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FAM83A Promotes Lung Cancer Progression by Regulating the Wnt and Hippo Signaling Pathways and Indicates Poor Prognosis
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FAM83A (family with sequence similarity 83, member A) has been found to be highly expressed in cancers. The purpose of this study was to clarify the role and mechanism of FAM83A in lung cancers. The expression of FAM83A in lung cancer cells was enhanced by gene transfection or knocked down by small interfering RNA interference. The key proteins of the Wnt signaling pathway, the Hippo signaling pathway, and epithelial–mesenchymal transition (EMT) were examined using Western blot. The proliferation and invasion of lung cancer cells were examined using cell proliferation, colony formation, and invasion assays. The expression of FAM83A in lung cancer tissues was significantly increased and was correlated with advanced tumor–node–metastasis (TNM) stage and poor prognosis. Overexpression of FAM83A enhanced the proliferation, colony formation, and invasion of lung cancer cells. Meanwhile, FAM83A overexpression increased the expression of active β-catenin and Wnt target genes and the activity of EMT. Furthermore, in FAM83A-overexpressed cells, the activity of Hippo pathway was downregulated, whereas the expression of yes-associated protein (YAP) and its downstream targets cyclin E and CTGF were upregulated. The inhibitor of the Wnt signaling pathway, XAV-939, reversed the promoting effect of FAM83A on YAP, cyclin E, and CTGF. On knocking down the expression of FAM83A, we obtained the opposite results. However, the inhibitor of GSK3β, CHIR-99021, restored the expression of YAP, cyclin E, and CTGF after FAM83A was knocked down. FAM83A is highly expressed in lung cancers and correlated with advanced TNM stage and poor prognosis. FAM83A promotes the proliferation and invasion of lung cancer cells by regulating the Wnt and Hippo signaling pathways and EMT process.
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INTRODUCTION

Lung cancer is one of the malignancies exhibiting the fastest morbidity and mortality and the greatest threat to human health and life. Non–small cell lung cancer (NSCLC) accounts for 85% of new lung cancer cases (1), and 90% of patients with lung cancer die of complications related to tumor metastasis (2). Therefore, it is of great significance to study the mechanism of the occurrence and development of lung cancer and the proliferation, invasion, and metastasis of tumors to identify new therapeutic targets and approaches for the prevention and treatment of lung cancer.

Family with sequence similarity 83, member A (FAM83A), also known as bj-tsa-9, is located on chromosome 8q24 and was initially identified as a potential tumor-specific gene using a bioinformatics method (3). It consists of 434 amino acids, including DUF1669, serine-rich, and protein-rich domains (4), and the DUF1669 domain at its N-terminus is thought to be involved in tumor progression (5, 6). It has been reported that FAM83A is overexpressed in a variety of human tumors including lung, breast, testicular, and bladder cancers, suggesting that FAM83A may play a carcinogenic role in the development of cancer (7–9). Moreover, FAM83A is associated with poor prognosis (10). FAM83A is located downstream of the EGFR and PI3K pathways and correlated with the RAS/RAF/MEK/ERK and PI3K/AKT/mTOR pathways (4). Meanwhile, silencing FAM83A significantly reduces the ability of breast cancer cells to proliferate in vitro and in vivo and to grow and invade independently of anchoring (4). In addition, the use of 3D phenotypic regression analysis has shown that FAM83A in breast cancer may lead to resistance to tyrosine kinase inhibitors by EGFR/PI3K/AKT signaling pathway activation via c-RAF and PI3K p85 interactions, suggesting that excessive FAM83A expression may lead to drug resistance (11). At present, the role of FAM83A in the development of lung cancer is not clear, and its potential underlying mechanism also needs to be clarified (12).

In this study, we explored the regulatory effect of FAM83A on the Wnt and Hippo signaling pathways and epithelial–mesenchymal transition (EMT) by increasing or decreasing the expression of FAM83A in lung cancer cells and examined the effects of FAM83A on the proliferation and invasion of lung cancer cells.



MATERIALS AND METHODS


Cell Culture and Transfection

Human lung cancer cell lines A549 and H1299 were purchased from the American Type Culture Collection (Manassas, VA, USA). Cell culture was performed in RPMI-1640 (Gibco, Invitrogen, Grand Island, NY, USA), and 10% fetal bovine serum (FBS; Gibco, Invitrogen) was added at 37°C in 5% CO2. The cells were grown in sterile culture dishes and passaged with 0.25% trypsin (Gibco, Invitrogen) every 1 or 2 days.

For transfection, cells were seeded in six-well plates 24 h before the experiment. The pCMV6–FAM83A plasmid and control empty vector pCMV6 were purchased from Origene (Rockville, MD, USA). Small interfering (Si) RNA against FAM83A (FAM83A-SiRNA) and control SiRNA were purchased from RiboBio (Guangzhou, China). According to the manufacturer's instructions, plasmids or SiRNAs were transfected into cells using Lipofectamine® 3000 (Invitrogen, Carlsbad, CA, USA) (13).

The inhibitor of Wnt/β-catenin signaling XAV-939 and GSK-3α/β inhibitor CHIR-99021 were purchased from MCE (MedChemExpress, Monmouth Junction, NJ, USA). Twenty-four hours later, transfection inhibitors were added. Meanwhile, dimethyl sulfoxide (DMSO; Beijing Solarbio Science & Technology Co., Beijing, China) settings were added for comparison. The concentrations of XAV-939 and CHIR-99021 were 20 nM.



Western Blot Analysis

Total protein from cells was extracted in cell lysis buffer (Pierce, Rockford, IL, USA) and quantified using the Bradford method (14).

A total of 40 or 60 μg of protein was separated using 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and then transferred to a polyvinylidene fluoride membrane (Millipore, Bedford, MA, USA). The membrane was blocked with 5% non-fat milk for 2 h and incubated overnight at 4°C with antibodies against FAM83A (1:700, Origene, #TA335330), cyclin D1 (1:100, #sc-8396; Santa Cruz Biotechnology, Santa Cruz, CA, USA), MMP7 (1:100, #sc-515703; Santa Cruz Biotechnology), GAPDH (1:2,000, #sc-47724; Santa Cruz Biotechnology), β-catenin (1:500, #8480; Cell Signaling Technology, Danvers, MA, USA), active β-catenin (1:500, #8814; Cell Signaling Technology), E-cadherin (1:500, #3195; Cell Signaling Technology), GSK3β (1:500, #9832; Cell Signaling Technology), phosphorylated yes-associated protein (p-YAP) (1:500, #13008; Cell Signaling Technology), cyclin E (1:500, #11554-1-AP; Proteintech, Chicago, IL, USA), Twist (1:500, #25465-1-AP; Proteintech), Snail (1:500, #13099-1-AP; Proteintech), vimentin (1:500, #10366-1-AP; Proteintech), YAP (1:500, #13584-1-AP; Proteintech), phosphorylated GSK3β (p-GSK3β) (1:500, #14850-1-AP; Proteintech), LATS1 (1:500, #17049-1-AP; Proteintech), MST1 (1:500, #22245-1-AP; Proteintech), CTGF (1:500, #23936-1-AP; Proteintech), and c-Myc (1:500, #551101; BD Biosciences, San Jose, CA, USA). After washing, the membranes were incubated with horseradish peroxidase–conjugated mouse/rabbit immunoglobulin G (1:2,000; Proteintech) at 37°C for 2 h. Protein bands were visualized using electrochemiluminescence substrate (Pierce) and detected by using BioImaging Systems (DNR, Jerusalem, Israel). GAPDH protein levels were used as the control group to calculate relative protein levels.



Cell Proliferation Assay

Twenty-four hours after transfection, cells were plated in 96-well plates (~3,000 cells per well) in medium with 10% FBS. Cell Counting Kit-8 (Dojindo Molecular Technologies, Tokyo, Japan) was used to detect cell proliferation. Cell Counting Kit-8 reagent was added to each well at a 1:10 (vol/vol) dilution per 100 μL and incubated at 37°C for 2 h. Our results were quantified spectrophotometrically at a wavelength of 450 nm (13).



Colony Formation Assay

Twenty-four hours after transfection, cells were plated in 6-cm cell culture dishes and incubated for 14 days. To observe the results better, the dishes of the transfection group were plated with ~500 cells per dish, and the dishes of the interference group were plated with ~1,000 cells per dish. The medium was changed every 4–5 days. The cells were fixed with 4% paraformaldehyde for 20 min and stained with hematoxylin for 10 min. Colonies >0.3 mm in diameter were counted and recorded (13).



Matrigel™ Invasion Assay

Twenty-four hours after transfection, Transwell chambers (Costar, Cambridge, MA, USA) and Matrigel (BD Biosciences) were used to assess the invasive ability of transfected cells according to the manufacturers' instructions. In brief, 100 μL Matrigel (1:7 dilution) was added to each insert. We placed the chambers in an incubator at 37°C for at least 2 h. After gelation of the Matrigel, we added cells in 100 μL of medium supplemented with 2% FBS. Among them, to better observe the results, the upper chamber included ~6 × 104 cells in the transfection group and ~10 × 104 cells in the interference group. Inversely, the lower chamber included the medium supplemented with 20% FBS as a chemical attractant. After 20 h of incubation, the filters were fixed with 4% paraformaldehyde for 20 min and stained with hematoxylin for 10 min. The non-invading cells on the upper surface were removed by scrubbing with a cotton tip. Five high-power fields were randomly selected under the microscope to count the number of invasive cells. The experiments were performed in triplicate (13, 15).



Statistical Analysis

The statistical package GraphPad Prism 6.0 software (La Jolla, CA, USA) was used for all analyses. All values are expressed as mean ± standard deviation, and all results were analyzed using the Student t-test. P < 0.05 was considered statistically significant.




RESULTS


Expression of FAM83A Is Increased in Lung Cancers and Correlated With Poor Survival

To explore the expression and prognostic value of FAM83A, we retrieved the online database UALCAN (http://ualcan.path.uab.edu/index.html) (16). According to the database, the expression of FAM83A in both lung adenocarcinomas (LUADs) (P < 0.001) and lung squamous cell carcinomas (LUSCs) (P < 0.001) was significantly higher than that in normal lung tissues (Figures 1A,B). Both patients with LUAD and LUSC with high expression of FAM83A had shorter survival probability than that of patients with low levels of FAM83A expression (P < 0.001; Figures 1C,D). The online database, the Human Protein Atlas (https://www.proteinatlas.org/ENSG00000147689-FAM83A/pathology) (17), also showed that high expression of FAM83A was correlated with poor prognosis of patients with pancreatic cancer (P < 0.001; Figure S1A) and endometrial cancer (P < 0.001; Figure S1B). By analyzing the data downloaded from the cBioPortal database (http://www.cbioportal.org), we found that the mRNA level of FAM83A was positively correlated with the tumor (T) stage (correlation coefficient = 0.176, P < 0.001), lymph node (N) stage (correlation coefficient = 0.195, P < 0.001), metastasis (M) stage (correlation coefficient = 0.090, P = 0.041), and TNM stage (correlation coefficient = 0.231, P < 0.001) (Table S1) (18).
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FIGURE 1. Expression of FAM83A in lung cancers and its correlation with prognosis. Expression levels of FAM83A in lung cancers and normal lung tissues, and their significant relation to the prognosis of patients with lung cancer. Box plots of FAM83A expression levels in lung adenocarcinomas (LUADs) (A) and lung squamous cell carcinomas (LUSC) (B) compared to normal lung tissues, which were retrieved from the UALCAN database. Kaplan–Meier curves of FAM83A expression in LUAD (C) and LUSC (D), as retrieved from the UALCAN database.


In addition, we also investigated the expression of FAM83B and FAM83C in lung cancers in the database. The expressions of FAM83B and FAM83C in both LUADs (P < 0.001) and LUSCs (P < 0.001) were significantly higher than that in normal lung tissues. However, only LUAD patients with high expression of FAM83B had shorter survival probability than that of patients with low levels of FAM83B expression (P < 0.001). High expression of FAM83C was not correlated with poor prognosis of patients with LUAD (P = 0.87) or LUSC (P = 0.052) (Figures S2, S3).



FAM83A Promotes Proliferation and Colony Formation of Lung Cancer Cells

The expression level of FAM83A was upregulated by FAM83A gene transfection in H1299 (H1299-FAM83A) and A549 (A549-FAM83A) cells (Figures 2A,B). Compared with those of control cells, the proliferation rate (H1299-FAM83A, P < 0.001; A549-FAM83A, P < 0.001) and number of colony formations (H1299-FAM83A, P < 0.001; A549-FAM83A, P = 0.0078) of lung cancer cells were significantly increased (Figures 2C–E). In contrast, when the expression of FAM83A was downregulated with SiRNA interference in H1299 (H1299-SiFAM83A) and A549 (A549-SiFAM83A) cells, the proliferation rate (H1299-SiFAM83A, P < 0.001; A549-SiFAM83A, P < 0.001) and number of colony formations (H1299-SiFAM83A, P = 0.0091; A549-SiFAM83A, P < 0.001) of lung cancer cells were significantly decreased compared with those of control cells (Figures 2C,F,G).
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FIGURE 2. Effects of FAM83A on the proliferation, colony formation, and invasion of lung cancer cells. (A,B) The expression level of FAM83A of H1299 and A549 cells transfected with FAM83A or SiFAM83A. (C) The cell growth curve of H1299 and A549 cells transfected with FAM83A or SiFAM83A, and their control cells. (D–G) Representative images of the colony formation assay for H1299 and A549 cells transfected with FAM83A (D) or SiFAM83A (F), and their control cells. The number of colonies formed by each group is shown in the histogram (E,G). Representative images of the Matrigel invasion assay for H1299 and A549 cells transfected with FAM83A (H) or SiFAM83A (J) and their control cells. The invasive cell number for each group is shown in the histogram (I,K). *P < 0.05, **P < 0.01, ***P < 0.001, NC, negative control cells; FAM83A, cells transfected with FAM83A; SiNC, cells interfered with control SiRNA; SiFAM83A, cells interfered with SiFAM83A.




FAM83A Promotes the Invasive Ability of Lung Cancer Cells

The Matrigel invasion assay showed that overexpression of FAM83A enhanced the invasive ability of H1299-FAM83A (P < 0.001) and A549-FAM83A (P = 0.012) cells compared to those of control cells (Figures 2H,I). Meanwhile, knocking down the expression of FAM83A inhibited the invasive ability of H1299-SiFAM83A (P < 0.001) and A549-SiFAM83A (P = 0.0016) cells compared to those of control cells (Figures 2J,K).



FAM83A Enhances the Activity of the Wnt Signaling Pathway

We first detected the expression levels of FAM83A after transfection and SiRNA interference and then conducted the subsequent experiments. After FAM83A gene transfection, the expression level of total β-catenin, a key protein of the Wnt signaling pathway, was not altered, but the level of active β-catenin was significantly increased. Along with active β-catenin, the expression levels of cyclin D1, c-Myc, and MMP7, the target proteins of the Wnt pathway, were also upregulated. However, the level of GSK3β was decreased, whereas that of p-GSK3β was increased in H1299-FAM83A and A549-FAM83A cells (Figures 3A–C). Conversely, the expression levels of active β-catenin, p-GSK3β, cyclin D1, c-Myc, and MMP7 were downregulated, whereas that of GSK3β was upregulated in H1299-SiFAM83A and A549-SiFAM83A cells (Figures 3D–F).


[image: Figure 3]
FIGURE 3. Expression of Wnt- and EMT-related genes under the regulation of FAM83A in lung cancer cells. Expression of Wnt signaling pathway- and EMT-related proteins after FAM83A overexpression (A) or knockdown (D) and relative protein levels in H1299 cells (B,E) and A549 cells (C,F). GAPDH served as an internal control (*P < 0.05, **P < 0.01, NC, negative control cells; FAM83A, cells transfected with FAM83A; SiNC, cells interfered with control SiRNA; SiFAM83A, cells interfered with SiFAM83A).




FAM83A Facilitates the EMT Process

In H1299-FAM83A and A549-FAM83A cells, the expressions of Twist and Snail, the EMT-inducing transcription factors, and vimentin, the mesenchymal marker, were all upregulated, whereas that of the cell adhesion molecule E-cadherin was downregulated (Figures 3A–C). On the contrary, in H1299-SiFAM83A and A549-SiFAM83A cells, the expressions of Twist, Snail, and vimentin were decreased, whereas the expression of E-cadherin was increased (Figures 3D–F).



FAM83A Inhibits the Activation of the Hippo Signaling Pathway

The expression of YAP, the downstream effector molecule of the Hippo pathway, was upregulated in H1299-FAM83A and A549-FAM83A cells. Meanwhile, the expressions of p-YAP, LATS, and MST were downregulated (Figures 4A–C). In contrast, in H1299-SiFAM83A and A549-SiFAM83A cells, the expression of YAP was downregulated, and the expression of p-YAP, LATS, and MST were upregulated (Figures 4D–F).


[image: Figure 4]
FIGURE 4. FAM83A inhibits the activation of the Hippo signaling pathway. Representative results of Western blot analysis (A,D) and relative protein levels in H1299 cells (B,E) and A549 cells (C,F). GAPDH served as an internal control (*P < 0.05, **P < 0.01, NC, negative control cells; FAM83A, cells transfected with FAM83A; SiNC, cells interfered with control SiRNA; SiFAM83A, cells interfered with SiFAM83A).




FAM83A Enhances the Proliferative and Invasive Abilities of Lung Cancer Cells by the Wnt Signaling Pathway

To determine whether FAM83A promoted the proliferation and invasion of lung cancer cells through the Wnt signaling pathway, we added the Wnt inhibitor XAV-939 to H1299-FAM83A cells. Before the addition of Wnt inhibitor, we detected the transfection efficiency of FAM83A in H1299 by immunofluorescence assay. After ensuring a high transfection efficiency, the subsequent experiments were performed. Compared with H1299-FAM83A cells treated with DMSO, the proliferation rate (P < 0.001) and number of colony formations (P < 0.001) of H1299-FAM83A cells treated with XAV-939 were significantly decreased (Figures 5A–C). Similarly, the Matrigel invasion assay showed that H1299-FAM83A cells treated with XAV-939 had a reduced invasion capacity compared to the H1299-FAM83A with DMSO group (P < 0.001) (Figures 5D,E).


[image: Figure 5]
FIGURE 5. FAM83A enhances the proliferative and invasive abilities of lung cancer cells by the Wnt signaling pathway. (A) The cell growth curve of H1299 cells transfected with FAM83A, and their control cells were added with DMSO or XAV-939. (B,C) Representative images of the colony formation assay for H1299 cells transfected with FAM83A, and their control cells were added with DMSO or XAV-939 (B). The number of colonies formed by each group is shown in the histogram (C). (D,E) Representative images of the Matrigel invasion assay for H1299 cells transfected with FAM83A, and their control cells were added with DMSO or XAV-939 (D). The invasive cell number for each group is shown in the histogram (E). *P < 0.05, **P < 0.01, ***P < 0.001, NC, negative control cells; FAM83A, cells transfected with FAM83A; DMSO, dimethyl sulfoxide; XAV-939, an inhibitor of Wnt/β-catenin signaling; *NC+DMSO vs. FAM83A+DMSO; *FAM83A+DMSO vs. FAM83A+XAV-939.




GSK3β and the Wnt Signaling Pathway Contribute to FAM83A-Induced YAP Activation

To investigate the regulating mechanism of FAM83A on the Wnt and Hippo signaling pathways, we added XAV-939, an inhibitor of Wnt/β-catenin signaling, in H1299-FAM83A cells. The expression level of YAP was upregulated in H1299-FAM83A cells but was reversed when XAV-939 was added. The expressions of cyclin E and CTGF, the downstream targets of YAP, were upregulated in H1299-FAM83A cells but were also downregulated after the addition of XAV-939 (Figures 6A,B). We then used CHIR-99021, a GSK-3α/β inhibitor, in H1299-SiFAM83A cells for further investigation. The expression of YAP and its downstream targets cyclin E and CTGF were decreased in H1299-SiFAM83A cells but were restored after inhibiting the activity of GSK-3β using CHIR-99021 (Figures 6C,D).
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FIGURE 6. GSK3β and the Wnt signaling pathway contribute to FAM83A induced YAP activation. Expression of YAP and downstream proteins after FAM83A overexpression and adding Wnt inhibitor (A) or knocking down and adding GSK-3α/β inhibitor (B) in H1299 cells. Relative expression levels of proteins for each group are shown in the histogram (C,D). *P < 0.05, **P < 0.01, NC, negative control cells; FAM83A, cells transfected with FAM83A; SiNC, cells interfered with control SiRNA; SiFAM83A, cells interfered with SiFAM83A; XAV-939, an inhibitor of Wnt/β-catenin signaling; CHIR-99021, a GSK-3α/β inhibitor.





DISCUSSION

FAM83A is involved in regulating a variety of different tumor-related signaling pathways, including the EGFR, RAS/RAF/MEK/ERK, and PI3K/AKT/mTOR pathways (3, 4). The overexpression of FAM83A has been shown in lung, breast, testicular, and bladder cancers and is associated with promoting the development of cancers (7–9, 19–22). Li et al. (3) reported that FAM83A is highly expressed in lung cancer tissues, especially LUAD. FAM83A was also found highly expressed in the peripheral blood of patients with lung cancer and had guiding significance in the patients prognosis and treatment of lung cancer. Lung Cancer Explorer database, which is containing lung cancer–specific expression data and clinical data from more than 6,700 patients in 56 studies, confirmed the association of FAM83A with poor prognosis in LUAD and LUSC (12). Richtmann et al. (10) also reported FAM83A has great potential as a diagnostic and prognostic marker of NSCLC and is closely related to tumor histology and EGFR expression and signal transduction. The present study confirmed the high expression of FAM83A in lung cancer. In addition, we also demonstrated that the high expression of FAM83A enhances the proliferative and invasive abilities of lung cancer cells and is associated with advanced TNM stage and poor prognosis of patients with lung cancer.

The mechanism of FAM83A-promoting lung cancer progression is not clear. To explore the underlying mechanism of FAM83A in lung cancer cells, we investigated the effects of FAM83A on the Wnt signaling pathway and EMT. We showed that FAM83A enhances the expression of active β-catenin and the target genes of the Wnt pathway, such as cyclin D1, c-Myc, and MMP7. Similar to our results, it has been reported previously that the Wnt signaling pathway is significantly inhibited after the silencing of FAM83A in pancreatic cancer cells (23). This suggests that FAM83A enhances the proliferative and invasive abilities of lung cancer cells by activating the Wnt signaling pathway. Meanwhile, as a target gene of the Wnt signaling pathway, the expression of Twist, an EMT-inducing transcription factor, is upregulated by the overexpression of FAM83A. Besides Twist, the levels of other EMT markers, such as Snail and vimentin, are also upregulated, whereas the level of epithelial marker E-cadherin is downregulated by FAM83A overexpression. During EMT, cell development changes from a polarized epithelial phenotype to a highly motile fibroblast or mesenchymal phenotype (24). EMT is involved in the early spread of cancer cells and plays an important role in the invasion and metastasis of tumors (25). Zhou et al. (26) reported that FAM83A induces EMT by the PI3K/AKT/Snail pathway in NSCLC. Thus, FAM83A facilitates the invasion and metastasis of lung cancer cells via promotion of the EMT process.

The expression of YAP, a downstream target of the Hippo signaling pathway, is increased in various tumors, such as those of lung, breast (27), colorectal (28), and oral cancers (29), and YAP/TAZ is carcinogenic. Yes-associated protein expression has been reported to be upregulated in 66.3% of NSCLC samples and is significantly correlated with NSCLC staging and lymph node metastasis (30). Therefore, we wondered about FAM83A's oncogenic role related to YAP and the Hippo signaling pathway. The main members of the Hippo pathway are MST1/2 kinase, LATS1/2 kinase, and their adaptor proteins Sav and MOB1 (31). When the Hippo signaling pathway is activated, MST1/2 binds to Sav and phosphorylates LATS1/2 and MOB1 to increase the LATS/MOB1 complex and activate LATS1/2. Active LATS1/2 phosphorylates and inactivates YAP (32). In this study, overexpression of FAM83A upregulated the level of YAP, but downregulated the expressions of MST, LATS, and p-YAP. This result indicates that FAM83A can inhibit the Hippo signaling pathway and enhance the activity of YAP.

How can FAM83A regulate YAP and the Hippo signaling pathway? It has been reported that YAP is also a target protein of the Wnt signaling pathway (33), and GSK3β is the key molecule connecting the Hippo pathway with the canonical Wnt/β-catenin pathway (34). Therefore, we investigated whether FAM83A regulates the Hippo pathway through GSK3β and the Wnt signaling pathway using specific inhibitors of GSK3β and the Wnt signaling pathway. XAV-939, an inhibitor of the Wnt signaling pathway, reverses the promoting effects of FAM83A overexpression on YAP and its downstream targets, cyclin E and CTGF. On the contrary, CHIR-99021, the inhibitor of GSK3β, restores the expression of YAP, cyclin E, and CTGF, which are downregulated in FAM83A knocked-down cells. These results suggest that FAM83A could regulate YAP expression and its downstream targets through GSK3β and the Wnt signaling pathway. GSK3β, as a key regulator for both the Wnt and Hippo signaling pathways, is not only an inhibitor of β-catenin, but can also regulate the activity of YAP. Thus, FAM83A may regulate the activities of both the Wnt and Hippo signaling pathways by inhibiting GSK3β, but the detailed mechanism still needs further investigation.

In conclusion, our study elucidates a novel mechanism of FAM83A inhibiting the Hippo signaling pathway through GSK3β and the Wnt signaling pathway (Figure 7). FAM83A is highly expressed in lung cancers and correlated with advanced TNM stage and poor prognosis. FAM83A promotes the proliferation and invasion of lung cancer cells by regulating the Wnt and Hippo signaling pathways and EMT process.


[image: Figure 7]
FIGURE 7. A proposed model to illustrate the role of FAM83A in the Wnt and Hippo signaling pathways. GSK3β phosphorylates β-catenin and results in the degradation of β-catenin, which inhibits the activity of the Wnt signaling pathway. FAM83A can inhibit GSK3β activity and increase the level of active unphosphorylated β-catenin; active β-catenin then transports into the nucleus and activates the Wnt signaling pathway. Meanwhile, similar to β-catenin, FAM83A may also inhibit the phosphorylation and degradation of YAP, which is induced by the Hippo signaling pathway and enhance the activity of YAP through repressing GSK3β. In addition, FAM83A could downregulate the upstream MST to inhibit the activation of the Hippo signaling pathway. Figures were produced using Servier Medical Art (https://smart.servier.com).
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Table S1. The correlation between FAM83A and the clinicopathological factors of lung adenocarcinomas. *P < 0.05, **P < 0.01. FAM83A, Family with sequence similarity 83, member A.

Figure S1. The expression level of FAM83A was associated with poor prognosis in pancreatic cancer and endometrial cancer. Kaplan–Meier curves of FAM83A expression in pancreatic cancer (A) and endometrial cancer (B), as retrieved from the Human Protein Atlas database.

Figure S2. Expression of FAM83B in lung cancers and its correlation with prognosis. Expression levels of FAM83B in lung cancers and normal lung tissues, and their significant relation to the prognosis of patients with lung cancer. (A,B) Box plots of FAM83B expression levels in LUAD (A) and LUSC (B) compared to normal lung tissues, which were retrieved from the UALCAN database. Kaplan–Meier curves of FAM83B expression in LUAD (C) and LUSC (D), as retrieved from the UALCAN database.

Figure S3. Expression of FAM83C in lung cancers and its correlation with prognosis. Expression levels of FAM83C in lung cancers and normal lung tissues, and their significant relation to the prognosis of patients with lung cancer. (A,B) Box plots of FAM83C expression levels in LUAD (A) and LUSC (B) compared to normal lung tissues, which were retrieved from the UALCAN database. Kaplan–Meier curves of FAM83C expression in LUAD (C) and LUSC (D), as retrieved from the UALCAN database.



ABBREVIATIONS

FAM83A, family with sequence similarity 83, member A; YAP, yes-associated protein; EMT, epithelial–mesenchymal transformation; p-GSK3β, phosphorylated GSK3β; p-YAP, phosphorylated YAP; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; TNM, tumor–node–metastasis; SiRNA, small interfering RNA.



REFERENCES

 1. Chen W, Zheng R, Zeng H, Zhang S, He J. Annual report on status of cancer in China, 2011. Chin J Cancer Res. (2015) 27:2–12. doi: 10.3978/j.issn.1000-9604.2015.01.06

 2. Lang-Lazdunski L. Surgery for non small cell lung cancer, European respiratory review : an official journal of the European Respiratory Society. Eur Respir J. (2013) 22:382–404. doi: 10.1183/09059180.00003913

 3. Li Y, Dong X, Yin Y, Su Y, Xu Q, Zhang Y, et al. BJ-TSA-9, a novel human tumor - specific gene, has potential as a biomarker of lung cancer. Neoplasia. (2005) 7:1073–80. doi: 10.1593/neo.05406

 4. Lee S, Meier R, Furuta S, Lenburg ME, Kenny PA, Xu R, et al. FAM83A confers EGFR-TKI resistance in breast cancer cells and in mice. J Clin Invest. (2012) 122:3211–20. doi: 10.1172/JCI60498

 5. Fulcher LJ, Bozatzi P, Tachie-menson T, Wu KZL, Timothy D, Bufton JC, et al. The DUF1669 domain of FAM83 family proteins anchor Casein Kinase 1 isoforms. Sci Signal. (2018) 11:1–35. doi: 10.1126/scisignal.aao2341

 6. Bozatzi P, Sapkota GP. The FAM83 family of proteins: from pseudo-PLDs to anchors for CK1 isoforms. Biochem Soc Trans. (2018) 46:761–71. doi: 10.1042/BST20160277

 7. Cipriano R, Miskimen KLS, Bryson BL, Foy CR, Bartel A, Jackson MW. Conserved oncogenic behavior of the FAM83 family regulates MAPK signaling in human cancer. Mol Cancer Res. (2014) 12:1156–65. doi: 10.1158/1541-7786.MCR-13-0289

 8. Liu L, Ma C, Xu Q, Cheng L, Xiao L. A rapid nested polymerase chain reaction method to detect circulating cancer cells in breast cancer patients using multiple marker genes. Oncol Lett. (2014) 7:2192–8. doi: 10.3892/ol.2014.2048

 9. Liu L, Liao G, He P, Zhu H, Liu P, Qu Y, et al. Detection of circulating cancer cells in lung cancer patients with a panel of marker genes. Biochem Biophys Res Commun. (2008) 372:756–60. doi: 10.1016/j.bbrc.2008.05.101

 10. Richtmann S, Wilkens D, Warth A, Lasitschka F, Winter H, Christopoulos P, et al. FAM83A and FAM83B as prognostic biomarkers and potential new therapeutic targets in NSCLC. Cancers. (2019) 11:652. doi: 10.3390/cancers11050652

 11. Grant S. FAM83A and FAM83B: candidate oncogenes and TKI resistance mediators. J Clin Invest. (2012) 122:3048–51. doi: 10.1172/JCI64412

 12. Cai L, Luo D, Yao B, Yang DM, Lin S, Girard L, et al. Systematic analysis of gene expression in lung a case study of FAM83A and FAM83B. Cancers. (2019) 11:886. doi: 10.3390/cancers11060886

 13. Wang Y, Xu H, Lei L, Zheng Y, Li Z, Shen H, et al. Odd-skipped related 1 inhibits lung cancer proliferation and invasion by reducing Wnt signaling through the suppression of SOX9 and b -catenin. Cancer Sci. (2018) 109:1799–810. doi: 10.1111/cas.13614

 14. Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal Biochem. (1976) 72:248–54. doi: 10.1016/0003-2697(76)90527-3

 15. Han Q, Kremerskothen J, Lin X, Rong X, Zhang D, Wang E. WWC3 inhibits epithelial - mesenchymal transition of lung cancer by activating Hippo-YAP signaling. Onco Targets Ther. (2018) 2018:2581–91. doi: 10.2147/OTT.S162387

 16. Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ, Ponce-Rodriguez I, Chakravarthi BV, et al. UALCAN: a portal for facilitating tumor subgroup gene expression and survival analyses. Neoplasia. (2017) 19:649–58. doi: 10.1016/j.neo.2017.05.002

 17. Uhlen M, Oksvold P, Fagerberg L, Lundberg E, Jonasson K, Forsberg M, et al. Towards a knowledge-based Human Protein Atlas. Nat Biotechnol. (2010) 28:1248–50. doi: 10.1038/nbt1210-1248

 18. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al. Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci Signal. (2013) 6:269. doi: 10.1126/scisignal.2004088

 19. Xu J, Liu H, Yang Y, Wang X, Liu P, Li Y, et al. Genome-wide profiling of cervical RNA-binding proteins identifies human papillomavirus regulation of RNASEH2A expression by Viral E7 and E2F1. MBio. (2019) 10:e02687–718. doi: 10.1128/mBio.02687-18

 20. Chen S, Huang J, Liu Z, Liang Q, Zhang N, Jin Y. FAM83A is amplified and promotes cancer stem cell-like traits and chemoresistance in pancreatic cancer. Oncogenesis. (2017) 6:e300. doi: 10.1038/oncsis.2017.3

 21. Tomar T, Alkema NG, Schreuder L, Meersma GJ, de Meyer T, van Criekinge W, et al. Methylome analysis of extreme markers of platinum sensitivity in high grade serous ovarian cancer. BMC Med. (2017) 1:116. doi: 10.1186/s12916-017-0870-0

 22. Snijders AM, Lee S, Hang B, Hao W, Bissell MJ, Mao J. FAM83 family oncogenes are broadly involved in human cancers: an integrative multi-omics approach. Mol Oncol. (2017) 11:167–79. doi: 10.1002/1878-0261.12016

 23. Meng N, Tao Y, Yang W, Lixin W, Xisheng Z. Effect of FAM83A on stem cell-like traits, chenmosensitivity and radiosensitivity of pancreatic cancer cells PANC-1. Chin J Radiol Med Prot. (2018) 38:647–53. doi: 10.3760/cma.j.issn.0254-5098.2018.09.002

 24. Hotz B, Arndt M, Dullat S, Bhargava S, Buhr HJ, Hotz HG. Epithelial to mesenchymal transition: expression of the regulators snail, slug, and twist in pancreatic cancer. Clin Cancer Res. (2007) 13:4769–76. doi: 10.1158/1078-0432.CCR-06-2926

 25. Zheng X, Carstens JL, Kim J, Scheible M, Kaye J, Sugimoto H, et al. Epithelial-to-mesenchymal transition is dispensable for metastasis but induces chemoresistance in pancreatic cancer. Nature. (2015) 527:525–30. doi: 10.1038/nature16064

 26. Zhou F, Geng J, Xu S, Meng Q, Chen K, Liu F, et al. FAM83A signaling induces epithelial-mesenchymal transition by the PI3K/AKTSnail pathway in NSCLC. Aging. (2019) 11:6069–88. doi: 10.18632/aging.102163

 27. Juliet R, Erwan LS, Xiaodan J, Qingwei Z, Melinda MM, Daniel N, et al. Ski regulates Hippo and TAZ signaling to suppress breast cancer progression. Sci Signal. (2015) 8:ra14. doi: 10.1126/scisignal.2005735

 28. Wang L, Shi S, Guo Z, Zhang X, Han S, Yang A, et al. Overexpression of YAP and TAZ is an independent predictor of prognosis in colorectal cancer and related to the proliferation and metastasis of colon cancer cells. PLoS ONE. (2013) 8:e65539. doi: 10.1371/journal.pone.0065539

 29. Li Z, Wang Y, Zhu Y, Yuan C, Wang D, Zhang W, et al. The Hippo transducer TAZ promotes epithelial to mesenchymal transition and cancer stem cell maintenance in oral cancer. Mol Oncol. (2015) 9:1091–105. doi: 10.1016/j.molonc.2015.01.007

 30. Yang W, Qianze D, Qingfu Z, Zixuan L, Enhua W, Xueshan Q. Overexpression of yes-associated protein contributes to progression and poor prognosis of non-small cell lung cancer. Cancer Sci. (2010) 101:1279–85. doi: 10.1111/j.1349-7006.2010.01511.x

 31. Zhao B, Wei X, Li W, Udan RS, Yang Q, Kim J, et al. Inactivation of YAP oncoprotein by the Hippo pathway is involved in cell contact inhibition and tissue growth control. Genes Dev. (2007) 21:2747–61. doi: 10.1101/gad.1602907

 32. Hao Y, Chun A, Cheung K, Rashidi B, Yang X. Tumor suppressor LATS1 is a negative regulator of oncogene YAP. J Biol Chem. (2008) 283:5496–509. doi: 10.1074/jbc.M709037200

 33. Konsavage WM, Kyler SL, Rennoll SA, Jin G, Yochum GS. Wnt/beta-catenin signaling regulates Yes-associated protein (YAP) gene expression in colorectal carcinoma cells. J Biol Chem. (2012) 287:11730–9. doi: 10.1074/jbc.M111.327767

 34. Mei X, Yuri K, Lillian BS, Xiaoxia Q, John M, Robert JS, et al. Regulation of insulin-like growth factor signaling by Yap governs cardiomyocyte proliferation and embryonic heart size. Sci Signal. (2011) 4:ra70. doi: 10.1126/scisignal.2002278

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.

Copyright © 2020 Zheng, Li, Lei, Liu, Wang, Fei, Yang, Huang and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fonc-10-00180-g005.gif
Absorbance at 450nm

® xeowso \ °©
29

150;

1004

Colony number

50

Nexav Eavs

Xavon






OPS/images/fonc-10-00180-g006.gif
A
P
Yar

aelin®

Relsine rsen Levl

XAV-939 © DMSO  CHIR-99021
S —] KD 92K
Yar [ ] 65O
= ] KD
cror 35KD
.- GAPDIT [ 36k
P, e Sy e Sy,
mcovso ° nsxcowso
D ravmAIDMS0 O SFAMSATDMSO
8 XCxAv9  SC-chikson)

Relsine rsin Lol

O SFAMSIACHIRS

901





OPS/images/fonc-10-00180-g003.gif
o ]






OPS/images/fonc-10-00180-g004.gif
mmm B

= ‘?«xu YA
o (] [0 AT woxo
) W =) o
o) B V[ -
.

i i
. s
By

i






OPS/images/fonc-10-00180-g007.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		FAM83A Promotes Lung Cancer Progression by Regulating the Wnt and Hippo Signaling Pathways and Indicates Poor Prognosis



		Introduction



		Materials and Methods



		Cell Culture and Transfection



		Western Blot Analysis



		Cell Proliferation Assay



		Colony Formation Assay



		Matrigel™ Invasion Assay



		Statistical Analysis







		Results



		Expression of FAM83A Is Increased in Lung Cancers and Correlated With Poor Survival



		FAM83A Promotes Proliferation and Colony Formation of Lung Cancer Cells



		FAM83A Promotes the Invasive Ability of Lung Cancer Cells



		FAM83A Enhances the Activity of the Wnt Signaling Pathway



		FAM83A Facilitates the EMT Process



		FAM83A Inhibits the Activation of the Hippo Signaling Pathway



		FAM83A Enhances the Proliferative and Invasive Abilities of Lung Cancer Cells by the Wnt Signaling Pathway



		GSK3β and the Wnt Signaling Pathway Contribute to FAM83A-Induced YAP Activation







		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Abbreviations



		References

















OPS/images/cover.jpg
, frontiers
in Oncology

FAM83A Promotes Lung Cancer
Progression by Regulating the Wnt
and Hippo Signaling Pathways and

Indicates Poor Prognosis





OPS/images/fonc-10-00180-g001.gif
L]
10 wse
5 ] Vo
£%
S
i
IE
- s
Noemal  Priomey temmee T Nommal Pamary vamor
e =4
. o
o
1o raumn o
s £
: ey
= £
. H -
x5 S

[
ol i
o 1m0 3090 S0 4000 S0
“Time(days)





OPS/images/fonc-10-00180-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Oncology





