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Lysosomal TMEM9-LAMTORA4-controlled mTOR signaling
integrity is required for mammary tumorigenesis

Dear Editor,

Accumulating evidence suggests that dysregulated lyso-
somal membrane proteins, including vacuolar ATPase (v-
ATPase) and the mammalian target of rapamycin (mTOR),
are involved in tumorigenesis [1]. Therefore, lysosomal
proteins were proposed as potential therapeutic targets
in cancer [1]. As one of the lysosome-related signaling
pathways, mTOR signaling regulates cell proliferation,
survival, motility, and metabolism [2]. Since mTOR signal-
ing activation promotes tumorigenesis, mTOR inhibitors
(mTORi), AZD8055 [3], MLNO0128 [4], and Rapalink-1 (the
latest third-generation mTORi) [4], have been applied
to several cancers. However, the limitations of mTORi
include drug resistance and the lack of biomarkers.

Recently, we identified transmembrane protein 9
(TMEM9) as a positive regulator of Wnt/p-catenin sig-
naling in colorectal [5] and hepatocellular cancers [6].
TMEM?9 facilitated the assembly of v-ATPase, which
induced vesicular acidification and subsequent hyperacti-
vation of S-catenin-mediated gene expression [5]. Given
the vital role of TMEM9 in vesicular acidification and
lysosomal dysfunction, we sought to determine the impact
of TMEMO9-dysregulated lysosomes on tumorigenesis.
Detailed methods can be found in the Supplementary file.

To assess the pathologic relevance of TMEM9 to cancer,
we first analyzed the TMEMO9 gene alteration and expres-
sion. Among human cancers, TMEM9 gene amplification
and upregulation were frequently observed in breast can-

Abbreviations: CCLE, Cancer Cell Line Encyclopedia; CRC, colorectal
cancer; GSEA, Gene Set Enrichment Analysis; HCC, hepatocellular
cancer; IF, immunofluorescence; IHC, Immunohistochemistry; KD,
knockdown; KO, knockout; LAMP1, lysosomal associated membrane
protein 1; LAMTORI-5, late endosomal/lysosomal adaptor, MAPK, and
mTOR activator 1-5; LAMTORA4, late endosomal/lysosomal adaptor,
MAPK, and mTOR activator 4; LysoIP-MS, lysosome
immunoprecipitation-mass spectrometry; MMTV-PyMT, The
mammary-specific polyomavirus middle T antigen overexpression
mouse model; mTOR, mammalian target of rapamycin; mTORi, mTOR
inhibitors; p-PRAS40, phosphorylated proline-rich Akt substrate of 40
kDa; TMEMY, transmembrane protein 9; v-ATPase, vacuolar ATPase.

cer tissues and cell lines (Supplementary Figure SIA-G;
Supplementary Tables S1-S2). Furthermore, high expres-
sion of TMEM9 was associated with the reduced relapse-
free survival of breast cancer patients as compared to low
expression of TMEM9 (Supplementary Figure SIH). These
results led us to hypothesize that TMEMO9 plays oncogenic
roles in mammary tumorigenesis. In MDA-MB-231 and
MDA-MB-453 breast cancer cells, TMEM9-knockdown
(KD) cells showed reduced proliferation compared to
control cells (Supplementary Figure S2A-C). Conversely,
ectopic expression of TMEM9 promoted the proliferation
of breast cancer cells (Supplementary Figure S2D-E).
Next, we determined in vivo roles of TMEM9 in
mammary tumorigenesis using a mammary-specific
polyomavirus middle T antigen overexpression (MMTV-
PyMT) mouse model. We confirmed that Tmem9 was
highly expressed in mammary tumors of MMTV-PyMT
mice (Supplementary Figure S3A-B). Utilizing Tmem9-
knockout (KO) mice previously established [5], we
generated an MMTV-PyMT:Tmem9-KO compound
strain (Supplementary Figure S3C-D). While MMTV-
PyMT:Tmem9 wild-type (WT) mice developed early
mammary hyperplasia at the age of 10 weeks, MMTV-
PyMT:Tmem9-KO mice did not show any lesions in the
mammary glands (Supplementary Figure S3E-G). More-
over, at the age of 150 days, MM TV-PyMT:Tmem9-KO mice
exhibited reduced tumor weight and number compared to
MMTV-PyMT:Tmem9-WT mice (Figure 1A; Supplemen-
tary Figure S3H-I). Additionally, MM TV-PyMT:Tmem9-KO
mice showed extended tumor-free survival compared to
MMTV-PyMT:Tmem9-WT mice (Figure 1B). Microscopic
analyses confirmed the decreased tumor cell proliferation,
validated by Ki-67 immunostaining (Figure 1C-D; Sup-
plementary Figure S3J). These data suggest that TMEM9
plays an oncogenic role in mammary tumorigenesis.
Next, we sought to dissect the mechanism by which
TMEMS9 contributes to mammary tumorigenesis. Since
TMEMY binds to and activates v-ATPase for lysosomal
vesicular acidification [5, 6], we examined the impact of
TMEMD9 on lysosomal proteins. We isolated the lysosomes
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FIGURE 1 TMEMY is required for mammary tumorigenesis. (A-B) Tmem9 KO suppressed mammary tumorigenesis. All tumors were
harvested at 150 days to evaluate tumor weight and the number of mammary glands with the tumor. Representative images of mammary
tumors isolated from mice (A). Tumor-free survival (TFS) analysis of MMTV-PyMT:Tmem9-WT (n = 20, median TFS = 97 days) and
MMTV-PyMT:Tmem9-KO mice (n = 10, median TFS = 116 days) (B). (C) H&E-stained sections of mammary tumors isolated from
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from TMEM9-WT and TMEM9-KD MDA-MB-453 cells
and performed lysosome immunoprecipitation-mass spec-
trometry (LysoIP-MS) (Figure 1E; Supplementary Figure
S4A-C). Approximately 1,200 lysosome-associated pro-
teins were identified (Supplementary Figure S4D; Sup-
plementary Table S3). Intriguingly, among the top 20
lysosomal proteins differentially detected, LAMTOR4, a
component of the LAMTOR complex, became unde-
tectable in TMEM9-KD cells (Figure 1F; Supplementary
Table S4). Next, we examined the effect of TMEM9 on
lysosomal LAMTOR4 by immunofluorescence staining for
LAMTOR4 and lysosomal associated membrane protein
1 (LAMPI1), a lysosome marker, in TMEM9-KD ZR-75-1
cells (Supplementary Figure S4E-F). Co-localization anal-
ysis showed the reduced co-localization between LAM-
TOR4 (green) and LAMP1 (red) in TMEM9-KD cells
(Supplementary Figure S4G). The scatter dot plot also
exhibited decreased co-localization of LAMTOR4 with
LAMPI1 by TMEM9 KD (Figure 1G). Consistently, MMTV-
PyMT:Tmem9-KO tumors also showed a decrease in co-
localization between LAMTOR4 and LAMP1, compared to
MMTV-PyMT:Tmem9-WT tumors (Figure 1G; Supplemen-
tary Figure S4H-I). These results suggest that TMEM9 is
required for the lysosomal localization of LAMTORA.

The lysosomal v-ATPase-Ragulator complex activates
the mTORCI signaling [7]. As a member of the Ragula-
tor complex, LAMTOR4 modulates Ragulator assembly
and contributes to anchoring mTOR to the lysosomal
membrane [7]. Therefore, decreased levels of LAMTOR4
in the lysosome by TMEM9 KD may disrupt mTOR sig-

naling activity. Indeed, mTOR and mTOR downstream
effector phosphorylated proline-rich Akt substrate of 40
kDa (p-PRAS40) were downregulated in Tmem9-KO mam-
mary tumors (Figure 1H; Supplementary Figure S5A-C).
Additionally, RNA-sequencing-based Gene Set Enrich-
ment Analysis (GSEA) of MDA-MB-453 cells (TMEM9-WT
vs. TMEM9-KD) showed that the geneset modulated by
mTOR signaling was suppressed by TMEM9 KD (Figure 11;
Supplementary Figure S5D; Supplementary Table S5). We
also observed that knockdown of TMEM9 in TMEM9"igh
breast cancer cells (MDA-MB-453 and MCF7) decreased
the activity of mMTOR downstream effectors, while ectopic
expression of TMEM9 in TMEM9'°V cells (MDA-MB-231)
increased the activity of mTOR effectors (Supplementary
Figure S5E-F). Additionally, we observed the interaction of
TMEM9 with LAMTOR4 (Supplementary Figure S5G-H).
To further determine the impact of TMEMO9-regulated
mTOR signaling on cell proliferation, we performed a res-
cue experiment by lentiviral overexpression of wild-type
or constitutively active mutant of mTOR (L1460P) [8] in
TMEMO9-KD cells. mTOR L1460P rescued the cell prolifer-
ation inhibition induced by TMEM9 KD, while mTOR WT
failed to do (Figure 1J). These results suggest that TMEM9-
activated mTOR signaling is required for breast cancer cell
proliferation.

Although several mTORi have been introduced for can-
cer therapy, mTORIi resistance is a recurring issue [9].
To overcome mTORI resistance, combinatorial therapies
have been used [10]. Given the TMEM?9 gene amplification
in breast cancer and TMEM9-activated mTOR signaling,

MMTV-PyMT:Tmem9-WT and MMTV-PyMT:Tmem9-KO mice. (D) Decreased cell proliferation by Tmem9 KO. Ki-67-stained sections of

mammary tumors isolated from MMTV-PyMT:Tmem9-WT and MMTV-PyMT:Tmem9-KO mice. (E) Illustration of the workflow for the LysoIP
method. Control and siTMEMO9 cells were prepared from the parental cells (MDA-MB-453) stably expressing 3 X HA-tagged TMEM192. Each
condition contained three biological replicates. (F) Top 20 differentially expressed proteins (fold change > 1.5 over control, P < 0.05) 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. (G) Co-localization analysis of LAMTOR4 and LAMP1 using FIJI/ImageJ software. A scatterplot
of red (LAMP1) and green (LAMTOR4) pixel intensities represents the upper panel of siCtrl and siTMEM9 cells, the lower panel of
MMTV-PyMT:Tmem9-WT and MMTV-PyMT:Tmem9-KO mice shown in Supplementary Figure S4E & G. (H) Hypo-phosphorylation of Pras40
by Tmem9 KO. IF of Tmem9-KO mammary tumors (MMTV-PyMT:Tmem9-WT and MMTV-PyMT:Tmem9-KO; age, 10 weeks) for
phosphor-Pras40 (pPras40). (I) Gene set enrichment analysis of the mTOR signaling in RNA-sequencing data from TMEM9-WT and
TMEMO9-KD MDA-MB-453 cells. (J) Growth curves of MDA-MB-453 cells with indicated treatments. mTOR L1460P is an active mTOR
mutant. The mean and SD of three independent experiments are shown. ***, P < 0.001. (K) Dose-response matrix as heatmaps of Bliss synergy
scores for drug combinations (from left to right: rapamycin and bafilomycin Al; rapamycin and concanamycin A; Rapalink-1 and bafilomycin
Al; Rapalink-1 and concanamycin A) in MDA-MB-453 cells. (L) 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. (M) A schematic model of the tumorigenic role of TMEM?9 in promoting breast cancer cell proliferation and mTORi
resistance. The experiments were carried out in triplicate. Representative images are shown; Student’s t-test; error bars: SEM.

Abbreviations: v-ATPase, vacuolar ATPase; mTOR, mammalian target of rapamycin; TMEM9, transmembrane protein 9; KD, knockdown;
KO, knockout; LAMTORA, late endosomal/lysosomal adaptor, MAPK, and mTOR activator 4; LAMTORI1-5, late endosomal/lysosomal
adaptor, MAPK, and mTOR activator 1-5; p-PRAS40, phosphorylated proline-rich AKT1 substrate 1; mTORi, mTOR inhibitors; CRC,
colorectal cancer; HCC, hepatocellular cancer; CCLE, Cancer Cell Line Encyclopedia; MMTV-PyMT, The mammary-specific polyomavirus
middle T antigen overexpression mouse model; LysoIP-MS, lysosome immunoprecipitation-mass spectrometry; GSEA, Gene Set Enrichment
Analysis; IHC, Immunohistochemistry; IF, immunofluorescence; LAMPI, lysosomal associated membrane protein 1
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it is plausible that mTORi resistance might be due to
TMEM?9 upregulation in breast cancer. It should be noted
that mTOR inhibition did not upregulate TMEM9 expres-
sion (Supplementary Figure S6A). 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 Al and con-
canamycin A) in combination with mTORi (rapamycin
and Rapalink-1). It should be noted that TMEM9"i€" breast
cancer cells (MDA-MB-453) were more sensitive to v-
ATPase inhibitors than TMEM9'°" breast cancer cells
(BT-474) (Supplementary Figure S6B). We assessed the
impact of pharmacological blockade of the TMEM9-v-
ATPase axis on mTORi response. The bliss synergy scoring
analysis showed that rapamycin or Rapalink-1 combined
with bafilomycin Al or concanamycin A synergistically
inhibited breast cancer cell viability across multiple con-
centrations (Figure 1K; Supplementary Figure S6C-D).
Additionally, TMEM9-KD cells showed a similar response
to v-ATPase and mTORCI co-inhibition in the context of
cell viability (Supplementary Figure S6E). These results
suggest that the pharmacological blockade of the TMEM9-
v-ATPase axis sensitizes tumor cells to mTORIi.

Herein our results identified a new role of the TMEM9-
v-ATPase axis in modulating mTOR signaling via LAM-
TORA4. In breast cancer cells harboring the TMEM?9 gene
amplification, TMEM?9-activated v-ATPase aberrantly reg-
ulates lysosome-associated signaling, including the mTOR
pathway. Upon TMEM9 upregulation, TMEM9-induced
v-ATPase assembly and activation likely stabilize the
LAMTORA4-containing Ragulator complex assembly in the
lysosomal membrane, contributing to mTOR signaling
hyperactivation (Figure 1L-M). The detailed molecular
mechanisms of mTOR downregulation and mislocaliza-
tion of LAMTOR4 by TMEMY depletion need to be
elucidated in future studies. The efficacy of further com-
binatorial therapies remains to be tested using in vivo
preclinical models.

Together, our results unveiled that the lysosomal
TMEM9-v-ATPase-Ragulator-Rag axis is indispensable for
mTOR signaling integrity and breast cancer cell pro-
liferation and that TMEM9 may serve as a biomarker
and a molecular target, which may overcome mTORIi
resistance and offer a viable therapeutic strategy for
TMEM9-associated breast cancer.
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SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.
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