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with WWC3 to suppress the proliferation and

invasiveness of lung cancer cells
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Purpose: The expression of FERM-domain-containing protein-1 (FRMPD1)/FERM and

PDZ domain-containing protein-2 (FRMD2) in malignant tumors, including lung cancer,

and its underlying molecular mechanism have not been reported yet.

Materials and methods: Immunohistochemistry was performed to analyze the expression

of FRMPD1 in lung cancer tissues, and statistical analysis was applied to analyze the

relationship between FRMPD1 expression and clinicopathological factors. The biological

effects of FRMPD1 on lung cancer cell proliferation and invasion were determined by

functional experiments both in vivo and in vitro. Immunoblotting, RT-qPCR, dual-luciferase

assay, and immunofluorescence were performed to demonstrate whether FRMPD1 stimulates

Hippo signaling. Co-immunoprecipitation assays were used to clarify the underlying role of

FRMPD1 in Hippo pathway activation via interaction with WW and C2 domain containing

protein-3 (WWC3).

Results: We found that FRMPD1 expression in lung cancer specimens was lower than that

in normal bronchial epithelium and normal submucosal glands. FRMPD1 expression had a

negative correlation with age, Tumor-Node-Metastasis (TNM) stage, lymph node metastasis,

as well as poor prognosis. Moreover, ectopic expression of FRMPD1 significantly inhibited

the proliferation and invasion of lung cancer cells, and inhibition of FRMPD1 expression led

to opposite effects. Mechanistically, we found that FRMPD1 interacted with the C-terminal

PDZ binding motif of WWC3 via its PSD95/DLG/ZO1 (PDZ) domain and promoted the

phosphorylation of large tumor suppressor-1 (LATS1), thus inhibiting the nuclear transloca-

tion of yes-associated protein (YAP).

Conclusion: FRMPD1 could activate the Hippo pathway and ultimately inhibit the malig-

nant behavior of lung cancer cells through its interaction with WWC3. This work will

provide an important experimental basis for the discovery of novel biomarkers of lung

cancer and the development of targeted drugs.
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Introduction
The Hippo pathway, first discovered in Drosophila melanogaster, is highly con-

served across species.1 This pathway regulates not only organ size but also cell

proliferation, differentiation, and apoptosis.2,3 In recent years, increasing attention

has been focused on the relationship between the Hippo pathway and the prolifera-

tion, invasion, and metastasis of tumor cells.4 The Hippo pathway includes

upstream molecules (Fat, NF2, WWCs, AMOT, etc.), central kinase complex
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(MST1/2-WW45-LATS1/2-MOB), downstream effector

molecules, yes-associated-protein (YAP), and the target

genes of the Hippo pathway, including connective tissue

growth factor (CTGF), CyclinE, and DIAP. When the

Hippo pathway is activated, the MST1/2-LATS1/2 kinase

complex undergoes cascade phosphorylation, which pro-

motes the phosphorylation of YAP (p-YAP). The p-YAP

remains in the cytoplasm, where it binds to the 14-3-3

protein and degrades it through the ubiquitin-proteasome

pathway. When the Hippo pathway is inhibited, the non-

phosphorylated YAP binds to the transcriptional factor

TEADs (TEA-domain transcription factors) and promotes

the transcriptional activity of its target genes, including

CTGF, CyclinE, and CYR61, thereby enhancing the pro-

liferation and invasion of tumor cells.5–7

WWC3 is one of the three members of the WWC protein

family (WWC1, WWC2, and WWC3); all the members of

this family share similar protein structures, including an N-

terminal dual WW domain (which binds to the PPxY motif),

C2 domain in the central part, and a C-terminal PDZ domain

binding motif.8,9 Our previous study confirmed that WWC3

can regulate the activity of both theWnt and Hippo pathways

by interacting with DVLs and LATS1 to inhibit the prolifera-

tion, invasion, and metastasis of lung cancer cells.10

FRMPD1, also called FRMD2, belongs to the FERM family

(FERM-domain-containing proteins).11,12 FRMPD1 is located

on the 9p13.2 position of chromosome 9. The full length of

this gene is 4731 bp, and the molecular weight of the

FRMPD1 protein is 169 kDa (GenBank® accession number

NM_014907.2). Themain domains include the FERMdomain

(Leu177-Phe401) and the PDZ domain (Gln67-Thr135).13

Current research available on the FERM family is mainly

focused on the FRMD6 protein. For example, in Drosophila

melanogaster, FRMD6 binds to the C-terminal of Merlin, an

upstream protein of the Hippo pathway, via its FERM domain,

thereby promoting the Hippo pathway, retaining Yki in the

cytoplasm, and in turn, regulating organ sizes in Drosophila

melanogaster.14–16 In addition, overexpression of FRMD6 in

the YAP-induced MCF-10A cell line of normal ductal epithe-

lial cells of human breast can activate the Hippo pathway,

inhibit the epithelial-mesenchymal transition induced by the

nuclear translocation of YAP, and ultimately, inhibit the malig-

nant progression of cancer cells.17 To date, the expression of

FRMPD1 in human malignant tumors and the association

between FRMPD1 and the Hippo pathway have not been

reported.

Although there have been few studies on the role of

FRMPD1 in human malignancies, analysis of FRMPD1

and WWC3 domains has shown a possible interaction

between the PDZ domain in FRMPD1 and the PDZ

domain-binding motif in WWC3.10 We speculated that

because WWC3 plays an important role in the Hippo

pathway, FRMPD1 may regulate this pathway by binding

to WWC3, thereby affecting the malignant phenotype of

lung cancer cells. In this study, we first examined the

expression of FRMPD1 in lung cancer cell lines and

resected specimens. Then, we detected the effect of bidir-

ectional regulation of FRMPD1 on the proliferation and

invasion of lung cancer cells. Finally, we generated

mutants of FRMPD1 and WWC3 to detect whether

FRMPD1 interacts with WWC3 through its corresponding

domains. This study revealed the specific molecular

mechanism underlying the regulation of the Hippo path-

way via FRMPD1.

Material and methods
Specimen collection
We collected 127 tumor specimens, including non-small

cell lung cancer (NSCLC) tissues and paired non-tumor

tissues (20 patients; >5 cm distal to the primary tumor’s

edge) from patients (average age: 60 years) who under-

went surgery at the First Affiliated Hospital of China

Medical University from 2005 to 2014. Written informed

consent was obtained from all patients, and all procedures

were approved by the Institute Research Ethics Committee

(No. 2015 [LS] 023, China Medical University). All clin-

ical investigations were conducted according to the prin-

ciples expressed in the Declaration of Helsinki. All tumor

specimens were obtained during surgical resection, and all

patients were chemotherapy- and radiotherapy-naive prior

to resection. A total of 55 and 72 patients presented with

adenocarcinoma and squamous cell carcinoma, respec-

tively, per the 2015 classification criteria of the World

Health Organization for lung cancer.18 According to the

2010 International Union of cancer TNM staging

standards,19 51 tumors were classified as phase I and II,

and 76 tumors were classified as phase III.

Western blot analysis (WB) and

immunoprecipitation (IP)
Assays were performed as described previously.20 WB ana-

lysis and IP were carried out with the following antibodies:

FRMPD1 (Sigma, St. Louis, MO, USA, #SAB1407148,

1:500/WB); MYC-tag (Cell Signaling Technology Inc.,

Danvers, MA, USA, #2276, 1 µg/IP, 1:1,000/WB); GFP
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(Clontech, CA, USA, #JL-8, 1 μg/IP, 1:3,000/WB);

GAPDH (Cell Signaling Technology, #5174, 1:1000/WB);

MST1 (Cell Signaling Technology, #3682, 1:1,000/WB); p-

MST1 (Cell Signaling Technology, #49332, 1:500/WB);

LATS1 (Cell Signaling Technology, #9153, 1:1,000/WB);

p-LATS1 (Cell Signaling Technology, #8654, 1:500/WB);

YAP (Cell Signaling Technology, #4912, 1:1,000/WB); p-

YAP (Cell Signaling Technology, #4911, 1:1,000/WB);

LaminB1 (Abcam, Cambridge, MA, USA, #ab16048,

1:1,000/IB); Tubulin (Abcam, #ab52866, 1:1,000/IB). The

peroxidase-coupled secondary antibodies were purchased

from Santa Cruz Biotechnology Inc. (SantaCruz, CA,

USA). Target proteins on PVDF membrane (EMD

Millipore, Billerica, MA, USA) were visualized using an

ECL kit (Thermo Fisher Scientific, Waltham, MA, USA)

and images were obtained using the Bio-Rad Imaging

System (Bio-Rad, Hercules, CA, USA).

Immunohistochemistry (IHC)
Assays were performed as described previously.21 Two inves-

tigators, who were blinded to the clinical data, examined all

the of tumor slides. Five random fields of view were exam-

ined per slide, and 100 cells were observed per view at 400×

magnification. Briefly, tissue sections were incubated with the

FRMPD1 rabbit polyclonal antibody (#HPA042934, 1:200;

Sigma, St. Louis, MO, USA). The intensity of the FRMPD1

staining was scored as follows: 0 (no staining), 1 (weak), 2

(moderate), or 3 (high). Percentage scores were assigned as

follows: 1 (1–25%), 2 (26–50%), 3 (51–75%), and 4 (76–

100%). The scores of each tumor sample were multiplied to

give a final score of 0–12. Tumor samples with scores ≥4
were considered to have strong positive FRMPD1 expression,

tumors with scores between 1 and 4 were considered to have

weak expression, and tumors with scores of 0 were consid-

ered to have negative expression. Phosphate-buffered saline

(PBS, Maixin, Fuzhou, China) and goat serum (Maixin,

Fuzhou, China) were used as negative controls.

Cell culture
The human immortalized bronchial epithelial (HBE) cell line

was obtained from the American Type Culture Collection

(ATCC) (Manassas, VA, USA). The LK2 cell line was a gift

from H. Kijima (Department of Pathology and Bioscience,

Hirosaki University Graduate School of Medicine, Japan);

this cell line was approved by the Institute Research Ethics

Committee of the China Medical University. All other cell

lines were obtained from the Shanghai Cell Bank (Shanghai,

China) and cultured in 10% Fetal Bovine Serum (Gibco,

New York, USA) of Roswell Park Memorial Institute

(RPMI)-1640 medium, 100 U/mL penicillin, and 100 μg/
mL streptomycin (Sigma-Aldrich) at 37°C and 5% CO2

with high humidity. All cell lines were authenticated by

short tandem repeat DNA profiling.

Plasmid construction and transfection
The pEGFP-C2 empty vector, pEGFP-C2-WWC3 plasmid,

and pEGFP-C2-WWC3-ΔADDV plasmid were gifts from

Professor Joachim Kremerskothen (Muenster University,

Germany). The CMV region was the promoter of the

pEGFP-C2 vector, and it was isolated and purified by

using Kanamycin (50 µg/mL, TransGen Biotech, Beijing,

China). The Myc-DDK-tagged-FRMPD1 plasmid was pur-

chased from Origene (Rockville, MD, USA). Both Myc-

DDK-tagged-FRMPD1-ΔPDZ and siRNA-FRMPD1 were

constructed by Ribobio (Guangzhou, China). Prior to trans-

fection, cells were cultured in medium-deprived serum for

3 h, and Lipofectamine 3000 (Invitrogen, Carlsbad, CA,

USA) was used for plasmid transfection per the manufac-

turer’s instructions. Stable transfection was screened by

G418 (#A1720, Sigma, St. Louis, MO, USA).

Nuclear and cytosolic fractionation
Cultured cells were trypsinized and washed with cold

PBS, and the cell pellets were resuspended in ice-cold

lysis buffer (210 mM mannitol, 70 mM sucrose, 5 mM

Tris, pH 7.5, 1 mM EDTA supplemented with protease

inhibitors). After being incubated on ice for 15 min, the

cells were homogenized. The nuclei were separated by

centrifugation (10 min, 12,000 round/min, 4 °C), and the

supernatant containing the cytosolic fraction was boiled in

sample buffer. The pellet containing the nuclei was

washed with PBS and then resuspended in RIPA buffer

(Santa Cruz Biotechnology, CA, USA) for 5 min on ice.

The pellet was then centrifuged again, and the supernatant

(nuclear fraction) was boiled in sample buffer. Finally, the

cytosolic and nuclear fractions were detected by WB.

Immunofluorescence staining
Assays were performed as described previously.21 Briefly,

plasmids and siRNAwere transfected into cells. After 48 h,

cells were fixed, permeabilized, and incubated with primary

antibodies and fluorescein isothiocyanate-conjugated (FITC)

or tetramethyl rhodamine isothiocyanate-conjugated

(TRITC) secondary antibodies. Nuclei were stained with

4′,6-diamidino-2-phenylindole (DAPI). Slides were observed

under an inverted Nikon TE300 microscope (Melville, NY,
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USA). Five random fields of view were examined per slide

and the final images were obtained and analyzed using con-

focal microscopy with FLUOVIEW viewer software.

Colony formation, matrigel invasion, and

MTT assays
Colony formation

Forty-eight hours after transfection with plasmids or siRNA,

cells were seeded in three 6-cm cell culture dishes (1,000 cells/

dish) and incubated for 12 days in 10% FBS of RPMI-1640

medium. The plates were then washed with PBS and stained

with Giemsa (Beyotime Biotechnology, Shanghai, China)

before counting the number of colonies consisting of>50 cells.

Matrigel invasion

Acell invasion assaywas performed using a 24-well Transwell

chamber with an 8 μm pore size (Thermo Fisher Scientific,

Waltham, MA, USA), and the inserts were coated with 20 μL
Matrigel (1:3 dilution, BD Bioscience, New Jersey, USA).

LK2 cells transfected with the FRMPD1 plasmid or

FRMPD1 shRNA for 48 h were trypsinized, transferred to

the upper Matrigel chamber in 100 μL of serum-free medium

containing 5×105 cells, and incubated for 16 h. Medium sup-

plemented with 10% FBS was added to the lower chamber as

the chemoattractant. The number of invaded cells was counted

in 10 randomly selected high-power fields under a microscope

(Nikon TE300, Melville, NY, USA).

MTT assays

Forty-eight hours after transfection, cells were plated in 96-

well plates in media containing 10% FBS at about 2,000

cells/well, and cell viability was determined using the MTT

assay. Briefly, 20 μL of 5 mg/mL MTT solution (Sigma, St.

Louis, MO, USA) was added to each well and incubated for

4 h at 37 °C. Then, the medium was removed from each well

and the resultant MTT formazanwas solubilized in 150 μL of

DMSO (Sigma, St. Louis, MO, USA). The results were

quantified spectrophotometrically (Bio-Rad Technology,

CA, USA) using a test wavelength of 490 nm.

RNA extraction and real-time RT-PCR

(RT-qPCR)
Cells were transfected with the indicated plasmid or siRNA.

After 48 h, RNA was extracted and RT-qPCR assays were

performed as described previously.20 The relative transcript

levels of genes were normalized to GAPDH mRNA levels.

Primers were synthesized (Sangon Biotech, Shanghai,

China) using the sequences listed below:

FRMPD1: 5′-TGCGACACACAGTAAAGATAGAC-3′

(forward)

5′-GAGAATATCGACTGCTCGTTCC-3′ (reverse)

CYR61: 5′-CTCGCCTTAGTCGTCACCC-3′ (forward)

5′-CGCCGAAGTTGCATTCCAG-3′ (reverse)

CTGF: 5′-AACTGCAACCTCTCGCACTG-3′ (forwa-

rd)

5′-GCTCGGGCTCCTTGTAATTCT-3′ (reverse)

GAPDH: 5′-GGAGCGAGATCCCTCCAAAAT-3′ (forw-

ard)

5′-GGCTGTTGTCATACTTCTCATGG-3′ (reverse)

Dual-luciferase assay
YAP/TEAD transcriptional activity was measured using a

luciferase assay based on the pGL3b_8xGTIIC-luciferase

plasmid obtained from Addgene (plasmid #34615,

Cambridge, MA, USA). Cells were transfected to express

the indicated proteins and Renilla luciferase was used as a

control for signal normalization. The dual luciferase assays

were performed according to the manufacturer’s protocol

(Progema, Madison, Wisconsin, USA). Three independent

transfections were carried out for each experiment. Data

were normalized to the empty vector control and presented

as average ± SD.

Transplantation of tumor cells into nude

mice
The nude mice used in this study were treated following the

experimental animal ethics guidelines issued by the China

Medical University. The study was approved by the

Institutional Animal Research Committee of China Medical

University. Four-week-old female BALB/c nude mice were

purchased fromCharles River (Beijing, China), and the axilla

or tail vein of each mouse was subcutaneously or intrave-

nously inoculated with 5×106 or 2×106 tumor cells, respec-

tively, in 0.2 mL of sterile PBS. Six weeks after inoculation,

mice were euthanized and autopsied to examine tumor

growth and dissemination. A portion of tissue from the

tumor and each organ was fixed in 4% formaldehyde

(Sigma) and embedded in paraffin. Serial 4-μm-thick sec-

tions were prepared and stained with hematoxylin and eosin

(H&E), and the stained sections were examined under a

microscope (Nikon TE300, Melville, NY, USA).

Statistical analysis
The statistical software SPSS 22.0 (statistical program for

social sciences 22.0, Chicago, IL, USA) was used for all
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analyses. The chi-square test was used to assess correla-

tions between FRMPD1 expression and clinicopathologi-

cal factors. The Cox regression model was used to test the

prognostic value. All clinicopathological parameters were

included in the Cox regression model and tested by uni-

variate analysis using the enter method and by multivariate

analysis using the forward stepwise logistic regression

method. Differences between the groups were tested with

a Student’s t-test（Paired t-test）. A P-value of <0.05 was

considered to be significant.

Results
Low expression of FRMPD1 in lung

cancer is associated with poor prognosis
To investigate the expression pattern of FRMPD1 in

lung cancer tissues, we collected 127 NSCLC speci-

mens. Immunohistochemical staining showed that

FRMPD1 was localized in the cytoplasm of lung can-

cer cells and was strongly expressed in normal bron-

chial epithelium and normal submucosal glands (15/20,

75%); it was negatively or weakly expressed in squa-

mous cell carcinoma and adenocarcinoma (61.4%,

78/127. Positive expression was 38.6%, 49/127.

Figure 1A). The low expression of FRMPD1 was

associated with age (P=0.040), lymph node metastasis

(P<0.001), and advanced TNM stage (P<0.001) in

lung cancer patients (Table 1). WB, RT-qPCR, and

confocal microscopy were employed to detect the pro-

tein levels, mRNA levels, and location of FRMPD1,

respectively, in six lung cancer cell lines (A549,

H1299, SPC, H460: lung adenocarcinoma, LK2: lung

squamous cell carcinoma, H661: large cell lung can-

cer) and the HBE cell line. Results showed that the

expression of FRMPD1 in five lung cancer cell lines

(5/6) was significantly lower than that in the HBE cell

line, and that FRMPD1 was localized in the cytoplasm

at the same time (Figure 1B and C; Figure S1A). In

addition, Kaplan-Meier survival analysis showed that

patients with FRMPD1 positive expression (49.540

months ±3.044) survived significantly longer than

those (28.178 months ±1.263) with negative expres-

sion (P<0.001, Figure 1D). Cox regression analysis

indicated that low FRMPD1 expression was an inde-

pendent risk factor for poor prognosis of NSCLC

patients (P<0.05, Table 2). Finally, the TCGA data-

base (http://ualcan.path.uab.edu/cgl-bin/TCGAExRes)

showed that the expression of FRMPD1 in lung

adenocarcinoma was significantly lower than that in

normal lung tissue, whereas in lung squamous cell

carcinoma, although the P-value was insignificant, the

expression of FRMPD1 had a tendency to decrease

(Figure 1E and F). These results were consistent with

the conclusions drawn from lung cancer tissues and

cell lines. From these data, we can conclude that

FRMPD1 may play an inhibitory role in the malignant

progression of lung cancer.

FRMPD1 can inhibit proliferation and

invasion of lung cancer cells
To further explore the effects of FRMPD1 on the malig-

nant phenotype of lung cancer cells, we first transfected

FRMPD1 into H1299 and H460 cell lines with low expres-

sion of FRMPD1, and then carried out colony formation,

MTT viability, and Transwell invasion assays. The results

confirmed that ectopic expression of FRMPD1 inhibited

the proliferation (H1299: Control group vs FRMPD1

group, 151.12±5.774 vs 51.34±11.55, P=0.0015; H460:

Control group vs FRMPD1 group, 212.7±4.055 vs 105.7

±3.480, P<0.001) and invasion (H1299: Control group vs

FRMPD1 group, 101.7±2.028 vs 53.00±7.371, P=0.0031;

H460: Control group vs FRMPD1 group, 158.0±16.77 vs

89.00±2.082, P=0.0039) of tumor cells (Figure 2A–D;

Figure S2A–D). In contrast, when FRMPD1 was knocked

down in A549 and LK2 cell lines with relatively high

expression of FRMPD1, the proliferation (A549: Control

group vs siFRMPD1 group, 46±7.810 vs 108.7±7.311,

P=0.0042; LK2: Control group vs siFRMPD1 group,

100.3±2.603 vs 202.0±2.517, P<0.001) and invasion

(A549: Control group vs siFRMPD1 group, 169.7±6.692

vs 240.0±6.658, P=0.0017; LK2: Control group vs

siFRMPD1 group, 108.0±4.359 vs 305.3±5.840,

P<0.001) of tumor cells were enhanced (Figure 2E–H;

Figure S2E–H). To assess the effect of FRMPD1 on the

proliferation and invasion in vivo, the H1299 cell line

stably expressing FRMPD1 (selected by G418) was sub-

cutaneously injected or intravenously injected (via the tail

vein) into nude mice. Although the tumor formation rate

was similar (3/3, 100%), the volume and weight of sub-

cutaneously injected tumors were reduced in the FRMPD1

group as compared with the control group (control group

vs FRMPD1 group, weight: 0.5257 g ±0.052 vs

0.2543 g ±0.03, P<0.05. Figure 2I–K). After intravenous

injection, as compared with the control group, FRMPD1

overexpression reduced intrapulmonary metastasis
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formation (control group vs FRMPD1 group: 6.1±1.2 vs

2.5±0.7, n=7, P<0.05. Figure 2L and M). The above

results indicated that FRMPD1 inhibits the proliferation

and invasion of tumors. Because FRMD6/Willin, which

belong to the same family, can activate the Hippo pathway

by binding to Merlin, it can be speculated that FRMPD1

may also inhibit tumor proliferation and invasion by acti-

vating the Hippo pathway.

Figure 1 Low expression of FRMPD1 in lung cancer is associated with poor prognosis. (A) Immunohistochemical staining of FRMPD1 in the representative carcinoma and

the surrounding tissues (Magnification 400×, n=127). High expression of FRMPD1 was observed in normal bronchial epithelium and submucosal glands (a, b), low expression

was observed in squamous cell carcinoma (c) and adenocarcinoma (d). Bars a-d: 50 µm. (B, C) FRMPD1 mRNA and protein expression was detected by RT-qPCR and

western blot, respectively in a panel of lung cancer cell lines (n=6) and in the HBE cell line. GAPDH served as the loading control. Columns: mean numbers, Bars: SD. Results

were shown from three independent experiments (*: p<0.05). (D) Kaplan-Meier survival analysis showed that FRMPD1-positive patients survived significantly longer than

FRMPD1-negative patients. (E, F) TCGA database showed that FRMPD1 expression in lung adenocarcinoma was significantly lower than that in normal lung tissue (E).
LUAD: lung adenocarcinoma. Although the differences in expression of FRMPD1 in lung squamous cell carcinoma were insignificant (n.s.: p=0.8454), it still tended to

decrease (F). LUSC: lung squamous carcinoma. (*: p<0.05, ***: p<0.001).
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FRMPD1 inhibits nuclear translocation of

YAP by activating the Hippo pathway
According to previous reports,17 FRMD6/Willin can acti-

vate the Hippo pathway by binding to Merlin, an upstream

molecule of the Hippo pathway. Therefore, in the interest

of exploring the molecular mechanism through which

FRMPD1 affects malignant lung cancer phenotypes, we

focused on the effects of FRMPD1 on the Hippo pathway.

We transfected FRMPD1 plasmids into H1299 and H460

cell lines and found the luciferase activity of YAP-TEAD

to be significantly downregulated (Figure S3A). At the

same time, WB showed that the phosphorylation of

LATS1 and YAP was upregulated, whereas expression

levels of CTGF and CyclinE in the nucleus were down-

regulated (Figure 3A). In contrast, the phosphorylation of

LATS1 and YAP was decreased; furthermore, the lucifer-

ase activity of YAP-TEAD and the expression levels of

CTGF and CyclinE in the nucleus of the Hippo pathway

were enhanced after silencing of FRMPD1 in A549 and

LK2 (Figure 3; Figure S3). In H1299 cell lines, transfec-

tion of FRMPD1 inhibited the nuclear translocation of

YAP, as demonstrated by nucleus-cytoplasm isolation and

immunofluorescence (Figure 3C and D). In A549 cells,

silencing of FRMPD1 promoted the nuclear translocation

of YAP (Figure 3E and F). Therefore, we concluded that

FRMPD1 stimulates the phosphorylation of the LATS1-

YAP cascade to retain YAP in the cytoplasm, thus inhibit-

ing the expression of CTFG and CyclinE and activating

the Hippo pathway.

FRMPD1 activates the Hippo pathway

through binding of its PDZ domain and

the ADDV domain of WWC3
By analyzing the molecular structure of WWC3 (upstream

protein of the Hippo pathway) and FRMPD1, we speculated

that the PDZ domain of FRMPD1 might interact with the

PDZ binding motif (ADDV domain) of WWC3. To confirm

this hypothesis, we performed a confocal microscopy assay

and revealed that the two proteins had exogenous and endo-

genous co-localization in the cytoplasm of HEK293 and

H1299 cell lines (Figure 4A). Next, we co-transfected GFP-

WWC3 and MYC-FRMPD1 plasmids into the H1299 cell

line; the co-immunoprecipitation assay showed that MYC-

FRMPD1 interacts with GFP-WWC3 (Figure 4B). To deter-

mine the binding sites involved in the interactions between

FRMPD1 and WWC3, we next constructed a series of

FRMPD1 (MYC-FRMPD1-ΔPDZ) and WWC3 (GFP-

WWC3-ΔADDV) mutant plasmids (Figure 4C). Co-immu-

noprecipitation results showed that FRMPD1-ΔADDV could

not interact with WWC3; on the other hand, WWC3 could

not interact with FRMPD1 when it lacked a carbon-terminal

ADDV binding motif (Figure 4D and E). Based on the above

results, we concluded that FRMPD1 interacts with the car-

bon-terminal ADDV binding motif of WWC3 via its own

PDZ domain.

Table 1 Analysis of clinicopathological factors

Clinicopathological
factors

FRMPD1
expression

χ2 P-
value

Age (years) positive negative

<60 33 38 4.237 0.040*

≥60 16 40

Gender

Male 25 46 0.772 0.379

Female 24 32

Histological type

LUSC 25 47 1.046 0.306

LUAD 24 31

Differentiation

Well and Moderate 26 45 0.262 0.609

Poor 23 33

TNM classification

I+II 31 20 17.727 <0.001*

III 18 58

Lymph node metastasis

Negative 45 26 41.784 <0.001*

Positive 4 52

Note: *Statistically significant.

Table 2 Cox univariate and multivariate risk factor analysis

Clinicopathological
factors

Hazard ratio
(95%CI)

P-
value

Univariate analysis

Age ≥60 years 1.425 (0.882–2.301) 0.148

Male gender 0.877 (0.542–1.419) 0.592

Histological type: Adenocarcinoma 0.832 (0.511–1.354) 0.460

High TNM stage 1.966 (1.160–3.330) 0.012*

Moderate and poor differentiation 1.175 (0.726–1.901) 0.512

Positive lymph node metastasis 3.948 (2.376–6.561) <0.001*

Low FRMPD1 overall exp. 3.854 (2.127–6.981) <0.001*

Multivariate analysis

Positive lymph node metastasis 3.774 (1.843–7.730) 0.003*

Low FRMPD1 expression 2.267 (1.096–4.689) 0.027*

Note: *Statistically significant.
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Figure 2 FRMPD1 inhibits proliferation and invasion of cancer cells. (A–D) After transfection of FRMPD1 into a H1299 cell line, a colony formation assay,

Transwell assay, and MTT assay showed that the proliferation and invasion of cells decreased. Bars B, F: 50 µm. (E–H) After silencing of FRMPD1 in an A549 cell

line, a colony formation assay, Transwell assay, and MTT assay showed that the proliferation and invasion of cells increased. (I–K) Subcutaneous injection of H1299

cells stably expressing FRMPD1 (G418 screening) into nude mice (n=3) attenuated tumor formation as compared with the control group (n=3). (L, M) The

injection of H1299 cells stably expressing FRMPD1 (G418 screening) into the tail vein of nude mice (n=7) decreased the number and size of lung metastasis as

compared with the control group (n=7). A–H were repeated three times independently and the resuts were the mean.Bar L: 20 µm. Columns: mean numbers,

Bars: SD. (*: p<0.05; **: p<0.01).
Abbreviations: NC, Negative control; EV, Empty vector.
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FRMPD1 inhibits the malignant phenotype

of lung cancer by activating the Hippo

pathway via interaction with WWC3
Our previous studies have demonstrated that WWC3 can

activate the Hippo pathway via LATS1 in lung cancer cell

lines and that it serves as an upstream activator of the

Hippo pathway.10 However, how does the interaction

between FRMPD1 and WWC3 affect the activity of the

Hippo pathway to inhibit the proliferation and invasion of

lung cancer cells? To answer this question, first we co-

Figure 3 FRMPD1 inhibits nuclear translocation of YAP by activating the Hippo pathway. (A, B) After transfection of FRMPD1 into H1299 and H460 cell lines, western blot

showed that the phosphorylation of LATS1 and YAP was increased (A), and expression levels of target genes of the Hippo pathway, CTGF and CyclinE, were downregulated.
After silencing of FRMPD1 in A549 and LK2, the phosphorylation of LATS1 and YAP was decreased, and expression levels of CTGF and CyclinE were upregulated (B),
GAPDH serves as a loading control. The grey value was measured using Image software. (C–F) Immunofluorescence and nuclear-cytoplasmic protein extraction showed

that the transfection of FRMPD1 into H1299 cells leads to a decrease in the nuclear translocation of YAP (C, D, magnification 400×). Silencing of FRMPD1 in A549 cells leads

to an increase in the nuclear translocation of YAP (E, F, magnification 400×). Bars C, E: 20 µm. Results are shown from three independent experiments.
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transfected wild-type WWC3 and FRMPD1 and their

mutants into a H1299 cell line exhibiting low expression

of WWC3, as demonstrated in our previous work.10

Through a luciferase reporter and WB assays, we found

that wild-type FRMPD1 interacted with WWC3 to pro-

mote the activity of the Hippo pathway (through

downregulation of YAP-TEAD transcriptional activity)

and to upregulate the phosphorylation levels of LATS1

and YAP; however, the absence of a PDZ domain in

FRMPD1, which hindered the interaction with WWC3,

abrogated these effects (Figure 5A and B). In addition,

RT-qPCR showed that co-transfection of MYC-FRMPD1-

Figure 4 FRMPD1 activates the Hippo pathway by interacting with the ADDV domain of WWC3 via its PDZ domain. (A) Confocal microscopy showed that FRMPD1 and

WWC3 exhibit exogenous and endogenous co-localization in the cytoplasm (Magnification 400×, Bar A: 20 µm). (B) Co-immunoprecipitation assay showed that exogenous

MYC-FRMPD1 can interact with GFP-WWC3 in a H1299 cell line. (C) Molecular structure of MYC-FRMPD1-WT, MYC-FRMPD1-ΔPDZ, GFP- WWC3-WT, and GFP-

WWC3-ΔADDV plasmids. (D, E) Co-immunoprecipitation assay showed that FRMPD1-ΔADDV could not interact with WWC3; conversely, WWC3 lacking a C-terminal

ADDV binding motif could not interact with FRMPD1 . Results were shown from three independent experiments.
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Figure 5 FRMPD1 inhibits the malignant phenotype of lung cancer by activating the Hippo pathway via interaction with WWC3. (A) The luciferase reporter gene

assay showed that the transcriptional activity of YAP-TEAD was significantly inhibited by co-transfection of wild-type FRMPD1 and wild-type WWC3, and the

inhibitory level was decreased by co-transfection of wild-type WWC3 and mutant FRMPD1. (B) Western blot showed that the phosphorylation of LATS1 and

YAP was increased most significantly when wild-type FRMPD1 and wild-type WWC3 were co-transfected. The phosphorylation of LATS1 and YAP was not

notably increased when the wild-type WWC3 and mutant FRMPD1 were co-transfected. (C, D) RT-qPCR showed that co-transfection of MYC-FRMPD1-WT and

GFP-WWC3-WT could significantly downregulate mRNA transcription levels of the YAP downstream genes, CTGF and CYR61, while co-transfection of mutant

FRMPD1 and wild-type WWC3 did not affect their transcription notably. (E, F) n.s. (no significance): Transwell: p=0.0512; Colony formation: p=0.0598) Western

blot, Transwell assay, and colony formation assay showed that FRMPD1 could not significantly increase phosphorylation levels of LATS1 and YAP, as well as the

malignancy of lung cancer cells when WWC3 expression was silenced. Bar F: 50 µm. Columns: mean numbers, Bars: SD. Results were shown from three

independent experiments. (**: p<0.01; ***: p<0.001).
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WT and GFP-WWC3-WT significantly downregulated

mRNA expression levels of the YAP downstream genes,

CTGF and CYR61, whereas co-transfection of FRMPD1

mutants and wild-type WWC3 did not show any such

effects (Figure 5C and D). Finally, we transfected the

FRMPD1 plasmid into A549 cells with relatively high

WWC3 expression and knocked down WWC3 using

siRNA.10 The results showed that FRMPD1 could not

significantly increase the phosphorylation levels of

LATS1 and YAP when WWC3 was silenced (Figure 5E);

furthermore, the inhibitory effect on lung cancer cell pro-

liferation and invasion was also significantly weakened (n.

s.: Transwell: p=0.0512; Colony formation: p=0.0598

Figure 5F). Consequently, we concluded that FRMPD1

inhibited the malignant phenotype of lung cancer cells by

interacting with WWC3 and activating the Hippo pathway.

Discussion
In recent years, the incidence and mortality rate of lung

cancer have been the highest among all kinds of malignant

tumors,22 and about 80% of deaths are reportedly due to

invasion and metastasis.23 Therefore, revealing the mole-

cular mechanism underlying the invasion and metastasis of

lung cancer and searching for new biomarkers of biologi-

cal behavior of lung cancer cells would not only benefit

the prognostic evaluation of lung cancer but also provide

an experimental basis for the development of effective

targeted therapeutic drugs, which have important theoreti-

cal and practical significance.

The expression of FRMPD1 in malignant tumors, espe-

cially in lung cancer, and its possible biological effects

have not yet been reported. In this study, we first found

that FRMPD1 expression was decreased in lung cancer

resected specimens through immunohistochemistry, and

that FRMPD1 expression was negatively correlated with

a patient’s age, high TNM stage, and lymph node metas-

tasis. Kaplan-Meier survival analysis showed that

FRMPD1-positive patients survived significantly longer

than FRMPD1-negative patients, suggesting that

FRMPD1 could be recognized as a prognostic factor for

lung cancer. However, whether it is also suitable for other

types of cancer needs further study. The TCGA database

also showed that FRMPD1 was weakly expressed in lung

adenocarcinomas. Although the expression levels of

FRMPD1 in lung squamous cell carcinoma were compar-

able to those in normal lung tissues, its expression tended

to decrease, which may be related to the selection of

samples. Overexpression of FRMPD1 in lung cancer cell

lines significantly inhibited the proliferation and invasion

of lung cancer cells. These data suggested that FRMPD1

might play a role as a tumor suppressor gene in the devel-

opment of lung cancer. However, the reason for the low

expression of FRMPD1 in non-small cell lung cancer is

still unclear. The possibility of methylation or mutation of

the FRMPD1 gene or metabolic enhancement in lung

cancer cells needs to be explored and verified in subse-

quent experiments.

To explore the molecular mechanism by which

FRMPD1 affects the malignant phenotype of lung cancer,

we explored the effects of FRMPD1 on the Hippo pathway

and the phosphorylation levels of the key proteins LATS1

and YAP. As observed by RT-qPCR, luciferase reporter,

and immunoblotting assays, FRMPD1 significantly

enhanced the phosphorylation of LATS1 and YAP, and

inhibited the nuclear translocation of YAP and the tran-

scriptional activity of the target gene. Moreover, FRMPD1

was confirmed to be a positive regulator of the Hippo

pathway. Protein-protein interactions play a vital role in

biological functions. The protein WWC3 contains a PDZ

binding motif (which can bind to the PDZ domain), and

FRMPD1 contains a PDZ domain, observations worth

exploring. Using co-immunoprecipitation and confocal

microscopy, we found that FRMPD1 interacts with

WWC3 via its N-terminal PDZ domain (possibly direct

binding, not yet demonstrated), and that FRMPD1 and

WWC3 co-localize in the cytoplasm of lung cancer cells.

We found that there were no significant changes in the

activity of the Hippo pathway, phosphorylation index, and

expression levels of target genes after transfection of

FRMPD1 and silencing of WWC3, and that the transfec-

tion of FRMPD1-ΔPDZ (which could not bind to WWC3)

did not stimulate the Hippo pathway.

Several studies have reported that the Hippo pathway

is involved in immunotherapy to malignant tumors, such

as lung cancer and melanoma. For example, LATS1/2

deletion unmasks a malignant cell’s immunogenic poten-

tial and retains tumor growth due to the induction of anti-

tumor immune responses.24 TAZ can upregulate the

expression of PD-L1 and increase the activity of the

PD-L1 promoter.25 At the same time, in human

NSCLC, YAP plays an important role in regulating the

tumor immune checkpoint in the PD-L1/PD-1 pathway.26

All these conclusions suggest that the Hippo pathway

may have an important effect in cancer immunotherapy.

Although there are no reports on the effect of FRMPD1

in carcinoma, our study proved that FRMPD1 may inhibit
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an advanced TNM stage, lymph node metastasis, and

poor prognosis of patients in lung cancer by upregulating

the phosphorylation of LATS1 and inhibiting the nuclear

translocation of YAP; this activates the Hippo pathway

and ultimately inhibits the proliferation and invasion of

lung cancer cells. Therefore, whether FRMPD1 can be

used as a target of immunotherapy warrants further inves-

tigation. In conclusion, our results provide important

insights in the search for biomarkers for lung cancer,

the development of targeted drugs, and elucidation of

the mechanism leading to drug resistance in lung cancer.

Abbreviation list
FRMPD1, FERM-domain-containing protein-1; WWC3,

WW and C2 domain containing protein-3; LATS1, large

tumor suppressor-1; MST1, mammalian Ste20-like kinase

1; YAP, yes-associated protein; TEAD, TEA domain tran-

scription factors; RT-qPCR, reverse transcription quantita-

tive polymerase chain reaction; NSCLC, non-small cell

lung cancer; CTGF, connective tissue growth factor;

Cyr61, Cysteine-rich angiogenic inducer 61; SPSS, statis-

tical program for social sciences; MTT, methylthiazolyl

diphenyl tetrazolium bromide; TNM stage, Tumor, Node,

Metastasis stage; PDZ domain, PSD95/DLG/ZO1 domain;

Fat, Fat atypical-cadherin; NF2, neurofibromin 2; AMOT,

angiomotin; Wnt pathway, Wingless/Integrated pathway;

DVL, dishevelled segment polarity protein; LATS1, large

tumor suppressor kinase-1; Yki, yorkie; ECL, enhanced

chemiluminescence; PVDF membrane, Polyvinylidene

Fluoride membrane; GFP, Green Fluorescent protein;

TCGA database, The Cancer Genome Atlas database;

FRMD6, FERM domain containing 6; HBE, normal

human bronchial epithelial cell line; LUAD, lung adeno-

carcinoma; LUSC, lung squamous cell carcinoma; EV,

empty vector; NC, negative control.
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Supplementary Materials

Figure S1 FRMPD1 is localized in the cytoplasm. Confocal microscope showed that FRMPD1 was localized in the cytoplasm in six cell lines (A), Bar A: 50 µm,

magnification: 200×.

Figure S2 FRMPD1 inhibits proliferation and invasion of cancer cells. After transfection of FRMPD1 into H460 cell line, colony formation assay, Transwell assy, and MTT

assay showed that the proliferation and invasion of cells decreased (P<0.05. A–D). After silencing of FRMPD1 in LK2 cell line, colony formation assay, Transwell assay, and

MTT assay showed that the proliferation and invasion of cells increased (P<0.05. E–H). Bar B,F: 25 µm, magnification: 400×.***Indicated P<0.001.
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Figure S3 FRMPD1 activates Hippo pathway. The luciferase reportor gene showed that the activity of YAP-TEAD was significantly downregulated after transfection of

FRMPD1 in H1299 and H460 cell lines (A). On the contrary, the YAP-TEAD’s activity was upregulated after silencing of FRMPD1 in A549 and LK2 cell lines (B). **Indicated
P<0.01; ***Indicated P<0.001.

Rong et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
Cancer Management and Research 2019:113410

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com
http://www.dovepress.com

