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SDC1-dependent TGM2 determines radiosensitivity in glioblastoma by coordinating
EPG5-mediated fusion of autophagosomes with lysosomes
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ABSTRACT

Glioblastoma multiforme (GBM) is the most common brain malignancy insensitive to radiotherapy
(RT). Although macroautophagy/autophagy was reported to be a fundamental factor prolonging the
survival of tumors under radiotherapeutic stress, the autophagic biomarkers coordinated to radio-
resistance of GBM are still lacking in clinical practice. Here we established radioresistant GBM cells
and identified their protein profiles using tandem mass tag (TMT) quantitative proteomic analysis. It
was found that SDC1 and TGM2 proteins were overexpressed in radioresistant GBM cells and tissues
and they contributed to the poor prognosis of RT. Knocking down SDC7 and TGM2 inhibited the
fusion of autophagosomes with lysosomes and thus enhanced the radiosensitivity of GBM cells. After
irradiation, TGM2 bound with SDC1 and transported it from the cell membrane to lysosomes, and
then bound to LC3 through its two LC3-interacting regions (LIRs), coordinating the encounter
between autophagosomes and lysosomes, which should be a prerequisite for lysosomal EPG5 to
recognize LC3 and subsequently stabilize the STX17-SNAP29-VAMP8 QabcR SNARE complex assem-
bly. Moreover, when combined with RT, cystamine dihydrochloride (a TGM2 inhibitor) extended the
lifespan of GBM-bearing mice. Overall, our findings demonstrated the EPG5 tethering mode with
SDC1 and TGM2 during the fusion of autophagosomes with lysosomes, providing new insights into
the molecular mechanism and therapeutic target underlying radioresistant GBM.

Abbreviations: BafA;: bafilomycin A;; CQ: chloroquine; Cys-D: cystamine dihydrochloride; EPG5:
ectopic P-granules 5 autophagy tethering factor; GBM: glioblastoma multiforme; GFP: green fluor-
escent protein; LAMP2: lysosomal associated membrane protein 2; LIRs: LC3-interacting regions;
MAP1LC3/LC3: microtubule associated protein 1 light chain 3; NC: negative control; RFP: red fluor-
escent protein; RT: radiotherapy; SDC1: syndecan 1; SNAP29: synaptosome associated protein 29;
SQSTM1/p62: sequestosome 1; STX17: syntaxin 17; TGM2: transglutaminase 2; TMT: tandem mass tag;
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Introduction

Glioblastoma multiforme (GBM) is a WHO grade IV brain
malignancy and represents one of the most lethal human
cancers with 5-year survival of 7.2% [1]. Owing to the
highly infiltrative nature of GBM, surgical curative resec-
tion provides quite marginal benefits [2]. The adjuvant
radiotherapy (RT) is considered an opportunity to prolong
the survival [3]. Nevertheless, GBM is not sensitive to
ionizing radiation [4]. In this setting, the present study
investigated the molecular mechanisms associated with
GBM radioresistance and explored the potential novel
strategy to improve the outcome of GBM RT.

Autophagy is an evolutionarily conserved dynamic cellular
process for the catabolism of proteins and damaged organelles in
a lysosome-dependent manner [5,6]. It plays a vital role in
metabolism and serves as a protective guard for cells and tissues
under sublethal stress conditions [7]. With respect to malignan-
cies, autophagy-mediated intracellular catabolism acts as

a survival-promoting process for tumors in response to treat-
ments such as RT. As such, autophagy is considered an adaptive
mechanism that leads to tumors’ acquisition of resistance to
therapies [8]. In the treatment of cancers such as GBM, it is
very meaningful to study inhibitors against this survival response
[9-11]. However, the attempts to suppress autophagy involved
nonspecific agents with high toxicity, which limited their clinical
applications [12]. Improved insight into the molecular mechan-
ism of autophagy could discover novel agents selectively and
specifically elevating the anti-tumor efficiency of RT.

In the current study, we established radioresistant GBM
cells from its parental cell line and screened the differen-
tially expressed genes by tandem mass tag (TMT) quanti-
tative proteomic analysis. Among the upregulated genes,
we characterized and identified two novel genes SDCI
(syndecan 1) and TGM2 (transglutaminase 2) associated
with GBM radioresistance. Both of them were reported to
promote cancer progression and metastasis, sustain cell
stemness and act as biomarkers of prognosis [13-15].
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However, the roles of SDC1 and TGM2 in tumor auto-
phagy and radioresistance have not yet been demon-
strated. Therefore, we investigated the molecular
interaction mode of SDC1 and TGM2 contributing to
autophagic activity and disclosed that SDC1 and TGM2
facilitated the fusion of autophagosomes with lysosomes
by engaging the lysosomal tethering factor EPG5-mediated
SNARE assembly. Our data provided a novel insight into
autophagosome maturation and demonstrated the pivotal
role of SDC1 and TGM2 in GBM radioresistance.

Results

The autophagic activity was enhanced in radioresistant
GBM cells

To reveal the molecular mechanisms of GBM radioresistance,
we firstly established the radioresistant U251R cells by irra-
diating U251 cells with fractionated doses of X-rays
(Figure 1A), and confirmed that the radioresistance of
U251R was significantly higher than its parental U251 cells,
while still lower than T98G cells with extremely high malig-
nancy (Figure 1B). Consistently, the radiosensitivity of xeno-
grafts of U251, U251R and T98G cells in mice also decreased
orderly (Figure 1C-E). Next, we sought the difference in
autophagic activity between radiosensitive and radioresistant
cells by transiently transfecting mRFP-GFP-LC3 adenovirus
vector into GBM cells in order to localize and assess the
autophagic flux. The GFP was sensitive to acidic change
owing to the fusion of autophagosomes with lysosomes,
while mRFP was stable. It was observed that radiation
induced autolysosome formation (also known as autophago-
some maturation) was enhanced in radioresistant GBM cells
(Figure 1F, G). To validate the increased autophagic flux in
radioresistant cells, we also detected the expression levels of
autophagic markers MAPILC3/LC3 and SQSTM1/p62.
Compared with radiosensitive cells, the ratio of LC3-ILI
and SQSTMI1 degradation were elevated in radioresistant
cells within 12 h, especially at 6 h after irradiation
(Figure 1H), which indicated a sustained autophagic activa-
tion [16]. When the cells were treated with rapamycin
(50 nM, an autophagy activator) or bafilomycin A; (BafA,,
100 nM, an autophagy inhibitor) for 2 h before irradiation, it
was found that enhancement of autophagy attenuated cell
killing response to irradiation (Fig. SIA-C), while inhibition
of autophagy increased radiosensitivity of GBM cells (Fig.
S1D-F). These results suggested the radioresistance of GBM
cells was correlated with the enhancement of autophagic
activity.

SDC1 and TGM2 were upregulated in GBM patients and
associated with poor prognosis

To identify the key genes potentially participating in GBM
radioresistance, we pairwise divided U251, U251R and T98G
cells into three groups: U251R/U251, T98G/U251 and T98G/
U251R, and investigated the differentially expressed genes
between them according to TMT quantitative proteomic

analysis (Fig. S2A-C). In the present study, we mainly focused
on the upregulated genes that could serve as therapeutic
targets or prognostic biomarkers, and found that a total of
17 genes were simultaneously upregulated among these
groups (Figure 2A-B), where SDCI and TGM2 genes were
both overexpressed in GBM patients (Fig. S2D-E) and con-
tributed to poor prognosis (Fig. S2F-G). Furthermore, the
histologic staining assay showed that SDC1 and TGM2 were
upregulated in GBM tissues insensitive to radiotherapy (Fig.
S2H-I). Due to these clinical values, SDC1 and TGM2 were
further investigated for their interaction.

The protein interaction network analysis suggested that
SDC1 and TGM2 had an indirect linkage (Fig. S3A).
Clinically, SDC1 and TGM2 overexpression was found to be
co-occurrence (Fig. S3B). In 141 GBM patients, neither SDC1
or TGM2 was altered in 129 patients; SDC1 overexpressed
while TGM2 did not in 2 patients. TGM2 overexpressed while
SDC1 did not in 7 patients. SDC1 and TGM2 simultaneous
overexpressed in 3 patients. Odds ratio (OR = (Neither x
Both)/(A Not B x B Not A)) quantified a strong relevance
of SDC1 and TGM2 overexpression. Meanwhile, Spearman
and Pearson correlation analysis revealed a positive relation
between SDCI1 and TGM2 expression in GBM patients (Fig.
S3C). Collectively, these findings demonstrated that SDC1
and TGM2 were simultaneously elevated in radioresistant
GBM cells and tissues and contributed to tumor development
and poor prognosis.

SDC1 and TGM2 enhanced cell radioresistance and
autophagy by promoting autophagosome maturation

To further disclose the function of SDC1 and TGM2 on GBM
radioresistance, we detected the transcriptional and protein
levels of SDC1 and TGM2 by PCR and western blot, respec-
tively, and found that they increased orderly in U251, U251R
and T98G cells (Figure 2C-D) i.e. having a positive correlation
with radiation resistance. This correlation was also demon-
strated by the immunofluorescence staining of SDCI and
TGM2 proteins in the xenografts of U251, U251R and T98G
cells (Figure 2E). Moreover, when GBM cells were interfered
with siRNA against SDCI and TGM2 (siSDCI and siTGM2)
to knock down SDC1 and TGM2 effectively (Fig. S4A-B), the
survival fractions of U251R and T98G cells exposed to X-rays
were significantly decreased (Figure 2F-G), indicating that
SDC1 and TGM2 contributed to radioresistance of GBM cells.

We then investigated the relationship of SDC1 and TGM2-
regulated radiosensitivity and autophagic activity. KEGG
enrichment analysis manifested that both SDC1 and TGM2
were involved in autophagy regulation pathways (Figure 3A).
When GBM cells were transfected with siSDCI or siTGM2,
the autolysosome formation was reduced, LC3-II.I was
increased and SQSTM1 degradation was decreased at 6 h
after 4 Gy irradiation (Figure 3B and 4A), suggesting a block-
age in autophagosome maturation process. We also compared
the colocalization of endogenous LC3 with lysosomal marker
protein LAMP?2 (lysosomal associated membrane protein 2) in
siNC, siSDCI and siTGM2 transfected cells that were treated
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Figure 1. The radioresistance of GBM cells was associated with the enhancement of autophagic activity. (A) Pattern of the establishment of U251R radioresistant cell
line. (B) The radiosensitivity of U251, U251R and T98G cells were assessed by colony formation assay. (C) Representative images of xenograft tumors from U251,
U251R and T98G cells with or without irradiation. (D-E) Tumor growth curves (E) for each mouse (D) in the indicated groups (n = 5 per group). (F-G) Average number
of autophagosomes and autolysosomes per GBM cell with or without 4 Gy irradiation and the representative images of autophagy indicated by the expression of
mRFP-GFP-LC3 fusion protein (scale bars: 10 pm). (H) Western blot analysis of the protein levels of SQSTM1 and LC3 in GBM cells at different times after 4 Gy

irradiation. *P < 0.05 and **P < 0.01.

with BafA, to inhibit LC3 degradation 2 h before 4 Gy X-rays
irradiation. We defined two puncta as colocalized if their
fluorescent signals overlapped by >70%, and found that radia-
tion-induced  clusters of lysosomal LAMP2 and

autophagosomal LC3 were significantly reduced to low levels
by siSDCI and siTGM2 transfection in both U251R and T98G
cells (Figure 4B). In addition, there were much more LC3-
marked autophagosomes being accumulated and deposited in
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Figure 2. SDC1 and TGM2 enhanced radioresistance of GBM cells. (A) Wayne chart of the overexpressed genes in U251R and T98G cells in comparison with U251 or
U251R cells. The interaction contains 17 genes. (B) List of above 17 upregulated genes. (C) Real-time PCR analysis of SDCT and TGM2 mRNA levels in U251, U251R and
T98G cells. (D) Western blot analysis (left) and quantification (right) of SDC1 and TGM2 protein expression levels in U251, U251R and T98G cells. (E)
Immunofluorescence staining (left) of SDC1 and TGM2 and their relative densities (right) in xenografts of U251, U251R and T98G cells. Scale bars: 20 um. (F-G)
Dose responses of the survival fractions of U251R (F) and T98G (G) cells transfected with siNC (negative control), siSDCT and siTGM2, respectively. *P < 0.05 and
**P < 0.01.
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the cytoplasm of SDCI- or TGM2-knockdown cells, in accor-
dance with the enhanced conversion of LC3-I to LC3-II
(Figure 4A). These findings revealed that the interaction of
SDC1 and TGM2 promoted the fusion process of autophago-
somes with lysosomes in GBM cells.

SDCT1 triggered the translocation of TGM2 from cell
membrane to lysosome after irradiation

In an attempt to further understand how SDC1 and TGM2
induced the autophagosomes maturation, we explored the
locations of SDC1 and TGM2 in GBM cells. The immuno-
fluorescence staining showed that, without irradiation, SDC1
protein was mainly localized on cytomembrane, TGM2 was

partly colocalized with SDC1 on cytomembrane and partly
localized alone in nuclei. However, within 12 h after 4 Gy
irradiation, especially at 6 h, the amount of SDC1 and TGM2
proteins on cell membrane were markedly decreased but were
elevated in cytoplasm (Figure 5A and S5A). Consistently,
western blot analysis demonstrated that SDC1 and TGM?2
proteins were decreased on membrane while increased in
cytoplasm to a peak value at 6 h after irradiation (Fig. S5B).
Since TGM2 protein also enriched in nuclei, we detected the
changes of nuclear TGM2 after IR and ruled out that the
increased TGM2 protein in cytoplasm was derived from
nuclear (Fig. S5C). Then, we wondered which protein
initiated this cytoplasmic transport, SDC1, TGM2 or other
protein? For this purpose, we knocked down the expression of
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SDC1 or TGM2 in GBM cells. It was found that SDCI knock-
down significantly reduced radiation-induced cytoplasmic
translocation of TGM2, while TGM2 suppression had no
effect on SDC1 translocation (Fig. S5E). Same results were
identified by western blot analysis of the membrane and
cytoplasmic proteins of SDC1 and TGM2 in siNC, siSDCI
and siTGM?2 transfected cells (Fig. S5D). These data, coupled

with reports that SDC1 could be translocated from cell surface
to lysosome to fuel cells under potentially lethal stress through
macropinocytosis [17,18], prompted us to investigate whether
SDC1 could regulate the cytoplasmic translocation of TGM2
via macropinocytosis. As measured by tetramethylrhodamine
(TMR)-labeled dextran uptake at 6 h post-irradiation, macro-
pinocytosis was dramatically inhibited upon the treatment of
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cells with macropinocytosis inhibitor, EIPA, as well as trans-
fection with siSDCI, while it remained at a high level in
siTGM2-transfected GBM cells (Fig. S6A). In addition, it
was verified that numerous SDC1 and TGM2-puncta did co-
localize with LAMP2 in GBM cells after 4 Gy irradiation
(Fig. S6B).

The subcellular localization of SDC1 and TGM2 prompted
us to investigate how SDCI interacted with TGM2. Co-IP
assay demonstrated that SDC1 strongly bond to TGM2 in
both U251R and T98G cells (Figure 5B). SDCI1 protein has
three simple domain organizations: a single ectodomain,
transmembrane and cytoplasmic domains. Thus, we designed
four constructs in pcDNA3(-) expression plasmid where one
construct encoded wild-type (WT) human SDCI and the
other three encoded domain-deleted fragments (A) of
human SDCI (Figure 5C). Co-IP assay disclosed that the
SDC1 fragments containing cytoplasmic domain (SDCI-
AEcto and SDC1-ATm) but not ectodomain and transmem-
brane domain (SDC1-ACyto) could bind to TGM2 in GBM
cells (Figure 5D). These findings confirmed that SDC1 could
carry TGM2 through its cytoplasmic domain and transported
to lysosome, participating in autophagosome maturation after
irradiation.

TGM2-LC3 interaction promoted EPG5 capture of
autophagosome and assembly of STX17-contained QabcR
SNARE complex

Since SDC1 and TGM2 facilitated autophagosomal-
lysosomal fusion, we considered the possibility that the lyso-
some positioned SDC1 and TGM2 could directly interact
with LC3. Co-IP assay proved that the endogenous SDCl1
and TGM2 could specifically precipitated endogenous LC3
(Figure 6A). In this regard, we noticed that the TGM2 con-
tained two potential LC3-interacting region (LIR) motifs of
WLTL and FILL [19] while SDC1 did not (Figure 6B). Co-IP
assay indeed demonstrated that LC3 binding to TGM2 was
reduced by the mutation of W40A and F135A and was
further abolished by the double mutations of W40A and
F135A of TGM2 (Figure 6C). Meanwhile, rescue of siTGM2
transfected cells with TGM2 mutant having substitutions in
the two LIR motifs could not restore the level of autophago-
somal-lysosomal encounter to control level as WT-TGM2
plasmid did (Figure 6D-E), indicating that these two motifs
were indispensable for the function of TGM2 in autophago-
some maturation.

We further investigated whether TGM2 interacted with
STX17-SNAP29-VAMPS8 QabcR SNARE complex, a key fac-
tor directly mediating the encounter and fusion of autopha-
gosomes with lysosomes. Co-IP assay showed that TGM2
strongly bond to STX17, SNAP29 and VAMPS8 in GBM cells
post-irradiation (Figure 7A). The formation of STX17-
SNAP29-VAMP8 SNARE complex was also examined. It
was found that the level of endogenous SNAP29 co-
immunoprecipitated by STX17 did not change in the TGM2-
knockdown cells. However, much less endogenous VAMP8
was precipitated by endogenous STX17 in TGM2-knockdown
cells (Figure 7B-C). Inhibition of SDC1 had same results as
TGM2 knockdown. These results suggested that TGM2

promoted the recruitment of STX17-contained SNARE com-
plex in lysosomes, which was required for the fusion of
autophagosomes with lysosomes. Generally, several tethering
proteins participate in the assembly of QabcR SNARE com-
plex during autophagosome maturation.

Did TGM2 act as an individual tethering factor or function
by its interaction with other tethering proteins? Co-IP assay
revealed that TGM2 could immuneprecipitate a tethering
complex containing EPG5, WDR45 and RAB7 (Figure 7D),
while did not bind to other classical tethering factors such as
PLEKHMI1 or HOPS complex (Fig. S7A). During autophago-
some maturation, EPG5 is recruited to lysosome by RAB?7,
captures autophagosomes by binding to LC3 and promotes
assembly of STX17-SNAP29-VAMPS8 complex [20]. How did
TGM2 interact with EPG5? Whether this interaction was
critical for EPG5 function. It was found that the levels of
VAMP8 and RAB7 immunoprecipitated by EPG5 were not
affected by siTGM2 and siSDCI (Fig. S7B), suggesting that
TGM2 was dispensable for the late endosomal/lysosomal loca-
lization of EPG5. However, EPG5 immunoprecipitated much
less endogenous STX17, SNAP29 and LC3 once TGM2 and
SDC1 were knockdown in GBM cells (Figure 7E-F), indicating
that TGM2 was essential for the function of autophagosome
capture of EPG5. In addition, TGM2 interacted with less
QabcR SNARE complex in EPG5-knockdown cells, while
still strongly bond to LC3 (Fig. S7C-D), demonstrating that
TGM2 could recognize autophagosomes while not stabilize
the assembly of SNARE complex alone without the coopera-
tion with EPG5. Thus, we assumed that TGM2-LC3 binding
preceded EPG5-LC3 binding i.e., binding of TGM2 to LC3
facilitated the encounter of autophagosomes with lysosomes,
and subsequent capture of LC3 by EPG5. Further Co-IP assay
demonstrated that the binding of EPG5 to autophagosomal
LC3 and STX17 was restored to normal level in TGM2-
knockdown GBM cells rescued with TGM2-WT plasmid,
while it sustained lower level in GBM cells with TGM2
mutants having two LIR motifs substituted (Figure 8A).
Also, the recruitment of STX17-contained SNARE by EPG5
was not repaired in TGM2 inhibited cells that were rescued
with two LIR motifs substituted TGM2 mutants (Figure 8B-
C). Taken together, these results demonstrated that the bind-
ing of TGM2 to LC3 was prior to EPG5 and determined the
tethering effect of EPG5.

Combination of RT and Cys-D improved survival and
pathologic response in GBM-bearing mice

After explicating the mechanism on how SDC1 and TGM2
promoted GBM radioresistance, we investigated the effect of
cystamine dihydrochloride (Cys-D), a TGM2 inhibitor cap-
able of crossing blood-brain barrier [21], on GBM radiosensi-
tization. According to the chemical toxicity ICso of Cys-D on
GBM cells and glia cells (Fig. S8A, B), a concentration of
10 uM, about IC5¢/5, was applied for this study. Cys-D treat-
ment effectively suppressed the expression of TGM2 (Fig.
S8C) and significantly raised the radiosensitivity of U251R
and T98G cells (Fig. S8E). Notably, although Cys-D treatment
could also sensitize glia cells HA1800 and HMC3 to irradia-
tion (Fig. S8D and F), the sensitization effect was much lower
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than that observed in GBM cells. Applying an orthotopic
U251R xenograft model (Figure 9A), it was found that the
U251R glioma-bearing mice had a median survival of 26 days.
Monotherapy with Cys-D prolonged mice survival up to

< 0.01.

32 days while with no statistical significance, and RT alone
improved the median survival of mice to 44 days. After the
combination treatment of RT and Cys-D, 60% mice were still
alive at 60 days (Figure 9B). MRI scans, taken at days 15 and
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30 after U251R cells implantation, showed remarkable delays
in the average volumetric tumor growth in the RT and Cys-D
combination treatment group, compared to tumor-bearing

control and other groups (Figure 9C-D). The brain specimens
of the surviving mice up to 60 days after GBM cells implanta-
tion showed favorable tumor elimination with almost no
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microscopic evidence of disease after combinational treatment
with RT and Cys-D (Figure 9E). With Cys-D treatment, the

remarkably (Fig. S8G). Moreover, all mice were weighted
until sacrificed. Mice in RT and Cys-D combinational treat-

TGM2 expression in U251R xenograft tissue was reduced ment group had weight gain in comparison with other groups
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where malnutrition and eventually cachexia were induced
since tumor development (Figure 9F-G).

Discussion

This study revealed for the first time that SDC1-TGM2 com-
plex could regulate radioresistance of GBM by activating
autophagy. Especially, the expressions of SDC1 and TGM2
were upregulated in radioresistant GBM cells and tissues, and
might be applicable as potential biomarkers of tumorigenesis,
malignancy progression and poor prognosis clinically. We
demonstrated that SDC1 and TGM2 determined the fusion
of autophagosome with lysosome through coordinating the
binding of EPG5 to LC3 and thus influenced GBM resistance
to RT (Figure 10). Pharmacologic inhibition of TGM2 with
Cys-D markedly enhanced the anti-tumor activity of RT in
orthotopic GBM xenograft model, implying the potential
application of SDC1-TGM2 in the targeted RT.

SDC1, a transmembrane (type I) heparan sulfate proteo-
glycan, has been implicated in multiple diseases including
cancers [22]. Increased level of SDC1 at cell surface regulates
macropinocytosis, fuels cell growth and promotes tumor
maintenance and progression in pancreatic ductal adenocar-
cinoma [17]. Inhibition of SDC1 expression in breast cancer
cells significantly reduced metastasis to brain by changing
cell-secreted cytokines that influence blood-brain barrier
[23]. TGM2 is an enzyme that catalyzes the crosslink between
proteins via glutamyl lysine isopeptide bonds, whose activities
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also have been reported in normal development and diseases
states [24]. Gene expression analysis of 128 esophageal ade-
nocarcinoma patients suggested that overexpression of TGM2
was associated with higher tumor grade, poor differentiation,
and increased inflammatory and desmoplastic response [25].
However, so far, there is no literature concerning the clinical
significance of SDCI and TGM2 in radioresistant GBM
patients as well as the interaction between these two mole-
cules. The current findings advanced the knowledge of the
relationships among the high levels of SDC1 and TGM2,
GBM radioresistance, and autophagic activity (Figures 2-4).
We demonstrated that SDC1 was a TGM2 transporter while
TGM2 is a SDCI effector during autophagosome maturation
(Figure 5 and S5). Briefly, SDC1 carried TGM2 from cell
membrane to lysosome through internalization (shedding
[26] or endocytosis [27]) and then TGM2 coordinated the
encounters of autophagosomes with lysosomes.

Particularly, we proposed a novel concept that SDCI and
TGM2 might determine EPG5-mediated fusion of autophago-
somes with lysosomes. Generally, autophagy flux consists of
two important steps: formation of autophagosomes, and
fusion of autophagosomes with lysosomes [28]. Numerous
studies have elucidated the pathways involved in autophago-
somes formation. Accompanied by LC3, cytoplasmic
TP53INP2 is targeted to early autophagic membranes, which
contributes to autophagosome biogenesis by mediating LC3-
ATG7 [29]. A genome-wide CRISPR screen identified that
TMEM41B and VMPI functioned together at an early step

Radio-
resistant

Cell g
membrane §

A
Autophagosome

Radio-
sensitive

TGM2
absence

Cell
membrane

Figure 10. Mechanism diagram showed how SDC1 and TGM2 mediate fusion of autophagosomes with lysosomes in GBM cells after IR. In radioresistant cells, with
the transport of SDC1, TGM2 was recruited to lysosome. TGM2 in turn bond to LC3 on autophagosomal membrane, activating EPG5 interaction with LC3, promoting
assembly of the STX17-SNAP29-VAMP8 QabcR SNARE complex and autophagosome-lysosome fusion. In SDC1 or TGM2 absence cells, EPG5 could not interact with
LC3 and capture autophagosome, impairing STX17-SNAP29-VAMP8 QabcR SNARE assembly and autophagosome-lysosome fusion, which ultimately enhanced

radiosensitivity.
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of autophagosome formation [30]. Takuo et al. found that
Atg2 acted as a lipid-transfer protein that supplied phospho-
lipids for autophagosome formation [31]. However, study of
autophagosomal-lysosomal fusion process is hitherto lacking.
This fusion process may require the concerted actions of
multiple regulators of membrane dynamics, including
SNAREs, tethering proteins and RAB GTPases [32].
Tethering factors, such as PLEKHM1, HOPS and EPG5 have
been shown to facilitate autophagosomal-late endosomes/
lysosomes fusion via stabilizing SNARE complex [20,33,34].
According to our results, TGM2 exhibited some properties of
tethering proteins within SNARE complex assembly. In
TGM2-knockdown GBM cells, the level of the assembled
STX17-SNAP29-VAMP8 QabcR SNARE complex was drama-
tically reduced while the initial formation of autophagosomal
STX17-SNAP29 Qabc complex was not affected (Figure 7B).
Our findings also disclosed that the binding of TGM2 to LC3
with its two LIR motifs was essential for the autophagosome
maturation (Figure 6). The function of TGM2 was partly in
line with EPGS5, a classical tethering factor capturing autopha-
gosome by recognizing LC3 and serving as a platform to allow
the directly interaction of SNARE complex [20]. It turned out
that TGM2 could bond to EPG5 tethering complex and facil-
itate its tethering function. In TGM2- knockdown cells, EPG5
recruited lower levels of autophagosomal LC3 and STX17-
SNAP29 Qabc complex (Figure 7E). TGM2 appeared not to
affect EPG5 localization on late endosome/lysosome, and the
binding of EPG5 to VAMP8 and RAB7 was not changed in
TGM2-knockdown cells (Fig. S7B). Significantly, TGM2-LC3
binding may occur prior to EPG5 recognition of LC3 and thus
regulates this recognition. Rescue of TGM2-knockdown cells
with TGM2 mutant having two LIR motifs substitution could
not reverse the impaired EPG5-LC3 interaction and the
recruitment of STX17-contained SNARE by EPG5
(Figure 8). Before capture of autophagosome, lysosomes
should anterogradely transport in cytoplasm, enabling their
meet with peripheral autophagosomes, which required the
recruitment of small GTPase ARL8 on lysosome to activate
the kinesin [35]. Similarly, two most important enzymatic
functions of TGM2 are transglutaminase and GTP binding
activities [36]. Thus, we speculated that recruitment of TGM2
on lysosome assisted the anterogradely transport of lysosome,
followed by binding to LC3 and promoting the interaction of
EPG5 and LC3. In vitro Co-IP assay also elucidated that the
constitutive GT-protein active TGM2">*'* but not transglu-
taminase active TGM2R*** interacted with LC3 as well as
EPG5 (Fig. S9). However, this hypothesis still needs further
verification on how the GT-protein active TGM2 lysosomal
position influences vesicle trafficking. As for SDCI, it may not
directly bind to LC3 during EPG5 tethering of autophago-
somes and lysosomes, but it engages in the initial lysosomal
localization of TGM2.

Autophagy had differential impacts on distinct phases of
tumorigenesis. Generally, healthy cells appear to be protected
from malignant transformation by proficient autophagic

responses; conversely, autophagy promotes tumor progression
and therapy resistance in a variety of models [37]. In some
cases, autophagy was reported to induce cell death via ferrop-
tosis [38] or autosis [39] in response to anticancer treatments.
However, numerous reports noted that autophagy had
a function on maintaining the survival of tumor cells after
RT and eventually led to radioresistance and malignancy
recurrence [40-42]. Blocking autophagic activity with auto-
phagy inhibitors, such as chloroquine (CQ) or hydroxychlor-
oquine (HCQ) could sensitize tumor cells to radiation [43,44].
Similarly, our study suggested an elevated autophagic activity
in radioresistant GBM cells. Autophagy modulation had
a pivotal impact on the IR-induced cell death of GBM.
Enhancement of autophagy using rapamycin desensitized
GBM cells to radiation, while inhibition of autophagy by
BafA; and CQ sensitized it. Extensive pre-clinical studies
regarding autophagy inhibition [45,46] triggered mounting
clinical trials targeting autophagy in the conjunction therapy
of cancer treatment. A phase I/II trial of HCQ in combination
with RT demonstrated that HCQ led to an encouraging
improvement in the overall survival of GBM patients [12].
A recent phase 1b trail also showed the feasibility of co-
administration of CQ in integration with RT [47].
Nonetheless, clinical data including the above two trails co-
emphasized that the dose-limiting toxicity prevented the esca-
lation of higher doses CQ and HCQ, which may be attributed
to the nonspecific nature of these agents [12,47-49].

Cys-D, a TGM2 inhibitor, has been approved by the
Food and Drug administration (FDA) and the European
Medicines Agency (EMA) for the treatment of cystinosis
and pancreatic cancer. Our preclinical animal experiments
demonstrated that Cys-D could significantly enhance the
effect of tumor RT, and the mice had good tolerance to
Cys-D. Moreover, the cytotoxicity and radiosensitization
effect of Cys-D for neuroglia cells (HA1800 and HMC3)
were significantly weaker than that of GBM cells (Fig. S8B,
D and F). Indeed, a series of clinical trials have extensively
tested the safety and efficacy of cystamine formulations in
treating neurodegenerative disorders such as Huntington’s
disease [50,51]. Notably, RT may cause severe lymphope-
nia that affects the overall survival of patients [52,53],
while cystamine could prevent this side effect via its pro-
tection on leukocyte [54]. Consistently, we found that
Cys-D administration obviously eliminated lymphopenia
induced by RT in GBM bearing mice (Fig. S8H).

Since CQ was the most potential autophagy-targeted radio-
sensitizer in clinical trial, we compared the influence of Cys-D
and CQ on autophagic flux. First, we validated the radiosensi-
tization effect of CQ (Fig. S10A) on GBM cells and found it was
similar to that of Cys-D (Fig. S8E). In addition, we observed the
simultaneous increases of LC3-IL:I ratio and SQSTMI level in
both Cys-D and CQ pretreated cells post-irradiation (Fig.
S10B). Immunostaining of LC3 and LAMP2 also revealed
a blockage on the encounter of autophagosomes with lysosomes
in the Cys-D and CQ pretreated cells after irradiation (Fig.
S10C). These results suggested that Cys-D could sensitize
GBM to RT by inhibiting the formation of autolysosomes, and



thereby the clinical translational value of Cys-D could co-opt
the application pattern of CQ. Importantly, our findings not
only indicated TGM2 as a feasible target for integrative therapy
of GBM, but presented evidence for the new application of
clinical drugs targeting TGM2, such as Cys-D, which could be
more specific in inhibiting autophagy and effective in the com-
bination of tumor RT.

In summary, we identified that SDC1 and TGM2 played
vital roles in autophagy by promoting EPG5-mediated fusion
of autophagosome with lysosome, contributed to maintenance
of autophagic flux, and ultimately enhanced radioresistance of
GBM. Therefore, SDC1-TGM2 should represent a novel sen-
sitization target for GBM RT.

Materials and methods
Cell culture, irradiation and autophagic reagents

Human glioblastoma cell lines of U251 (TCHu 58) and T98G
(CRL 1690) were purchased from Cell Bank of Chinese
Academy of Science. The stable radioresistant U25IR cell
line was developed from its parental cell line U251 by expos-
ing it with 2 Gy X-ray/day for 30 fractions (5 fractions/weekly
in general) with a total dose of 60 Gy. Human astrocyte
HA1800 cells (C1244) and human microglia HMC3 cells
(C1026) were kindly provided by Shanghai WHELAB
Bioscience Limited. U251, U251R and HA1800 cells were
cultured in Dulbecco’s modified Eagle’s medium (Thermo
Fisher Scientific, C11995500BT), while T98G and HMC3
cells were cultured in Minimum Essential medium (Thermo
Fisher Scientific, C12571500BT). The above media contained
10% fetal bovine serum, 100 units/mL penicillin and 100 mg/
mL streptomycin (Yeasen Biotechnology, 40130ES76). Cells
were incubated in a 5% CO,-humidified incubator at 37°C.
Cells in log-phase were irradiated with a dose rate of
0.883 Gy/min X-ray by X-Rad320 irradiator (PXI Inc., Santa
Rosa, CA, USA). For regulation of autophagic activity, rapa-
mycin (HY-10219), bafilomycin A; (HY-100558) and chlor-
oquine (HY-17589A) from MedChemExpress were employed.

TMT quantitative proteomic analysis

Total proteins of U251, U251R and T98G cells were extracted
and their concentrations were detected with the bicinchoninic
acid (BCA) assay (Beyotime Biotechnology, P0012). A quantity
of 0.2 mg protein was used for TMT analysis according to the
manufacturer’s protocol (Genechem, M-GSGC0182977).
A high-resolution mass spectrometer Q Exactive plus (Thermo
Fisher Scientific, Waltham, MA, USA) was used to perform the
quantitative proteomics analysis. Protein sequence was analyzed
according to Uniprot_HomoSapiens_20386_20180905 database
(www.uniprot.org).

Colony formation assay

Cells were planted in 6-well plates at different densities and
allowed to grow overnight, followed by irradiating with different
doses of X-rays. After 10-14 days, colonies with more than 50
cells were washed with PBS (Beyotime Biotechnology, ST447),
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fixed with paraformaldehyde (Beyotime Biotechnology, P0099),
stained with crystal violet for 15 min, and counted. Survival
fraction curves were fitted and sensitizer enhancement ratio
(SER) was calculated using origin software (OriginLab,
Northampton, NC, USA).

RNA extraction and real-time PCR analysis

Total RNA was isolated using total RNA Kit I (OmegaBiotek,
R0834-01). Complementary DNA (cDNA) was synthesized
using a real-time SuperMix (TIANGEN, KR118). Real-time
PCR was performed wusing SuperReal PreMix Plus
(TIANGEN, FP205). ACTB/f-actin was used as an internal
control for mRNA. Relative RNA abundances were calculated
by the standard 27**“' method. Primers used in the study
were listed in Table 1.

Western blot assay

Cytoplasmic and membrane proteins were extracted using
a  subcellular protein fractionation kit (Beyotime
Biotechnology, P0033), and nuclear proteins were extracted
using Nuclear and Cytoplasmic Protein Extraction Kit
(Beyotime Biotechnology, P0027) according to the manufac-
turer’s instruction. Quantified cell proteins were extracted and
separated by 12.5% SDS-PAGE gels and transferred to PVDF
membranes (Millipore Corp., IPFL00010). After probing with
appropriate primary and secondary antibodies, the membrane
was detected using an ECL detection system (Bio-Rad,
1,708,265) and the protein bands were quantified using
Quantity one software (Bio-Rad). ACTB/B-actin was used as
a control. Antibodies were described in Table 2.

RNA interference

Small interfering RNAs (siRNAs) were synthetized by
RIBOBIO (Guangzhou, China). Cells were cultured on six-
well plates to confluence and transfected with siRNA using
riboFECTTM CP Transfection Agent (RIBOBIO, C10511-1)
according to the manufacture’s instruction. The RNA inter-
ference sequences were listed in Table 3.

Transiently expressing mRFP-GFP-LC3

The adenovirus vector containing the mRFP-GFP-LC3 repor-
ter was purchased from Hanbio (HB-LP2100001). Cells were
transfected with 1% adenovirus for 24 h followed by irradia-
tion or other treatments. Then, cells were fixed and analyzed
using fluorescence microscopy (ImageXpress Micro 4).

Table 1. Primers used for RT-PCR

Genes Forward primer (5'-3') Reverse primer (5'-3')

SDC1 CCACCATGAGACCTCAACCC GCCACTACAGCCGTATTCTCC
TGM2 CAAGGCCCG CCACTAAG GAGGCGATACAGGCCGATG
ACTB/B-actin CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT
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Table 2. Antibodies used in the experiments

Antibody Supplier Catalog # Application
SDC1 Proteintech 10593-1-AP IB (1:1000) IP (1:100)
SDC1 Proteintech 67155-1-Ig IF (1:200)
TGM2 Proteintech 15100-1-AP IB (1:1000) IF (1:200)
SQSTM1/p62 Proteintech 18420-1-AP IB (1:1000)

LC3 Cell Signaling Technology 3868 IB (1:1000)
LAMP2 Proteintech 66301-1-Ig IF (1:200)
STX17 Proteintech 17815-1-AP IB (1:1000) IP (1:100) IF (1:200)
SNAP29 Proteintech 12704-1-AP IB (1:1000)
VAMP8 Proteintech 15546-1-AP IB (1:1000)
EPG5 Abclonal A17456 IB (1:1000) IP (1:100) IF (1:200)
WDR45 Proteintech 19194-1-AP 1B (1:1000)
RAB7 Proteintech 55469-1-AP IB (1:1000)
PLEKHM1 Proteintech 16202-1-AP IB (1:1000)
VPS11 Proteintech 19140-1-AP IB (1:1000)
VPS16 Proteintech 17776-1-AP 1B (1:1000)
VPS18 Proteintech 10901-1-AP 1B (1:1000)
VPS33 Proteintech 16896-1-AP IB (1:1000)
VPS39 Proteintech 16219-1-AP IB (1:1000)
VPS41 Proteintech 13869-1-AP IB (1:1000)
LMNA/LaminA/C Proteintech 10298-1-AP 1B (1:1000)
ACTB/B-Actin Proteintech 66009-1-Ig IB (1:1000)
HRP-anti-mouse Cell Signaling Technology 7076 IB (1:5000)
HRP-anti-rabbit Cell Signaling Technology 7074 IB (1:5000)
Alexa Fluor 350 labeled Goat Anti-Mouse IgG Beyotime A0412 IF (1:1000)
Alexa Fluor 488-labeled Goat Anti-Rabbit 1gG Beyotime A0423 IF (1:1000)
Alexa Fluor 555-labeled Donkey Anti-Rabbit IgG Beyotime A0453 IF (1:1000)
Alexa Fluor 555-labeled Donkey Anti-Mouse 1gG Beyotime A0460 IF (1:1000)
Alexa Fluor 647-labeled Goat Anti-Mouse IgG Beyotime A0473 IF (1:1000)
Rabbit mAb 1gG Isotype control Cell Signaling Technology 3423 IP (1:100)

Flag Sigma F7425 IB (1:1000) IP (1:100)

Table 3. Target sequences of siRNAs

Genes Target sense (5'-3')

SDC1 CCGCAAATTGTGGCTACTAAT
TGM2 ACAGCAACCTTCTCATCGAGT
EPG5 CCTTTAATAGAGCACGCTATA

Negative control TTCTCCGAACGTGTCACGT

Co-immunoprecipitation (Co-IP) assay

The whole cell lysates were collected according to the manu-
facturer’s instruction (Beyotime Biotechnology, P2179M) and
then centrifuged at 10,000 g for 10 min at 4°C. Then 1 ml
supernatant was incubated with 1 pg anti-SDC1/-LC3/-TGM2
/-STX17/-EPG5/-Flag antibody, or anti-IgG antibody (Cell
signaling Technology, 3423; 1:100) for 16 h followed by addi-
tion of 20 pl protein A/G plus agarose beads (Santa Cruz
Biotechnology, SC-2003) and incubated overnight at 4°C.
Samples were spun down, washed four times with immuno-
precipitation buffer and heated for 10 min at 100°C prior to
loading on an SDS-PAGE gel for western blotting assay.
Antibodies used were described in Table 1.

Immunofluorescence (IF) staining

At different times after irradiation, cells were washed with
PBS, fixed with 4% formaldehyde for 10 min, permeabilized
with 0.5% Triton X-100 (Beyotime Biotechnology, P0096) for
10 min and then incubated in 0.1% PBS-Tween solution
containing 1% BSA, 10% normal goat serum, and 0.3 M
glycine (QuickBlock assay, Beyotime Biotechnology, P0260)
for 1 h to block nonspecific protein-protein interactions. Cells
were sequentially incubated with primary antibody for 12 h
(anti-LAMP2 or -EPGS5) or 24 h (anti-SDC1) and Alexa Fluor
555-conjugated secondary antibody for 1 h at 4°C. Next, cells
were incubated with another primary antibody for 12 h (anti-
LC3 or -STX17) or 24 h (anti-TGM2) and followed by corre-
sponding Alexa Fluor 488-conjugated secondary antibody for
1 h at 4°C. DAPI was then used to stain the cell nuclei at
a concentration of 1.43 pM. Cell fluorescence image was
photographed with ImageXpress Micro 4 screening system
(Molecular Devices, San Jose, CA, USA). For fluorescence
spots quantification in each cell were counted using the
Granularity Analysis function of ImageXpress software and
50 cells were analyzed for each sample. Antibodies used for IF
staining were described in Table 2



Detection and quantification of macropinocytosis

Macropinocytic index was determined as described before
[55]. Briefly, macropinosomes were marked utilizing a high
molecular weight TMR-dextran (MW 65-85 kDa; Sigma-
Aldrich, T1162) uptake assay wherein TMR-dextran was
added to culture-medium at a final concentration of 1 mg/
mL for 30 min at 6 h post-irradiation. At the end of incuba-
tion, cells were fixed in 4% polyformaldehyde and DAPI-
treated to stain nuclei. Cell images were captured using an
ImageXpress Micro 4 screening system. The total particle area
per cell was calculated from 5 fields that were randomly
selected from different regions across the entirety of each
sample. Macropinocytosis inhibitor, EIPA
(MedChemExpress, HY-101840) treatment served as positive
control.

Plasmid construction

We constructed a plasmid encoding Flag-tagged wild-type
SDC1 or TGM2, and plasmids with domain-deleted fragments
(ectodomain, transmembrane and cytoplasmic domains
deleted, respectively) of SDC1 and site-directed mutants
(tryptophan 40, phenylalanine 135, arginine 580 and trypto-
phan 241 mutated to alanine) of TGM2 in the pcDNA3.1(-)
backbone (Genechem, CV702). Each plasmid was transiently
transfected into U251R and T98G cells by Lipofectamine 3000
(Invitrogen, L3000008). After 24 h of transfection, cells were
irradiated and their proteins were prepared for immunopre-
cipitation and immunoblot assay.

Animal treatments

The subcutaneous xenograft model was built as described pre-
viously [56]. For orthotopic xenograft model, a total of 20 five-
week-old male BALB/c nude mice (18-20 g) were used. U251R
cells (1 x 10°) in a volume of 3 pl were stereotactically injected
into the right striatum as defined by the following coordinates:
2 mm posterior to the coronal suture, 2 mm lateral to the
sagittal suture, and 3 mm deep to the cortical surface. On day
15 after tumor implantation, mice were randomly divided into
four groups: control, Cys-D only, radiation alone, combined
radiation and Cys-D. For radiation, a single dose of 15 Gy was
given to the brain on day 15 post-tumor cells implantation. For
Cys-D+ RT or Cys-D alone groups, a dose of 20 mg/kg Cys-D
was intragastrically administrated 2 h before irradiation or
shield irradiation. After irradiation, mice were weighed every
three days and kept until death or maximum 60 days, and
Kaplan-Meier survival curves were fitted using GraphPad soft-
ware (San Diego, CA, USA). On day 7 post-irradiation, mice tail
vein blood was collected for hemocytes analysis using the BC-
2800Vet auto hematology analyzer (Mindray, Shenzhen,
China). To harvest brain sample, mice were anesthetized with
ketamine and xylazine before intracardiac perfusion with PBS
followed by 4% PFA in PBS. The brains were removed and post-
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fixed in 4% PFA-PBS for 12 h followed by cryoprotection in
30% w:v sucrose for 48 h, and followed by HE and immuno-
fluorescence staining (RecordBio, RC035). This project was
approved by the Animal Ethics Committee of Fudan
University (approval number 20171304A215). All procedures
performed involving animals were in accordance with the Guide
for the Care and Use of Laboratory Animals published by the
US National Institutes of Health.

MR imaging

Mice were imaged by a 7.0 T small animal MRI scanner
(Biospec, Bruker, Karlsruhe, Germany) with ADVANCE III
hardware/software, 1 H and X nuclide RF amplifiers, and
a 300 V/200A gradient power Copley amplifier. Various MR
sequences of T2-weighed images were used to compute the
tumor volumes with standard analysis method [57].

Statistical analysis

Data were presented as mean * standard deviation (SD) of
three independent experiments. Student’s t-test was used for
two-group comparisons. Kaplan-Meier method was used to
analyze the survival. Log-rank test was used to determine the
significance, and a two-sided P value less than 0.05 was
considered to be statistically significant.
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