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            Abstract
Vesicular acidification and trafficking are associated with various cellular processes. However, their pathologic relevance to cancer remains elusive. We identified transmembrane protein 9 (TMEM9) as a vesicular acidification regulator. TMEM9 is highly upregulated in colorectal cancer. Proteomic and biochemical analyses show that TMEM9 binds to and facilitates assembly of vacuolar-ATPase (v-ATPase), a vacuolar proton pump, resulting in enhanced vesicular acidification and trafficking. TMEM9-v-ATPase hyperactivates Wnt/β-catenin signalling via lysosomal degradation of adenomatous polyposis coli (APC). Moreover, TMEM9 transactivated by β-catenin functions as a positive feedback regulator of Wnt signalling in colorectal cancer. Genetic ablation of TMEM9 inhibits colorectal cancer cell proliferation in vitro, ex vivo and in vivo mouse models. Moreover, administration of v-ATPase inhibitors suppresses intestinal tumorigenesis of APC mouse models and human patient-derived xenografts. Our results reveal the unexpected roles of TMEM9-controlled vesicular acidification in hyperactivating Wnt/β-catenin signalling through APC degradation, and propose the blockade of TMEM9-v-ATPase as a viable option for colorectal cancer treatment.
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                    Fig. 1: Expression of TMEM9 in CRC cells.[image: ]


Fig. 2: Activation of Wnt/β-catenin signalling by TMEM9.[image: ]


Fig. 3: TMEM9 facilitates assembly of v-ATPase.[image: ]


Fig. 4: Decrease of APC by TMEM9-induced v-ATPase activation.[image: ]


Fig. 5: Transactivation of TMEM9 by Wnt/β-catenin signalling.[image: ]


Fig. 6: Suppression of intestinal tumorigenesis by blockade of TMEM9.[image: ]


Fig. 7: Suppression of intestinal tumorigenesis by v-ATPase inhibitors.[image: ]


Fig. 8: Decreased PDX growth by v-ATPase inhibitor.[image: ]
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                Data availability

              
              Microarray data that support the findings of this study have been deposited in the Gene Expression Omnibus (GEO) under accession code GDS2947. The TMEM9 expression data in CRC cells were derived from the cBioportal using the TCGA Research Network (http://cancergenome.nih.gov/) and Genetech data sets. The data set derived from this resource that supports the findings of this study is available in Oncomine (https://www.oncomine.org/resource). TMEM9 expression data were also derived from cBioportal (http://www.cbioportal.org/) and the COSMIC database (Catalogue of Somatic Mutations in Cancer) (https://cancer.sanger.ac.uk/cosmic). Source data for Figs. 1–8 and Supplementary Figs. 1–4 are 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 Activation of Wnt/β-catenin signalling by TMEM9.
(a-c), Screening of cell signallings affected by TMEM9. qRT-PCR of CRC cells (MSI [a] versus MSS [b]) and IECs (c). d, Activation of β-catenin by TMEM9 ectopic expression. HeLa cells (Ctrl versus TMEM9-FLAG) were analyzed for β-catenin protein half-life using cycloheximide (CHX; 100 μg/ml), and quantified by ImageJ. (e and f), Upregulation of β-catenin transcriptional activity by TMEM9 in IECs. 48hr after overexpression of TMEM9, cells were analyzed by luciferase activity (e) and AXIN2 qRT-PCR (f). (g–i), Decreased β-catenin transcription activity by shTMEM9. Depletion of endogenous TMEM9 using multiple shRNAs (#1–6) in HCT116. HCT116 cells were stably transduced with lentiviruses encoding six different shRNAs and analyzed by IB (g). Eleven CRC cells were analyzed for determination of the effect of TMEM9 on Wnt/β-catenin signalling hyperactivation. (h). TOP/FOP-FLASH luciferase activity (i). (j and k), Establishment of TMEM9 KO CRC cells. Exon2 of TMEM9 was deleted using CRISPR/Cas9 gene targeting. PCR genotyping of TMEM9 displayed deletion of TMEM9 (WT: 281bp; KO; 233bp; j). TMEM9 protein was not expressed in TMEM9 KO CRC cells (k). NS: Not significant; Experiments were performed three times with similar results; Error bars: mean ± S.D.; Two-sided unpaired t-test.


Supplementary Figure 2 TMEM9 facilitates assembly of v-ATPase.
(a), The endogenous interaction of TMEM9 with ATP6AP2 and APT6V0D1. Co-IP of HCT116 cells (TMEM9 WT versus KO). IgG H.C.: immunoglobulin heavy chain. Experiments were performed three times with similar results. (b), Oligomerization of TMEM9. 293T cells were transfected with each plasmid (TMEM9-FLAG or TMEM9-HA) and were analyzed by co-IP assays. Experiments were performed three times with similar results. (c), Subcellular localization of ectopically expressed TMEM9. HeLa cells were transfected with TMEM9-FLAG plasmid. After fixation cells were stained with FLAG antibody. (d and e), Decreased MVB acidification by TMEM9 depletion. CRC (d) and 293T (e) cells were transfected with shTMEM9-GFP or TMEM9-FLAG plasmid for 24hr, respectively. After transfection cells were stained with Lysotracker for monitoring of MVB acidification. (f), Expression of TMEM9B, ATP6AP2, and ATP6V0D1. GEO datasets (GDS2947) from NCBI were analyzed for each gene expression in normal intestine and the matched CRC samples (32 patient samples). Of note, TMEM9B and other v-ATPase subunits are not upregulated in CRC. Representative images of three independent experiments with similar results;; Scale bars=20 μm.


Supplementary Figure 3 TMEM9 activates Wnt/β-catenin signalling via v-ATPase-mediated lysosomal degradation of APC.
(a–d), Activation of Wnt/β-catenin signalling by TMEM9-activated v-ATPase. TMEM9-induced β-catenin stabilization via v-ATPase (a and b). HeLa cells stably expressing control Vec or TMEM9-FLAG were treated with BAF (10nM, 24hr) and analyzed by IB (a) and IF staining (b). The requirement of TMEM9-TMD for TMEM9-induced β-catenin reporter activation (c and d). 293T (c) and CRC (HT29 and SW620; d) cells were transfected with WT or TMD deleted MT (ΔTMD) TMEM9 plasmids and analyzed by luciferase assays. The firefly luciferase plasmids and SV40-renilla luciferase expression plasmids (internal control for the transfection efficiency) were transfected into CRC cells for measurement of luciferase activity. 24hr after transfection, cell lysates were assessed by using Dual luciferase assay kit (Promega). Then, the firefly luciferase activity was normalized by the renilla luciferase activity for quantification. e and f, ATP6AP2 depletion inhibits TMEM9-activated β-catenin reporter. 293T cells stably expressing shRNAs (shCtrl or shATP6AP2 [#1 and #2; two different shRNAs]) were confirmed by IB (e), and transfected with the β-catenin reporter and TMEM9 expression plasmids for luciferase assays (f). (g and h), No effect of ATP6AP2 and TMEM9 on β-catenin reporter activity in TMEM9 or ATP6AP2 depleted CRC cells. shCtrl, shTMEM9 (g), or shATP6AP2 (h) plasmids were co-transfected with ATP6AP2 (g) or TMEM9 (h) plasmids, respectively. i and j, Rescue of β-catenin transcription activity by β-catenin overexpression in ATP6AP2 depleted CRC cells. 24hr after transfection, cells were collected for assessment of luciferase activity (i) and AXIN2 expression (j). (k and l), Activation of β-catenin transcription activity by TMEM9 independently of Wnt agonist or antagonist. IECs (k) and CRC cells (l) were treated with Wnt3a (50ng/ml) or Dkk-1 (100 ng/ml) for 12 hr and analyzed for AXIN2 qRT-PCR. (m), Downregulation of Wnt/β-catenin signaling by shTMEM9 independently of Wnt ligand secretion. After transfection, cells were incubated with IWP-2 (2 μm) for 12 hr, and AXIN2 expression was analyzed by qRT-PCR. (n), Upregulated APC protein by TMEM9 depletion. TMEM9 WT and KO cells analyzed by IF staining. GFP-expression marks shTMEM9-transduced cells (green dotted line). Experiments were performed three times with similar results. Representative images of three independent experiments with similar results; Scale bars=20 μm; NS: Not significant; Error bars: mean ± S.D.; Two-sided unpaired t-test.


Supplementary Figure 4 Suppression of intestinal tumorigenesis by blockade of TMEM9.
(a), Correlation of TMEM9 expression with low survival in human CRC. The Kaplan–Meier plot of CRC specimens demonstrates significant (log-rank test) lower survival with TMEM9-high expression. Plots were analyzed from PrognoScan, a publicly available database (www.prognoscan.org). pmin: parallel minima, pcor: partial correlation. b and c, Transactivation of TMEM9 by Wnt/β-Catenin signaling. TMEM9 is required for CRC cell proliferation (b). Each CRC cell line (shCtrl versus shTMEM9) was analyzed for cell proliferation by cell counting. IF staining of HCT116 (shCtrl and shTMEM9; c) for Ki67. Experiments were performed three times with similar results. (d–f), Reduced CRC cell proliferation by TMEM9 depletion ex vivo. Each mouse (n = 4 biologically independent samples) was subcutaneously injected with 1×107 cells into the left flank (HT29 [control]) and the right flanks (TMEM9 KO-HT29). 15 days after transplantation, tumors were harvested for tumor assessment (d; n = 4 mice). HCT116 cells were subcutaneously injected into immunocompromised mice. 28 days later, tumors were collected for imaging and weight analyses (e; n = 8 mice). IF analyses of TMEM9-depleted tumors from xenograft (Ki67, CD44; f). (g), The targeting strategy of TMEM9 KO mouse model. (h), No defects in the Paneth cell differentiation by TMEM9 KO. IHC analysis of Lysozyme, a marker of Paneth cells, was performed in TMEM9 KO mouse. (i), Median survival of APCMIN, APCMIN:TMEM9±, and APCMIN:TMEM9-/- mice. (j–m), Suppression of intestinal tumorigenesis by TMEM9 KO. Cyclin D1 IHC of small intestine samples from APCMIN, APCMIN:TMEM9±, and APCMIN:TMEM9-/- mice (j). No alteration of cell death in APCMIN and APCMIN:TMEM9-/- tumors. IHC of cleaved caspase-3 (c-Cas3; k). EMT marker analysis of APCMIN and APCMIN:TMEM9-/- small intestine tumors. Markers of mesenchymal cell (N-cadherin and Vimentin) were not detected in tumors of both strains. The staining results of the mesenchymal cell in the APCMIN normal intestine served as a positive control. DAPI was stained for the nuclei. No increase in cell death by TMEM9 KO in vivo (l). No change in E-cadherin expression in APCMIN and APCMIN:TMEM9 KO adenomas (m). E-cadherin expression was monitored by Super Resolution Level-Confocal Microscope (LSM880-Airyscan). Representative images of three independent experiments with similar results; Scale bars=20 μm; NS: Not significant; Error bars: ± S.D. except for s5e ( ± S.E.M); Two-sided unpaired t-test. Centre: Average.


Supplementary Figure 5 Suppression of intestinal tumorigenesis by v-ATPase inhibitors.
(a), No defects in IEC differentiation by v-ATPase inhibitors. IHC for Chromogranin A (ChgA), a marker for the enteroendocrine cells, and Lysozyme, a marker for the Paneth cells in the non-tumor region of APCMIN mice treated with v-ATPase inhibitors. (b), Reduced CD44 expression and tumor cell growth by v-ATPase inhibitors. IHC for CD44 and Ki67. Representative images of three independent experiments with similar results; Scale bars=20 μm.


Supplementary Figure 6 Decreased PDX growth by v-ATPase inhibitor.
(a), Mutation status of PDXs. (b), Suppression of PDX growth by BAF. Immunocompromised mice (BALB/c nude) were subcutaneously transplanted with three different CRC tissues from the patients into both right and left flanks. 7 days after transplantation, mice were injected with vehicle (corn oil) or BAF (1 mg/kg and 3 mg/kg) every 3 days for 15 days. At 18 days post injection, CRC samples were collected for quantification. Experiment was performed once. (c), Decreased cell proliferation by BAF in PDXs. IHC for phosphorylated-Histone H3 (pHH3; a marker of mitosis) and Ki67 (a marker of proliferative cells), and H&E. (d), Increased APC expression by BAF. HT29-parental and HT29-APC KO cells served as a positive and negative control for IF staining of APC, respectively. BAF-treated PDXs displays the increased expression of APC protein. (e), Redistribution of β-catenin by BAF. BAF-treated PDXs exhibited the redistribution of β-catenin protein mainly in the cytosol and cell-cell adhesion, whereas control PDXs showed the nuclear localization of β-catenin. Representative images of three independent experiments with similar results; White scale bars=20 μm; Blue scale bars=200 μm; Red scale bars=1 cm.


Supplementary Figure 7
Unprocessed blots #1. Figs. 1c-3d. Unprocessed blots #2. Figs. 3e-4j. Unprocessed blots #3. Figs. 4k-5e.
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