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            Abstract
Epithelial integrity is maintained by the cytoskeleton and through cell adhesion. However, it is not yet known how a deregulated cytoskeleton is associated with cancer. We identified cancer-related regulator of actin dynamics (CRAD) as frequently mutated or transcriptionally downregulated in colorectal cancer. We found that CRAD stabilizes the cadherin–catenin–actin complex via capping protein inhibition. The loss of CRAD inhibits F-actin polymerization and subsequently disrupts the cadherin–catenin–actin complex, which leads to β-catenin release and Wnt signalling hyperactivation. In mice, CRAD knockout induces epithelial cell integrity loss and Wnt signalling activation, resulting in the development of intestinal mucinous adenoma. With APC mutation, CRAD knockout initiates and accelerates mucinous and invasive adenoma development in the colorectum. These results define CRAD as a tumour suppressor, the inactivation of which deregulates the cytoskeleton and hyperactivates Wnt signalling thus initiating mucinous colorectal cancer. Our study reveals the unexpected roles of an actin cytoskeletal regulator in maintaining epithelial cell integrity and suppressing tumorigenesis.
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                    Fig. 1: CRAD inactivation in CRC.[image: ]


Fig. 2: Positive regulation of the actin polymerization by CRAD-inhibited CPs.[image: ]


Fig. 3: Loss of CRAD-activated Wnt signalling through disruption of the CCA complex.[image: ]


Fig. 4: Inhibition of CRC cell proliferation by CRAD.[image: ]


Fig. 5: Intestinal adenoma development induced by CRAD KO.[image: ]


Fig. 6: Accelerated intestinal tumorigenesis as a result of CRAD heterogeneous KO.[image: ]


Fig. 7: Mucinous intestinal tumorigenesis by CRAD KO.[image: ]


Fig. 8: Increased mucin deposition by CRAD KO.[image: ]
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                Data availability

              
              Microarray data that support the findings of this study have been deposited in GEO (accession code GDS2947). Mass spectrometry data used in this study is available from Supplementary Table 2. The CRAD expression data in CRC cells were derived from the cBioportal using the TCGA Research Network (http://cancergenome.nih.gov/) and Genetech datesets. The dataset derived from this resource that supports the findings of this study is available in Oncomine (https://www.oncomine.org/resource). CRAD expression data were also derived from cBioportal (http://www.cbioportal.org/) and COSMIC database (https://cancer.sanger.ac.uk/cosmic). Source data for Figs. 1–8 and Supplementary Figs. 1–8 have been provided as Supplementary Table 4. All other data supporting the findings of this study are available from the corresponding author on reasonable request.
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Integrated supplementary information

Supplementary Figure 1 Genetic inactivation of CRAD in cancer.
(a), Genetic inactivation of CRAD in CRC. cBioportal database analysis of CRAD in CRC. CRAD shows 10.18 % incidence rate of truncated mutants (Nonsense + Frameshift) in CRC. APC, DCC, CTNNB1, and AXIN2 were analyzed as the positive control. HPRP1 served as negative control. Total 502 CRC cases were analyzed. (b), Genetic alteration of CRAD in human cancer. cBioportal analysis. (c), Potent epigenetic suppression of CRAD promoter. Upregulated CRAD expression by the inhibition of methylation. IECs and CRC cells were treated with 5-Azacytidine (5-AZA; 20 μM) for 24 hr. n = 3 independent experiments; Error bars: average +/− S.D.; NS: not significant (P > 0.05); Two-sided unpaired t-test. (d), COSMIC analysis of CRAD mutations in CRC cell lines.


Supplementary Figure 2 Positive regulation of the actin polymerization by CRAD-induced capping protein inhibition.
(a and b), Morphological comparison of IECs and CRC cells. IF staining (a). Quantification of the cell area of IECs and CRC cells by AxioVision software (b; n = 5 independent experiments). (c and d), Depletion of endogenous CRAD by shRNAs. FHC cells were transfected with shRNAs (c). shCRAD#1 stably expressing IECs were analyzed for IB (d). IB was performed once. (e-g), Cell shrinkage by CRAD depletion. 48 hr after transfection, cells were analyzed for IF staining (e) and cell area quantification (f; n = 5 (independent experiments). Cells were infected with lenti-shCRAD for 48 hr. After infection, cells were selected by puromycin (2 μg/ml) treatment for 72 hr. The cell morphology was analyzed by IF staining for Phalloidin (g). (h-k), Extended cell morphology by CRAD in CRC cells. 48 h after transfection (Vec [empty vector] or FLAG-CRAD), cells were analysed for IF staining (actin, h; Phalloidin, k) and cell area quantification (i; n = 5 independent experiments). The cell morphology was monitored using blight field microscope (j). (l), Physical interaction of CRAD with CPs. Purified FLAG-Actin, FLAG-CPs, and HA-CRAD proteins were used for co-IP. These results recapitulate in vitro interaction between CRAD and CPs performed using GST recombinant proteins. Experiment was performed three times with similar results. (m-o), Decreased F-actin formation by CRAD depletion. Quantification of the F-actin in the CRAD depleted (m), or the CRAD ectopic expressed condition (n and o). The level of F-actin and G-actin was examined by immunoblots (n) and quantified by the subsequent ImageJ analysis (m and o; n = 3 independent experiments). After measurement, F-actin was normalized by G-actin. (p), Coomassie Brilliant Blue (CBB) staining of the purified recombinant proteins. Each recombinant protein was expressed in E. coli and purified, followed by GST cleavage. Experiment was performed once. (q), Inhibition of interaction between CAPZs and actin by CRAD. Co-IP assay using purified recombinant proteins (see Fig. 2m) was quantified by ImageJ. n = 3 independent experiments). (r and s). No effect of A511V-CRAD on Wnt/β-catenin signaling. AXIN2 qRT-PCR (r; n = independent experiments) and IB (s) using WT-CRAD or A511V-CRAD transfected CRC cells. IB was performed three times with similar results. Representative images are shown; Scale bars indicate 20 μm; Error bars: mean +/− S.D.; NS: not significant (P > 0.05); Two-sided unpaired t-test.


Supplementary Figure 3 Illustration of the working model of CRAD-induced F-actin polymerization.
CRAD inhibits CPs’ binding to the barbed (+) end, resulting in the increased actin polymerization.


Supplementary Figure 4 CRC cell growth inhibition by CRAD.
(a), The mutually exclusive expression between CRAD and AXIN2 in IECs and CRC. Oncomine analysis of CRAD and AXIN2 expression in CRC. (b), Inversed correlation between CRAD and β-catenin. IECs and CRC cells were fractionated into the nucleus and cytosol fractions using fractionation kit. WCL: whole cell lysates. (c and d), Decreased nuclear β-catenin by CRAD. IECs (c) and CRC cells (d) were transfected with shCtrl or shCRAD and Vec or CRAD, respectively. After 48 hr, cells were fractionated into the cytosolic and nucleus fractions, followed by IB. (e and f), Increased interaction between E-Cadherin and β-catenin by CRAD. Cell extracts from IEC (e) and CRC cell (f) were used for IP analysis. Binding between E-Cadherin and β-catenin was quantified by ImageJ. n = 3. (g), Increased interaction between E-cadherin and catenins by CRAD. HCT116 cells were transiently transfected with FLAG-CRAD plasmid and analyzed for IF staining using Super Resolution microscope (see Fig. 3p). E-cadherin intensity was quantified by ZEN software (Zeiss). n = 10. (h and i), Blockade of the actin cytoskeleton increases Wnt/β-catenin reporter activity. CCD-841CoN cells were transfected with β-catenin reporter plasmids (pMEGA-TOP/FOP-FLASH). 24 hr after, cells were treated with Cytochalasin D (Cyto D; 2 μM; barbed [+] end inhibition)51, Latrunculin B (Lat B; 1 μM; monomeric G-actin inhibition)52, and Jasplakinolide (2 μM; a stabilizer of actin cytoskeleton) for 72 hr. β-catenin transcription activity was measured by TOP/FOP luciferase activity (h). CCD-841CoN cells were treated with indicated reagents as same concentration of (h). 72 h after treatment, cells were collected for qRT-PCR (i). n = 3 independent experiments. j, Illustration of the working model: the molecular mechanism of CRAD loss-induced hyperactivation of Wnt/β-catenin signaling. In normal epithelial cells, CRAD inhibits CPs, which results in actin polymerization. Subsequently, increased F-actin stabilizes complex formation composed of E-cadherin-catenins-F-actin. In the absence of CRAD, F-actin is disrupted by CPs, which leads to destabilization of E-cadherin-catenin complex. Disturbance of E-cadherin-catenin complex releases β-catenin into the cytosols and the nucleus, which transactivates Wnt/β-catenin target genes. Error bars: average +/− S.D.; Two-sided unpaired t-test; Centre: Average.


Supplementary Figure 5 CRC cell growth inhibition by CRAD.
(a and b), Suppression of shCRAD-induced cell hyperproliferation by β-catenin inhibition in IECs. FHC (shCtrl and shCRAD) cells were treated with iCRT14 for 14 days and stained with crystal violet (a). Cell proliferation was quantified by measurement of absorbance at 590 nm (b; n = 3 independent experiments). (c-e), Engrailed-LEF1 inhibits CRAD depletion-induced IEC hyperproliferation. 1,000 cells of CCD-841CoN were seeded onto tissue culture plate. Cells were transfected with indicated plasmids. Eng-LEF1 was used as a dominant-negative mutant blocker of β-catenin-mediated gene transactivation53,54. 48 h after transfection, cells were incubated in 37 °C tissue culture CO2 chamber for 14 days. Colony forming was visualized by crystal violet staining (c) and quantified (d and e; n = 3 independent experiments). (f-h), CRC cell growth inhibition by CRAD expression. CRC cells (Vec [control] and CRAD expressing) were analyzed for cell counting (f; n = 3 independent experiments), crystal violet staining (g), and quantification (h). (i-o), β-catenin rescues CRAD-induced CRC cell growth inhibition. CRC cells were transfected with CRAD or-catenin plasmids and analyzed for crystal violet staining (i,k,m), quantification (j, l, n), and cell counting (o). (p and q), CRC cell growth inhibition by CPI motif-containing CRAD mutants. CRAD (full length, ΔCPI, and M1-M4)-transfected CRC cells were analysed for quantification of cell proliferation. HCT116 (p); SW620 cells (q). Representative images are shown; Error bars: mean +/− S.D.; NS: not significant (P > 0.05); Two-sided unpaired t-test.


Supplementary Figure 6 Intestinal adenoma development by CRAD KO.
(a), CRISPR/Cas9-mediated targeting of CRAD alleles. Exon2 of CRAD was targeted using gRNAs. gRNA and Cas9 mRNA were injected into the pronuclei of C57BL/B6 mouse embryos. (b), CRAD expression in the small intestine. IHC of mouse intestine. (c), Validation of CRAD KO. The cell lysates were extracted from the small intestine of six independent CRAD KO mice for IB. (d), Sequencing analysis of potential off-target genes of CRAD gRNAs. No mutations in 14 off-target genes were detected. (e), Increased Wnt signaling target genes in CRAD KO mouse. CRAD KO-induced tumors were analyzed for qRT-PCR of Hippo, Notch, Shh, BMP, and Wnt signaling pathway target genes. n = 3 independent mice. f,g, Tumor development in the lung and pancreas of CRAD KO mice. Development of the early lesion of SCLC. The multiple sites displaying the early lesion of SCLC (black arrows; f) and the pancreatic tumors (g; i and ii) were observed. Scale bars indicate 100 μm (f) or 20 μm (g). (h), Disruption of epithelial cell integrity. Cytokeratin 19 (CK19). Arrows: Villi not expressing CK19. (i and j), Analysis of inflammation in CRAD KO mouse. Small intestine samples of WT and CRAD KO mouse were stained with H&E (i; n = 8 mice). Intestinal inflammation (foci size > 200 μm) was assessed by counting (j). Scale bars indicate 200 μm. (k-n), Cell hyperproliferation in CRAD KO small intestine. Phospho-histone H3 (k) and Ki67 (n) staining and quantification (l and m; n = 10 crypts). Scale bars indicate 20 μm. o, Analysis of apoptosis in CRAD KO-induced tumor lesion. WT and CRAD KO mice were analyzed for cleaved Caspase-3 (Casp3). Scale bars indicate 20 μm. (p), Abnormal differentiation of IECs by CRAD KO. WT and CRAD KO small intestine were immunostained with ChgA (arrows). Scale bars indicate 20 μm. (q), Disorganized cell adhesion in CRAD KO mice. Cells were stained with E-cadherin. Scale bars indicate 20 μm. (r), Increased β-catenin target genes in the intestinal adenoma of CRAD KO mice. IHC for CD44. Scale bars indicate 20 μm. Representative images of three independent experiments; Error bars: mean +/− S.D.; NS: not significant (P > 0.05); Two-sided unpaired t-test.


Supplementary Figure 7 Accelerated intestinal tumorigenesis by CRAD heterogeneous KO.
(a), Heterozygous mutation of CRAD gene in CRC. Zygosity analysis of CRAD mutation in CRC patient samples using COSMIC and cBioportal databases. Of note, the frequency of heterozygous mutation is higher than that of homozygous mutation. (b-e), IHC of the non-tumor region of the colorectum of APCMIN and APCMIN:CRAD+/− mice (4mo of age). Cyclin D1 (b); Ki67 (d). Quantification (c; n = 9 crypts, (e); n = 10 crypts). (f), Micro-invasion by CRAD KO. Micro-invasion was observed in the tumor region of APCMIN:CRAD+/− small intestine. The small intestine samples were stained with αSMA (α-Smooth Muscle Actin: green) to visualize the basement membrane. The basement membrane of APCMIN:CRAD+/− is disrupted/discontinued tumor cell infiltration. Arrow indicates invasive tumor cell and yellow dashed lines mark the border of the basement membrane. (g), No EMT in tumour region of APCMIN:CRAD+/− mice. EMT marker analysis in APCMIN and APCMIN:CRAD+/− small intestine samples. Markers of mesenchymal cell (Vimentin: green; N-cadherin: red) were not detected in tumors of both strains. Representative images of three independent experiments; Scale bars indicate 20 μm; Error bars: mean +/− S.D.; Two-sided unpaired t-test.


Supplementary Figure 8 Accelerated intestinal tumorigenesis by CRAD KO.
(a and b), IHC analysis of the organoids derived from CRAD WT and KO mouse intestine. Compared to WT, CRAD KO-derived cystic spheroids showed the increased cell proliferation (Ki67; a) and the increase of β-catenin (b). Quantification was performed using 10 cystic spheroids. n = 10 organoids from three different experiments. (c), Increased Mucin expression in CRAD KO. The small intestine samples from CRAD WT (2mo) and CRAD KO mice (from different ages as indicated) were examined by qRT-PCR for mMUC1, mMUC2, mMUC4, and mMUC5AC. n = 3 independent experiments. (d), Increased goblet cell in CRAD KO mice. After fixation and paraffin embedding, each sample was stained with PAS and quantified. n = 10 villi. (e), Increased mucin deposition in CRAD KO-induced tumors. qRT-PCR of MUC1 and MUC2 from the small intestine samples of each mice. n = 3 independent experiments. (f), The increase of TOP-1 expression in CRAD KO mouse. Tumor of APCMIN (4mo) and CRAD KO (3, 4, 6, 8, and 12mo) were immunostained with a TOP-1 antibody. (g), Upregulation of TOP-1 in CRAD KO tumors. CRAD WT (2mo) intestine and CRAD KO tumors (from different age were examined by qRT-PCR of mTOP-1. n = 3 independent experiments. (h), Mutual exclusive expression of CRAD and MUCs. Oncomine analysis of TCGA datasets; 10% gene rank; P < 0.0001; fold change >2; compared with normal cells. Representative images of three independent experiments; Scale bars indicate 20 μm; Error bars: mean +/− S.D.; NS: not significant (P > 0.05); Two-sided unpaired t-test.


Supplementary Figure 9 Unprocessed blots.
Figures 1e-3j Fig. 3n-S6c.





Supplementary information
Supplementary Information
Supplementary Figures 1–9, Supplementary Table legends and Supplementary References.


Reporting Summary

Supplementary Table 1
Analysis of CRC tumour microarray for CRAD expression.


Supplementary Table 2
CRAD-interacting proteins identified by tandem affinity purification and mass spectrometry.


Supplementary Table 3
Information of MC microarray for CRAD expression.


Supplementary Table 4
Primer information.


Supplementary Table 5
Antibody information.


Supplementary Table 6
Statistics Source Data.





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Jung, YS., Wang, W., Jun, S. et al. Deregulation of CRAD-controlled cytoskeleton initiates mucinous colorectal cancer via β-catenin.
                    Nat Cell Biol 20, 1303–1314 (2018). https://doi.org/10.1038/s41556-018-0215-z
Download citation
	Received: 19 March 2018

	Accepted: 17 September 2018

	Published: 22 October 2018

	Issue Date: November 2018

	DOI: https://doi.org/10.1038/s41556-018-0215-z


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Exploiting synergistic effect of CO/NO gases for soft tissue transplantation using a hydrogel patch
                                    
                                

                            
                                
                                    	Xiaoduo Tang
	Jingyan Ren
	Bai Yang


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Wnt signaling in cancer: therapeutic targeting of Wnt signaling beyond β-catenin and the destruction complex
                                    
                                

                            
                                
                                    	Youn-Sang Jung
	Jae-Il Park


                                
                                Experimental & Molecular Medicine (2020)

                            
	
                            
                                
                                    
                                        Clinical impact of first-line bevacizumab plus chemotherapy in metastatic colorectal cancer of mucinous histology: a multicenter, retrospective analysis on 685 patients
                                    
                                

                            
                                
                                    	Vincenzo Catalano
	Francesca Bergamo
	Francesco Graziano


                                
                                Journal of Cancer Research and Clinical Oncology (2020)

                            
	
                            
                                
                                    
                                        Prognostic impact of tumor mutation burden and the mutation in KIAA1211 in small cell lung cancer
                                    
                                

                            
                                
                                    	Mengting Zhou
	Jun Fan
	Fred R. Hirsch


                                
                                Respiratory Research (2019)

                            
	
                            
                                
                                    
                                        Recent progress in mapping the emerging landscape of the small-cell lung cancer genome
                                    
                                

                            
                                
                                    	Kee-Beom Kim
	Colin T. Dunn
	Kwon-Sik Park


                                
                                Experimental & Molecular Medicine (2019)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    CRAD as a cytoskeletal tumour suppressor
                

                
	George Eng
	Jonathan Braverman
	Ömer H. Yilmaz



                
    
        
            Nature Cell Biology
        
        News & Views
        
        
            22 Oct 2018
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Cell Biology (Nat Cell Biol)
                
                
    
    
        ISSN 1476-4679 (online)
    
    


                
    
    
        ISSN 1465-7392 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Cancer]
                    Sign up for the Nature Briefing: Cancer newsletter — what matters in cancer research, free to your inbox weekly.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in cancer research, free to your inbox weekly.
            Sign up for Nature Briefing: Cancer
            
        


    









    [image: ]







[image: ]
