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Targeting chaperone-mediated autophagy
inhibits properties of glioblastoma stem cells
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% Check for updates Chaperone-mediated autophagy (CMA) is a selective autophagic process

essential for maintaining cellular quality and responding to stress. Dysregu-
lation of the CMA pathway is increasingly recognized in various cancers, yet
the mechanisms behind CMA hyperactivation in cancer cells remain unclear.
Here, we show that CMA is upregulated in patient-derived glioblastoma stem
cells (GSCs), indicated by a significant increase in the lysosomal abundance of
the CMA receptor, lysosome-associated membrane protein 2 A (LAMP2A). This
increase results from MST4-mediated phosphorylation of LAMP2A, enhancing
its stability and promoting homotrimer formation while inhibiting degrada-
tion by Cathepsin A. CMA supports GSC proliferation and self-renewal by
activating mTORCI through the selective degradation of its negative reg-
ulators, TSC1 and TSC2. Additionally, CMA is involved in epigenetic silencing
of the cGAS-STING pathway, promoting tumor immune escape via lysosomal
degradation of the DNA demethylase TET3. Inhibition of CMA synergizes with
immune checkpoint therapy in glioblastoma models, highlighting a potential
therapeutic target.

Glioblastoma (GBM) represents the most prevalent and aggressive
primary malignancy of the central nervous system in adults, classified
among the most lethal cancers'. Current therapeutic approaches for
GBM encompass surgical excision, radiotherapy, and the use of
temozolomide (TMZ) as an adjunctive chemotherapy agent. None-
theless, the prognosis for GBM patients remains dismal, with a median
survival duration of roughly 14 months and a mere 5% survival rate at
five years®. Furthermore, immune checkpoint inhibitor (ICI) therapies
have failed to improve the overall survival in GBM patients®. A prior
study has identified glioblastoma stem cells (GSCs) within GBM

tumors, noted for their robust self-renewal and differentiation cap-
abilities, which lead to the generation of a diverse array of cancer cell
types*. Additionally, GSCs exhibit resistance to both radiotherapy and
chemotherapy while also contributing to immune evasion, which are
critical factors underlying treatment failure and GBM recurrence’”’.
Therefore, the advancement of targeted therapies aimed at GSCs is
essential for the efficacious management of GBM.

Autophagy plays a crucial role in the proteostasis network,
ensuring cellular homeostasis. Various autophagic pathways are pre-
sent in most mammalian cells, differing primarily in their mechanisms
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for transporting substrates to the lysosomal compartment®. In contrast
to macroautophagy, which facilitates the bulk translocation of pro-
teins and organelles to lysosomes for degradation’, chaperone-
mediated autophagy (CMA) selectively targets a specific subset of
cytosolic proteins characterized by KFERQ-like motifs'®". Upon
recognition of these motifs by heat shock cognate 71kDa protein
(HSC70), the substrate is translocated to the lysosomal membrane’s
surface®, where it interacts with lysosome-associated membrane pro-
tein type 2 A (LAMP2A), which has been identified as a limiting factor
for CMA efficacy”. The binding of the substrate to the cytosolic tail of
LAMP2A induces LAMP2A oligomerization, forming a translocation
complex that facilitates the internalization of substrates into lyso-
somes for subsequent degradation'*". CMA is implicated in the
degradation of both defective proteins for quality control and intact
proteins to modulate their functions, thereby coordinating various
intracellular processes, including aging, lipid and glucose metabolism,
cell signalling, cell cycle, stem cell functionality and immune
responses'>'®?°, Despite its established role, the regulatory networks
governing CMA activity remain incompletely characterized'*”. Nota-
bly, while macroautophagy contributes to cancer stem cell
malignancy?*, CMA-specific receptor LAMP2A demonstrates elevated
expression in patient-derived GSCs", suggesting potential differential
roles in specialized cell populations that require further elucidation.

MST4 (also known as STK26), a constituent of the Mammalian
Sterile 20-Like Kinase (MST) family*, is integral to numerous cellular
physiological processes via substrate phosphorylation®. It has been
implicated in the pathogenesis of colorectal cancer by phosphorylat-
ing B-catenin, which results in its accumulation and full activation®.
Additionally, MST4 is recognized for phosphorylating ATG4B, thereby
initiating macroautophagy, which enhances cell survival and tumori-
genic potential of GSCs”. Nonetheless, the involvement of MST4 in
tumor-associated CMA remains to be elucidated.

The cyclic GMP-AMP synthase (cGAS)-stimulator of interferon
genes (STING) signaling pathway is a crucial component of the innate
immune response, significantly contributing to anti-tumor
immunotherapy®. Cytoplasmic DNA acts as a danger signal, which is
recognized by cGAS, leading to the synthesis of the second messenger
c¢GAMP**°, This process initiates the activation of the STING-TBK1-
IRF3-type I interferon (IFN) signaling cascade®??. The stimulation of
the cGAS-STING pathway through various modalities, including
radiotherapy and chemotherapy, is regarded as a promising combi-
natorial approach with ICls and other immuno-oncological
therapeutics®?**. However, in numerous tumors, the promoters of
¢GAS and STING are frequently hypermethylated, leading to the
silencing of this pathway®**°. The epigenetic regulatory mechanisms
governing the expression of cGAS and STING genes remain inade-
quately understood.

In this work, we elucidate the critical role of the MST4-LAMP2A
signaling axis in regulating CMA activity, self-renewal capacity, and
tumorigenic potential of GSCs, alongside its ramifications for anti-
tumor immunity. Mechanistically, phosphorylation of LAMP2A at
residues T40, S97, and T136 by MST4 is demonstrated to reinforce
LAMP2A stability, and thereby elevating CMA activity. This enhance-
ment subsequently promotes the proliferation and malignancy of
GSCs. Furthermore, we identify a function of CMA as an intrinsic reg-
ulator of anti-tumor immune responses, suggesting a promising ther-
apeutic avenue focused on targeting CMA for GBM treatment.

Results

Elevated level of CMA in GSCs is associated with increased
LAMP2A abundance in lysosomes

We employed a photoactivatable CMA reporter (PA-mCherry-KFERQ)
to visualize and quantify CMA activity by counting the fluorescent
puncta per cell. This occurs when the fluorescent CMA substrate
protein, fused with a KFERQ-like motif, is delivered to CMA-active

lysosomes by HSC70, resulting in a transition from a diffuse to a
punctate distribution. In contrast, bulk lysosomal degradation path-
ways, such as macroautophagy, target substrates lacking the KFERQ
motif and do not produce fluorescent puncta under this assay
condition”’. We found that patient-derived GSCs exhibited sig-
nificantly higher baseline CMA activity than conventional GBM cell
lines (Fig. 1a). Lysosomes purified from GSCs demonstrated a sig-
nificant enhancement in both the binding affinity for and uptake of the
model CMA substrate, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)®, in comparison to those derived from conventional GBM
cell lines (Fig. 1b). In agreement with increased CMA activity in the
lysosomes from GSCs, the levels of known CMA substrates, including
MEF2D and GAPDH***°, were markedly elevated in GSCs following the
inhibition of lysosomal proteolysis through treatment with lysosomal
protease inhibitors (leupeptin and ammonium chloride (NH,4Cl), LN).
In contrast, such an increase was not detected in conventional GBM
cells. Additionally, inhibition of macroautophagy via 3-methyladenine
(3-MA) or proteasomal inhibition with MG132 did not alter the
expression of MEF2D and GAPDH (Fig. 1c). To examine whether CMA
activity is required for stemness maintenance of GSCs, we cultured
GSCs in medium containing serum to induce differentiation. As
expected, differentiated-GSCs (DGCs) exhibited a decrease in CMA
flux (Fig. 1d), alongside diminished expression of pluripotency markers
such as CD44 and ALDHIA3 and upregulation of the differentiation
marker Tujl (Supplementary Fig. 1a). Collectively, these results indi-
cated that CMA is upregulated in GSCs.

Subsequently, we aimed to elucidate the mechanisms underlying
the upregulation of CMA in GSCs. We performed isolation of lysosomal
fractions from both GSCs and their corresponding DGCs, revealing
that lysosomes from GSCs exhibited a higher abundance of the CMA
receptor, LAMP2A, compared to those from DGCs. In contrast, the
levels of other established CMA components, such as a subset of
chaperones (HSC70) and co-chaperones (HSP40 and HSP90), as well
as lysosome-associated membrane protein 1 (LAMP1), remained con-
stant throughout differentiation (Fig. 1e). GSC cell lines exhibited ele-
vated levels of LAMP2A in both total cell lysate and lysosomal fractions
when compared to conventional non-GSC cell lines and DGCs, even
though the mRNA expression levels of LAMP2A were similar across
these cellular types (Supplementary Fig. 1b-d). Collectively, these
findings indicated that the elevated CMA activity in GSCs correlates
with an increased abundance of LAMP2A in the lysosome.

To examine the biological implications of CMA in GSCs, we
employed two distinct short hairpin RNAs (shRNAs) to downregulate
endogenous LAMP2A in M83 and 456 cell lines. The knockdown (KD)
of LAMP2A resulted in a pronounced upregulation of MEF2D (Sup-
plementary Fig. 1e), and led to a reduction in GSC proliferation and
sphere-forming capacity in vitro (Supplementary Fig. 1f, g), while sig-
nificantly inhibiting intracranial tumor growth in athymic nude mice,
thereby improving the overall survival (Supplementary Fig. 1h, i).
Subsequently, we introduced an shRNA-resistant LAMP2A-WT (wild-
type) and a functional mutant LAMP2A (LAMP2A-4A) that was deficient
for substrate binding®, into GSC M83 and 456 cells where endogenous
LAMP2A was depleted. Our findings demonstrated that the reintro-
duction of exogenous LAMP2A-WT, but not the LAMP2A-4A mutant,
effectively reversed the effects of LAMP2A KD on CMA activity (Sup-
plementary Fig. 1j), GSC proliferation, and sphere formation ability
in vitro (Fig. 1f and Supplementary Fig. 1k), as well as tumorigenicity in
the brains of athymic nude mice (Fig. 1g, h), thus shortening the sur-
vival of mice (Fig. 1i). Taken together, these results indicated that CMA
is required for GSC stemness and tumorigenicity.

MST4-mediated LAMP2A phosphorylation increased the stabi-
lity of LAMP2A at the lysosomal membrane

Subsequently, we examined the underlying mechanisms contributing
to the increased level of LAMP2A detected in GSCs. The
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Fig. 1| The elevated CMA activity in GSCs correlates with lysosomal LAMP2A
abundance. a Representative images (left) and quantitative analysis (right) of CMA
flux, indicated by the number of KFERQ puncta, in GSC and non-GSC cells stably
expressing PAmCherry-KFERQ or PAmCherry-KFSDA (a mutant KFERQ sequence
that cannot be recognized by HSC70). n =40 randomly selected cells. Scale bar,
10 pm. b In vitro binding and uptake assay of GAPDH by the lysosome in GSC and
non-GSC cells. n =3 independent experiments. ¢ Immunoblotting (IB) analyses for
indicated proteins after treating with 10 uM MG132, 5 mM 3-MA, or LN (10 pM
leupeptin and 20 mM NH,CI) in GSC cells (M83 and 23) and non-GSC cells (LN229
and U251), respectively. Band intensities of indicated proteins were quantified using
Image J, normalized to B-actin.n =3 independent experiments. d Representative
images (left) and quantification (right) of CMA activity detection by KFERQ puncta
numbers in GSCs (M83 and 456) and their corresponding DGCs. n =40 randomly
selected cells. Scale bar, 10 pm. e IB analyses for LAMP2A and CMA-associated

chaperone proteins (HSC70, HSP40 and HSP90) in lysosomes isolated from the
indicated GSCs and DGCs, with LAMP1 serving as a lysosomal marker. f Sphere-
forming frequency of GSC M83 and 456 cells with indicated modifications. sh-C,
control for knock down. Vec, a control vector. WT, wide-type. Representative H&E
images of mouse brain sections (g) and quantitative analysis of tumor volume (h)
from athymic (BALB/c Nude) mice intracranially implanted with the GSC M83 cells
with indicated modifications. n=3 mice per group. Scale bar, 1.0 mm. i Kaplan-
Meier survival curves of athymic (BALB/c Nude) mice intracranially transplanted
with GSC M83 cells with indicated modifications. n =4 mice per group. Data are
presented as the means + S.E.M. All the experiments showed consistent results in
three independent biological replicates. Statistical significance was assessed using
one-way ANOVA with Tukey’s multiple comparisons test (a, b, d), two-sided like-
lihood ratio test (f), one-way ANOVA with Dunnett’s multiple comparisons test (h)
or log-rank test (i). ns, not significant. Source data are provided as a Source Data file.
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aforementioned findings demonstrated no significant discrepancies in
the mRNA level of LAMP2A between GSC and DGC cell lines (Supple-
mentary Fig. 1b), suggesting an absence of differential de novo protein
synthesis. In contrast, assessments of lysosomal LAMP2A stability over
different incubation time in an isotonic buffer demonstrated that the
degradation of LAMP2A was significantly accelerated in lysosomes
derived from DGCs compared to their GSCs counterparts (Fig. 2a, b).

The observed alterations in DGCs were markedly reversed when
lysosomes were treated with protease inhibitor cocktail (PI), which
block lysosomal proteolytic activity and thereby prevent LAMP2A
luminal degradation®. This suggests that the reduced stability of
LAMP2A is mainly caused by increased lysosomal degradation (Fig. 2a).
To elucidate the mechanisms governing lysosomal LAMP2A stability in
GSCs, we conducted an analysis of the post-translational modifications
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Fig. 2 | MST4 enhances the lysosomal abundance of the CMA regulator
LAMP2A. Assessment of LAMP2A stability in lysosomes isolated from indicated
GSCs and DGCs (a), as well as GSC M83 cells expressing sh-C or sh-MST4 (h).
Lysosomes were incubated at O °C for 10 min with or without protease inhibitor
cocktail (PI) to inhibit lysosomal protease activity, followed by pelleting at indi-
cated time points, and subsequent IB analysis for LAMP2A and LAMP1 densito-
metric quantification. b, i Densitometric quantification of LAMP2A protein level is
shown. n =3 independent experiments. c IP-IB analyses for indicated proteins in
GSCs and DGCs. WCL, whole-cell lysates. Inmunoglobulin G (IgG) was used as an
isotype control. d A list of top LAMP2A-associated proteins identified through
LAMP2A immunoprecipitation and mass spectrometric analysis. We marked the
protein of interest in red font. e Identification of MST4 peptide among LAMP2A-
interacting proteins precipitated from GSCs via mass spectrometry. y-ions gener-
ated from C-terminal (red), b-ions generated from N-terminal (blue), other frag-
ments (black). f, j, 1 IP-IB analyses in GSC M83 cells with indicated modifications.

g, m IP-IB analyses for indicated proteins in WCL and lysosomal fractions of GSCs
with indicated modifications. B-actin and LAMP1 served as loading controls for WCL
and lysosomal samples, respectively. k Purified lysosomal membranes from the
indicated GSC M83 cells were analyzed using native continuous gel electrophoresis
and subjected to IB detection for LAMP2A. n, o Representative images (n) and
quantification (o) of CMA activity detection by KFERQ puncta numbers in GSC M83
and 456 cells with indicated modifications. n =40 randomly selected cells. Scale
bar, 10 pm. p In vitro binding and uptake assay of GAPDH by the lysosome in GSC
MS83 and 456 cells with indicated modifications. Protease inhibitor cocktail (PI) was
used to inhibit lysosomal protease activity. n =3 independent experiments. Data
are presented as the means + S.E.M. All the experiments showed consistent results
in at least three independent biological replicates. Statistical significance was
assessed using two-way ANOVA with Bonferroni’s multiple comparisons test (b, i)
or one-way ANOVA with Dunnett’s multiple comparisons test (0, p). Source data are
provided as a Source Data file.

of LAMP2A proteins in both GSCs and DGCs. Previous studies have
indicated that glycosylation plays a role in the regulated stability of
LAMP2A*. To assess the glycosylation status of LAMP2A, we per-
formed both PNGase F deglycosylation and Concanavalin A (ConA)
lectin blotting analyses. Enzymatic deglycosylation resulted in a con-
sistent molecular weight shift of LAMP2A monomers from ~100 kDa to
~50 kDa in both GSCs and DGCs, demonstrating complete N-linked
glycan removal. This identical migration pattern strongly suggests
equivalent glycosylation profiles between the two cell types. Sup-
porting this conclusion, ConA blotting analysis confirmed comparable
glycosylation levels in GSCs and DGCs (Supplementary Fig. 2a). In
contrast, we observed that GSCs exhibited elevated level of LAMP2A
phosphorylation compared to DGCs (Fig. 2c).

To determine if LAMP2A phosphorylation is necessary for its
stability in GSC lysosomes, we performed a proteomic analysis of
kinase proteins that co-precipitated with LAMP2A in GSCs (Supple-
mentary Fig. 2b). Among the top associated proteins, we identified
MST4 is associated with LAMP2A, subsequently confirming their
interaction through reciprocal immunoprecipitation (Fig. 2d, f and
Supplementary Fig. 2c). Immunofluorescence analysis also revealed
that MST4 co-localized with LAMP2A in GSC M83 and 456 cells (Sup-
plementary Fig. 2d). Characterization of the interaction domains
between MST4 and LAMP2A indicated that the N-terminal region
(amino acids 1-137) of LAMP2A, alongside the kinase domain of MST4
(amino acids 1-279), is essential for their interaction (Supplementary
Fig. 2e-h). CMA has been identified as a component of the cellular
adaptive mechanisms to stress'*'**2, We examined the effects of irra-
diation (IR) and nutrient deprivation on the interaction between MST4
and LAMP2A. Our results indicated that IR significantly increased
MST4 expression and enhanced the interaction between MST4 and
LAMP2A (Supplementary Fig. 2i). While growth factors (EGF/FGF)
deprivation did not influence the interaction between MST4 and
LAMP2A (Supplementary Fig. 2j), culturing them in serum-
supplemented medium diminished the MST4-LAMP2A interaction
(Supplementary Fig. 2k). Collectively, these results suggest that tar-
geting the MST4-LAMP2A axis may sensitize GSCs to microenviron-
mental stresses, such as hypoxia and nutrient limitation, thereby
providing a potential therapeutic strategy to eliminate therapy-
resistant GSCs.

To investigate the role of MST4 in CMA within GSCs, we con-
ducted MST4 KD via shRNAs and knockout (KO) utilizing single guide
RNAs (sgRNAs). Notably, the phosphorylation level of LAMP2A and the
lysosomal presence of LAMP2A were significantly diminished follow-
ing MST4 deletion (Fig. 2g). Given that the proper localization of
LAMP2A at the lysosome, along with its molecular multimerization and
interaction with lysosomal proteases, governs its stability and
functionality'®, we sought to elucidate the underlying mechanisms
responsible for the observed decline in lysosomal LAMP2A in the
absence of MST4 expression. We found that there were no significant

differences in LAMP2A mRNA level between MST4-KD GSCs and con-
trol cells (Supplementary Fig. 2I). Subsequently, we hypothesized that
MST4 might be essential for the localization of LAMP2A. Examination
of LAMP2A’s subcellular localization indicated that its presence at
lysosomal structures remained unaffected by the absence of MST4
(Supplementary Fig. 2m), implying that MST4 is not critical for the
proper subcellular distribution of LAMP2A. We then posited that MST4
loss could compromise the stability of LAMP2A at the lysosome. To
evaluate this hypothesis, we assessed the stability of LAMP2A in GSCs.
The KD of MST4 resulted in a more rapid degradation of LAMP2A,
which was significantly mitigated when MST4-KD GSCs exposed to
lysosomal PI (Fig. 2h, i), indicating that the diminished stability of
LAMP2A following MST4 deletion was primarily due to enhanced
degradation within lysosomal compartments. The targeted cleavage of
LAMP2A by Cathepsin A (Cath A) at the lysosomal membrane serves as
the catalyst for its degradation within the lysosomal environment*.
Our findings demonstrated that MST4 KD was associated with an
increased interaction of LAMP2A with Cath A (Fig. 2j), corroborating
the elevated degradation rate of LAMP2A following MST4 KD. Fur-
thermore, native electrophoresis analysis of LAMP2A’s multimeric
status at the lysosomal membrane exhibited a substantial decrease in
the formation of the 700 kDa multimeric complex necessary for sub-
strate translocation in lysosomes from MST4-KD GSCs (Fig. 2k). These
results aligned with the observed reduction in the interaction among
LAMP2A molecules in MST4-KD GSCs (Fig. 2I). Collectively, these
findings underscored the role of MST4 in facilitating LAMP2A stability
in the lysosomes and its active conformational dynamics.

Changes in the abundance of lysosomal LAMP2A have been found
to influence CMA activity”. Knocking down endogenous MST4 or
LAMP2A with specific sShRNAs in GSC M83 and 456 cells led to reduced
level of phosphorylated LAMP2A. This change led to an increase in
MEF2D within the whole cellular lysate while reducing its presence in
the lysosomal fraction, a decrease in KFERQ-puncta, and impaired
lysosomal binding and uptake of the CMA substrate GAPDH (Fig. 2m-
p). To further explore the role of MST4 in inducing CMA, we over-
expressed exogenous MST4-WT and kinase-dead mutants (T178A and
K53E) in GSC 23 cells with low endogenous MST4 level. The over-
expression of WT MST4, unlike the kinase-dead mutants, led to
increased phosphorylation of LAMP2A, reduced interaction between
LAMP2A and Cath A, higher accumulation of LAMP2A in lysosomes,
and enhanced CMA activity in GSCs (Supplementary Fig. 2n, o).

MST4 directly phosphorylates LAMP2A in GSCs

Based on the interaction between MST4 and LAMP2A, as well as the
role of MST4 in CMA, we investigated whether MST4 phosphorylates
LAMP2A and affects its stability. To identify the phosphorylation sites
on LAMP2A by MST4, we conducted mass spectrometry on Flag-
LAMP2A from HEK293T cells that stably overexpress exogenous HA-
MST4 and Flag-LAMP2A. Our findings indicated that the residues T40,
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S97, and T136 of LAMP2A underwent specific phosphorylation in cells
that express exogenous MST4, in contrast to those transfected with a
control vector (Fig. 3a). The amino acid sequences surrounding T40,
S97,and T136 are highly conserved in LAMP2A among multiple species
(Supplementary Fig. 3a). To identify the key phosphorylation site(s) of
LAMP2A influenced by MST4, we individually or in combination
mutated the serine/threonine residues at T40, S97, and T136 to ala-
nine. The in vitro kinase assay revealed that wild-type LAMP2A was
phosphorylated by MST4. Mutating each site alone slightly reduced

phosphorylation, while mutating any two sites significantly decreased
it, and mutating all the three sites completely abrogated phosphor-
ylation. Among the three single-site mutations, the T136 mutation
showed the most significant reduction in phosphorylation level, indi-
cating that T136 site is crucial for LAMP2A phosphorylation (Fig. 3b).
Additionally, we co-expressed WT LAMP2A or T40A/S97A/T136A (3 A)
mutant and MST4-WT or -K53E in HEK293T cells, the result identified
phosphorylation in WT LAMP2A, but not in the non-phosphorylatable
3 A mutant or kinase dead mutant K53E (Fig. 3c). To validate our
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Fig. 3 | MST4 phosphorylates LAMP2A through direct interaction. a Mass-
spectrometric analysis of p-LAMP2A in HEK293T cells co-overexpressing Flag-
LAMP2A and HA-MST4. Asterisk at the top, threonine 40, serine 97 and threonine
136 residues that were found phosphorylated determined by mass spectrometric
analysis. y-ions generated from C-terminal (red), b-ions generated from N-terminal
(blue), other fragments (black). b In vitro kinase assays utilizing wild-type (WT)
MST4 with either LAMP2A-WT or indicated mutants as substrates, followed by SDS-
PAGE analysis and IB detection with an anti-Flag antibody, anti-p-S/T antibody and
veriBlot for IP Detection Reagent (HRP). ¢ IP-IB analyses for the indicated proteins
in HEK293T cells transduced with the indicated plasmids. d IP-IB analyses for the
indicated proteins in GSC M83 cells expressing Myc-Cath A along with Flag-
LAMP2A-WT or indicated mutants. e, f Cell proliferation (e) and sphere-forming

frequency (f) of GSC M83 and 456 cells with indicated modifications. n =3 inde-
pendent experiments in (e). g, h Representative H&E images mouse brain sections
(g) and quantitative analysis of tumor volume (h) from athymic (BALB/c Nude) mice
intracranially implanted with GSC M83 cells with indicated modifications. n=3
mice per group. Scale bar, 1.0 mm. i Kaplan-Meier survival curves of athymic (BALB/
¢ Nude) mice intracranially transplanted with GSC M83 cells with indicated mod-
ifications. n =3 mice per group. Data are presented as the means + S.E.M. All the
experiments showed consistent results in at least three independent biological
replicates. Statistical significance was assessed using one-way ANOVA with Tukey’s
multiple comparisons test (e), two-sided likelihood ratio test (f), one-way ANOVA
with Dunnett’s multiple comparisons test (h) or log-rank test (i). ns, not significant.
Source data are provided as a Source Data file.

findings, we developed a murine antibody that specifically targets the
T136 phosphorylated LAMP2A peptide, without reacting to the non-
phosphorylated version (Supplementary Fig. 3b). This antibody,
known as the p-LAMP2A antibody, effectively detected T136 phos-
phorylation of endogenous LAMP2A. In GSC M83 cells, KD or KO of
MST4 significantly reduced the level of phosphorylated LAMP2A at
T136 (Supplementary Fig. 3c). In HEK293T cells co-expressing HA-
MST4 and Flag-LAMP2A, the p-LAMP2A antibody specifically detected
phosphorylation in LAMP2A-WT, T40A, S97A, and T40A/S97A under
exogenous overexpression conditions. However, it completely failed
to recognize the T136A phospho-null mutant (T136A), as well as all
mutants containing the T136A substitution (T136A/T40A, TI36A/S97A,
and 3 A) (Supplementary Fig. 3d). Moreover, the p-LAMP2A antibody
was employed to observe pT136 levels in exogenous LAMP2A-WT and
-3A within GSC M83 cells. The p-LAMP2A signal was exclusively
detected in GSCs expressing LAMP2A-WT, with no signal observed for
LAMP2A-3A (Supplementary Fig. 3e).

To assess the role of LAMP2A phosphorylation in CMA activation,
we knocked down endogenous LAMP2A in GSCs using specific ShRNA
and then reintroduced shRNA-resistant LAMP2A-WT, -3A, or
phosphorylation-mimic -3D mutant. The findings indicated that both
WT and 3D variants effectively reconstituted lysosomal LAMP2A levels
and restored CMA-mediated MEF2D degradation capacity, while the
3 A mutant failed to do so (Supplementary Fig. 3f). Additionally,
LAMP2A-3A significantly impaired LAMP2A oligomerization compared
to LAMP2A-WT (Supplementary Fig. 3g). Coimmunoprecipitation
analyses further revealed that LAMP2A-3A attenuated homotypic
LAMP2A-3A interactions relative to WT or 3D variants (Supplementary
Fig. 3h). Moreover, LAMP2A-3D mutant displayed reduced binding
affinity for Cath A while simultaneously enhancing KFERQ-positive
puncta formation (Fig. 3d and Supplementary Fig. 3i, j). Additionally,
LAMP2A-WT and -3D, but not —3A mutant, successfully rescued GSC
cell proliferation and sphere formation in vitro (Fig. 3e, f), and
tumorigenicity, which resulted in a shorter survival time of GSC-
bearing mice (Fig. 3g-i).

To determine if the increased stability of phosphorylated LAMP2A
at the lysosomal membrane is a common mechanism across different
cell types, we analyzed human MRC-5 fibroblasts. We compared the
half-life and phosphorylation levels of LAMP2A in lysosomal mem-
branes of early-passage (P18) and late-passage (P45) fibroblasts. Late-
passage fibroblasts showed a significantly faster degradation rate of
LAMP2A (Supplementary Fig. 4a, b) and had lower levels of phos-
phorylated LAMP2A (Supplementary Fig. 4c) compared to early-
passage cells. To investigate whether enhancing LAMP2A phosphor-
ylation could rescue CMA dysfunction in aging-like models, we intro-
duced LAMP2A-WT, -3A, or -3D into MRC-5 fibroblasts. Notably,
LAMP2A-WT and -3D significantly decreased the number of
senescence-associated beta-galactosidase (SA-B-gal) positive cells in
late-passage fibroblasts, while -3A did not (Supplementary Fig. 4d).
This improvement correlated with a decrease in known CMA sub-
strates (MEF2D and GAPDH) in whole-cell lysates and their accumula-
tion in lysosomal fractions (Supplementary Fig. 4e, f), indicating

enhanced degradation through CMA. These findings suggest that the
phosphorylation-dependent stabilization of LAMP2A is a conserved
mechanism across cell types, and that mimicking phosphorylation
(LAMP2A-3D) can improve CMA dysfunction in aging-like models.

MST4-mediated phosphorylation of LAMP2A promotes CMA
activity, self-renewal, and tumorigenicity of GSCs

To further assess the importance of MST4-mediated LAMP2A phos-
phorylation in CMA activity and GSC biological function, we reintro-
duced the LAMP2A-WT or -3D mutant into GSC M83 and 456 cells,
where endogenous MST4 expression was downregulated using ShRNA
(Supplementary Fig. 5a). Western blot analysis of lysosomal fractions
from these control cells showed a significant accumulation of lysoso-
mal proteins (LAMPL, LAMP2A, and HSC70) and an increase in phos-
phorylated LAMP2A compared to whole cell lysates, indicating
functional CMA in the lysosomes (Fig. 4a and Supplementary Fig. 5b).
Absence of mitochondrial (COX IV) and cytosolic (B-actin) markers in
the lysosomal samples confirmed their purity (Fig. 4a and Supple-
mentary Fig. 5b). Our findings revealed that the CMA-competent
lysosomes exhibited reduced levels of phosphorylated and total
LAMP2A when endogenous MST4 was deleted in GSC M83 and 456
cells (Fig. 4a and Supplementary Fig. 5b). In contrast, the introduction
of the exogenous phosphomimetic LAMP2A-3D, in contrast to
LAMP2A-WT, significantly reinstated the level of lysosomal LAMP2A
(Fig. 4a), enhanced the number of KFERQ puncta (Fig. 4b and Sup-
plementary Fig. 5c, d), and improved the binding and uptake of GAPDH
within lysosomes that were diminished due to MST4 KD (Fig. 4c).
Additionally, LAMP2A-3D, but not -WT, notably enhanced the pro-
liferation and sphere-forming capacity of GSC M83 and 456 cells
in vitro (Fig. 4d, e). In vivo investigations revealed that LAMP2A-3D, in
contrast to the LAMP2A-WT, markedly restored the tumorigenic
capacity of orthotopic GSC xenografts (Fig. 4f, g) and significantly
reduced the survival duration of the animals (Fig. 4h).

In GSC 23 cells devoid of detectable MST4, the introduction of
exogenous MST4 resulted in elevated levels of both phosphorylated
and total LAMP2A within CMA-active lysosomes, as well as an increased
association of MEF2D with lysosomes (Fig. 4i and Supplementary
Fig. 5e). Additionally, overexpression of MST4 augmented CMA
activity, evidenced by the higher abundance of KFERQ puncta (Fig. 4j,
k), and enhanced lysosomal binding and uptake of GAPDH (Fig. 41).
Conversely, silencing of endogenous LAMP2A abrogated the stimula-
tory effects of MST4 overexpression on CMA activity (Fig. 4j-I).
Moreover, MST4 promoted the proliferation and sphere-forming
capacity of GSC cells in vitro (Fig. 4m, n), along with enhancing
tumorigenicity in vivo (Fig. 40-q). However, knockdown of endogen-
ous LAMP2A markedly inhibited cell growth and reduced the fre-
quency of sphere formation in GSC 23 cells (Fig. 4m, n), while also
decelerating MST4-mediated tumor growth in Xxenograft models,
ultimately leading to improved survival outcomes in the animal sub-
jects (Fig. 40-q). Interestingly, GSC 23 cells exhibited elevated levels of
LAMP2A phosphorylation, although not at the T136 site (Supplemen-
tary Fig. 5f). When treated with SB203580, a p38a MAPK inhibitor*,

Nature Communications | (2026)17:440


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-67119-3

a b c
B esh-C+Vec msh-MST4+Vec
weL Lysosome sh-C+Vec sh-MST4+Vec 20 ,% Ash-MST4+LAMP2A-WT
sh-C + - - - + - - - _ p<0000t vsh-MST4+LAMP2A-3D
Sh-MST4 - + + + - + + + 8154 o w p=0.84%
Vec + + - - 4+ + - - g 2 o 15— f’,L’o‘m,
Flag- |WT - - + - - - + - e o i p=0.0004
5 S
LAMP2A|3D - - - + - - - + ypa &10 = =+ v
pT136 - F100 ; Y © o - _p=o7e78
(] m R —{ = .
HSG70 [ = e e s e | 70 sh-MST4+ sh-MST4+ 2510 m & v £107 pooooig
LAMP2A-WT LAMP2A-3D 3 = ® PRty
LAVP2A [+ S S8 |00 == 3
o
MEF2D | o e e i | shC o+ - - - 5 5
Laup1 [£F %9 9 S NSRRI |- 00 ShMSTA - ke
- Vec + + - -
— - — —
cox v f17 Flag- [WT - - + - ,
-actin | ee— N | AMP2A[3D - - - 4 — y
B-actin ‘ Vg3 |’42 Binding Uptake
d - - e f
—e—sh-C+Vec [ %1 —e-sh-C+Vec g 1o g
ehMSTé+vec J2 ]g T e enMsT4+vec)E }; : A
—+-sh-MST4+LAMP2A-WT § 8 +s: mgmﬂiﬁmggﬁ g\g 2|3 Sh-MST4+LAMP2A-WT sh-C+Vec sh-MST4+Vec
> +] = sl + ~ -
sh-MST4+LAMP2A-3D _ sh-MST4+LAMP2A-3D £
25 ? o
o
Q E
§20 g =
£, 10- 456 EX sh-MST4+ sh-MST4+
215 £ LAMP2A-WT _ LAMP2A-3D
5 ErN
210 §'
5 :
e ® 9 . Bk \ .
0 S 0 10 20 30 40 50 0 10 20 30 40 50
Number of cells
Days
g h i
——sh-C+Vec o % To WCL Lysosome
40 *sh-MST4+Vec}§ ]g I Vec + + - - + + - - sh-C+Vec  sh-LAMP2A+Vec
- —+-sh-MST4+LAMP2A-WT 5 (& MST4 - -+ o+ -+
£ 30 —sh-MST4+LAMP2A-3D ° shC + - + - + - + -
E sh-LAMP2A - + - + - + - + pg
o 1007
Ex pT136 | — ™ |00
g . HSC70 | . ————— — — L70
5 sh-C+ sh-| LAMP2A+
E 10 3 LAMP2A EERCTE - D e MST4
% 50 MEF2D |.- -— -—— - - — |_55
0 5 WRACT T L 100
sh-C + - - - =X
sh-MST4 - + + + ‘l coxlv[=—emmmam |
. \x_? ot - 0 . . . . B-actin I - e e
ag- ot 0 10 20 30 40 50 23
LAMP2A[ 3D - - - & Days
k | m n
30 o <0.0001 + sh-C+Vec = sh-LAMP2A+Vec - -GV
< "o —sh-C+Vec
pcooo0t + sh-C+MST4 + sh-LAMP2A+MST4 -e-sh-C+Vec ]g i —_ sh-LAMP2A+Vec
L— 15— 20 -=sh-LAMP2A+Vec -3 g © —sh-C+MST4
p=0.0131 —+sh-C+MST4 ;]g »  —Sh-LAMP2A+MST4
p=00042 @  |-+shlAMP2A+MST4 8 8 ofy
— g - 2
=0.0131
10 ° p=00005 § &
S p=0.0042 — v z 5 -
3 p=00042 24 5!
3 h o £
i : N
o 25 5 5"
Vec + + - - X §
MST4 -+ =1
sh-C + -+ - 301020304050
sh-LAMP2A -  + - + 0- Bindi Unthk Number of cells
inding ptake
o P 80 q —_sh-C+Vec ]S E
—sh-LAMP2A+Vec ]g °
= —sh-C+MST4 &3
E o ——sh-LAMP2A+MST4 -8
o 100 ‘
540
[<]
g _
2 s
g 20 s
2 € 50
k]
0 ®
Vec + + - -
MST4 - - + +
sh-C + - + - 0 T T T 1
sh-LAMP2A - + - + 0 10 20 30 40 50

there was a decrease in phosphorylated LAMP2A and lysosomal
LAMP2A, along with reduced MEF2D association with lysosomes,
leading to increased MEF2D accumulation in the total cell lysate
(Supplementary Fig. 5g). This indicates that the phosphorylation of
LAMP2A mediated by p38a MAPK is vital for maintaining basal CMA
activity within GSC 23 cells. Furthermore, we observed that MST4
activates both macroautophagy and CMA in GSCs, with these pathways

exhibiting compensatory interactions (Supplementary Fig. 6a—c). In
xenograft models, the knockdown of either ATG4B or LAMP2A led to a
reduction in MST4-driven tumor growth by 73% and 68% (p < 0.001),
respectively (Supplementary Fig. 6d, e). Notably, the combined inhi-
bition of ATG4B and LAMP2A synergistically decreased tumor burden
by 97% (p < 0.001) and extended median survival from 16 days (MST4
overexpression) to 45 days (p<0.01) (Supplementary Fig. 6f).
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Fig. 4 | MST4-mediated phosphorylation of LAMP2A maintains CMA activity
and GSC properties. a, i IB analyses for indicated proteins in WCL and lysosomal
fractions of GSC M83 cells (a) or GSC 23 cells (i) with indicated modifications.
Representative images (left in b, or j) and quantification (right in b, or k) of CMA
activity detection by KFERQ puncta numbers in GSC M83 cells (b) or GSC 23 cells (j-
k) with indicated modifications. n =40 randomly selected cells. Scale bar, 10 um. c,
1In vitro binding and uptake assay of GAPDH by the lysosome in GSC M83 cells (c)
or GSC 23 cells (I) with indicated modifications. n = 3 independent experiments. d-
e, m-n Cell proliferation (d, m) and sphere-forming frequency (e, n) of GSC M83
and 456 cells (d-e) and GSC 23 cells (m-n) with indicated modifications. n=3
independent experiments. f, g Representative H&E images of mouse brain sections
(f) and quantitative analysis of tumor volume (g) from athymic (BALB/c Nude) mice
intracranially implanted with GSC M83 cells with indicated modifications. n=5

mice per group. Scale bar, 1.0 mm. h Kaplan-Meier survival curves of athymic
(BALB/c Nude) mice intracranially transplanted with GSC M83 cells with indicated
modifications. n =5 mice per group. o, p Representative H&E images of mouse
brain sections (0) and quantitative analysis of tumor volume (p) from athymic
(BALB/c Nude) mice intracranially implanted with GSC 23 cells with indicated
modifications. n =3 mice per group. Scale bar, 1.0 mm. q Kaplan-Meier survival
curves of athymic (BALB/c Nude) mice intracranially transplanted with GSC 23 cells
with indicated modifications. n = 5 mice per group. Data are presented as the means
+S.E.M. All the experiments showed consistent results in at least three independent
biological replicates. Statistical significance was assessed using one-way ANOVA
with Dunnett’s multiple comparisons test (b, ¢, d, g), two-sided likelihood ratio test
(e, n), log-rank test (h, q) or one-way ANOVA with Tukey’s multiple comparisons
test (k, I, m, p). ns, not significant. Source data are provided as a Source Data file.

Consistent with the above observation, immunostaining revealed
identical distribution patterns for both LAMP2A and LC3B (Supple-
mentary Fig. 6g-i).

CMA acts as an enhancer of mTORCI signaling by

modulating TSC1/2

To elucidate the pathways potentially modulated by CMA in GSCs, we
queried previously published RNA-seq data (GSE181556) and pro-
teomics data (PXD027069) from patient-derived GSCs with and with-
out LAMP2A deletion”. Gene set enrichment analysis (GSEA) of RNA-
seq data indicated that LAMP2A KD resulted in an upregulation of
interferon response and other inflammation-associated genes, while
concurrently downregulating the PI3K-AKT-mTOR signaling cascade
(Fig. 5a). The proteomic investigation underscored the STING-
mediated activation of host immune responses, interferon signaling,
and translation as the primary pathways exhibiting significant altera-
tions (Fig. 5b).

The mTORCI activity is frequently dysregulated in various human
cancers, including GBM*. The constitutive activation of mTORCI is
essential for the proliferation, self-renewal, and tumorigenic potential
of cancer stem cells***%, Given that the interplay between CMA and
mTORCI signaling had not been previously explored, we subsequently
investigated whether CMA influences mTORCI activity. mTORCI1 has
two extensively studied substrates, ribosomal protein S6 kinase
(P70S6K) and eukaryotic translation initiation factor 4E-binding pro-
tein 1 (4EBP1), which play essential roles in the regulation of protein
biosynthesis*’. KD of MST4 or LAMP2A led to a marked reduction in
the phosphorylation levels of P70S6K and 4EBP1 (Fig. 5¢), indicating
that CMA regulates mTORCI activity.

Subsequently, we examined whether CMA was required for the
targeted degradation of mTOR signaling inhibitors. CMA is a specia-
lized autophagic process characterized by substrate specificity deter-
mined by the presence of a pentapeptide motif resembling KFERQ
within the substrate protein, enabling recognition by cytosolic
HSC70%". We screened for mTORCIl-upstream proteins that were
upregulated after LAMP2A KD in GSCs and had motifs in their amino
acid sequences making them susceptible to CMA. Notably, we detec-
ted such motifs in tuberous sclerosis complex 1 (TSC1) and 2 (TSC2),
which are recognized as critical upstream negative regulators of
mTORC1*°. We compared the motifs and found that both TSC1 and
TSC2 possess the KFERQ-like motif (Supplementary Table 1). Addi-
tionally, we confirmed that HSC70 and LAMP2A bind to WT TSC1/2,
but not to TSCl/2 mutants (Supplementary Table 1) with altered
HSC70 binding motifs (Fig. 5d, e), which displayed a longer half-life
than their WT counterparts (Fig. 5f, g). Furthermore, the depletion of
HSC70 or LAMP2A resulted in a reduced association of TSC1/2 with
lysosomal compartments, and subsequently led to an increased
expression of TSCL/2 in GSCs (Fig. 5h, i). Conversely, the over-
expression of LAMP2A-WT or -3D, as opposed to —3A or —4A, markedly
decreased the protein levels of TSC1/2 in HEK293T cells (Supplemen-
tary Fig. 7a). Immunofluorescence staining illustrated that TSC1/2 co-

localized with LAMP2A-positive lysosomes under conditions that
induce CMA, such as nutrient starvation. This association with lyso-
somes was disrupted when the KFERQ motifs were mutated (Supple-
mentary Fig. 7b, c). Finally, we conducted in vitro uptake assays
utilizing lysosomes isolated from HEK293T cells that were active in
CMA. Purified TSC1/2 proteins were incubated with either untreated
lysosomes or those that had been pretreated with lysosomal Pl
Immunoblotting of the recovered lysosomes demonstrated the uptake
and degradation of TSC1/2 by these lysosomes (Supplementary Fig. 7d,
e). Together, these findings indicate that TSCI1/2 are indeed tar-
gets of CMA.

To investigate the degradation of TSC1/2 proteins within lyso-
somes, we quantified the levels of lysosomal TSC1/2 in GSCs with and
without cycloheximide (CHX). The application of LN, which inhibit
lysosomal proteolysis, resulted in a significant elevation of TSC1/2
levels, comparable to those observed following proteasome inhibi-
tion previously linked to TSC1/2 degradation (Fig. 5j). Conversely,
the suppression of macroautophagy using 3-MA did not alter the
intracellular concentrations of TSC1/2, indicating that a portion of
TSC1/2 undergoes routine degradation in lysosomes (Fig. 5j). Addi-
tionally, KD of TSC1/2 substantially mitigated the effects of LAMP2A
KD on mTORCI pathway activity (Supplementary Fig. 8a), GSC cell
growth (Supplementary Fig. 8b), and sphere-forming frequency
(Supplementary Fig. 8c, d). To further elucidate the role of CMA in
TSC1/2 degradation and its impact on GSC tumorigenicity, we per-
formed KD of endogenous TSC1/2 protein levels, followed by the
reintroduction of shRNA-resistant TSC1/2 wild-type and HSC70
binding motif-mutated variants (Supplementary Fig. 8e). The KD of
TSC1/2 enhanced GSC proliferation and spheroid formation,
whereas the re-expression of exogenous TSC1/2 WT fully rescued
the effects of TSC1/2 deficiency on mTOR activity and GSC pheno-
types (Fig. 5k, |1 and Supplementary Fig. 8f, g). Intriguingly, the
reintroduction of TSC1/2 mutants exerted even stronger effects than
WT, suggesting that these mutants escape endogenous CMA-
mediated suppression, thereby exerting enhanced effects on
downstream mTOR signaling and GSC phenotypes (Fig. 5k, | and
Supplementary Fig. 8f, g). Under standard culture conditions, the
genetic knockdown or reconstitution of TSC1/2 expression mark-
edly influenced mTORCI signaling, while exhibiting no significant
impact on the macroautophagic flux, as determined by quantitative
assessment of the LC3-1l/I ratio and levels of p62 protein (Supple-
mentary Fig. 8h). This observation was corroborated by the absence
of substantial alterations in LC3B puncta formation in tumor tissues
modified for TSC1/2 expression compared to control samples.
Importantly, ATG5 knockdown, employed as a positive control for
macroautophagy inhibition, consistently demonstrated the antici-
pated impairment of macroautophagy both in vitro and in vivo
(Supplementary Fig. 8h-j). In summary, these findings indicated that
CMA facilitates GSC proliferation, self-renewal, and tumorigenicity
through mTORCI1 activation via the lysosomal degradation of TSC1/
2, rather than through modifications in macroautophagy levels.
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Fig. 5 | CMA regulates mTORCI activity through lysosomal degradation of
TSC1/2. a, b Gene set enrichment analysis highlighted the main biological pro-
cesses significantly altered due to LAMP2A KD in GSCs, derived from RNA-seq data
(GSE181556, a) and proteomic data (PXD027069, b). These pathways of interest
especiallyimmune-related pathways are indicated in red. ¢ IB analyses for indicated
proteins in GSC M83 cells expressing sh-C, sh-MST4 or sh-LAMP2A. d, e IP-IB ana-
lyses for indicated proteins in HEK293T cells transduced with the indicated plas-
mids. fIB for TSC1 (top) and TSC2 (bottom) in HEK293T cells subjected to indicated
modifications, subsequently treated with CHX (100 pg/mL) for the indicated time.
g Quantification of TSCI (left) and TSC2 (right) protein levels in HEK293T cells with
indicated modifications and treatments. n =3 independent experiments. h, i IB
analyses for TSC1/2 protein levels in WCL and lysosomal fractions of GSC M83 cells,
with or without LAMP2A KD (h) or HSC70 KD (i). j IB analyses for TSC1 and TSC2 in

GSC M83 cells, either untreated or subjected to 10 uM MG132, 5 mM 3-MA or LN
(10 pM leupeptin and 20 mM NH,CI) for an additional 12 hours post-CHX (100 pg/
mL) treatment for 12 h. k Representative H&E images of mouse brain sections (left)
and quantification of tumor volume (right) from athymic (BALB/c Nude) mice
intracranially implanted with GSC M83 cells with indicated modifications. n=3
mice per group. Scale bar, 1.0 mm. I Kaplan-Meier survival curves of athymic (BALB/
¢ Nude) mice intracranially transplanted with GSC M83 cells with indicated mod-
ifications. n =5 mice per group. Data are presented as the means + S.E.M. All the
experiments showed consistent results in at least three independent biological
replicates. Statistical significance was assessed using one-sided Fisher’s exact test
(a, b), two-way ANOVA with Bonferroni’s multiple comparisons test (g), one-way
ANOVA with Dunnett’s multiple comparisons test (k) or log-rank test (I). ns, not
significant. Source data are provided as a Source Data file.
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Inhibiting CMA function reduces GBM tumor growth by
enhancing anti-tumor T cell immunity

Our findings indicated an enrichment of interferon response genes and
an inflammatory gene signature in GSCs with LAMP2A KD (Fig. 5a, b),
prompting us to explore the impact of targeting the MST4-LAMP2A-
CMA pathway on host anti-tumor immunity. To evaluate the influence
of CMA on the immune microenvironment, we adopted the CMA score
as recently established by Bourdenx et al. * This score serves as a
weighted average of the expression levels of all known effectors, as
well as both positive and negative regulators of CMA, with recent
research indicating that it serves as a reliable metric for assessing CMA
activation status'°2. TCGA analysis revealed that CMA score negatively
correlated with CD8" T cell infiltration and positively correlated with
tumor-associated macrophages (TAMs) and myeloid-derived sup-
pressor cells (MDSCs) in GBM. There was no significant correlation
with regulatory T cells (Tregs) (Fig. 6a and Supplementary Fig. 9a-e).
Additionally, we conducted in vitro co-cultures of GSCs with MST4 or
LAMP2A KD alongside allogeneic human CD8" T cells. Flow cytometric
analysis indicated that the KD of LAMP2A or MST4 significantly
enhanced cytotoxic T cell activity, evidenced by increased production
of polyfunctional cytokines such as TNF-a (Fig. 6b) and IFN-y (Fig. 6c),
elevated effector degranulation (Granzyme B, GZMB) (Fig. 6d), and
increased apoptosis in GSCs (Supplementary Fig. 9f).

Due to the inability of GSCs to engraft in immunocompetent
C57BL/6 mice because of species-specific barriers, we performed KD of
endogenous Mst4 or Lamp2a in murine syngeneic GBM cell lines,
GL261 and CT-2A (Fig. 6e), and subsequently implanted 1x10° viable
GL261 cells intracranially into immunodeficient BALB/c Nude mice or
immunocompetent C57BL/6 mice. Compared to the control cohort,
the ablation of Mst4 or Lamp2a in murine GBM cells resulted in a
moderate yet significant reduction in intracranial tumor growth in
immunodeficient nude mice, as evidenced by bioluminescence ima-
ging and H&E staining of tumor progression, and survival analysis
(Fig. 6f-j). Notably, the deletion of Mst4 or Lamp2a produced a pro-
nounced anti-tumor response in C57BL/6 mice, compared to BALB/c
Nude mice, leading to an extension of overall survival (Fig. 6f-k),
underscoring the pivotal role of T cell-mediated immune surveillance
in tumor inhibition. Immunofluorescence examination of murine tis-
sues indicated that the absence of Mst4 and Lamp2a resulted in a
reduction of PD-L1 expression and a decrease in the infiltration of
immunosuppressive Tregs (Supplementary Fig. 9g, h), while simulta-
neously promoting the infiltration and cytotoxic activity of CD8"
T cells within the xenograft tumors, evidenced by the enhanced co-
localization of CD8 and GZMB (Supplementary Fig. 9i). Consistent with
the immunofluorescence data, flow cytometric analysis revealed a
notable increase in the presence of functionally active CD8" T cells and
areduction in Treg infiltration in tumors following the deletion of Mst4
or Lamp2a (Supplementary Fig. 9j-m). Additionally, Mst4 KD reduced
tumor infiltration of immunosuppressive cells (Tregs, TAMs, and
MDSCs). However, re-expressing LAMP2A-WT or -3D significantly
restored the reduction in immunosuppressive cell infiltration (Sup-
plementary Fig. 9n-p). These findings underscore the involvement of
CMA in the formation of the immunosuppressive microenvironment
characteristic of GBM.

To ascertain whether the tumor growth inhibition associated with
LAMP2A depletion was mediated by anti-tumor CD8" T cell immunity,
CT-2A GBM-bearing mice were administered an anti-CD8a monoclonal
antibody (mAb). In contrast to the IgG2b control mAb, the administra-
tion of the CD8x mAb markedly reversed the tumor growth inhibitory
effects of Lamp2a depletion and correspondingly decreased the survi-
val of GBM-bearing mice (34 d in sh-Lamp2a plus IgG2b versus 24.5d in
sh-Lamp2a plus CD8a mAb, Fig. 6l-n). Collectively, these findings
implied that the inhibition of CMA attenuates GBM tumorigenesis by
facilitating CD8" T cell infiltration and enhancing cytotoxic activity.

CMA regulates cGAS/STING expression through targeting TET3
for lysosomal degradation

The cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes
(STING) pathway has been identified as a pivotal mechanism in anti-
tumor immunity, regulating the production of interferons and pro-
inflammatory cytokines in response to cytosolic DNA or DNA
damage®. Given the above results (Fig. 5b), further analysis also
showed that LAMP2A KD altered the STING-mediated immune
response and interferon signaling (Fig. 7a, b). Subsequently, we
investigated whether the MST4-LAMP2A signaling axis influences
cGAS-STING signaling. The ablation of either MST4 or LAMP2A resul-
ted in an upregulation of cGAS and STING at both the protein and
mRNA levels, which was accompanied by enhanced phosphorylation
of TBK1 and STING upon IR stimulation (Fig. 7c-f). Collectively, these
results implied that the MST4-LAMP2A signaling pathway modulates
cGAS-STING activation by affecting the transcriptional regulation of
cGAS and STING.

Promoter regions of CGAS and STING demonstrate hypermethy-
lation across various human cancers, including GBM**. Analysis of the
TCGA GBM dataset revealed a negative correlation between the mRNA
levels of CGAS and STING and their respective methylation statuses
(Fig. 7g, h). DNA methylation processes are predominantly governed
by DNA methyltransferases (DNMTs), whereas demethylation is
facilitated by ten-eleven translocation (TET) dioxygenases™. Notably,
within the TET family, TET2 and TET3 exhibited a positive correlation
with the expression of ¢GAS and STING in GBM samples from both
TCGA and CGGA datasets. However, no inverse relationship was found
between cGAS or STING expression and DNMT levels (Supplementary
Fig. 10a, b). To explore the regulation of cGAS and STING expression
by TET dioxygenases, we conducted experiments involving the over-
expression of TET1, TET2, and TET3 in HEK293T cells (Supplementary
Fig. 10c). Remarkably, the overexpression of TET3 led to a significant
enhancement of cGAS and STING expression compared to TET1 and
TET2 (Fig. 7i). Conversely, the KD of TET3, rather than TET1 or TET2,
resulted in a substantial reduction in cGAS and STING expres-
sion (Fig. 7j).

To determine if TET3 undergoes CMA-mediated proteolysis, we
examined its sequence for the presence of putative KFERQ-like motifs.
We compared the motifs and found that TET3 possesses such motifs
(Supplementary Table 1). Given that CMA substrates are recruited to
the lysosome via HSC70, we investigated the potential interaction
between HSC70 and TET3. Wild-type TET3 was found to interact with
both HSC70 and LAMP2A; however, the mutation in the KFERQ-like
motifs of TET3 (Supplementary Table 1) disrupted these interactions
(Fig. 7k), leading to enhanced stability of TET3 protein upon treatment
with CHX (Fig. 71, m). Furthermore, KD of LAMP2A or HSC70 in GSCs
resulted in a diminished association of TET3 with lysosomes and an
upregulation of total TET3 protein level (Fig. 7n, o). Importantly, nei-
ther the depletion of LAMP2A nor HSC70 caused notable alterations in
TET3 mRNA levels (Supplementary Fig. 10d, e). Conversely, the over-
expression of both LAMP2A-WT and the 3D mutant resulted in
decreased TET3 levels in HEK293T cells, whereas the LAMP2A-3A and
4 A mutants did not have this effect (Supplementary Fig. 10f). Fur-
thermore, the co-localization of TET3 with lysosomes that express
LAMP2A during CMA-inducing conditions, such as nutrient depriva-
tion, was disrupted when the KFERQ motifs were altered (Supple-
mentary Fig. 10g, h). Treatment with lysosomal protease inhibitor LN
increased TET3 protein level after CHX treatment, indicating that TET3
degradation is mediated by CMA (Fig. 7p). In contrast, neither the
proteasome inhibitor (MG132) nor the macroautophagy inhibitor (3-
MA) had this effect (Fig. 7p). When purified TET3 protein was incu-
bated with lysosomes, either untreated or pre-treated with PI, immu-
noblot analysis of the recovered lysosomes indicated that TET3 was
taken up and degraded by them (Supplementary Fig. 10i, j).
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Collectively, these results support the conclusion that TET3 is a sub-
strate for CMA.

Phosphorylation of LAMP2A by MST4 inhibits cGAS-STING sig-
naling by repressing TET3 expression

To investigate whether CMA inhibits the cGAS-STING pathway via
TET3 suppression, we established individual KD GSC cell lines target-
ing TET3 (Supplementary Fig. 11a). Our findings revealed that KD of
MST4 or LAMP2A enhanced, while KD of TET3 diminished, the level of
herring testis DNA (HT-DNA) or the IR-induced activation of cGAS-
STING signaling, as indicated by the phosphorylation of TBK1 and
STING (Supplementary Fig. 11b, c¢). Furthermore, TET3 KD mitigated

the impact of MST4 or LAMP2A KD on IR-triggered activation of cGAS-
STING pathway (Fig. 8a-d), suggesting that TET3 is essential for CMA’s
suppression of cGAS-STING signaling. In a parallel experiment, phar-
macological inhibition of CMA using Polyphyllin D (PPD), a potential
inhibitor of CMA that disrupts the binding between HSC70 and
LAMP2A and inhibits LAMP2A homo-multimerization*’, was found to
enhance cGAS-STING signaling in GSC M83 and 456 cell lines. Our
results showed that MST4-mediated phosphorylation facilitates
LAMP2A multimerization, which is essential for CMA activation; how-
ever, PPD selectively interferes with the downstream multimerization
process without affecting LAMP2A phosphorylation (Supplementary
Fig. 11d, e). Furthermore, PPD disrupted the HSC70-LAMP2A complex,

Nature Communications | (2026)17:440

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-67119-3

Fig. 6 | CMA inhibition attenuates GBM tumorigenicity by augmenting anti-
tumor immunity. a Spearman correlation heatmap between CMA activity scores
and immune infiltration levels in TCGA-GBM dataset. Color gradient represents
correlation coefficients, with numerical values and statistical significance (p-values)
annotated. GSC M83 cells with indicated modification were co-cultured for

24 hours with or without CD8" T cells isolated from GBM patients’ peripheral blood.
Flow cytometry quantified T cell-derived: TNF-a (b), IFN-y (c), and GZMB (d) pro-
duction. n =3 independent experiments. MFI, mean fluorescence intensity. e IP-IB
analyses for indicated proteins in GL261 and CT-2A cells expressing sh-C, sh-Mst4 or
sh-Lamp2a. f Representative luciferase-based bioluminescence images of athymic
(BALB/c Nude) mice (top) or C57BL/6 mice (bottom) intracranially transplanted
with GL261 cells expressing sh-C, sh-Lamp2a or sh-Mst4. Colored scale bars
represent photons/s/cm?/steradian. g Relative photon flux of athymic (BALB/c
Nude) mice (left) or C57BL/6 mice (right) intracranially transplanted with

GL261 cells with indicated modifications. n =3 mice per group. h, i Representative

H&E images of mouse brain sections (h) and quantification of tumor volume (i)
from athymic (BALB/c Nude) mice or C57BL/6 mice intracranially implanted with
GL261 cells expressing sh-C, sh-Lamp2a or sh-Mst4. n =3 mice per group. Scale bar,
1.0 mm. j, k Kaplan-Meier survival curves of athymic (BALB/c Nude) mice (j) or
C57BL/6 mice (k) intracranially transplanted with GL261 cells expressing sh-C, sh-
Lamp2a or sh-Mst4. n =5 mice per group. | Scheme representing the experimental
procedure, created with BioRender.com. m Representative luciferase-based bio-
luminescence images of C57BL/6 mice intracranially transplanted with CT-2A cells
with indicated modifications and treatments. Colored scale bars represent pho-
tons/s/cm?*/steradian. n Kaplan-Meier survival curves of C57BL/6 mice intracranially
transplanted with CT-2A cells with indicated modifications and treatments. n=8
mice per group. All the experiments showed consistent results in at least three
independent biological replicates. Statistical significance was assessed using one-
way ANOVA with Dunnett’s multiple comparisons test (b-d, g, i) or log-rank test (j,
k, n). Source data are provided as a Source Data file.

resulting in the cytosolic accumulation of CMA substrates, including
TSC1/2, TET3, and MEF2D, accompanied by a decrease in lysosomal
delivery and CMA flux, as evidenced by photo-convertible reporter
assays (Supplementary Fig. 11e-g). Thus, PPD effectively decouples
MST4-mediated LAMP2A phosphorylation from functional CMA acti-
vation. Additionally, TET3 KD was found to inhibit the PPD-induced
activation of cGAS-STING signaling (Fig. 8e, f).

To elucidate the role of MST4-mediated phosphorylation of
LAMP2A in modulating cGAS-STING signaling, we assessed the
alterations in cGAS-STING pathway activity following IR stimulation in
LAMP2A-KD GSC MS83 cells reconstituted with either LAMP2A-WT or
LAMP2A-3D, subsequently subjected to MST4 KD. In GSC M83 cells
expressing LAMP2A-WT instead of LAMP2A-3D, MST4 KD significantly
enhanced the activation of the cGAS-STING signaling pathway in
response to IR (Fig. 8g, h). Additionally, the KD of endogenous
LAMP2A in GSC 23 cells resulted in an enhancement of IR-induced
STING/TBK1 activation and an upregulation of IFNB1 expression. In
contrast, the overexpression of exogenous MST4 inhibited the acti-
vation of the cGAS-STING pathway in GSC 23 cells, and these effects
were attenuated by the KD of endogenous LAMP2A (Fig. 8i, j).

Subsequently, we investigated whether the KD of TET3 or cGAS
could counteract the influence of LAMP2A KD on in vivo tumor pro-
liferation. In an immunocompetent murine model of intracranial GBM,
we demonstrated that Lamp2a KD significantly suppressed GL261 cell
proliferation and tumorigenesis in vivo, while extending mouse sur-
vival from 22 to 38 days (Fig. 8k, | and Supplementary Fig. 11h-j).
Notably, in vitro experiments revealed that Cgas (but not Tet3) KD had
no impact on GL261 proliferation regardless of Lamp2a status (Sup-
plementary Fig. 11h-j). However, in vivo Tet3 or Cgas KD promoted
tumor growth, reduced intratumoral CD8" T cell infiltration, and
shortened survival (Fig. 8k-m). Collectively, these findings indicated
that CMA modulates tumor progression, at least in part, through TET3-
c¢GAS-STING signaling pathway.

CMA inhibition enhances radiotherapy and immune checkpoint
therapy in a murine GBM model

Based on our findings, we proposed a model wherein CMA functions as
an inhibitor of the anti-tumor immune response by restricting the
activation of the cGAS-STING pathway. Supporting this hypothesis,
both GSC M83 and GSC 456, as well as GL261 cells with LAMP2A KD,
exhibited elevated levels of /FNBI, CCLS, CXCLI1O, and the immune
checkpoint ligand PD-L1 (CD274), while no significant change was
observed in PD-L2 expression (Supplementary Fig. 12a). Furthermore,
knocking down endogenous Mst4 or Lamp2a in murine syngeneic
GBM cell lines GL261 and CT-2A resulted in a significant increase in the
levels of CMA substrates TET3 and TSC1/2 (Supplementary Fig. 12b).
Upon intracranial implantation of these genetically altered cells into
immunocompetent C57BL/6 mice, the absence of Mst4 or Lamp2a led
to a marked elevation of TET3 and TSC1/2 expression in the tumors, as

confirmed by immunofluorescence analysis of murine tissues (Sup-
plementary Fig. 12c). We then explored whether CMA inhibition would
enhance the efficacy of IR or immune checkpoint therapy (ICT) in
GBM. Mice with intracranial GL261 and CT-2A xenografts, in the pre-
sence or absence of endogenous Mst4 or Lamp2a, were received either
IR therapy, or anti-PD-1 monoclonal antibody (mAb), or their combi-
nation and were monitored tumor growth and mouse survivals (Fig. 9a
and Supplementary Fig. 12d). Notably, neither IR therapy nor anti-PD-1
mAb monotherapy effectively impeded tumor proliferation or
enhanced mice survivals. Conversely, the simultaneous administration
of IR and anti-PD-1 mAb resulted in a moderate yet statistically sig-
nificant (p<0.05) survival advantage in immunocompetent mice
bearing intracranial GL261 and CT-2A GBM cells (Fig. 9b, ¢ and Sup-
plementary Fig. 12e, f). Genetic ablation of Mst4 or Lamp2a to inhibit
CMA significantly potentiated the anti-tumor efficacy and survival
benefits of either IR alone, anti-PD-1 monoclonal antibody (mAb)
monotherapy, or their combination in GL261 and CT-2A GBM models
(Fig. 9b-e and Supplementary Fig. 12e-h).

Given that PPD effectively inhibits the multimerization of
LAMP2A, which is a consequence of LAMP2A phosphorylation, we
investigated the effects of the CMA inhibitor PPD on IR therapy and
anti-PD-1 mAb therapy in the GL261 and CT-2A C57BL/6 intracranial
GBM model. The treatment of PPD, IR, and anti-PD-1 mAb were given as
monotherapies, in combination, or as a triplet regimen (Fig. 9f and
Supplementary Fig. 12i). The results showed that all combination
therapy strategies, rather than monotherapy, significantly attenuated
tumor growth compared with the control group, with the greatest
survival advantage observed in the trimodal treatment group (Fig. 9g,
h and Supplementary Fig. 12j, k). As anticipated, the significant tumor
shrinkage linked to combination treatment was associated with a
higher presence of CD8" cytotoxic T lymphocytes in the tumor
microenvironment (Fig. 9i). Additionally, xenografts treated with the
CMA inhibitor PPD exhibited increased expression of the CMA sub-
strates TET3 and TSC1/2, indicating PPD’s ability to penetrate the
blood-brain barrier (BBB) and reduce GSC tumorigenicity by inhibiting
the CMA-mediated degradation of TET3 and TSC1/2 in the xenografts
(Supplementary Fig. 121, m). In summary, our findings indicated that
the combination of CMA inhibition with anti-PD-1 or IR presents a
promising avenue for cancer therapeutic.

Correlations between MST4, p-LAMP2A, TET3 and TSC1/2
expression and associations with GBM patient survival

To explore the prognostic significance of our results, we conducted
immunohistochemical (IHC) staining for LAMP2A pT136, MST4, TET3,
and TSC1/2 in tumor sections from GBM patients (Fig. 10a and Sup-
plementary Dataset). Our analysis of human glioma samples demon-
strated a positive association between the staining levels of MST4 and
LAMP2A pT136. Furthermore, we observed a negative correlation
between LAMP2A pT136 level and both TET3 and TSC1/2 (Fig. 10b). The
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clinical relevance of these observations was highlighted by the finding
that patient survival demonstrates an inverse relationship with the
expression levels of MST4 and phosphorylated LAMP2A, while show-
ing a positive association with the expression levels of TET3 and TSC1/2
as determined by IHC staining (Fig. 10c).

Discussion
This study provided evidence that the MST4-LAMP2A signaling path-
way in GSCs regulates CMA activity, cell proliferation, and

tumorigenicity. Mechanistically, our results elucidated three critical
processes: Firstly, MST4 promotes the oligomerization and stabiliza-
tion of LAMP2A via phosphorylation at the T40, S97 and T136 residues,
thereby augmenting CMA activity within GSCs. Secondly, we identified
TSC1/2 as CMA substrates; their degradation enhances mTORCI sig-
naling activity, which is crucial for maintaining the stemness of GSCs.
Furthermore, CMA inhibits the cGAS-STING pathway and dampens
anti-tumor immunity by targeting TET3. The knockdown of MST4 or
LAMP2A, or the pharmacological inhibition of CMA using PPD,
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Fig. 7 | CMA regulates the cGAS/STING signaling pathway through

targeting TET3. GSEA enrichment plots for the cGAS/STING signaling pathway (a)
and the interferon o/ signaling cascade (b) in GSCs lacking LAMP2A. ¢, d Impact of
IR (6 Gy) on the activation of STING/TBK1 in GSC M83 cells, both with and without
LAMP2A KD (c) or MST4 KD (d). e, f Quantitative real-time PCR (qQRT-PCR) analysis
of mRNA levels of CGAS (e) and STING (f) in GSC M83 cells transduced with sh-C, sh-
MST4 or sh-LAMP2A. n =3 independent experiments. Analysis of the relationship
between mRNA levels and methylation status of CGAS (g) and STING (h) in GBM
samples derived from TCGA datasets. i IB analyses for cGAS and STING in
HEK293T cells transfected with Vec, TET1, TET2 or TET3. Band intensities of indi-
cated proteins were quantified using Image J, normalized to (3-actin. j IB analyses for
indicated proteins in HEK293T cells with indicated modifications. k IP-IB for indi-
cated proteins in HEK293T cells overexpressing Myc-TET3 wild-type (WT) or
mutant variant (Mut). I IB analysis for TET3 in HEK293T cells overexpressing Myc-

TET3-WT or -Mut, following treatment with CHX (100 pg/mL) for indicated time.
m Quantification of TET3 protein level in HEK293T cells with indicated modifica-
tions and treatments. n =3 independent experiments. IB analyses for indicated
proteins in WCL and lysosomal fractions of GSC M83 cells with or without LAMP2A
KD (n) or HSC70 KD (o). p IB analysis for TET3 in GSC M83 cells, either untreated or
subjected to 10 uM MG132, 5mM 3-MA or LN (10 pM leupeptin and 20 mM NH,CI)
for an additional 12 hours post-CHX (100 pg/mL) treatment for 12 h. Data are pre-
sented as the means + S.E.M. All the experiments showed consistent results in at
least three independent biological replicates. Statistical significance was assessed
using two-sided Kolmogorov-Smirnov test (a, b), one-way ANOVA with Dunnett’s
multiple comparisons test (e, f), two-sided Pearson correlation test (g, h) or two-
way ANOVA with Bonferroni’s multiple comparisons test (m). Source data are
provided as a Source Data file.

significantly inhibits tumor growth in an orthotopic GBM mouse model
(Fig. 10d). This inhibitory effect is further enhanced when combined
with IR and anti-PD-1 therapy.

CMA, as a component of the cellular stress response, plays a
crucial role in sustaining cellular homeostasis. Baseline CMA activity
facilitates the lysosomal degradation of fully functional proteins,
effectively terminating their activity and thereby modulating various
cellular processes, including metabolic pathways, cellular differentia-
tion, and circadian rhythms'®***’, LAMP2A is the only known lysosomal
receptor for CMA. Precise regulation of LAMP2A level within the
lysosome is crucial for modulating CMA activity. Nonetheless, the
specific mechanisms governing the dynamic alterations of LAMP2A at
the lysosome remain inadequately understood. Our study elucidated
that MST4, a constituent of the GCKIII subfamily, functions as a reg-
ulator that enhances CMA activity by sustaining a baseline expression
of LAMP2A within lysosomal compartments. We observed that serum
stimulation interfered with the interaction between MST4 and
LAMP2A, whereas deprivation of growth factors (EGF/FGF) did not
produce the same effect. Evidence suggested that serum inhibits the
autophosphorylation and kinase activity of MST4, a process mediated
by the striatin (STRN)-interacting phosphatase and kinase (STRIPAK)
complex’®°, In this context, STRIPAK might act as a mediator for
MST4-mediated CMA response to the serum stimulation. MST4, which
is localized within the Golgi apparatus, plays a role in various cellular
signaling pathways and pathologies®.

The homomultimerization of LAMP2A has been demonstrated to
play a crucial role in the subsequent translocation of its substrates into
the lysosome lumen®“% Both the membrane-distal subdomains (N-
domain) and the membrane-proximal subdomain (C-domain) within
the lumenal region of LAMP2A are integral to its homomultimerization
and its functional properties. Our observations indicated that the
phosphorylation sites on LAMP2A (T40, S97, and T136) targeted by
MST4 are situated within the N-domain. It is plausible that MST4-
mediated phosphorylation of LAMP2A may influence its local con-
formation, thereby facilitating the homo-oligomeric association of
LAMP2A and, ultimately, enhancing CMA activity. Moreover, MST4
appears to preserve the basal level of LAMP2A within lysosomes by
inhibiting the binding and subsequent cleavage of LAMP2A by Cathe-
psin A, which results in diminished degradation and an overall eleva-
tion of LAMP2A abundance in lysosomes. The expression of MST4
(§TK26) in GSCs has been previously shown to be negatively regulated
by DNA methylation within its promoter region, a suppression that can
be attenuated following IR treatment?. Either constitutively expressed
or induced MST4 phosphorylates LAMP2A, thereby stabilizing it and
promoting its multimerization. This process subsequently activates
CMA, enhances self-renewal capabilities, and increases the tumori-
genic potential of GSCs, while also bolstering the resistance of
GBM to ICT.

Although CMA has been associated with the self-renewal and
differentiation of normal stem cells®®, investigations into CMA

within cancer stem cells remain limited, Emerging evidence indi-
cates that CMA plays a role in GBM, where LAMP2 shows upregu-
lated expression in both human GBM tissues and GSCs. Functional
studies reveal that the depletion of LAMP2A not only diminishes the
activity of patient-derived GSCs but also disrupts multiple biological
pathways and processes”®*. However, the underlying molecular
mechanisms driving GBM malignancy have yet to be fully elucidated.
In this study, we used multiple approaches to measure CMA activity
and confirmed that elevated CMA is crucial for preserving the stem
cell characteristics of GSCs. Proteomic and transcriptomic analyses
of GSCs deficient in LAMP2A indicated diminished mTORCI activity
across both platforms. It has been established that mTORCI plays a
significant role in sustaining cancer stem cells®**. Our findings
revealed that TSC1 and TSC2, which act as the upstream negative
modulators of mTORCI, contain CMA-targeting motifs (KFERQ-like
motifs). Enhanced levels of TSC1 and TSC2 were observed in GSCs
subjected to LAMP2A or MST4 KD. Mutations within the KFERQ-like
motifs of TSC1 and TSC2 disrupted their interaction with HSC70 and
LAMP2A, leading to suppressed proliferation, self-renewal, and
tumorigenic potential of GSCs. Thus, we proposed that CMA is
instrumental in sustaining the malignancy of GSCs by mediating the
lysosomal degradation of TSC1/2 and subsequently activating the
mTORC1 pathway. Notably, TSC2 is also subjected to degradation
via the ubiquitin-proteasome pathway, a process regulated by TSC2
phosphorylation by AKT, which is activated by growth-promoting
signals such as insulin®®. It is plausible that the relative impact of
these two proteolytic mechanisms, the proteasome and CMA, on the
regulation of TSC2 level is contingent upon the specific cell type and
stimuli, or that both pathways function in a coordinated sequential
manner.

Activation of cGAS-STING signaling pathway can promote T cell
infiltration and enhance anti-tumor immune response®. However, in
GBM or other tumors, the cGAS-STING pathway is often silenced due
to the methylation of the promoters of CGAS or STING, contributing
to the “cold response” of these tumors to immunotherapy. The
molecular mechanisms underlying the downregulation of cGAS or
STING are not well understood. In this study, we elucidated the
pivotal function of CMA in the methylation of CGAS/STING by tar-
geting the DNA demethylase TET3, thereby inhibiting cGAS/STING-
mediated DNA sensing pathways and facilitating tumor immune
evasion. Our findings indicated that the efficacy of anti-PD-1 therapy
is significantly enhanced in cold, nonresponsive tumors when
combined with genetic or pharmacological inhibition of CMA in
murine models. Some of the most widely used anti-tumor therapies
in clinical practice, such as radiotherapy, PARP inhibitors (PARPi),
and DNA-damaging chemotherapeutics, have been documented to
activate cGAS-STING signaling, thereby augmenting tumor
immunogenicity’°”*. Given that the baseline activity of cGAS-STING
signaling in tumors is partially suppressed due to CMA-mediated
methylation of CGAS/STING, inhibiting CMA emerges as a
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compelling therapeutic strategy to potentially enhance the effec-
tiveness of these DNA-damaging modalities, thereby improving the
immunogenic landscape of the tumor microenvironment for cancer
patients. In GL261/CT-2A xenograft tumor models, the treatment of
PPD, a selective CMA inhibitor that obstructs HSC70-LAMP2A
interactions and LAMP2A homo-multimerization”, in conjunction
with radiotherapy, effectively activated the cGAS-STING pathway

and augmented the response to anti-PD-1 therapy, as evidenced by
significant infiltration of CD8" T cells into the tumor microenviron-
ment. While our study primarily focuses on CD8* T cells, we
acknowledge that other immune cell populations, including Tregs,
MDSCs, and TAMs, may also participate in CMA-mediated immune
modulation within the tumor microenvironment. Future studies
incorporating human glioma xenograft models would provide
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Fig. 8 | MST4 phosphorylation of LAMP2A suppresses cGAS-STING signaling by
downregulating TET3 expression. a, ¢ IB analyses for indicated proteins in GSC
M83 and 456 cells subjected to the indicated modifications after 6 Gy IR treatment.
b, d qRT-PCR analysis of IFNBI mRNA level in GSC M83 and 456 cells with indicated
modifications after 6 Gy IR exposure. n =3 independent experiments. IB analyses
for indicated proteins in GSC M83 (e) and 456 (f) cells with or without TET3 KD,
Polyphyllin D (PPD, 3.2 uM) treatment or 6 Gy IR exposure. g, i IB analyses for
indicated proteins in GSC M83 (g) and 23 (i) cells with indicated modifications, with
or without 6 Gy IR exposure. qRT-PCR analysis of /FNBI mRNA level in GSC M83 (h)
and 23 (j) cells with indicated modifications following 6 Gy IR exposure. n=3
independent experiments. k The upper panel shows representative luciferase-
based bioluminescence images of C57BL/6 mice with intracranially implanted

GL261 cells under specified conditions. The colored scale bars indicate photons/s/
cm?/steradian. The lower panel displays representative IF staining images for CD8*
cells in tumor tissues, with a scale bar of 100 pm. I Kaplan-Meier survival curves of
C57BL/6 mice intracranially transplanted with GL261 cells with indicated mod-
ifications. n=>5 mice per group. m Quantitative analysis of CD8" cells in tumor
tissues from C57BL/6 mice with GL261 cells under specified conditions, based on 10
randomly selected microscopic fields. Data are presented as the means + S.E.M. All
the experiments showed consistent results in at least three independent biological
replicates. Statistical significance was assessed using one-way ANOVA with Dun-
nett’s multiple comparisons test (b, d, m), one-way ANOVA with Tukey’s multiple
comparisons test (h, j) and log-rank test (I). Source data are provided as a Source
Data file.
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Fig. 9 | Inhibition of CMA potentiates the therapeutic efficacy of IR and ICT. a,
f Scheme representing the experimental procedure, created with BioRender.com.
b Representative luciferase-based bioluminescence images of C57BL/6 mice with
intracranially transplanted CT-2A cells with indicated modifications and treat-
ments. Colored scale bars represent photons/s/cm?/steradian. c-e Kaplan-Meier
survival curves of C57BL/6 mice with intracranially transplanted with CT-2A cells
with modifications and treatments. n =5 mice per group. g Representative
luciferase-based bioluminescence images of C57BL/6 mice with intracranially
transplanted CT-2A cells with indicated treatments. Colored scale bars represent
photons/s/cm?/steradian. h Kaplan-Meier survival curves of C57BL/6 mice with
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intracranially transplanted with CT-2A cells with indicated treatments. n =5 mice
per group. i Representative IF staining images for CD8" cell staining in tumor tissues
(left) and the corresponding quantification of CD8" cells in C57/BL6 mice with
intracranial GL261 cells transplants under various treatments (right). Data are
presented as the mean + S.E.M. n =10 randomly selected microscopic fields. Scale
bar, 100 pum. All the experiments showed consistent results in at least three inde-
pendent biological replicates. Statistical significance was assessed using log-rank
test (c-e, h) or one-way ANOVA with Dunnett’s multiple comparisons test (i). ns, not
significant. Source data are provided as a Source Data file.

valuable complementary data to further elucidate the comprehen-
sive role of CMA in shaping the immunosuppressive tumor niche.
These cell types represent important avenues for future investiga-
tion into the comprehensive immunoregulatory functions of CMA.
These findings support CMA as a viable immunotherapeutic target
and highlighted an important clinical opportunity to combine CMA

inhibition, IR, and anti-PD-1 therapy for treating “cold tumors” that
exhibit resistance to PD-1 therapy. Although PPD is known as a CMA-
targeting inhibitor”, its specificity may be limited since it could
affect other cellular stress pathways’. This reflects a broader chal-
lenge in the field due to the lack of highly selective CMA inhibitors™.
The recent identification of CIM7”7, which selectively inhibits CMA
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Fig. 10 | The prognostic significance of the correlative expression levels of
MST4, p-LAMP2A, TSC1/2, and TET3 in clinical glioma. a Representative immu-
nohistochemical (IHC) staining images of phosphorylated LAMP2A (LAMP2A
pT136), MST4, TET3, TSC1 and TSC2 in clinical glioma specimens. Scale bar, 50 pm.
b Scoring of IHC staining of human glioma samples using the specified antibodies,
followed by correlation analysis utilizing a two-tailed Pearson correlation test.

n =83 glioma samples. Note that some sample scores may overlap. ¢ Kaplan-Meier

survival analyses for glioma patients categorized by high or low expression levels of
LAMP2A pT136, MST4, TET3, TSC1 and TSC2. n =83 glioma samples. IHC score > 4
was considered as high expression samples, IHC score < 3 was considered as low
expression samples. Statistical significance was assessed using log-rank test.

d Schematic representation of the MST4-LAMP2A signaling axis in modulating
mTORCI and cGAS/STING pathways, as well as its impact on GBM tumorigenesis,
created with BioRender.com. Source data are provided as a Source Data file.

without impacting macroautophagy, represents a significant
advancement, positioning CIM7 as a promising candidate for future
studies on CMA-targeted therapies for GBM, potentially addressing
the limitations of PPD.

The clearance of apoptotic cells (ACs) by efferocytes, including
macrophages and dendritic cells, is termed “efferocytosis”. This pro-
cess fosters an immunosuppressive tumor microenvironment (TME)
and enables immune evasion by cancer cells’. Notably, autophagy has
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been evidenced to be crucial for the proficient clearance of ACs by
activated inflammatory cells such as neutrophils and macrophages’®*°.
Interestingly, autophagy-related components have been identified on
phagosomes harboring apoptotic cells and are indispensable for both
AC degradation and subsequent immune modulation®. Specifically,
LC3-associated phagocytosis (LAP), where the autophagy marker LC3
attaches to phagosomes, affects the transformation of TAMs into
immunosuppressive types. LAP also inhibits STING-mediated type |
interferon responses in TAMs, which are critical for the anti-tumor
responses observed upon LAP disruption®*. In this study, we
demonstrate that CMA facilitates the hypermethylation of CGAS/STING
by promoting the lysosomal degradation of the DNA demethylase
TET3, thereby inhibiting cGAS/STING-mediated DNA sensing pathways
and contributing to the establishment of the immunosuppressive
microenvironment typical of GBM. Given the crucial role of autophagy
in the efferocytosis process that clears apoptotic cells resulting from
DNA-damaging treatments like radiotherapy, it is worthwhile to fur-
ther explore whether CMA influences both the cGAS/STING pathway
and the anti-tumoral immune response via efferocytosis in myeloid
cells. The interplay between CMA and efferocytosis opens up potential
therapeutic avenues for combating the immunosuppressive
TME in GBM.

In summary, our study elucidated the MST4-LAMP2A regulatory
axis as a pivotal determinant of CMA activity, while also uncovering a
key role of CMA as an inherent modulator of GSC malignancy and anti-
tumor immunity, thereby proposing a promising therapeutic
approach aimed at targeting CMA for cancer treatment.

Methods

Reagents and antibodies

The chemicals and their sources are as follows: leupeptin (HY-18234;
10 pM), NH,CI (HY-Y1269; 20 mM), Pepstatin (HY-POO18, 10 pM), 3-MA
(3-methyladenine) (HY-19312; 5 mM), MG132 (HY-13259; 10 uM), CHX
(cycloheximide) (HY-12320; 100 pg/mL) and SB203580 (HY-10256;
10 pM) were purchased from MCE. HT-DNA (Herring testis DNA)
(D6898; 100 pg/mL), general protease inhibitors (P8340; 1:100),
phosphatase inhibitors (P0044; 1:100) and AEBSF (SBRO0015; 100 uM)
were purchased from Sigma-Aldrich. D-luciferin potassium salt
(115144-35-9; 150 mg/kg in vivo) was purchased from GoldBio. Poly-
brene (28728-55-4; 6 mg/mL) was purchased from Santa Cruz Bio-
technology. Puromycin (S250J0; 1mg/mL) was purchased from
Basalmedia. PPD (polyphyllin D) (50773-41-6; 6 mg/kg in vivo) was
purchased from Yuanye.

The antibodies for immunoblot (IB) were provided as follows:
anti-LAMP2A (ab125068;1:1,000) and veriBlot for IP Detection Reagent
(HRP) (ab131366; 1:2,000) were purchased from Abcam. Anti-B-actin
(AC026; 1:8,000), anti-B-Tubulin (AC021; 1:8000), anti-Cath A (A5503;
1:1000), anti-p62 (A19700; 1:20,000), HRP-conjugated Goat anti-
Mouse IgG (H+L) (AS003; 1:8000) and HRP-conjugated Goat anti-
Rabbit IgG (H+L) (ASO14; 1:8000) were purchased from ABclonal
Technology. Anti-GAPDH (60004-1-g; 1:50,000), anti-MST4 (10847-1-
AP; 1:1000), anti-LAMP1 (21997-1-AP; 1:1000), anti-HSC70 (10654-1-AP;
1:3000), anti-MEF2D (14353-1-AP; 1:1000), anti-CD44 (15675-1-AP;
1:20,000), anti-ATG4B (15131-1-AP; 1:1000), anti-ATGS5 (10181-2-AP;
1:1000), anti-COXIV (11242-1-AP; 1:5000), anti-GFP-tag (66002-1-Ig;
1:20,000) and anti-His-tag (66005-1-Ig; 1:5000) were purchased from
Proteintech. Anti-TET1 (40142S; 1:1000), anti-TET2 (45010S; 1:1000),
anti-TET3 (99980S; 1:1000), anti-cGAS (79978S; 1:1000), anti-STING
(13647S; 1:1000), anti-phospho-STING (Ser366) (19781S; 1:1000), anti-
TBK1 (3504S; 1:1000), anti-phospho-TBK1 (Ser172) (5483S; 1:1000),
anti-TSC1 (6935S; 1:1000), anti-TSC2 (3990S; 1:1000), anti-4EBP1
(9644S; 1:1000), anti-phospho-4EBP1 (Thr37/46) (2855S; 1:1000),
anti-P70S6K (34475S; 1:1000), anti-phospho-P70S6K (Thr389) (9234S;
1:1000) and anti-LC3B (3868S; 1:1000) were purchased from Cell Sig-
naling Technology. Anti-Flag-tag (GNI4110-FG; 1:2000) and anti-Myc-

tag (GNI4110-MC; 1:2000) were purchased from GNI. Anti-HA-tag
(901515; 1:2000) was purchased from BiolLegend. Anti-p-Ser/Thr
(612549; 1:1000) was purchased from BD Biosciences. Anti-Cyclophilin
A (R381723; 1:1000), anti-HSP40 (250684; 1:1000), anti-HSP90
(R24635; 1:1000), anti-ALDH1A3 (670057; 1:1000) and anti-Tujl (beta
III Tubulin) (R23620; 1:1000) were purchased from ZENBIO. Anti-
LAMP2A pT136 (1:1000) was produced in this study.

The antibodies for immunoprecipitation (IP) were provided as
follows: anti-LAMP2A (ab125068; 1:60) was purchased from Abcam.
Anti-GFP-tag (66002-1-Ig; 0.5g) was purchased from Proteintech.
Anti-CathA (A5503; 0.5 pg), Rabbit Control IgG (AC005; 0.5 pg) and
Mouse Control IgG (ACO11; 0.5pg) were purchased from ABclonal
Technology.

The following antibodies were used in immunofluorescent (IF)
staining: anti-LAMP2A (ab125068; 1:500), anti-CD8a (ab237709; 1:100)
and anti-PD-L1 (ab213524; 1:500) were purchased from Abcam. Anti-
Flag-tag (66008-4-Ig; 1:2000), anti-GZMB (13588-1-AP; 1:200), anti-
TSC1 (29906-1-AP; 1:400), anti-TSC2 (24601-1-AP; 1:400), anti-TET3
(22612-1-AP; 1:400), anti-HSC70 (10654-1-AP; 1:400) and anti-Myc-tag
(60003-2-Ig; 1:500) were purchased from Proteintech. Anti-LAMP1 (sc-
20011; 1:400), anti-CD8 (sc-1177; 1:200) and anti-FoxP3 (sc-53876;
1:200) were purchased from Santa Cruz Biotechnology. Anti-CD4
(A26036PM; 1:200) was purchased from ABclonal Technology. Anti-
LC3B (3868S; 1:1000) and anti-phospho-P70S6K (Thr389) (9234S;
1:400) were purchased from Cell Signaling Technology. Goat anti-
Rabbit IgG (H + L) Cross-Adsorbed Secondary Antibody Alexa Fluor™
488 (A-11008; 1:500), Goat anti-Rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody Alexa Fluor™ 594 (A-11012; 1:500), Goat anti-
Mouse IgG (H + L) Cross-Adsorbed Secondary Antibody Alexa Fluor™
488 (A-11001; 1:500), Goat anti-Mouse IgG (H+L) Cross-Adsorbed
Secondary Antibody Alexa Fluor™ 594 (A-11005; 1:500) and Donkey
anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody Alexa
Fluor™ 647 (A-31571; 1:500) were purchased from Invitrogen. Anti-
LAMP2A pT136 (1:400) was produced in this study.

The following antibodies were used in immunohistochemistry
(IHC): anti-LAMP2A pT136 (1:100) was produced in this study. Anti-
MST4 (10847-1-AP; 1:100) was purchased from Proteintech. Anti-TET3
(99980S; 1:100), anti-TSC1(6935S; 1:100) and anti-TSC2 (3990S; 1:100)
were purchased from Cell Signaling Technology.

The following antibodies were used in flow cytometry (FC):
Pharmingen™ PE-Cy™7 Rat anti-mouse IFN-y (557649), Horizon™ BV711
Rat anti-mouse TNF (563944) were purchased from BD Biosciences.
FITC mouse anti-human CD8 (980908), FITC anti-mouse CD45
(103107), PE anti-human IFN-y (502509), PE anti-mouse CD103
(121405), PE anti-mouse FOXP3 (126403), PE/Dazzle™ 594 anti-mouse
CD366 (119747), PE/Dazzle™ 594 anti-mouse Ly-6C (128044), PE/Cya-
nine7 anti-human TNF-a Antibody (502930), Brilliant Violet 421™ anti-
mouse Ly-6G (127627), Brilliant Violet 510™ anti-mouse CD3 Antibody
(100233), Brilliant Violet 605™ anti-mouse/human CD11b (101237),
Brilliant Violet 605™ anti-mouse CD152 (106323), Brilliant Violet 650™
anti-mouse CD69 (104541), Brilliant Violet 650™ anti-mouse CD223
(125227), Brilliant Violet 785™ anti-mouse CD25 (102051), PerCP/Cya-
nine5.5 anti-mouse CD8a (100734), Alexa Fluor® 647 anti-human/
mouse Granzyme B (515406) and Pacific Blue™ anti-mouse CD4
(100427) were purchased from Biolegend. These antibodies used for
FC were diluted at a ratio of 0.25 pg per 10° cells.

Cell lines and cell culture

The HEK293T, LN229, T98G and Hela cell lines used in this study were
obtained from American Type Culture Collection (ATCC). Glioma cell
lines U87, U251, GL261 and CT-2A were generously provided by Dr.
Chunsheng Kang at Tianjin Medical University General Hospital®*®,
The MRC-5 cell line was provided by Professor Ningshao Xia at
Xiamen University. All cell lines were maintained in DMEM (11965092;
Invitrogen) supplemented with 10% Fetal Bovine Serum (FBS)
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(A0500-3011; Cegrogen) and 1% penicillin/streptomycin (15140122;
Invitrogen). The GSC M83 cell line was provided by Dr. Haizhong Feng
at Shanghai Jiao Tong University®®, whereas GSC 23, 456 and 28 cell
lines were obtained from Dr. Nu Zhang at the First Affiliated Hospital of
Sun Yat-sen University as previously documented®*®. GSCs were cul-
tured as non-adherent spheroids in a serum-free defined medium
comprising DMEM/F12 (C11330500BT; Gibco), supplemented with 2%
B27 (12587010; Invitrogen), 1% penicillin and streptomycin (15140122;
Invitrogen), 5 mg/ml heparin (9041-08-1; Sigma-Aldrich) and growth
factors EGF (20 ng/mL; AF-100-15; Peprotech) and FGF (20 ng/mL; 100-
18B; Peprotech). The DGC M83, 23 and 456 cell lines were derived from
GSC M83, 23 and 456 cell lines following differentiation induced by
DMEM medium supplemented with 10% FBS and 1% penicillin/strep-
tomycin, incubated at 37 °C with 5% CO, for two days. All cell lines
tested negative for mycoplasma contamination.

Animal studies

Male athymic (homozygous Foxnlnu BALB/c nude) mice and C57BL/6
mice at 4-5 weeks of age were purchased from Guangdong Yaokang
Biotechnology Co., Ltd. Five mice were grouped in each cage and
housed under specific-pathogen-free (SPF) conditions with a standar-
dized 12 h light/dark cycle. The ambient temperature was maintained
at 21-23 °C with a relative humidity of 50%.

For the tumorigenicity studies, 5 x 10* GSC M83 or 5 x10° GSC 23
cells or 1x10° GL261 cells were injected intracranially into BALB/c
Nude mice. 1x 10° CT-2A or GL261 cells were injected intracranially into
C57BL/6 mice. Tumor cells were injected into the brain of individual
mice, using the following coordinates from bregma: 2.5 mm lateral,
1.5 mm anterior, and 3.0 mm deep from the skull. All mice were sub-
jected to daily observation to assess the emergence of neurological
symptoms indicative of significant tumor progression. The mice were
humanely euthanized between 2 to 10 weeks post-implantation, and
their brains were subsequently extracted. Each brain was carefully
excised and preserved in an optimum cutting temperature (OCT)
compound (Sakura Finetek), then stored at -80 °C. Brains containing
tumors were sliced into 10 pm thick sections utilizing a cryostat (Leica
CM1950). The entire brain was sectioned coronally from the anterior to
the posterior regions. Every fifth section from each tumor-infiltrated
brain underwent hematoxylin and eosin staining to identify the spatial
distribution of the tumors from inception to termination. These ima-
ges of sections were stained with hematoxylin and eosin obtained from
MshOt microscopy system. After thorough evaluation, the section
exhibiting the maximum cross-sectional area of the tumor for each
xenograft was selected for volumetric assessment. Tumor volume was
calculated utilizing the formula V = ab2/2, where a and b (with a > b)
represent the tumor’s length and width, respectively.

For in vivo therapeutic assays, the C57BL/6 mice stereotactically
transplanted with CT-2A or GL261 cells were randomized into each
treatment group. For depletion of CD8" cells, mice received intraper-
itoneal administrations of CD8x monoclonal antibody (10 mg/kg;
BE0O061; Bio X Cell) or IgG2b (10 mg/kg; BEOO86; Bio X Cell) every
three days from one week after implantation. For immune checkpoint
blockade, mice received intracranial administrations of the anti-
programmed cell death protein 1 (PD-1) monoclonal antibody
(10 mg/kg; BEQ146; Bio X cell) or IgG2a (10 mg/kg; BEOOS8S5; Bio X Cell)
on the 8th, 12th, 16th, and 20th day after implantation. The radiation
groups received 2 Gy of radiation daily for five days, starting two weeks
post-transplantation alongside treatment. To evaluate the impact of
PPD treatment, mice received 6 mg/kg PPD or DMSO intragastrically
for seven consecutive days starting from the 10th day after implanta-
tion. The mice were observed daily for neurological symptoms related
to tumor growth, and maintained until symptoms appeared, such as
hunching, weight loss, decreased food intake and lethargy. To track
tumor growth following radiation or drug treatment, each mouse
received an injection of D-luciferin potassium salt at a dosage of

150 mg/kg, and tumor growth was assessed using the IVIS Lumina
imaging station (Caliper Life Sciences).

Bioinformatic analysis of LAMP2A correlated pathways

We obtained the RNA-seq dataset GSE181556 from NCBI's Gene
Expression Omnibus, specifically examining control and sh-LAMP2A
samples". Differentially expressed genes (DEGs) were screened based
on criteria of a fold change > 2 and a false discovery rate (FDR) < 0.01.
Enrichment analysis of biological pathways was conducted using
clusterProfiler, with pathways enriched at p<0.05 considered sig-
nificantly correlated with the DEG set. Additionally, proteome data was
accessed from the ProteomeXchange Consortium, utilizing the dataset
identifier PXD027069. Significantly differential proteins (p < 0.05) with
a ratio > 1.5 in either direction were analyzed using DAVID to char-
acterize their involved biological pathways, with pathways enriched at
p<0.05 deemed significantly correlated with the set of differential
proteins.

Bioinformatic analysis of CGAS/STING

Firstly, we acquired GSE181556 dataset and utilized the normalized
expression matrix to analyze signaling pathways correlated to LAMP2A
through Gene Set Enrichment Analysis (GSEA)*. Subsequently,
DNMIVD?°? was used to examine the correlation between CGAS/
STING levels and the mean DNA methylation of the CGAS/STING's
promoter, respectively. Furthermore, the expression correlations
between CGAS/STING and TETs/DNMTs were analyzed using Pearson’s
correlation based on TCGA (https://xena.ucsc.edu/)”> and CGGA**
datasets.

Bioinformatics analysis of immune infiltration based on

CMA score

As previously described”, to quantify the activity of the CMA path-
way within individual cells, a CMA score was calculated based on the
expression levels of a predefined set of CMA-associated genes to
reflect the coordinated expression changes associated with CMA
activity in each cell. Briefly, each component in the CMA network
was assigned a weight. Since LAMP2A is the rate-limiting factor, it
received a weight of 2, while all other elements were assigned a
weight of 1. Then, each element was assigned a directional score (+1
or -1) based on its known regulatory effect on CMA activity. The final
CMA score was computed as a weighted, direction-adjusted average
of the expression levels across all network components. TCGA-GBM
counts expression data were used to calculate the CMA score.
Immune infiltration data for TCGA-GBM were obtained from TIMER
and TISIDB. GSVA R package (version 1.52.3) was used to calculated
the MDSC infiltration (include CD33, ITGAM, and CD15). The rela-
tionship between CMA scores and immune infiltration levels was
assessed using Spearman’s correlation analysis and Pearson’s cor-
relation analysis. Statistical significance was defined as p <0.05, and
the strength of linear associations was interpreted based on the
resulting Spearman’s correlation coefficients or Pearson’s correla-
tion coefficients.

Plasmid construction
The open reading frames (ORFs) for MST4 and LAMP2A were cloned
into the pCDH-CMV-MCS-EF1-Puro vector, resulting in the construc-
tion of pCDH-HA-MST4, pCDH-Flag-MST4 and pCDH-Flag-LAMP2A.
The ORF of TSC1/2 and TET1/2/3, along with their variants, were sub-
cloned into the pCMV6 vector, incorporating a sequence that encodes
a N-Myc epitope. Site-directed mutagenesis was performed using the
Q5" Site-Directed Mutagenesis Kit (E0554; NEB), adhering to the
manufacturer’s protocols.

Human cDNAs corresponding to LAMP2A and its variants were
amplified via PCR and subsequently sub-cloned into the pET-28a vec-
tor for expression in E. coli.
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The pLKO.1 lentiviral sShRNA constructs targeting LAMP2A, MST4,
HSC70, TSC1/2, TET1/2/3, cGAS, ATG4B and ATGS5 were designed in
accordance with the protocol available on the Addgene website
(https://www.addgene.org/protocols/plko/). All target sequences
shRNAs are listed in Supplementary Table 2.

To knock out STK26, the target sequence of gRNA was designed
by the CRIStick online website (https://portals.broadinstitute.org/
gppx/crispick/public). The synthesized primer containing a 20 bp
target sequence (5-CTCGCCGGTGGCTGTCCAAG-3’ or 5-GGGCGGT
GGTTCAGCACTGG-3) was annealed and inserted into lenti-CRISPR-v2
using T4 ligase (FL101; TransGen Biotech).

All primers used for plasmid construction were synthesized by
Sangon Biotech (Shanghai) Co., Ltd., and were listed in Supplementary
Table 3.

All resulting cDNA constructs and mutants were validated for
accuracy through DNA sequencing.

Lentiviral production and infection

Lentiviral vectors harboring shRNAs, or full-length cDNAs for MST4,
LAMP2A, and their respective mutants were introduced into
HEK293T cells utilizing Lipofectamine 2000 (Life Technologies), fol-
lowing the manufacturer’s protocols. In gene rescue assays, ShRNAs
designed to target the 3’ untranslated regions of MST4, LAMP2A, TSC1/
2, and TET3 were employed for knockdown purposes. The lentiviral
supernatants were harvested at 48 and 72 h post-transfection and
subsequently used to infect recipient cells in the presence of poly-
brene (6 mg/mL). Following a 72-hour transduction period, the cells
underwent selection with puromycin at a concentration of 1 mg/mL for
four days.

Immunoblot (IB) analysis

Cells were lysed using RIPA buffer (E121-01; GenStar) supplemented
with protease and phosphatase inhibitors on ice, followed by cen-
trifugation at 15,000 x g for 15 minutes at 4 °C. The resultant super-
natant was utilized to prepare the protein sample for SDS-PAGE
analysis. Proteins were subsequently transferred from the gel to a
polyvinylidene fluoride (PVDF) membrane (IPVHOO0O010; Millipore) in a
transfer buffer containing 25 mM Tris and 192 mM glycine. The mem-
branes were blocked with 5% fat-free milk at 37 °C for 2h and then
incubated with the primary antibody at 4 °C overnight. After wash with
TBST (TBS with 0.1% Tween-20), the membranes were treated with the
appropriate secondary antibodies. Detection was performed using an
enhanced chemiluminescence (ECL) (GCP1001-500-ES; GENECYCLER)
assay according to the manufacturer’s protocol.

The degradation rate of LAMP2A in isolated lysosomes was eval-
uated using IB with a specific antibody against LAMP2A, following
established methods". In summary, the lysosomes were incubated at
0 °C for 10 min with or without lysosome protease inhibitor cocktail
(PI) consisting of: 10 uM leupeptin (targeting serine/cysteine pro-
teases), 10 uM AEBSF (serine protease inhibitor), 1uM pepstatin A
(aspartic protease inhibitor), and 100 pM EDTA (metalloprotease
inhibitor). At various time points, samples were taken for SDS-PAGE
and immunoblotting analysis of LAMP2A.

Immunoprecipitation (IP)

Cells were lysed using IP lysis buffer (87787; ThermoFisher Scientific)
supplemented with protease and phosphatase inhibitors, incubated on
ice for 15 min, and then centrifuged at 15,000 x g for 15 min at 4 °C to
eliminate cellular debris. Following a pre-clearing step with protein G/
protein A-agarose beads (IP10; Sigma-Aldrich), the supernatant was
then immunoprecipitated with anti-DYKDDDDK (Flag) G1 Affinity
Resin (L0O0432; GenScript), anti-Myc affinity gel (GNI4510-MC; GNI),
anti-HA-magnetic-beads (B26202; Bimake), or agarose-immobilized
anti-LAMP2A, anti-Cath A, anti-GFP-tag, Mouse Control IgG or Rabbit
Control IgG at 4 °C overnight.

Native gel electrophoresis

Lysosomal membranes were isolated according to established
protocols’, and subjected to continuous native polyacrylamide gel
electrophoresis (6% natural polyacrylamide gel devoid of SDS) in a
non-reducing loading buffer without boiling, as outlined by Rodriguez-
Navarro JA. et al.”’. Following transfer to PVDF membranes, the LAM-
P2Acontaining complexes were identified using an anti-LAMP2A
antibody.

Immunofluorescent (IF) staining

For immunofluorescent staining of cultured cells, cells were fixed
using 4% paraformaldehyde for 15 min, followed by permeabilization
with 0.3% Triton X-100, and subsequently blocked with 5% BSA for 2 h.
Primary antibodies were applied and incubated overnight at 4 °C. After
wash with PBS, the cells were incubated with Alexa Fluor™ 488, 594 or
647 conjugated secondary antibodies in the dark. Following additional
wash with PBS, the cells were treated with DAPI (AR1176; BOSTER).
After mounting, the samples were examined using an inverted
microscope fitted with a Nikon digital camera, and quantitative ana-
lysis was conducted using Image J software.

For immunofluorescent staining of tissue sections, the sections
were fixed similarly to the cultured cells, then subjected to permea-
bilization with 0.5% PBST (PBS supplemented with 0.5% Triton X-100)
for 30 min and blocked with 5% BSA for 2 h. Sections were incubated
overnight at 4 °C with primary antibodies. The subsequent incubation
with secondary antibodies and DAPI followed the same protocol as for
cultured cells. Ultimately, the sections were analyzed using an inverted
microscope equipped with a Nikon digital camera, with statistical
analysis performed using Image J software.

Quantitative real-time PCR (QRT-PCR)

Total RNA was extracted from cells using TRIzol (R1000; Lablead) and
reversely transcribed into cDNA using Hifair Ill Reverse Transcriptase
(11297ES09; YEASEN). The cDNA products were analyzed via qRT-PCR
with SYBR Green PCR Master Mix (11201ESO8; YEASEN). Detailed
information about the primer sequences utilized can be found in
Supplementary Table 4.

Flow cytometric analysis

Single-cell suspensions were prepared by enzymatically dissociating
isolated mouse glioma tissues using Collagenase IV (HY-E70005D;
MCE) and DNase 1 (HY-108882; MCE). Following the lysis of ery-
throcytes with a lysis buffer (G2015; Servicebio), the cells were acti-
vated with the BD Pharmingen™ Leukocyte Activation Cocktail
supplemented with BD GolgiPlug™ (550583; BD Biosciences) at 37 °C in
a 5% CO; atmosphere for a duration of 4 h. After a15 min incubation on
ice, shielded from light, with the Zombie NIR™ Fixable Viability Kit
(423105; BioLegend), the surface marker staining solution (including
antibodies such as CD45, CD3, CD4, CDS, etc.) was prepared according
to the specified concentrations. The cells were incubated with the
staining solution on ice in the dark for 30 min. Following this, the cells
were fixed and permeabilized using BD Cytofix/Cytoperm™ Solution
(554722; BD Biosciences) before undergoing intracellular target
staining (e.g., TNF-«, IFN-y). Flow cytometry data were collected using
a BD FACSymphony™ Al instrument and subsequently analyzed uti-
lizing FlowJo v10 software.

Apoptosis detection

In accordance with the manufacturer’s specifications, cellular apop-
tosis was assessed utilizing the APC Annexin V Apoptosis Detection Kit
in conjunction with Propidium lodide (PI) (640932; Biolegend). Cells
underwent two washes with cold BioLegend Cell Staining Buffer
(420201; Biolegend) and were then resuspended in Annexin V Binding
Buffer (422201; Biolegend) at a density of 0.25-1.0 x 107 cells/mL. A
volume of 100 uL of the cell suspension was pipetted into a 5 mL test
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tube, followed by the introduction of 5 pL of fluorochrome-conjugated
Annexin V. The cells were subsequently stained with propidium iodide
as a viability marker, gently vortexed, and incubated for 15 min at room
temperature (25 °C) in the absence of light. Post-incubation, 400 plL of
Annexin V Binding Buffer was added to each tube, and the samples
were analyzed via flow cytometry.

CDS8" T cell preparation and co-culture

CD8" T lymphocytes were isolated from peripheral blood mono-
nuclear cells of GBM patients utilizing the Human CD8" T Cell
Enrichment Cocktail kit (15023; STEMCELL Technologies). The purified
CDS8" T cells were cultured in X-VIVO 15 medium (04-418Q; Lonza)
supplemented with 10 ng/mL of IL-2 (200-02-50UG; PeproTech) and
subsequently activated using human anti-CD3/CD28 Dynabeads
(11161D; Thermo Fisher) for a period of 48 to 72 h. Following activation,
the T cells and GSCs were enumerated and introduced into the GSC
culture system at a 1:5 ratio for a 24 h co-culture at 37 °C with 5% CO,,
after which flow cytometric analysis was performed.

Identification of phosphorylation sites by LC-MS/MS analysis
To identify LAMP2A phosphorylation, Flag-LAMP2A was immunopre-
cipitated from HEK293T cells stably expressing exogenous HA-MST4
and Flag-LAMP2A using anti-DYKDDDDK (Flag) G1 Affinity Resin. The
resulting immune complexes were subjected to SDS-PAGE for resolu-
tion and subsequently stained with Coomassie brilliant blue. Gel seg-
ments containing LAMP2A were dehydrated in acetonitrile, dried
under a speed vacuum, and digested with trypsin. The resulting pep-
tides were extracted from the polyacrylamide matrix and con-
centrated for subsequent liquid chromatography-mass spectrometry
(LC-MS) analysis at the Core Facility for Biomedical Sciences at Xiamen
University. The mass spectrometry dataset has been deposited in the
PRIDE repository (Accession unmber: PXD060464).

CMA activity detection by KFERQ puncta

As previously described”, CMA activity was detected by the photo-
activable reporter, pSIN-PAmCherry-KFERQ-NE (Addgene). GSC and non-
GSC cell lines expressing PAmCherry-KFERQ-NE were photoactivated by
exposure to 405/20 nm LED array (Norlux) for 10 min. Alterations in the
cellular pattern of the reporter were examined utilizing confocal micro-
scopy (Zeiss LSM980 or Nikon AIR), and image quantification was per-
formed with Image J software. Enhanced CMA activity was evidenced by
an increase in the number of red fluorescent puncta per cell.

In vitro cell proliferation assay

GSC spheres were dissociated into individual cells, and the viable cells
(negative for Trypan Blue) were enumerated using a hemocytometer.
The cells were subsequently plated in a 24-well plate with 1mL of
culture medium at a density of 5000 cells per well, and viable cell
counts for each well were performed daily for five consecutive days
using a hemocytometer.

Limited dilution assays for GSCs

Dissociated cells harvested from glioma spheres were plated in 96-well
plates at densities of 1, 5, 10, 20 or 50 for GSC M83, 456 and 23 cells.
After 7 days, tumor sphere formation was assessed from each well. The
frequency of stem cells was determined utilizing extreme limiting
dilution analysis (https://bioinf.wehi.edu.au/software/elda/).

In vitro kinase assay

The pCDH-Flag-MST4 expression vector was introduced into
HEK293T cells via lipofectamine 2000 (Thermo Fisher Scientific). Fol-
lowing a 48-hour incubation, the cells were lysed using a lysis buffer
supplemented with protease and phosphatase inhibitors. The Flag-MST4
protein from the cell lysates was subsequently immunoprecipitated
using anti-DYKDDDDK (Flag) G1 Affinity Resin at 4 °C overnight. The

isolated MST4 proteins were then re-suspended in a mixture containing
1 x kinase buffer (9802S; Cell Signaling Technology), 200 uM ATP
(9804S; Cell Signaling Technology), and purified His-tagged LAMP2A
variants (WT, T40A, S97A, T136A, T40A/S97A, T40A/T136A, S97A/
T136A, T40A/S97A/T136A). The kinase reaction was conducted for one
hour at 30 °C and subsequently quenched with 20 mL of 3 x SDS sample
buffer. Each sample was then subjected to boiling for 10 minutes at
100 °C after the addition of loading buffer, followed by SDS-PAGE and
immunoblotting analysis utilizing the specified antibodies.

Lysosomes isolation

Lysosomes were purified from cells using a lysosome isolation kit from
Biovision (K235-50). According to the protocol, 2x10’ cells were
washed with PBS at 100 xg for 1min and resuspended in 500 pL
lysosome isolation buffer for 2 minutes. The suspension was homo-
genized with a Dounce homogenizer for 40 times. Then the homo-
genate was transferred to the tube containing 500 pL lysosome
enrichment buffer and mixed, and centrifuged at 500 x g for 10 min.
The supernatant was centrifuged at a density gradient of 20,000 x g
for 2h. The lysosome precipitate was collected with appropriate
volumes of PBS, and centrifuged at 18,000 x g for 30 minutes. All steps
were conducted on ice or maintained at a temperature of 4 °C. The
extracted lysosomes were absence of any cytoplasmic or mitochon-
drial components by IB detection of markers.

In vitro lysosome binding and uptake assay

According to the previously reported study®®, incubating purified His-
tagged GAPDH with intact lysosomes from GSCs, pre-treated or not
with lysosome protease inhibitor cocktai (PI) that inhibit lysosomal
proteolytic activity, facilitates the quantification of substrate binding
and translocation into the lysosomal lumen. In untreated lysosomes,
internalized proteins are rapidly degraded, allowing only membrane-
bound proteins to be detected. NH,Cl, a lysosomotropic compound,
neutralizes lysosomal pH, which may lead to lysosomal impairment®.
For CMA activity assays, Pl was used instead of leupeptin/NH,Cl to
specifically inhibit lysosomal proteases while minimizing interference
with CMA machinery. Following a 20 min incubation with recombinant
protein in 20 mM MOPS, 0.3 M sucrose buffer at 37 °C, samples were
centrifuged at 25,000 x g for 5min at 4 °C. The resultant pellets were
washed with the incubation buffer, resuspended, denatured in sample
buffer at 95°C for 5min, and analyzed via SDS-PAGE and immuno-
blotting. Proteins associated with lysosomes untreated with PI repre-
sented the protein binding to lysosomes, and uptake was calculated by
subtracting the binding proteins from the total proteins in lysosomes
treated with PI'°°. Quantification of protein band intensities on the
immunoblots was performed using Image ] software.

For other CMA substrates (TSCI1, TSC2, and TET3), Myc-TSC1/2
and -TET3 were overexpressed in HEK293T cells, followed by IP using
anti-Myc affinity gel and subsequent elution with 150 pg/mL Myc
competitive peptides (P9805; Beyotime Biotechnology). The purified
Myc-tagged substrates were then incubated with lysosomes isolated
from 293 T cells in reaction buffer 20 mM MOPS, 0.3 M sucrose) with
or without PI at 37 °C for 20 min. Following incubation, lysosomes
were isolated via centrifugation and analyzed using SDS-PAGE and
immunoblotting. The protein found in untreated lysosomes indicated
binding, while the uptake was determined by subtracting the protein
levels in lysosomes treated with protease inhibitors from those in
untreated lysosomes?.

Senescence-associated beta-Galactosidase (SA-f-gal) staining

SA-B-gal activity was assessed using a Cellular Senescence [3-
Galactosidase Staining Kit (C0602; Beyotime Biotechnology). Cells
were seeded in 6-well plates containing complete culture medium and
cultured for 48 hours. Following fixation for 15 min, cells were washed
three times with PBS. The fixed cells were then incubated with
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B-galactosidase staining solution at 37 °C overnight in a CO,-free incu-
bator. Images of stained cells were obtained from MshOt microscopy
system and quantitative analysis was performed using Image ] software.

IHC analysis of clinical glioma specimens

Research involving patient specimens received partial approval from
the institutional review boards at Union Hospital, Tongji Medical
College, Huazhong University of Science and Technology (UHHUST),
and was carried out in compliance with Xiamen University regulations.
The samples were collected under the clinical protocol No. UHCT-IEC-
SOP-016-03-01, which was sanctioned by the UHHUST institutional
review board. Signed informed consent was obtained from all parti-
cipating individuals prior to participation in the study. IHC staining was
performed a cohort of 83 patient glioma samples with the specified
antibodies. Images of IHC sections were obtained by MshOt micro-
scopy system and were quantitatively scored based on the percentage
of positively stained cells and staining intensity, following established
protocols'®"'%%, Scoring was: O for 0% positive tumor cells, 1 for 0 - 1%, 2
for 2 - 10%, 3 for 11 - 30%, 4 for 31 - 70%, and 5 for 71 - 100%. Staining
intensity was rated from O to 3, with O as negative, 1 weak, 2 moderate,
and 3 strong. The total score, from O to 8, combined the proportion
and intensity scores. These scores were compared with overall survi-
val, defined as the time from diagnosis to death or last follow-up.
Kaplan-Meier plots for overall survival rates of GBM patients were
generated, classifying them into high (score 4 - 8) and low (score O - 3)
expression groups of the indicated protein. Due to antibody sensitivity
variations and glioma tumor sample heterogeneity, the number of
samples showing high or low expression of specific proteins varies
across the graphs, even with the same scoring criteria.

To investigate the prognostic significance of MST4, LAMP2A
pT136, TET3, and TSC1/2 protein expression, we employed block ran-
domization stratified by age, sex, and WHO grade to ensure balanced
distribution of potential confounders across experimental cohorts.
Kaplan-Meier survival curves were generated comparing overall sur-
vival between expression groups, with rigorous control for tumor
heterogeneity and antibody performance variations. Comorbidities
including cephalalgia (n =20), epilepsy (n =3), and seizure (n=5) were
documented in Supplementary Dataset, but excluded from primary
analysis to minimize confounding effects. This methodological
approach ensured the observed survival correlations primarily reflec-
ted the biological impact of target protein expression patterns.

PNGase F treatment

LAMP2A protein was immunoprecipitated using an anti-LAMP2A
antibody from GSC M83, along with their corresponding DGCs. A
total of 60 pL of denaturing buffer (10 mM Tris-HCI, pH 6.8, 8 mM
dithiothreitol, and 0.1% SDS) was added to the washed agarose resin,
which was then heated to 100 °C for 5 min. After brief centrifugation,
20 pL of the eluted material was combined with 30 puL of reaction
buffer (80 mM sodium phosphate, pH 7.5, and 1.6% NP-40), with or
without 8,000 U/mL PNGase F (PO704; New England BiolLabs), and
incubated at 37 °C for 1 h. Finally, the reactions were analyzed by IB.

Lectin blotting

The protein samples were subjected for SDS-PAGE analysis and subse-
quently transferred from the gel to a PVDF membrane in the transfer
buffer. The membranes were blocked with 5% BSA at 37 °C for 30 min
and then incubated with biotin-labeled Concanavalin A (ConA) (B-1005-
5; Vector Laboratories) and HRP-conjugated streptavidin (SE068;
Solarbio LIFE SCIENCES). After wash with PBST (PBS supplemented with
0.05% Tween 20), the membranes were performed using an ECL assay.

Antibody production
Polyclonal antibodies against the phosphorylated T136 residue of
LAMP2A were produced in murine hosts via immunization with a

synthetic phosphopeptide mimicking the sequence adjacent to the
T136 site of human LAMP2A (AEDKGIL(p-T) VDELLAIC). Antisera titers
were quantified to be approximately 1:10,000 through enzyme-linked
immunosorbent assay (ELISA). IgG fractions were subsequently pur-
ified using protein A-Sepharose (Bio-Rad). These antibodies under-
went stringent specificity assessment via IB, IF and IHC, utilizing both
modified and unmodified peptide controls. Non-specific IgG served as
a negative control.

Quantification and statistical analysis

Statistical analysis was carried out using Microsoft Excel 2021,
GraphPad Prism version 8, R 4.1.3 and RStudio 2023.12.0 + 369 for
Windows. The analysis included Student’s T-test (two-tailed), one-way
ANOVA with Tukey’s multiple comparisons test or Dunnett’s multiple
comparisons test and two-way ANOVA with Bonferroni’s multiple
comparisons test. The Kaplan-Meier survival curves and log-rank test
were used to determine the differences in survival rates between two
groups. Cox proportional hazards model was employed to perform
univariate and multivariate analysis. All grouped data are presented as
mean + S.E.M., unless otherwise stated. p <0.05 was considered sta-
tistically significant.

Ethics statement

Our research complies with all relevant ethical regulations of Xiamen
University and Huazhong University of Science and Technology. All
animal protocols were approved by the Animal Research Ethics Com-
mittee of Xiamen University. The animal experiments were performed
in accordance with the Guidelines for the Care and Use of Laboratory
Animals and received approval from the Institutional Animal Care and
Use Committee (IACUC) at Xiamen University. The Animal Ethics
Committee of Xiamen University allows a maximum tumor diameter of
15 mm, and all tumors in our experiments adhered to this limit. None
exceeded this size. The collection and use of clinical materials were
approved by the Medical Research Ethics Committee of Huazhong
University of Science and Technology and Xiamen University.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Mass spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium (http://www.proteomexchange.org/) via
the PRIDE partner repository with the dataset identifiers PXD060464.
The RNA-seq analysis utilized publicly available data from GSE181556.
Proteomic comparisons were derived from dataset PXD027069. Both
datasets originate from a prior study by Auzmendi-Iriarte et al.”. For
clinical datasets, we have ensured that the data availability statement
aligns with the policy outlined at (https://www.nature.com/nature-
research/editorial-policies/reporting-standards#availability-of-data).
This statement has been uploaded and submitted as supplementary
material. All data supporting the key findings of this study are available
within the article, the supplementary information, and the source data
file. Source data are available within this publication. For additional
inquiries, please contact the corresponding author, Tianzhi Huang
(huangtianzhi@xmu.edu.cn).  Source data are provided with
this paper.
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