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ABSTRACT 

 

Lysosomes play vital roles in the degradation and recycling of various macromolecules, protein 

secretion, energy metabolism, and cell signaling. Increasing evidence suggests that deregulated 

lysosomes contribute to tumorigenesis. However, the underlying mechanisms of lysosomal 

deregulation in cancer remain elusive. We herein identified transmembrane protein 9 (TMEM9) 

as a crucial protein that modulates lysosomal metabolism and lysosome-associated signaling. 

The TMEM9 gene is markedly amplified in breast cancer, correlated with its transcriptional 

upregulation. TMEM9 depletion suppressed the proliferation of TMEM9high breast cancer cells. 

Consistently, Tmem9 knockout inhibited mammary tumorigenesis in the genetically engineered 

mouse model. Conversely, the ectopic expression of TMEM9 in TMEM9low breast cancer cells 

promoted cell proliferation. The lysosome purification and proteomics approach showed that 

TMEM9 physically and functionally interacts with LAMTOR4, a subunit of the Ragulator complex, 

to hyperactivate mTOR signaling in breast cancer. Moreover, the pharmacological blockade of 

the TMEM9-v-ATPase axis, combined with mTOR inhibitors, exhibited the synergistic growth 

inhibition of breast cancer cells. Our results reveal the mechanism of TMEM9-v-ATPase-activated 

mTOR signaling and further indicate that the TMEM9-v-ATPase axis is a therapeutic target for 

overcoming mTOR inhibitor resistance in breast cancer. 
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INTRODUCTION 

 

Breast cancer is the most frequently diagnosed malignancy and the second leading cause of 

cancer-related death in women 1. With progressive understanding of the three major breast tumor 

subtypes (Luminal-A, Luminal-B, and HER2-positive), several treatment strategies, including 

chemotherapy, endocrine therapy, and immunotherapy, have been developed 2. However, tumor 

heterogeneity and therapeutic resistance have resulted in different clinical outcomes and diverse 

response rates among patients 2-4. Therefore, there is an urgent need to identify new potential 

therapeutic targets to overcome therapy resistance. 

Lysosomes are membrane-bound organelles (approximately 4.5-5.0 pH) that are 

maintained by vacuolar ATPase (v-ATPase), a proton pump 5. The lysosome contains more than 

60 soluble acid hydrolases in the lysosomal lumen and over 300 membrane proteins localized at 

the lysosomal membrane 6-8. Lysosomes play vital roles in the degradation and recycling of a wide 

variety of macromolecules and in protein secretion, energy metabolism, and cell signaling 9-11. 

Recently, alterations of lysosomal volume, composition, and subcellular localization have been 

reported in many human diseases, including lysosomal storage disorders, inflammatory and 

autoimmune disorders, metabolic disorders, neurodegenerative diseases, and cancer 12-14. 

Increasing evidence also shows that many deregulated lysosomal membrane proteins, including 

v-ATPases and mTORC1, are involved in tumorigenesis and cancer progression 15. Therefore, 

lysosomes and their membranous proteins were proposed as potential therapeutic targets in 

cancer 10. Nonetheless, the underlying mechanisms of lysosome deregulation and its contribution 

to breast cancer remain unknown.  

As one of the lysosome-related signaling pathways, mammalian target of rapamycin 

(mTOR) signaling regulates cell growth, survival, motility, and metabolism 16,17. mTOR signaling 

activation promotes tumorigenesis; mTOR signaling targeting approaches have been applied to 

many cancer types 16-20, and many mTOR inhibitors (mTORi), such as MLN0128 and Rapalink-1, 
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have been developed to treat cancer 19,21-23. However, the major limitations of mTOR inhibitors 

include drug resistance and the lack of biomarkers predicting mTOR inhibition therapy. To 

overcome mTOR inhibitor resistance, more mTOR inhibitors are being developed, and drug 

combinations targeting more than one target have also been developed and applied in cancers 

17,24. 

Transmembrane protein 9 (TMEM9) is a type I transmembrane protein with a single 

transmembrane domain 25. Recently, we identified TMEM9 as a positive regulator of Wnt/β-

catenin signaling in cancer. TMEM9 is highly expressed in colorectal cancer (CRC) and 

hepatocellular cancer (HCC) and hyperactivates WNT/b-catenin signaling 25,26. As a dimeric 

protein, TMEM9 binds to and facilitates the assembly of v-ATPase, localized in the multivesicular 

bodies and lysosomes. TMEM9-activated v-ATPase induces vesicular acidification, which leads 

to the lysosomal degradation of APC protein, a negative regulator of β-catenin, for the subsequent 

hyperactivation of β-catenin-mediated gene transactivation. TMEM9 is directly transactivated b-

catenin, indicating that TMEM9 is an amplifier of WNT/b-catenin signaling in CRC and HCC 25,26. 

We recently found that the TMEM9 gene is highly amplified in HCC, hyperactivates WNT/β-

catenin signaling, and is required for HCC cell proliferation. Moreover, upon tissue injury, TMEM9 

is conditionally expressed and acutely activates hepatocytes, leading to liver regeneration 26.  

Given the vital role of TMEM9 in vesicular acidification and lysosomal function, we sought 

to determine the impact of TMEM9-deregulated lysosomes on tumorigenesis.  We found that the 

TMEM9 gene is frequently amplified in breast cancer and is indispensable for mammary 

tumorigenesis in vitro and in vivo. Proteomics and molecular biology approaches elucidated the 

molecular mechanism connecting the TMEM9-v-ATPase axis to mTOR signaling. Furthermore, 

we proposed a potential application to overcome mTORi resistance by targeting the TMEM9-v-

ATPase axis in breast cancer.  
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RESULTS 

 

Upregulation of TMEM9 in breast cancer  

To study the pathologic roles of TMEM9 in breast cancer, we first performed in silico analyses of 

the TMEM9 gene and its expression in breast cancer. Among human cancers, TMEM9 gene 

amplification is frequently observed in mixed ductal-lobular (29.46%), invasive lobular (17.82%), 

and ductal (16.92%) breast cancer (Fig. 1A), in correlation with TMEM9 transcriptional expression 

(Fig. 1B, Supplementary Table S1). The Oncomine dataset analyses also showed that TMEM9 

expression was remarkably upregulated in human breast cancer cells (Fig. 1C). Besides, 

according to TCGA data, TMEM9 expression was higher in four different breast cancer subtypes 

than in normal tissues (Figs. 1D). To validate TMEM9 upregulation in breast cancer, we 

conducted immunohistochemistry (IHC) analyses using human breast cancer tissue microarrays. 

Consistently, TMEM9 was highly expressed in both invasive ductal (18 of 56) and lobular breast 

cancer (15 of 66) but not expressed in the normal mammary epithelium (Fig. 1E). Additionally, 

regardless of the three-gene classifier subtype and cancer type detailed, TMEM9 was highly 

upregulated compared to the normal mammary tissues in the METABRIC datasets 

(Supplementary Fig. 1A), which was somewhat consistent with TMEM9 gene amplification in 

different breast cancer subtypes (Supplementary Fig. 1B). Furthermore, the results of the 

Kaplan-Meier analysis suggest that high expression of TMEM9 is associated with reduced 

survival of breast cancer patients (Supplementary Fig. 1C). The Broad Institute Cancer Cell Line 

Encyclopedia (CCLE) database also shows the TMEM9 expression and copy number differences 

of breast cancer cell lines and differences among cancer cell lines from different cancer types 

(Fig. 1F, Supplementary Fig. 1D, Supplementary Table. S2). These results suggest that 

TMEM9 expression is upregulated in breast cancer.  
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TMEM9 is required for breast cancer cell proliferation 

On the basis of the high expression of TMEM9 in breast cancer, we hypothesized that TMEM9 

plays oncogenic roles in mammary tumorigenesis. To test this, we examined the impact of 

depletion of endogenous TMEM9 on breast cancer cell proliferation. As previously performed 25,26, 

we established breast cancer cell lines (MDA-MB-231 and MDA-MB-453) that stably expressed 

shRNAs that target TMEM9 and compared cell proliferation of control (shCtrl) and TMEM9 

knockdown (KD) breast cancer cells. TMEM9 KD breast cancer cells showed reduced cell 

proliferation, as assessed by cell counting and crystal violet staining (Fig. 2A-D). Conversely, 

stable TMEM9 overexpression enhanced cell proliferation of breast cancer cells (Fig. 2E-H). Of 

note, the complete ablation of TMEM9 by CRISPR gene targeting induced marked cell growth 

inhibition and cell death, which made it impossible to establish TMEM9 KO breast cancer cell 

lines (Supplementary Fig. 2A). These results suggest that TMEM9 is required for breast cancer 

cell proliferation. 

 

Suppression of in vivo mammary tumorigenesis by Tmem9 KO 

Having observed that TMEM9 upregulation is required for in vitro breast cancer cell proliferation, 

we determined the in vivo roles of TMEM9 in mammary tumorigenesis using genetically 

engineered mouse models. First, we assessed the expression of Tmem9 in the breast cancer 

mouse model. The MMTV-PyMT strain spontaneously develops mammary tumors with lung 

metastasis 27. We found that Tmem9 was highly expressed in mammary tumors of MMTV-PyMT 

(Supplementary Fig. 3A, B), which led us to evaluate the impact of Tmem9 knockout (KO) on 

mammary tumorigenesis in an MMTV-PyMT breast cancer mouse model. We utilized recently 

established Tmem9 KO mice 25. Intriguingly, whereas the Tmem9 wild-type (WT):MMTV-PyMT 

compound strain developed early mammary hyperplasia at the age of 10 weeks, represented by 

cell hyperproliferation (Mki67 marker analysis), MMTV-PyMT:Tmem9 KO mice did not show any 

lesions in the mammary glands (Fig. 3A-C). Moreover, at the age of 150 days, MMTV-
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PyMT:Tmem9 KO mice exhibited reduced mammary tumorigenesis and decreased tumor weight 

and number (Fig. 3D-F). Additionally, MMTV-PyMT:Tmem9 KO mice showed extended tumor-

free survival compared to MMTV-PyMT:Tmem9 WT mice (Fig. 3G). Microscopic analyses further 

confirmed the reduced tumor cell proliferation, validated by IHC of Mki67 (Fig. 3H-J). Additionally, 

IHC of markers for epithelial cells (E-cadherin) and mesenchymal cells (a-smooth muscle actin) 

did not show much difference in their expression in Tmem9 WT and KO mammary tumors (Fig. 

3K, L). These results strongly suggest that TMEM9 is required for mammary tumorigenesis in 

vivo.  

 

TMEM9 ablation decreased lysosomal localization of LAMTOR4 

Next, we determined the mechanism by which TMEM9 contributes to mammary tumorigenesis. 

In CRC and HCC, TMEM9 binds to and activates v-ATPase, resulting in vesicular acidification 

25,26. Thus, we examined the effects of TMEM9 KD on vesicular acidification. Staining with 

LysoTracker, a marker for vesicular acidification, showed that TMEM9 KD notably inhibited 

intracellular vesicle acidification in MCF7 cells (Supplementary Fig. S4A), consistent with the 

results of our previous study 25,26. The pivotal role of TMEM9 in lysosomal acidification led us to 

examine the impact of TMEM9 on lysosomal proteins.  

To determine the impact of TMEM9-deregulated lysosome on lysosome-associated 

proteins on lysosomal deregulation after TMEM9 KD, we performed lysosome 

immunoprecipitation and mass spectrometry (LysoIP-MS) using MDA-MB-453 cells (Fig. 4A, B; 

Supplementary Fig. S4B). Approximately 1,200 lysosome-associated proteins were identified 

(Fig. 4C; Supplementary Table S3). Most proteins associated with the purified lysosomes had 

no significant change after TMEM9 KD. Among the top 20 changed lysosomal proteins identified 

from LysoIP-MS (Fig. 4D; Supplementary Table S4), LAMTOR4, a component of the LAMTOR 

(late endosomal and lysosomal adaptor and MAPK and mTOR activator) complex, had a strong 

signal in control cells but was undetectable in TMEM9 KD cells. The LAMTOR complex 
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(LAMTOR1-LAMTOR5), also known as ‘Ragulator’, contributes to the activation of mTOR 

complex 1 (mTORC1) on the lysosome 28. Therefore, TMEM9 likely regulates mTOR signaling 

via the LAMTOR complex.  

To examine the effect of TMEM9 on lysosomal LAMTOR4, we performed IF staining of 

LAMTOR4 and lysosomal marker LAMP1 in ZR-75-1 cells (Fig. 4E). Quantitative analyses of 

LAMTOR4 and LAMP1 showed that TMEM9 KD decreased LAMTOR4 and LAMP1 protein levels 

(Fig. 4F, G). Besides, Pearson’s correlation coefficients and overlap coefficients of IF staining 

signals showed markedly impaired co-localization between LAMTOR4 (green) and LAMP1 (red), 

induced by TMEM9 KD in ZR-75-1 cells (Fig. 4H). The scatter dot plot also exhibited decreased 

co-localization between LAMTOR4 and LAMP1 proteins after TMEM9 KD (Fig. 4I). Consistent 

with the IF staining results from the cell line, IHC in MMTV-PyMT:Tmem9 WT and Tmem9 KO 

tumor samples also showed that Tmem9 KO induced decreased LAMTOR4 and LAMP1 protein 

levels (Fig. 4J-L). Furthermore, a co-localization analysis of representative IHC images of Tmem9 

KO showed a significant decrease in co-localization between LAMTOR4 and LAMP1 (Fig. 4M, 

N). These results suggest that TMEM9 is required for the lysosomal localization of LAMTOR in 

breast cancer. 

 

Downregulation of mTOR signaling by TMEM9 ablation 

As a critical member of the Ragulator complex, LAMTOR4 modulates Ragulator assembly and 

contributes to anchoring mTORC1 to the lysosomal membrane 29,30. Therefore, decreased levels 

of LAMTOR4 in the lysosome by TMEM9 KD may disrupt mTOR signaling. To address this, we 

performed immunoblot assays of TMEM9 KD breast cancer cells. We depleted TMEM9 using 

siRNA in MDA-MB-453 and MCF7 cells and analyzed vital effectors of mTOR signaling. We 

observed that mTOR downstream effectors, p-mTOR, p-PRAS40, p70S6K, p-4E-BP1, and raptor, 

were decreased by TMEM9 KD. However, there was no change in the mTORC2 downstream 

effector p-Akt, suggesting that TMEM9 depletion mainly affects mTORC1 (Fig. 5A).  
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To validate TMEM9-activated mTOR signaling, we used RNA-seq-based transcriptomic 

approaches. We depleted endogenous TMEM9 with shRNAs in MDA-MB-453 cells and 

performed RNA-seq (Fig. 5B, Supplementary Table S5). A Gene Set Enrichment Analysis 

showed that the geneset modulated by mTOR signaling was markedly suppressed by TMEM9 

KD (Fig. 5C). Furthermore, IHC of Tmem9 KO mammary tumors for phospho-Pras40, a 

downstream effector of mTOR signaling, showed that TMEM9 depletion downregulated the 

expression of phospho-Pras40 and mTOR (Fig. 5D, E).  

To further understand the role of TMEM9-mediated mTOR signaling in breast cancer cell 

proliferation, we performed a rescue experiment using lentiviral overexpression of wild-type or 

constitutively active mutant of mTOR (L1460P) 31 in TMEM9 KD cells. Indeed, mTOR L1460p 

markedly rescued the cell growth inhibition induced by TMEM9 KD, while mTOR WT failed (Fig. 

5F). These data suggest that TMEM9 is required for mTOR signaling activation for breast cancer 

cell proliferation. 

 

Targeting TMEM9-v-ATPase sensitizes tumor cells to mTOR inhibitors 

Although many mTOR inhibitors (mTORi) have been introduced for cancer therapy, mTORi 

resistance has been a recurring issue 19,21,32. mTORi resistance is mainly due to the genetic or 

epigenetic activation of the upstream regulators of mTOR signaling 24,33-35. To overcome mTORi 

resistance, combinatorial therapies have been used in many cancer types, including breast 

cancer 24. Given the genetic amplification and transcriptional upregulation of TMEM9 in breast 

cancer and the effect of TMEM9 on mTOR signaling activation via LAMTOR4, it is plausible that 

mTORi resistance is partially due to upregulated TMEM9 in breast cancer.  

To determine whether the TMEM9-v-ATPase axis can be a therapeutic target to overcome 

mTORi resistance, we treated breast cancer cells with v-ATPase inhibitors (bafilomycin A1 and 

concanamycin A) in combination with mTORi (rapamycin and Rapalink-1). First, we observed that 

the breast cancer cell line (MDA-MB-453) that highly expressed TMEM9 (TMEM9high) was more 
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sensitive to v-ATPase inhibitors than were TMEM9low breast cancer cells (BT-474) (Fig. 6A, B), 

suggesting that the TMEM9-v-ATPase axis is a therapeutic target in TMEM9high breast cancer.  

Next, we determined the impact of pharmacological blockade of the TMEM9-v-ATPase 

axis on mTORi response. We performed dose matrix experiments with a varying range of drug 

concentrations in MDA-MB-453 and MCF7 cells. We analyzed the effects of rapamycin and 

Rapalink-1 with bafilomycin A1 or concanamycin A, according to the Bliss independence model 

36. The heatmaps for Bliss synergy scores showed that rapamycin combined with bafilomycin A1 

or concanamycin A synergistically inhibited breast cancer cell viability across multiple 

concentrations (Fig. 6C-F; Supplementary Fig. S5A-D). Similarly, the drug combination of 

Rapalink-1 with bafilomycin A1 or concanamycin A also showed a synergistic effect on breast 

cancer cell viability inhibition (Fig. 6G-J; Supplementary Fig. S5E-H). Taken together, our 

results indicate that pharmacological blockade of TMEM9-v-ATPase increased tumor cell 

sensitivity to mTORi. 
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DISCUSSION 

 

We found that the TMEM9 gene is amplified and its expression is upregulated in breast cancer. 

Our in vitro and in vivo experiments showed that TMEM9 is required for breast cancer cell 

proliferation and mammary tumorigenesis. The lysosomal proteomics analysis showed that 

TMEM9-v-ATPase functionally interacts with LAMTOR4 to hyperactivate mTOR signaling (Fig. 

7A). Furthermore, the combination of v-ATPase inhibitors and mTOR inhibitors synergistically 

inhibited breast cancer cell growth (Fig. 7B). 

TMEM9 is an evolutionarily conserved type I transmembrane protein that is mainly 

localized in the lysosomes and late endosomes 37. Previously, we found that TMEM9 is 

transactivated by β-catenin and amplifies Wnt/β-catenin signaling activity in CRC and HCC 25,26. 

Mechanistically, TMEM9 directly binds to the subunit of v-ATPase and facilitates its assembly, 

resulting in vesicular acidification and subsequent lysosomal degradation of APC, a negative 

regulator of β-catenin 25. Our results unveiled the new role of the TMEM9-v-ATPase axis in 

positively modulating mTOR signaling via LAMTOR4, an essential subunit of the Ragulator 

complex. In breast cancer cells harboring the TMEM9 gene amplification, TMEM9-activated v-

ATPase aberrantly regulates lysosome-associated signaling, including the mTOR pathway. The 

lysosomal v-ATPase-Ragulator complex activates mTORC1 signaling 38.  

Upon the stimulation of nutrients, particularly amino acids, the v-ATPase and lysosomal 

amino acid transporter SLC38A9 (human lysosomal solute carrier family 38 member 9) cooperate 

to trigger Ragulator GEF (guanine nucleotide exchange factor) activity for Rag GTPases, followed 

by lysosomal recruitment of mTOR and activation of mTOR by the small GTPase Rheb 39,40. The 

Ragulator is a pentamer composed of LAMTOR1~5 (late endosomal/lysosomal adaptor, MAPK, 

and mTOR activator 1-5) 30. The N-terminal region of LAMTOR1 anchors the Ragulator complex 

to the lysosomal membrane, and LAMTOR4 modulates Ragulator assembly 41. The Ragulator 

complex recruits the Rag (Ras-related GTP binding) GTPases to lysosomal membrane and 
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activates Rag 29,42,43. Subsequently, active Rag directly binds to the mTORC1 subunit Raptor and 

recruits it to the lysosomal membrane, resulting in the activation of the mTORC1 44. Upon TMEM9 

upregulation, TMEM9-induced v-ATPase assembly and activation likely stabilize the LAMTOR4-

containing Ragulator complex assembly in the lysosomal membrane, contributing to mTOR 

signaling hyperactivation. These results indicate a new regulatory mechanism of mTOR signaling. 

Of note, our previous mass spectrometry analysis of TMEM9-interacting proteins 25 did not show 

any components of Ragulator and Rag. Thus, TMEM9 might indirectly regulate Ragulator-Rag-

mTOR via the v-ATPase or TMEM9-Ragulator interaction; this effect might be somewhat transient, 

which needs further investigation.  

mTOR signaling is an oncogenic pathway associated with tumor initiation, progression, 

metastasis, therapy resistance, and tumor cell metabolism 19,45-48. Thus, targeting mTOR signaling 

has been an attractive application for cancer therapy 19, leading to the development of several 

mTOR inhibitors, such as AZD8055 (second-generation) and MLN0128 (second-generation) 

17,19,24. However, the significant limitations of mTOR signaling-targeted therapy include drug 

resistance and a lack of biomarkers for guiding mTOR inhibition therapy. The third-generation 

drug, Rapalink-1, which links rapamycin with MLN0128, was recently introduced to overcome 

mTOR inhibitor resistance in breast cancer cells carrying mTOR resistance-related mutations 34. 

Alternatively, several combination therapies have been used in pre-clinical and clinical settings 

24,49-51. Interestingly, the genetic ablation of Tmem9 markedly suppressed mammary 

tumorigenesis (Fig. 3). Moreover, co-treatment with v-ATPase inhibitors with rapamycin or 

Rapalink-1 had a synergistic effect on breast cancer cell growth inhibition (Fig. 6). Thus, it is 

highly likely that targeting the TMEM9-v-ATPase axis will overcome mTOR inhibitor resistance in 

TMEM9-associated breast cancer.  

Given the critical role of the lysosomes in various biological processes, it is possible that 

TMEM9-induced lysosomal deregulation, driven by TMEM9 gene amplification, not only activates 

mTOR signaling but also dysregulates other pathways. Wnt/β-catenin signaling hyperactivation 
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contributes to mammary tumorigenesis 52,53. Given that TMEM9 hyperactivates Wnt/β-catenin 

signaling 25,26, TMEM9-activated Wnt/β-catenin signaling might be involved in mammary 

tumorigenesis. Not surprisingly, TMEM9 depletion downregulated the Wnt/β-catenin target genes 

in breast cancer cell lines and mouse models (Supplementary Fig. S6). Thus, it is reasonable to 

not entirely exclude the impact of TMEM9-activated Wnt/β-catenin signaling on mammary 

tumorigenesis. However, our rescue results using mTOR WT and mTOR active mutant L1460P 

(Fig. 5F) suggest that mTOR signaling mediates TMEM9’s tumorigenic role in breast cancer, at 

least in the context of cell proliferation. 

Consistent with the frequent amplification of the TMEM9 gene in mixed ductal-lobular 

(29.46%), invasive lobular (17.82%), and ductal (16.92%) breast cancer (Fig. 1A), our in silico 

analyses and immunostaining showed the overall upregulation of TMEM9 expression in invasive 

ductal, invasive lobular, Luminal A, Luminal B, HER2-enriched, and TNBC breast cancer (Fig. 

1B-E), making it somewhat difficult to define the distinct breast cancer type that is specifically 

associated with TMEM9 and mTOR signaling. Therefore, the correlation between TMEM9 

upregulation or gene amplification and mTOR signaling activation and mTORi resistance should 

be determined in patient-derived xenograft or organoid models in a future study.  

Despite the convincing results on the effectiveness of TMEM9 blockade in suppressing 

mammary tumorigenesis, pharmacological targeting of TMEM9 has not been feasible to date. 

TMEM9 is localized in the multivesicular vesicles as a dimer via the dimerization motif ([G/S/A/L/I]-

XXX-[G/S/A/L/I]) 25. Thus, it is possible to develop peptide- or small molecule-based inhibitors that 

interfere with TMEM9 dimerization. Additionally, the vesicular localization of TMEM9 might help 

efficient drug delivery into the cells and target protein, TMEM9. Moreover, because no discernible 

phenotypes of Tmem9 KO germline mice exist other than injury-induced liver regeneration 26, 

such molecular targeting approaches against TMEM9 are expected to have minimal adverse 

effects on normal cell and tissue physiology.  
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Together, our results reveal that the lysosomal TMEM9-v-ATPase-Ragulator-Rag axis is 

indispensable for mTOR signaling integrity and breast cancer cell proliferation and propose that 

TMEM9 serves as a biomarker as well as a molecular target for TMEM9 gene-amplified breast 

cancer, which may overcome mTORi resistance and offer a viable therapeutic strategy for 

TMEM9-associated breast cancer.  
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EXPERIMENTAL PROCEDURES 

 

In silico analyses  

All TCGA cancer patients’ sequencing data referenced in this study were obtained from the TCGA 

database at cBioPortal Cancer Genomics (http://www.cbioportal.org) and the Oncomine database 

(www.oncomine.org). Cancer cell line sequencing data were downloaded from Broad Institute 

CCLE (https://sites.broadinstitute.org/ccle/). 

 

Mammalian cell culture  

Cell lines (MDA-MB-231, MDA-MB-453, BT474, HS578T, ZR75-1, MCF-7, T47D, HER18, 

MCF10A, and 293T) were purchased from American Type Culture Collection (ATCC) and 

maintained in DMEM medium containing 10% fetal bovine serum and 1% penicillin and 

streptomycin. Mycoplasma contamination was examined using the MycoAlert mycoplasma 

detection kit (Lonza). The following reagents were also used: rapamycin (Sigma), bafilomycin A1 

(Wako), and concanamycin A (Sigma). 

 

Constructs 

All constructs were generated from cDNA or open reading frame sources via PCR and 

constructed into mammalian expression plasmids or lentiviral vector plasmids (pLenti-puro, 

FLAG-pcDNA3.1, or HA-pcDNA3.1), as previously performed 54. Lentiviral plasmids encoding 

shRNAs targeting TMEM9 were purchased from Open Biosystems. The pLJC5-Tmem192-3xHA 

(Plasmid #102930), pcDNA3-FLAG-MTOR-L1460P (Plasmid #69006), and pcDNA3-Flag mTOR 

WT (Plasmid #26603) were purchased from Addgene. All constructs were verified using DNA 

sequencing. 

 

Cell proliferation assays 
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Using cells that stably express plasmids, we counted the number of cells using a 

hematocytometer, as indicated, on growth days. Cell proliferation was determined by crystal violet 

staining. Plates were rinsed with PBS, fixed with 4% paraformaldehyde solution for 20 min, and 

stained with crystal violet solution (0.1% crystal violet, 10% methanol) for 20 min, followed by 

rinsing with tap water. 

 

siRNA transfection 

siRNAs were transfected using DharmaFECT2 (Cat #T-2002-xx, Horizon Discovery) according to 

the manufacturer’s transfection protocol, with a final siRNA concentration of 10 nM. siRNA of 

TMEM9 were purchased from Horizon Discovery. 

 

Virus production and infection 

HEK293T cells in a 10-cm dish were co-transfected with 5 μg of constructs, 5 μg of plasmid Δ8.2, 

and 3 μg of plasmid VSVG. Cells were incubated at 37°C, and the medium was replaced after 12 

h. Virus-containing medium was collected 48 h after transfection and supplemented with 8 μg/mL 

polybrene to infect target cells in 6-well dishes. After 6 h, the medium was changed. After 48 h, 

the infected cells were selected with 2 μg/mL puromycin. 

 

Immunoblotting 

Whole-cell lysates of cells were prepared using RIPA buffer with protease inhibitors for 30 min at 

4°C, followed by centrifugation (13,200 rpm for 15 min). Supernatants were denatured in 5 ´ SDS 

sample buffer (200 mM Tris-HCl [pH 6.8], 40% glycerol, 8% SDS, 200 mM dithiothreitol, and 

0.08% bromophenol blue) at 95°C for 5 min, followed by SDS-PAGE. We used 2% non-fat dry 

milk in Tris-buffered saline and Tween-20 (25 mM Tris-HCl pH 8.0, 125 mM NaCl, and 0.5% 

Tween-20) for immunoblot blocking and antibody incubation. SuperSignal West Pico and Femto 
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reagents (Pierce) were used to detect horseradish peroxidase-conjugated secondary antibodies. 

Detailed information on the antibodies is shown in Supplementary Table S6. 

 

Lysosome immunoprecipitation and mass spectrometry 

Cells were quickly rinsed twice with glacial PBS and then scraped with 1 mL of glacial KPBS (136 

mM KCl, 10 mM KH2PO4 [pH 7.25], adjusted with KOH) and collected by centrifugation at 1000 ´ 

g for 2 min at 4°C. Pelleted cells were resuspended in 950 μL of KPBS, and 50 μL was reserved 

as input samples for further processing of the whole-cell fraction. The remaining cells were gently 

homogenized with 2 mL of homogenizer for 20 strokes. The homogenate was then centrifuged at 

1000 x g for 2 min at 4°C, and the supernatant containing lysosomes was incubated with 100 μL 

of KPBS pre-cleared anti-HA magnetic beads on a shaker for 10 min. Beads with 

immunoprecipitates were then gently washed with KPBS on a Dyna Magnet three times. Beads 

with bound lysosomes were resuspended in 80 μL of glacial lysis buffer (50 mM HEPES-KOH pH 

7.4, 40 mM NaCl, 2 mM EDTA, 1.5 mM NaVO4, 50 mM NaF, 10 mM Na pyrophosphate, 10 mM 

Na b-glycerophosphate, and 1% Triton-X100) and incubated for 10 min on ice, and then the beads 

were removed with the Dyna magnet. The supernatant was collected in a new centrifuge tube. 

For the whole-cell input samples, after being centrifuged at 1000 x g for 5 min at 4°C, the cell 

pellet was resuspended in 80 μL of glacial lysis buffer. After 10 min of incubation on ice, the cell 

lysate was centrifuged at 10,000 x g for 10 min at 4°C and the supernatant was collected in a new 

centrifuge tube. The immunoprecipitants and input samples in the supernatant were analyzed 

using a Q Exactive HF-Xhybrid quadrupole-Orbitrap mass spectrometer (Thermo Scientific) 

according to the manufacturer’s protocol. 

 

Immunofluorescence microscopy 
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Cells were fixed for 20 min in 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 

(in PBS) for 10 min. After three PBS washes, cells were blocked with 2% BSA for 30 min at 

ambient temperature. Cells were then incubated with antibodies diluted in 2% BSA at 4°C 

overnight. After three PBS washes, the cells were incubated with 1 μg/mL Alexa Fluor 

488/594/647-conjugated secondary antibodies (Invitrogen) by shaking at ambient temperature in 

the dark for 1 h. Cells were washed three times with PBS in the dark and mounted in Prolong 

Gold Antifade Reagent (Invitrogen). Immunofluorescent staining was observed using a confocal 

microscope (Zeiss). 

 

Cell viability assays and combination matrices 

A cell proliferation assay was performed using Cell Counting Kit-8 (Dojindo Laboratories). Cells 

were seeded in triplicate in 96-well plates and subjected to the indicated treatments for 96 h before 

measuring the absorbance at 450 nm, according to the manufacturer’s instructions. For 

combination matrices, cells were seeded in 96-well plates at 5000-6000 cells per well. After 24 h, 

cells were treated with rapamycin (dose range, 0-15 nM), Rapalink-1 (dose range, 0-10 nM), 

bafilomycin A1 (dose range, 0-15 nM), and concanamycin A (dose range, 0-15 nM) in a 7 × 7 

matrix. Cells were cultured with inhibitors for 96 h, and cell viability was determined using Cell 

Counting Kit-8. Each treatment was performed in triplicate wells. The Bliss expectation was 

calculated using the equation (A+B)−A×B. A and B were the fractional growth inhibitions induced 

by agents A and B at a given dose. The dose-response matrix heatmaps of inhibition and synergy 

landscapes were generated by SynergyFinder 55. 

 

Animals 

MMTV-PyMT mice were purchased from the Jackson Laboratory (#022974) and bred with the 

Tmem9 KO strain that we recently established 25,56. All mice were maintained in compliance with 

the guidelines of the Institutional Animal Care and Use Committee of The University of Texas MD 
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Anderson Cancer Center. All animal procedures were performed on the basis of the guidelines of 

the Association for the Assessment and Accreditation of Laboratory Animal Care and institutional 

(MD Anderson) approved protocols. This study was compliant with all relevant ethical regulations 

regarding animal research. 

 

Statistical analyses 

The Student’s t-test was used for comparisons of two samples. P values < 0.05 were considered 

statistically significant. Error bars indicate the standard error of the mean (SEM). The number of 

biological and experimental replicates is ≥ 3, unless otherwise mentioned in the Figure Legends.  
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FIGURE LEGENDS 

 

Figure 1. Expression of TMEM9 in breast cancer 

(A) Pan-cancer analysis of the TMEM9 gene alterations in the cBioPortal database 

(http://www.cbioportal.org). (B) Relative mRNA levels and gene copy number alterations of 

TMEM9 in the cBioPortal database (http://www.cbioportal.org). (C) In silico analysis of TMEM9 

expression in human breast cancer. TMEM9 expression was analyzed using the publicly available 

Oncomine database (www.oncomine.org; p < 0.0001; fold change > 1.5; Student’s t-test). (D) 

TMEM9 expression in normal, luminal A, luminal B, HER2-enriched, and triple-negative BRCA 

patients from TCGA database. (E) Expression of TMEM9 in breast cancer. Breast cancer tissue 

microarray (US Biomax; cat. no.: BR1009t) was immunostained for TMEM9 using anti-TMEM9 

antibody and 3,3′-diaminobenzidine (DAB; brown). Hematoxylin was used for nuclear 

counterstaining (blue). Representative images are shown; scale bars = 100 µm. (F) Relative 

mRNA expression and gene copy number alterations of TMEM9 in human breast cancer cell lines 

(analyses of 57 cancer cell lines from Broad Institute Cancer Cell Line Encyclopedia [CCLE], 

https://sites.broadinstitute.org/ccle/).  

 

Figure 2. TMEM9 is required for breast cancer cell hyperproliferation. 

(A and B) Decreased MDA-MB-231 and MDA-MB-453 cell proliferation by TMEM9 KD. A cell 

proliferation assay was conducted by crystal violet staining on days 5-10. (C and D) Growth curves 

of MDA-MB-231 and MDA-MB-453 cells. Cell counting was applied to determine cell proliferation. 

Data represent the mean of technical triplicates of one representative experiment, and error bars 

represent SD (N = 3). (E and F) Increased MDA-MB-231 and Hs578T cell proliferation by TMEM9 

overexpression. A cell proliferation assay was conducted by crystal violet staining on days 5-10. 

(G and H) Growth curves of MDA-MB-231 and Hs578T. Cell counting was applied to determine 
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cell proliferation. Data represent the mean of technical triplicates of one representative 

experiment. Error bars: SEM; Student’s t-test. Representative images are shown.  

 

Figure 3. Inhibition of mammary tumorigenesis by Tmem9 KO  

(A-C) Tmem9 KO suppressed mammary ductal hyperplasia. The whole-mounted mammary 

glands from MMTV-PyMT:Tmem9 WT and MMTV-PyMT:Tmem9 KO mice at the age of 10 weeks 

(A). N, lymph node. Scale bar = 500 μm. The formalin-fixed, paraffin-embedded (FFPE)-sectioned 

mammary glands were stained with hematoxylin and eosin (B). Scale bars = 20 μm. Suppressed 

hyperproliferation of ductal epithelial cells by Tmem9 KO. Mki67 immunostaining of mammary 

ducts (C). Scale bars = 20 μm. (D-H) Tmem9 KO suppressed mammary tumorigenesis. All tumors 

were harvested at 150 days to evaluate total tumor weight and the number of mammary glands 

with tumor. Representative images of mammary tumors isolated from mice (D). Quantification of 

total tumor weight (N = 8 for each genotype, p = 0.004) (E). Quantification of the number of 

mammary glands (MGs) with tumor (N = 8 for each genotype, p = 0.031) (F). Tumor-free survival 

(TFS) analysis of MMTV-PyMT:Tmem9 WT (N = 20, median TFS = 97 days) and MMTV-

PyMT:Tmem9 KO (N = 10, median TFS = 116 days) mice (G). H&E-stained sections of mammary 

tumors isolated from MMTV-PyMT:Tmem9 WT and MMTV-PyMT:Tmem9 KO (H); scale bars = 

100 μm. (I and J) Decreased cell proliferation by Tmem9 KO. Mki67-stained sections of mammary 

tumors isolated from MMTV-PyMT:Tmem9 WT and MMTV-PyMT:Tmem9 KO (I). Scale bars = 

100 μm. Quantification of Mki67+ cells (J). (K and L) IHC of Tmem9 KO mammary tumors 

(MMTV-PyMT:Tmem9 WT and MMTV-PyMT:Tmem9 KO) for E-cadherin/Cdh1, a marker for 

epithelial cells (K), and  smooth muscle actin, a marker for mesenchymal cells (L). Representative 

images are displayed; error bars: SEM; Student’s t-test. 

 

Figure 4. TMEM9 is indispensable for the localization of LAMTOR4, a Ragulator subunit, in 

the lysosome. 
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(A) Illustration of the workflow for the LysoIP method. Control and siTMEM9 cells were prepared 

from the parental cells (MDA-MB-453) that stably expressed 3xHA-tagged TMEM192. (B) 

Validation of the isolated lysosomes. Immunoblotting for protein markers of various subcellular 

compartments in whole-cell lysates, purified lysosomes, or control immunoprecipitates. Lysates 

were prepared from control and siTMEM9 cells. (C) Venn diagram of lysosome proteins identified 

by LC-MS. (D) Top 20 differentially expressed proteins in the dot plot. The colors of the dots 

represent the adjusted p-value, and the sizes of the nodes represent the enrichment of the 

proteins that are differentially expressed to the total proteins. > 1.5-fold change over control, < 

0.1 p-value. (E) Analysis of LAMTOR4 subcellular localization. IF staining of LAMTOR4 and 

LAMP1, a lysosome marker, on the lysosome after KD of TMEM9 in ZR-75-1 cells. Cells were 

stained with LAMTOR4 labeled with Alexa Fluor 488 (green) or LAMP1 labeled with Alexa Fluor 

647 (red); cell nuclei were stained with 4', 6-diamidino-2-phenylindole (DAPI) (blue). Scale bars 

= 20 μm. (F and G) Quantitative analyses of LAMP1 protein (F) and LAMTOR4 protein (G). 

Student’s t-test analysis; error bars indicate standard deviations (N = 3). (H) Co-localization 

analysis of LAMTOR4 and LAMP1. The Pearson’s correlation and overlap coefficient were 

calculated using JACoP/ImageJ software. (I) Co-localization analysis of LAMTOR4 and LAMP1 

using FIJI/ImageJ software. Scatterplot of red (LAMP1) and green (LAMTOR4) pixel intensities 

represent the right panel of siCtrl and siTMEM9 cells, shown in (E). Graphical representation of 

co-localization analysis based on the Pearson’s correlation coefficient (PCC) on each cell. (J) IHC 

of Tmem9 KO mammary tumors (MMTV-PyMT:Tmem9 WT and MMTV-PyMT:Tmem9 KO) for 

LAMTOR4 (green) and LAMP1 (red). (K and L) Quantitative analyses of LAMP1 protein (K) and 

LAMTOR4 protein (L). Student’s t-test analysis; error bars indicate standard deviations (N = 3). 

(M) Co-localization analysis of LAMTOR4 and LAMP1. The Pearson’s correlation and overlap 

coefficient were calculated using JACoP/ImageJ software. (N) Co-localization analysis of 

LAMTOR4 and LAMP1 with FIJI/ImageJ software. Scatterplot of red (LAMP1) and green 

(LAMTOR4) pixel intensities represent Tmem9 WT and Tmem9 KO, shown in (J). The R value 
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for PCC ranges from +1 to −1. +1 means the total positive correlation and co-localization, and −1 

means the total negative correlation, which is not co-localized. Representative images are 

displayed; error bars: SEM; Student’s t-test. 

 

Figure 5. Suppression of mTOR signaling by TMEM9 depletion 

(A) Illustration of mTORC1 and mTORC2 pathways (the left panel). Analysis of the impact of 

TMEM9 KD on downstream mTOR in BRCA cells using immunoblotting of downstream 

components of mTORC1 and mTORC2 pathways (the right panel). The images shown are 

representative of three independent experiments. (B) Growth curves of MDA-MB-453 shCtrl, 

shTMEM9, or shCtrl and shTMEM9 stably transduced with a lentivirus expressing mTOR WT or 

mTOR L1460P active mutant. The mean and SD of three independent experiments are shown. 

(C) Heatmap showing differential RNA-seq feature counts for both WT and TMEM9 knockout cell 

lines. sorted by adjusted p-value. (D) Gene set enrichment analysis of the mTOR signaling in 

RNA seq data from WT and TMEM9 KD cells. (E) Hypo-phosphorylation of Pras40 by Tmem9 

KO. IHC of Tmem9 KO mammary tumors (MMTV-PyMT:Tmem9 WT and MMTV-PyMT:Tmem9 

KO; age, 10 weeks) for phosphor-Pras40 (pPras40). Left panels: DAB staining with nuclear 

counterstaining (hematoxylin); right panels: fluorescent staining. (F) Reduced expression of 

mTOR by Tmem9 KO. IHC of Tmem9 KO mammary tumors (MMTV-PyMT:Tmem9 WT and 

MMTV-PyMT:Tmem9 KO; age, 10 weeks) for mTOR. The left and right panels display different 

regions of mammary tumors.  

 

Figure 6. Targeting the TMEM9-v-ATPase sensitizes tumor cells to mTOR inhibitor. 

(A and B) Cell viability in the presence of Bafilomycin A1 (A) and concanamycin A (B) was 

analyzed using the Cell Counting Kit-8. (C-J) Dose-response matrix as heatmaps of Bliss synergy 

scores for drug combinations in BRCA cells. (C) Rapamycin and bafilomycin A1 in MDA-MB-453 

cells. (D) Rapamycin and concanamycin A in MDA-MB-453 cells. (E) Rapamycin and bafilomycin 
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A1 in MCF7 cells. (F) Rapamycin and concanamycin A in MCF7 cells. (G) Rapalink-1 and 

bafilomycin A1 in MDA-MB-453 cells. (H) Rapalink-1 and concanamycin A in MDA-MB-453 cells. 

(I) Rapalink-1 and bafilomycin A1 in MCF7 cells. (J) Rapalink-1 and concanamycin A in MCF7 

cells. Average Bliss synergy score: < -5, antagonistic; = 0, additive; > 5, synergistic. Each 

condition contained three biological replicates. Error bars: SEM; Student’s t-test. 

 

Figure 7. Schematic illustration of the v-ATPase-TMEM9-Ragulator-mTOR axis 

(A) Illustration of the functional interaction between the TMEM9-v-ATPase axis and mTOR 

signaling. TMEM9-facilitated v-ATPase assembly promotes localization of LAMTOR4 on the 

lysosomal membrane to activate mTORC1 via Ragulator. (B) A schematic model of the 

tumorigenic role of TMEM9 in promoting breast cancer cell proliferation and mTOR inhibitor 

resistance.  
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SUPPLEMENTARY FIGURES 

 

Supplementary Figure S1. Pathological relevance of TMEM9 upregulation to breast cancer 

(A) Genomic alterations and gene expression changes of the TMEM9 gene were analyzed using 

cBioportal (http://www.cbioportal.org; 2509 human breast cancer samples in METABRIC). 

Relative TMEM9 gene copy number changes were compared with the 3-Gene classifier subtype 

(the upper panel) and cancer type detailed (the lower panel). (B) Kaplan-Meier analysis of breast 

cancer patient survival in relation to TMEM9 expression. The publicly available database (KM 

plotter; www.kmplot.com) was used. Relapse-free survival curves were analyzed by TMEM9 

expression. Total, 2,032 patients; probe 222988_s_at; p = 0.009. Log-rank P-values were 

calculated in the KM plotter database. (C) TMEM9 genomic alterations of different breast cancer 

types in the cBioportal database. 

 

Supplementary Figure S2. Cell morphological changes by TMEM9 KO 

(A) Bright-field images of control and TMEM9 KO in MCF7, MDA-MB-453, SUM149PT, and T-

47D cells. Scale bars = 20 µm. Representative images are displayed. 

 

Supplementary Figure S3. High expression of Tmem9 in mouse mammary tumors 

(A and B) Expression of Tmem9 in mammary tumors of MMTV-PyMT mice. Tmem9 

immunohistochemical (IHC) staining of a mammary gland (A). Scale bar = 100 μm. The relative 

levels of Tmem9 mRNA in the normal mammary gland (N = 3) and tumor (N = 4) in MMTV-PyMT 

were measured by RT-qPCR and normalized by Hprt1 expression (B). Student’s t-test analysis; 

error bars indicate standard deviations. Scale bar = 20 μm; Student’s t-test analysis; error bars 

indicate standard deviations.  
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Supplementary Figure S4. LysoTracker staining in MDA-MB-231 cells and TMEM192-3xHA 

protein 

(A) Impact of TMEM9 depletion on vesicular acidification was examined by LysoTracker staining 

in control and TMEM9 knockdown cells. Scale bars = 20 µm. (B) Localization of TMEM192-3xHA 

protein to lysosomes. Representative images are displayed. 

 

Supplementary Figure S5. Dose-response matrix as heatmaps of inhibition for drug 

combinations in BRCA cells 

(A) Rapamycin and bafilomycin A1 in MDA-MB-453 cells. (B) Rapamycin and concanamycin A in 

MDA-MB-453 cells. (C) Rapamycin and bafilomycin A1 in MCF7 cells. (D) Rapamycin and 

concanamycin A in MCF7 cells. (E) Rapalink-1 and bafilomycin A1 in MDA-MB-453 cells. (F) 

Rapalink-1 and concanamycin A in MDA-MB-453 cells. (G) Rapalink-1 and bafilomycin A1 in 

MCF7 cells. (H) Rapalink-1 and concanamycin A in MCF7 cells. 

 

Supplementary Figure S6. Downregulation of Wnt/β-catenin signaling by Tmem9 KO in 

mammary tumors 

(A) Reduced expression of β-catenin target genes by TMEM9 depletion in breast cancer cell lines. 

Two breast cancer cell lines (MCF7 and MDA-MB-453) were stably transduced with lentiviruses 

encoding shCtrl or shRNA against TMEM9. Each cell line was analyzed by RT-qPCR to assess 

the expression of various signaling target genes. AXIN2 and CD44, β-catenin target genes, 

exhibited marked downregulation by TMEM9 depletion. NS: not significant; Student’s t-test 

analysis; error bars indicate standard deviations; N = 3. (B) Growth curves of MCF7 and MDA-

MB-453. shCtrl, shTMEM9 or shCtrl, and shTMEM9 stably transduced with a lentivirus expressing 

β-catenin. The mean and SD of three independent experiments are shown. (C-F) 

Immunohistologic analyses of Wnt/β-catenin signaling activity in Tmem9 KO mammary tumors. 

Immunohistochemistry of β-catenin/Ctnnb1 (C); Ccnd1 (cyclin D1; a β-catenin target gene) (D); 
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Cd44 (a β-catenin target gene) (E); upregulation of Apc protein by Tmem9 KO in mammary 

tumors. IHC of mammary tumors (Tmem9 WT vs. KO) for Apc (F). Student’s t-test analysis; error 

bars indicate standard deviations; N = 3. Representative images are displayed. 



Figures

Figure 1

Expression of TMEM9 in breast cancer (A) Pan-cancer analysis of the TMEM9 gene alterations in the
cBioPortal database (http://www.cbioportal.org). (B) Relative mRNA levels and gene copy number
alterations of TMEM9 in the cBioPortal database (http://www.cbioportal.org). (C) In silico analysis of



TMEM9 expression in human breast cancer. TMEM9 expression was analyzed using the publicly
available Oncomine database (www.oncomine.org; p < 0.0001; fold change > 1.5; Student’s t-test). (D)
TMEM9 expression in normal, luminal A, luminal B, HER2-enriched, and triple-negative BRCA patients
from TCGA database. (E) Expression of TMEM9 in breast cancer. Breast cancer tissue microarray (US
Biomax; cat. no.: BR1009t) was immunostained for TMEM9 using anti-TMEM9 antibody and 3,3′-
diaminobenzidine (DAB; brown). Hematoxylin was used for nuclear counterstaining (blue). Representative
images are shown; scale bars = 100 μm. (F) Relative mRNA expression and gene copy number alterations
of TMEM9 in human breast cancer cell lines (analyses of 57 cancer cell lines from Broad Institute Cancer
Cell Line Encyclopedia [CCLE], https://sites.broadinstitute.org/ccle/).

Figure 2

TMEM9 is required for breast cancer cell hyperproliferation. (A and B) Decreased MDA-MB-231 and MDA-
MB-453 cell proliferation by TMEM9 KD. A cell proliferation assay was conducted by crystal violet
staining on days 5-10. (C and D) Growth curves of MDA-MB-231 and MDA-MB-453 cells. Cell counting
was applied to determine cell proliferation. Data represent the mean of technical triplicates of one
representative experiment, and error bars represent SD (N = 3). (E and F) Increased MDA-MB-231 and
Hs578T cell proliferation by TMEM9 overexpression. A cell proliferation assay was conducted by crystal
violet staining on days 5-10. (G and H) Growth curves of MDA-MB-231 and Hs578T. Cell counting was
applied to determine cell proliferation. Data represent the mean of technical triplicates of one
representative experiment. Error bars: SEM; Student’s t-test. Representative images are shown.



Figure 3

Inhibition of mammary tumorigenesis by Tmem9 KO (A-C) Tmem9 KO suppressed mammary ductal
hyperplasia. The whole-mounted mammary glands from MMTV-PyMT:Tmem9 WT and MMTV-
PyMT:Tmem9 KO mice at the age of 10 weeks (A). N, lymph node. Scale bar = 500 μm. The formalin-
�xed, para�n-embedded (FFPE)-sectioned mammary glands were stained with hematoxylin and eosin
(B). Scale bars = 20 μm. Suppressed hyperproliferation of ductal epithelial cells by Tmem9 KO. Mki67
immunostaining of mammary ducts (C). Scale bars = 20 μm. (D-H) Tmem9 KO suppressed mammary
tumorigenesis. All tumors were harvested at 150 days to evaluate total tumor weight and the number of
mammary glands with tumor. Representative images of mammary tumors isolated from mice (D).
Quanti�cation of total tumor weight (N = 8 for each genotype, p = 0.004) (E). Quanti�cation of the
number of mammary glands (MGs) with tumor (N = 8 for each genotype, p = 0.031) (F). Tumor-free
survival (TFS) analysis of MMTV-PyMT:Tmem9 WT (N = 20, median TFS = 97 days) and MMTVPyMT:
Tmem9 KO (N = 10, median TFS = 116 days) mice (G). H&E-stained sections of mammary tumors
isolated from MMTV-PyMT:Tmem9 WT and MMTV-PyMT:Tmem9 KO (H); scale bars = 100 μm. (I and J)
Decreased cell proliferation by Tmem9 KO. Mki67-stained sections of mammary tumors isolated from



MMTV-PyMT:Tmem9 WT and MMTV-PyMT:Tmem9 KO (I). Scale bars = 100 μm. Quanti�cation of
Mki67+ cells (J). (K and L) IHC of Tmem9 KO mammary tumors (MMTV-PyMT:Tmem9 WT and MMTV-
PyMT:Tmem9 KO) for E-cadherin/Cdh1, a marker for epithelial cells (K), and smooth muscle actin, a
marker for mesenchymal cells (L). Representative images are displayed; error bars: SEM; Student’s t-test.

Figure 4

TMEM9 is indispensable for the localization of LAMTOR4, a Ragulator subunit, in the lysosome. 29 (A)
Illustration of the work�ow for the LysoIP method. Control and siTMEM9 cells were prepared from the
parental cells (MDA-MB-453) that stably expressed 3xHA-tagged TMEM192. (B) Validation of the isolated
lysosomes. Immunoblotting for protein markers of various subcellular compartments in whole-cell
lysates, puri�ed lysosomes, or control immunoprecipitates. Lysates were prepared from control and
siTMEM9 cells. (C) Venn diagram of lysosome proteins identi�ed by LC-MS. (D) Top 20 differentially
expressed proteins in the dot plot. The colors of the dots represent the adjusted p-value, and the sizes of
the nodes represent the enrichment of the proteins that are differentially expressed to the total proteins. >
1.5-fold change over control, < 0.1 p-value. (E) Analysis of LAMTOR4 subcellular localization. IF staining
of LAMTOR4 and LAMP1, a lysosome marker, on the lysosome after KD of TMEM9 in ZR-75-1 cells. Cells



were stained with LAMTOR4 labeled with Alexa Fluor 488 (green) or LAMP1 labeled with Alexa Fluor 647
(red); cell nuclei were stained with 4', 6-diamidino-2-phenylindole (DAPI) (blue). Scale bars = 20 μm. (F
and G) Quantitative analyses of LAMP1 protein (F) and LAMTOR4 protein (G). Student’s t-test analysis;
error bars indicate standard deviations (N = 3). (H) Co-localization analysis of LAMTOR4 and LAMP1.
The Pearson’s correlation and overlap coe�cient were calculated using JACoP/ImageJ software. (I) Co-
localization analysis of LAMTOR4 and LAMP1 using FIJI/ImageJ software. Scatterplot of red (LAMP1)
and green (LAMTOR4) pixel intensities represent the right panel of siCtrl and siTMEM9 cells, shown in (E).
Graphical representation of co-localization analysis based on the Pearson’s correlation coe�cient (PCC)
on each cell. (J) IHC of Tmem9 KO mammary tumors (MMTV-PyMT:Tmem9 WT and MMTV-
PyMT:Tmem9 KO) for LAMTOR4 (green) and LAMP1 (red). (K and L) Quantitative analyses of LAMP1
protein (K) and LAMTOR4 protein (L). Student’s t-test analysis; error bars indicate standard deviations (N
= 3). (M) Co-localization analysis of LAMTOR4 and LAMP1. The Pearson’s correlation and overlap
coe�cient were calculated using JACoP/ImageJ software. (N) Co-localization analysis of LAMTOR4 and
LAMP1 with FIJI/ImageJ software. Scatterplot of red (LAMP1) and green (LAMTOR4) pixel intensities
represent Tmem9 WT and Tmem9 KO, shown in (J). The R value 30 for PCC ranges from +1 to −1. +1
means the total positive correlation and co-localization, and −1 means the total negative correlation,
which is not co-localized. Representative images are displayed; error bars: SEM; Student’s t-test.



Figure 5

Suppression of mTOR signaling by TMEM9 depletion (A) Illustration of mTORC1 and mTORC2 pathways
(the left panel). Analysis of the impact of TMEM9 KD on downstream mTOR in BRCA cells using
immunoblotting of downstream components of mTORC1 and mTORC2 pathways (the right panel). The
images shown are representative of three independent experiments. (B) Growth curves of MDA-MB-453
shCtrl, shTMEM9, or shCtrl and shTMEM9 stably transduced with a lentivirus expressing mTOR WT or
mTOR L1460P active mutant. The mean and SD of three independent experiments are shown. (C)
Heatmap showing differential RNA-seq feature counts for both WT and TMEM9 knockout cell lines.
sorted by adjusted p-value. (D) Gene set enrichment analysis of the mTOR signaling in RNA seq data
from WT and TMEM9 KD cells. (E) Hypo-phosphorylation of Pras40 by Tmem9 KO. IHC of Tmem9 KO
mammary tumors (MMTV-PyMT:Tmem9 WT and MMTV-PyMT:Tmem9 KO; age, 10 weeks) for phosphor-
Pras40 (pPras40). Left panels: DAB staining with nuclear counterstaining (hematoxylin); right panels:
�uorescent staining. (F) Reduced expression of mTOR by Tmem9 KO. IHC of Tmem9 KO mammary
tumors (MMTV-PyMT:Tmem9 WT and MMTV-PyMT:Tmem9 KO; age, 10 weeks) for mTOR. The left and
right panels display different regions of mammary tumors.



Figure 6

Targeting the TMEM9-v-ATPase sensitizes tumor cells to mTOR inhibitor. (A and B) Cell viability in the
presence of Ba�lomycin A1 (A) and concanamycin A (B) was analyzed using the Cell Counting Kit-8. (C-J)
Dose-response matrix as heatmaps of Bliss synergy scores for drug combinations in BRCA cells. (C)
Rapamycin and ba�lomycin A1 in MDA-MB-453 cells. (D) Rapamycin and concanamycin A in MDA-MB-
453 cells. (E) Rapamycin and ba�lomycin A1 in MCF7 cells. (F) Rapamycin and concanamycin A in
MCF7 cells. (G) Rapalink-1 and ba�lomycin A1 in MDA-MB-453 cells. (H) Rapalink-1 and concanamycin A
in MDA-MB-453 cells. (I) Rapalink-1 and ba�lomycin A1 in MCF7 cells. (J) Rapalink-1 and concanamycin
A in MCF7 cells. Average Bliss synergy score: < -5, antagonistic; = 0, additive; > 5, synergistic. Each
condition contained three biological replicates. Error bars: SEM; Student’s t-test.



Figure 7

Schematic illustration of the v-ATPase-TMEM9-Ragulator-mTOR axis (A) Illustration of the functional
interaction between the TMEM9-v-ATPase axis and mTOR signaling. TMEM9-facilitated v-ATPase
assembly promotes localization of LAMTOR4 on the lysosomal membrane to activate mTORC1 via
Ragulator. (B) A schematic model of the tumorigenic role of TMEM9 in promoting breast cancer cell
proliferation and mTOR inhibitor resistance.
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