further the role of NEDD4L in mTOR signaling and LUAD pathogenesis, we generated a xenograft
LUAD model through subcutaneous injection of nude mice with H1299 cells (Figure 7A&7B). We
measured the tumor volume every three days until the mice died, and plotted the tumor growth curve. The
results showed that NEDD4L overexpression signi�cantly inhibited tumor growth in vivo, while
knockdown of NEDD4L remarkably promoted tumor proliferation (Figure 7A-7G). We harvested the
tumors after the mice were sacri�ced and weighted them. Comparing with control groups, we found that
the weight of the NEDD4L overexpression group was signi�cantly decreased, while that of the NEDD4L
knockdown group was signi�cantly increased (Figure 7G&7H). The tumor tissues were cut into para�n
sections, and subject to IHC analyses. The results showed that the levels of p-mTOR and p-S6K were
signi�cantly reduced in NEDD4L overexpression samples, while they were signi�cantly upregulated in
NEDD4L knockdown samples (Figure 7I). Thus, these data suggest that the EGFR-NEDD4L-mTOR axis is
crucial for the development of LUAD.

Discussion
NEDD4 family ubiquitin ligases, as the key regulators of cell surface receptor signaling, play a key role in
the development and progression of tumors[30, 31]. In addition, NEDD4-like proteins have high substrate
speci�city, which makes them potentially suitable targets for tumor therapy[32]. However, the detailed role
of NEDD4-like proteins in LUAD pathogenesis is still unclear. Here, our integrated bioinformatics analysis
demonstrated a prognostic value of NEDD4L in LUAD, which was consistent with the results observed by
Yang et al. in lung cancer[33]. GSEA results indicated that genes regulated by NEDD4L were enriched in
the mTORC1 pathway (Figure 3A&3B). Subsequently, we knocked down or overexpressed NEDD4L in
LUAD cells and measured the activity of the mTOR pathway. The results suggested that NEDD4L played
a critical role in the regulation of the mTOR pathway, which was consistent with Chelly's study[34]. To
con�rm the reliability of the conclusion, IHC was performed using human LUAD tissues and mouse
xenograft tumor tissues, and which showed that NEDD4L expression level was signi�cantly negatively
correlated with p-mTOR and p-S6K (Figure 4D&4E; Figure 7I&7J). The mTOR pathway plays a decisive
role in cell proliferation, survival, and metabolism, which suggests that NEDD4L may be related to the
development of LUAD[35]. Wang et al. showed that NEDD4L suppressed proliferation and migration of
NSCLC[36]. Our results of in vitro and in in vivo experiments indicated that NEDD4L inhibited the
proliferation of LUAD by inducing S phase arrest (Figure 2; Figure 7A-7H). Together, these results suggest
that NEDD4L acted as a tumor suppressor gene in LUAD.

EGFR signaling is associated with the malignant behaviors of lung cancer and drives uncontrolled cell
growth and invasion[37]. However, it remains to be fully characterized how EGFR signaling regulates
target genes and drives the development of LUAD. We found that the levels of total and phosphoryltaed
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EGFR were negatively correlated with the expression of NEDD4L in LUAD tissues (Figure 5). The results of
our in vitro experiments indicated that EGFR inhibited the expression of NEDD4L in LUAD cells (Figure 6).
However, bioinformatics analysis showed that EGFR was positively correlated to NEDD4L in normal
tissues (Supplementary �gure 2). The abnormal activation of EGFR signaling in LUAD may lead to
changes in the expression or activity of a cohort of transcription factors like SP1[38], AP-1[39] and
CREB[40], all of which were documented to that regulate NEDD4L expression. Further investigations are
needed to de�ne the mechanism underlying transcriptional regulation of NEDD4L by EGFR in LUAD cells.

Understanding the complicated cross-talk between different signaling pathways during tumorigenesis will
contribute to the development of new methods and new targets for tumor therapy. The mTOR and EGFR
signaling pathways are crucial for LUAD. However, whether they synergistically promote carcinogenesis
or whether there is an interplay between these canonical pathways in lung cancer is still unclear. Kumar et
al. showed that the mTOR‐Rictor‐EGFR axis played a vital role in glioblastoma[41]. Cui et al. reported that
EGFR promoted tumor proliferation and angiogenesis by activating the PI3K-AKT-mTOR and RAF-MEK-
ERK pathways in hepatocellular carcinoma[42]. Interestingly, in this study, we found that NEDD4L could
act as a bridge between EGFR and mTOR pathways. Combining the existing literature and our �ndings,
we propose that the EGFR-NEDD4L-mTOR axis plays a vital role in thedevelopment of LUAD, suggesting a
prognostic role of NEDD4L in EGFR-driven lung malignancy as well as the applicability of combined
EGFR and mTOR targeting in LUAD therapy.

Declarations
Acknowledgments

We thank Editorbar (www.editorbar.com) for providing language assistance in the preparation of this
manuscript.

Funding

This work was supported by the National Natural Science Foundation of China (81903031), China
Postdoctoral Science Foundation (2020M682334), Henan Postdoctoral Foundation (202003002), the
Open Project of State Key Laboratory of Cancer Biology of China (CBSKL2019KF12).

Availability of data and materials

The datasets generated during and/or analyzed during the present study are

available from the corresponding author on reasonable request.

Authors’contributions

LW, SQL and LTJ were responsible for the conceptual design of the study. GYL, ZWS, CJW, XYL, LPZ, BHT,
ZNG, MQS, ZZ and HNZ were responsible for data processing and statistical analysis. GYL, ZWS and LW



Page 10/19

wrote and reviewed the

manuscript. All authors read and approved the �nal manuscript.

Ethics approval and consent to participate

All animal experiments and the use of clinical specimens were approved by the Ethics Committee of
Zhoukou Normal University (ZKNU-2019043).

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests

References
 [1]. Bray, F., et al., Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J Clin, 2018. 68(6): p. 394-424.

 [2]. Siegel, R.L., K.D. Miller and A. Jemal, Cancer statistics, 2019. CA Cancer J Clin, 2019. 69(1): p. 7-34.

 [3]. Sun, S., et al., Development and validation of an immune-related prognostic signature in lung
adenocarcinoma. Cancer Med, 2020. 9(16): p. 5960-5975.

 [4]. Choi, B.H., et al., WWP2 is required for normal cell cycle progression. Genes Cancer, 2015. 6(9-10): p.
371-7.

 [5]. Wang, Y., et al., HECT E3 ubiquitin ligases - emerging insights into their biological roles and disease
relevance. J Cell Sci, 2020. 133(7).

 [6]. Shao, G., et al., The E3 ubiquitin ligase NEDD4 mediates cell migration signaling of EGFR in lung
cancer cells. Mol Cancer, 2018. 17(1): p. 24.

 [7]. Qu, M.H., et al., miR-93 promotes TGF-beta-induced epithelial-to-mesenchymal transition through
downregulation of NEDD4L in lung cancer cells. Tumour Biol, 2016. 37(4): p. 5645-51.

 [8]. Yang, S., et al., Novel genetic variants in KIF16B and NEDD4L in the endosome-related genes are
associated with nonsmall cell lung cancer survival. Int J Cancer, 2020. 147(2): p. 392-403.

 [9]. Yu, J.J., et al., TRIB3-EGFR interaction promotes lung cancer progression and de�nes a therapeutic
target. Nat Commun, 2020. 11(1): p. 3660.



Page 11/19

[10]. Wang, L., et al., ARHGAP24 inhibits cell proliferation and cell cycle progression and induces
apoptosis of lung cancer via a STAT6-WWP2-p27 axis. Carcinogenesis, 2020. 41(5): p. 711-721.

[11]. Li, H., et al., Smurf1 regulates lung cancer cell growth and migration through interaction with and
ubiquitination of PIPKIgamma. Oncogene, 2017. 36(41): p. 5668-5680.

[12]. Chae, D.K., et al., MiR-195 and miR-497 suppress tumorigenesis in lung cancer by inhibiting SMURF2-
induced TGF-beta receptor I ubiquitination. Mol Oncol, 2019. 13(12): p. 2663-2678.

[13]. Lu, C., et al., E3 ubiquitin ligase HECW1 promotes the metastasis of non-small cell lung cancer cells
through mediating the ubiquitination of Smad4. Biochem Cell Biol, 2021: p. 1-7.

[14]. Li, P.F. and Q.G. Zhang, Inhibition of ITCH Suppresses Proliferation and Induces Apoptosis of Lung
Cancer Cells. Cell Physiol Biochem, 2018. 48(4): p. 1703-1709.

[15]. Janne, P.A., J.A. Engelman and B.E. Johnson, Epidermal growth factor receptor mutations in non-
small-cell lung cancer: implications for treatment and tumor biology. J Clin Oncol, 2005. 23(14): p. 3227-
34.

[16]. Fu, H., et al., Aldolase A promotes proliferation and G1/S transition via the EGFR/MAPK pathway in
non-small cell lung cancer. Cancer Commun (Lond), 2018. 38(1): p. 18.

[17]. Liu, R., et al., Characteristics of TGFBR1-EGFR-CTNNB1-CDH1 Signaling Axis in Wnt-Regulated
Invasion and Migration in Lung Cancer. Cell Transplant, 2020. 29: p. 963689720969167.

[18]. Shah, K.N., et al., Aurora kinase A drives the evolution of resistance to third-generation EGFR
inhibitors in lung cancer. Nat Med, 2019. 25(1): p. 111-118.

[19]. Murugan, A.K., mTOR: Role in cancer, metastasis and drug resistance. Semin Cancer Biol, 2019. 59:
p. 92-111.

[20]. Avruch, J., et al., Insulin and amino-acid regulation of mTOR signaling and kinase activity through
the Rheb GTPase. Oncogene, 2006. 25(48): p. 6361-72.

[21]. Dibble, C.C. and L.C. Cantley, Regulation of mTORC1 by PI3K signaling. Trends Cell Biol, 2015. 25(9):
p. 545-55.

[22]. Deng, L., et al., Ubiquitination of Rheb governs growth factor-induced mTORC1 activation. Cell Res,
2019. 29(2): p. 136-150.

[23]. Hong, S.Y., et al., Upregulation of E3 Ubiquitin Ligase CBLC Enhances EGFR Dysregulation and
Signaling in Lung Adenocarcinoma. Cancer Res, 2018. 78(17): p. 4984-4996.

[24]. Zhang, J., et al., Systematic analysis of the ABC transporter family in hepatocellular carcinoma
reveals the importance of ABCB6 in regulating ferroptosis. Life Sci, 2020. 257: p. 118131.



Page 12/19

[25]. Li, G.Y., et al., Long non-coding RNAs AC026904.1 and UCA1: a "one-two punch" for TGF-beta-
induced SNAI2 activation and epithelial-mesenchymal transition in breast cancer. Theranostics, 2018.
8(10): p. 2846-2861.

[26]. Zhang, D., et al., FGFR1 Induces Acquired Resistance Against Ge�tinib By Activating AKT/mTOR
Pathway In NSCLC. Onco Targets Ther, 2019. 12: p. 9809-9816.

[27]. Yuan, Y., et al., Development and Validation of a CD8+ T Cell In�ltration-Related Signature for
Melanoma Patients. Front Immunol, 2021. 12: p. 659444.

[28]. Li, G., et al., Sp1-mediated epigenetic dysregulation dictates HDAC inhibitor susceptibility of HER2-
overexpressing breast cancer. Int J Cancer, 2019. 145(12): p. 3285-3298.

[29]. Morita, M., et al., mTOR coordinates protein synthesis, mitochondrial activity and proliferation. Cell
Cycle, 2015. 14(4): p. 473-80.

[30]. Mari, S., et al., Structural and functional framework for the autoinhibition of Nedd4-family ubiquitin
ligases. Structure, 2014. 22(11): p. 1639-49.

[31]. Chen, C. and L.E. Matesic, The Nedd4-like family of E3 ubiquitin ligases and cancer. Cancer
Metastasis Rev, 2007. 26(3-4): p. 587-604.

[32]. Nalepa, G., M. Rolfe and J.W. Harper, Drug discovery in the ubiquitin-proteasome system. Nat Rev
Drug Discov, 2006. 5(7): p. 596-613.

[33]. Yang, S., et al., Novel genetic variants in KIF16B and NEDD4L in the endosome-related genes are
associated with nonsmall cell lung cancer survival. Int J Cancer, 2020. 147(2): p. 392-403.

[34]. Broix, L., et al., Mutations in the HECT domain of NEDD4L lead to AKT-mTOR pathway deregulation
and cause periventricular nodular heterotopia. Nat Genet, 2016. 48(11): p. 1349-1358.

[35]. Yu, J.S. and W. Cui, Proliferation, survival and metabolism: the role of PI3K/AKT/mTOR signalling in
pluripotency and cell fate determination. Development, 2016. 143(17): p. 3050-60.

[36]. Wang, X., et al., Decreased expression of NEDD4L contributes to NSCLC progression and metastasis.
Biochem Biophys Res Commun, 2019. 513(2): p. 398-404.

[37]. Uribe, M.L., I. Marrocco and Y. Yarden, EGFR in Cancer: Signaling Mechanisms, Drugs, and Acquired
Resistance. Cancers (Basel), 2021. 13(11).

[38]. Kong, D., et al., DP1 Activation Reverses Age-Related Hypertension Via NEDD4L-Mediated T-Bet
Degradation in T Cells. Circulation, 2020. 141(8): p. 655-666.

[39]. Arthur-Farraj, P.J., et al., Changes in the Coding and Non-coding Transcriptome and DNA Methylome
that De�ne the Schwann Cell Repair Phenotype after Nerve Injury. Cell Rep, 2017. 20(11): p. 2719-2734.



Page 13/19

[40]. Fu, J., D. Akhmedov and R. Berdeaux, The short isoform of the ubiquitin ligase NEDD4L is a CREB
target gene in hepatocytes. PLoS One, 2013. 8(10): p. e78522.

[41]. Ramaiah, M.J. and K.R. Kumar, mTOR-Rictor-EGFR axis in oncogenesis and diagnosis of
glioblastoma multiforme. Mol Biol Rep, 2021. 48(5): p. 4813-4835.

[42]. Cui, J., H.M. Shen and L. Lim, The Role of Autophagy in Liver Cancer: Crosstalk in Signaling
Pathways and Potential Therapeutic Targets. Pharmaceuticals (Basel), 2020. 13(12).

Figures

Figure 1

Expression and prognostic analysis of NEDD4L in LUAD (A) Heat map of NEDD4 family expression
pro�les in samples from the TCGA dataset. (B) Relative mRNA levels of NEDD4 family members in
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samples from the TCGA_LUAD dataset. (C) Relative mRNA level of NEDD4L in normal and tumor tissues
from the TCGA_LUAD dataset. (D) Meta-analysis of NEDD4L using the Oncomine database showed that
NEDD4L was signi�cantly downregulated in LUAD tissues. (E) Representative IHC staining of NEDD4L in
carcinoma and para-carcinoma tissues. (F) Relative protein levels of NEDD4L in carcinoma and para-
carcinoma tissues. (G-H) Kaplan–Meier curves of the OS of the patients from the TCGA_LUAD,
GSE68465, and GEPIA_LUAD database.

Figure 2

NEDD4L downregulation contributed to LUAD cell proliferation (A-D) CCK-8 assays for LUAD cells stably
overexpressing NEDD4L (A&C) or stably knocking down NEDD4L (B&D). (E&F) Colony formation assays
for PC9 cells, which were stably overexpressing NEDD4L (E) or stably knocking down NEDD4L (F). (G-J)
LUAD cells stably overexpressing NEDD4L (G&I) or stably knocking down NEDD4L (H&J) subjected to
�ow cytometry analysis for detecting cell cycle.
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Figure 3

NEDD4L regulated the activity of the mTOR pathway in LUAD cells (A) GSEA results indicated that genes
in the NEDD4L low expression subgroup were enriched in the mTORC1 pathway. (B) Relative mRNA levels
of mTORC1 pathway-related genes in samples from the TCGA_LUAD dataset. (C&D) Western blot
analysis of PC9 cells stably overexpressing NEDD4L (C) or stably knocking down NEDD4L (D). (E)
Immuno�uorescence microscopy analysis of PC9 cells stably overexpressing NEDD4L or stably knocking
down NEDD4L.
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Figure 4

NEDD4L was negatively correlated with p-mTOR and p-S6K in LUAD tissues (A) Representative IHC
staining of p-mTOR and p-S6K in carcinoma and para-carcinoma tissues. (B&C) Relative protein levels of
p-mTOR (B) and p-S6K (C) in carcinoma and para-carcinoma tissues. (D-F) Correlation analysis of
NEDD4L, p-mTOR, and p-S6K.
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Figure 5

EGFR was negatively correlated with NEDD4L in LUAD tissues (A&B) Bioinformatics analysis of the
TCGA_LUAD dataset showed that NEDD4L was negatively correlated with EGFR at the mRNA level (A)
and protein level (B). (C&D) IHC score showed that NEDD4L was negatively correlated with EGFR (C) and
p-EGFR (D). (E) Representative IHC staining of indicated proteins in carcinoma and para-carcinoma
tissues.
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Figure 6

EGFR signaling suppressed the expression of NEDD4L in LUAD cells (A&B) LUAD cells were treated with
the indicated dose of ge�tinib and subject to Western blot analysis. (C&D) LUAD cells were treated with
10μM of ge�tinib and subject to immuno�uorescence microscopy analysis. (E&F) LUAD cells were
transfected with scrambled or EGFR-target siRNAs and subject to Western blot analysis.
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Figure 7

NEDD4L suppressed the proliferation of breast cancer in vivo (A&B) Xenograft models of LUAD cancers
derived from H1299-shControl or H1299-shNEDD4L or H1299-Control or H1299-NEDD4L cells were
established as described in the Materials and Methods section. (C&D) Tumors were obtained after mice
were sacri�ced on Day 18. (E&F) The tumor volume was measured every three days and the growth
curves were drawn. (G&H) Scatter plots of tumor weight on Day 18. (I) Immunohistochemical results of
tumor tissue from the xenograft models.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

Fig.S1.png

Fig.S2.png

https://assets.researchsquare.com/files/rs-955148/v2/076c48fa103cd09bdc6f101e.png
https://assets.researchsquare.com/files/rs-955148/v2/87df812e7b89c935f8c268d8.png

