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ABSTRACT

Macroautophagy/autophagy is a natural intracellular process that maintains cellular homeostasis and
protects cells from death under stress conditions. Autophagy sustains tumor survival and growth when
induced by common cancer treatments, including IR and cytotoxic chemotherapy, thereby contributing
to therapeutic resistance of tumors. In this study, we report that the expression of MIR93, noted in two
clinically relevant tumor subtypes of GBM, influenced GSC phenotype as well as tumor response to
therapy through its effects on autophagy. Our mechanistic studies revealed that MIR93 regulated
autophagic activities in GSCs through simultaneous inhibition of multiple autophagy regulators, includ-
ing BECN1/Beclin 1, ATG5, ATG4B, and SQSTM1/p62. Moreover, two first-line treatments for GBM, IR and
temozolomide (TMZ), as well as rapamycin (Rap), the prototypic MTOR inhibitor, decreased MIR93
expression that, in turn, stimulated autophagic processes in GSCs. Inhibition of autophagy by ectopic
MIR93 expression, or via autophagy inhibitors NSC (an ATG4B inhibitor) and CQ, enhanced the activity of
IR and TMZ against GSCs. Collectively, our findings reveal a key role for MIR93 in the regulation of
autophagy and suggest a combination treatment strategy involving the inhibition of autophagy while
administering cytotoxic therapy.
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Introduction GSCs are the most biologically aggressive and show heigh-
tened resistance to radiation [5,6]. High autophagic activity in
MES GSCs relative to PN GSCs is also attributed to high
tumorigenicity and therapy resistance of MES GSCs [7].
Autophagy is an evolutionarily conserved process that
maintains control of intracellular components through lyso-
some-mediated degradation. This provides a means to con-
serve energy, particularly in response to intrinsic and extrinsic
stresses [8,9]. Upon autophagy initiation, more than 30 pro-
teins, including autophagy-related proteins, orchestrate
a multistep autophagic process that involves membrane remo-
deling and vesicular trafficking in four different stages: initia-
tion/nucleation, elongation, maturation, and lysosome
reformation [10,11]. At the first step, phosphatidylinositol

Glioblastoma (GBM) represents the most prevalent and lethal
primary tumor of the central nervous system [1]. Gene
expression profiling studies have shown that GBM can be
classified in three transcriptionally-defined and clinically rele-
vant subtypes: proneural (PN), mesenchymal (MES) and clas-
sical (CL) [2]. However, individual GBM are far from being
uniform, and single tumors exhibit substantial cellular hetero-
geneity that includes small subpopulations termed glioma
stem-like cells (GSCs). GSCs have been shown to contribute
to tumor initiation, malignant phenotypes, recurrence and
therapy-resistance [3]. Similar to bulk GBM tumors [2],
gene expression analysis has grouped patient-derived GSCs
into the PN, CL, and MES subtypes [4-6]. Of these, MES
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triphosphate production by the class III phosphatidylinositol
3-kinase (PtdIns3K) in a complex with BECN1 is required for
the biogenesis of autophagosome formation [12]. Next, the
double-membrane elongation of the phagophore (the autop-
hagosome precursor) involves 2 sequential ubiquitin-like con-
jugation steps: one involving ATG12 (autophagy related 12)-
ATGS5 and the other involving MAP1LC3-II/LC3-II (micro-
tubule associated protein 1 light chain 3-II) in mammals [13].
The latter process is mediated by ATG4B (autophagy related
4B cysteine peptidase), which cleaves the precursor form of
LC3 (pro-LC3). This event reveals a C-terminal glycine resi-
due for conjugation with membrane-bound phosphatidyletha-
nolamine, resulting an insertion of LC3-II into elongating
autophagic membranes. This process is reversible because
ATG#4B also removes phosphatidylethanolamine from LC3-II
and recycles LC3 [14,15]. LC3-1I present on the inner surface
of the phagophore membrane is bound with the autophagic
receptor molecule SQSTM1/p62 (sequestosome 1), which
sequesters ubiquitinated cargo via its ubiquitin association
(UBA) domain and delivers those cargos through its LC3-
interacting region [16].

In cellular and tissue repair processes, autophagy princi-
pally serves as a protective mechanism against stresses and
diverse pathologies including cancer [17]. However, in
advanced cancers, autophagy-mediated intracellular catabo-
lism is co-opted to support tumor’s increasing demands for
energy and resources needed for growth and survival from
treatments [18,19]. For GBM, treatments such as irradiation
(IR) and chemotherapy, especially temozolomide (TMZ),
induce autophagy [20,21]. GBM utilizes autophagy as an
escape mechanism of cell survival in response to cytotoxic
therapies including IR and TMZ, which are standard first-line
treatments for GBM and other cancers [18,22].

MicroRNAs (miRNAs) have emerged as important post-
transcriptional ‘fine-tuners’ of gene expression in both normal
and neoplastic development [23-25]. These small noncoding
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RNAs bind to the 3’-untranslated region (3'-UTR) of target
mRNAs and regulate gene expression by promoting mRNA
degradation or inhibiting mRNA translation. A given miRNA
can simultaneously inhibit the expression of multiple target
genes based on sequence homology, and thereby has signifi-
cant influence on gene networks and cellular signaling path-
ways [26]. Accumulating evidence reveal that miRNAs are
dysregulated in cancer cells and cancer stem cells (CSCs),
which have distinct miRNA expression signatures in various
types of tumors, including GBM, and have shown context-
dependent properties of miRNAs in regulating tumorigenicity
and response to therapy [20,24,27-29]. In this study, we
investigated the roles of MIR93 (microRNA -93), which is
differentially expressed in PN and MES GBM subtypes, for
its relationship with GBM autophagy, as well as for its role in
GBM response to anti-tumor activities of TMZ and IR.

Results
MIR93 is differentially expressed in PN and MES GBM

Distinct miRNA expression signatures have been described in
human cancers including GBM, suggesting cancer cell type-
specific miRNA functions [30]. To identify miRNAs that
influence the biological properties of different GBM and
GSC subtypes, we compared miRNA expression profiles in
PN and MES GBM subtypes in the Cancer Genome Atlas
(TCGA) datasets and in a panel of patient-derived PN and
MES GSCs that we recently described [24]. We found that
MIR93 and MIRY, among the top 10 up-regulated miRNAs in
PN GBM, were also among in the top 20 PN-enriched
miRNAs in GSCs (Figure 1(a)) [24]. To determine the roles
of MIR93 and MIR9 in GSCs, we first examined the expres-
sion of MIR93 and MIRY9 in four PN GSCs and four MES
GSCs from different sources [5,31]. As measured by quanti-
tative reverse transcription-polymerase chain reaction (qQRT-
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Figure 1. MIR93 is differentially expressed between PN and MES GBM. (a) Hierarchical cluster analysis on expression data of miRNAs that were top most differentially
expressed between PN and MES GBM tumors in TCGA miRNA (miR) microarray dataset. Red color indicates upregulated and the green is for downregulated MIRs. (b)
Relative expression levels of MIR93 in 4 PN and 4 MES GSCs were determined using quantitative RT-PCR (qRT-PCR) assays. (c) Expression levels of MIR93 in 3 clinically
relevant GBM subtypes. Boxplots indicate the median quartiles, with whiskers extending the minimum and maximum range. (d) Kaplan-Meier analysis for survival of
patients with gliomas with high or low expression levels of MIR93 using the TCGA dataset. (e and f) Correlation of expression levels between MIR93, and PN marker
PROM1 (e) or MES marker ALDH1A3 (f) in the TCGA datasets. *p < 0.05, **p < 0.01, ***p < 0.001, the Mann-Whitney U-test. R value, Pearson value. Data in (b) are

representative from 3 independent experiments with similar results.
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PCR), levels of MIR93 but not MIR9 were significantly
increased in PN compared with MES GSCs (Figure 1(b) and
Figure S1(a)). Therefore, we selected MIR93 for further inves-
tigation. In the TCGA dataset, MIR93 was expressed at
a significantly higher level in PN GBM compared to MES or
CL GBM subtypes (Figure 1(c)). The elevated level of MIR93
expression was associated with better survival for GBM
patients (Figure 1(d)). Multivariate analyses of MIR93 expres-
sion showed longer survival associations with tumor p53
mutation status, patient age, and GBM PN subtype classifica-
tion (Figure S1(b-e)). Additionally, MIR93 expression dis-
played a positive correlation with the expression of PN
marker PROM1/CD133 (Figure 1(e)) and SOX2 (Figure S1
(f), and an inverse correlation with MES marker ALDHIA3
(Figure 1(f)) and CD44 (Figure S1(g)) [5].

MIR93 modulates MES and PN GBM phenotypes

To determine the biological roles of MIR93 in GBM, we first
ectopically expressed MIR93 in GSC 83 and 1123 spheres
(Figure S2(a)). Cells modified for exogenous expression of
MIR93 markedly reduced the expression levels of MES GSC
stem cell markers, ALDHIA3 and CD44, but increased the
expression of differentiation marker TUBB3 (Figure S2(b)).
Importantly, MIR93 overexpression resulted in decreases in
cell growth, sphere-forming frequency, and glioma sphere-
forming abilities of GSC 83 and 1123 (Figure 2(a,b), and
Figure S2(c)). When GSC 83 and 1123 modified with stable
expression of MIR93 or a control vector were stereotactically
implanted into the brains of mice, ectopic MIR93 expression
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markedly suppressed intracranial tumor growth in athymic
mice (Figure 2(c)). Conversely, we antagonized MIR93 func-
tion in PN GSCs using a targeted anti-miR (ZIP93). We found
inhibition of MIR93 decreased expression levels of PN GSC
stem cell markers SOX2 and OLIG2 but had no effect on
TUBB3 expression (Figure S2(d)). Moreover, MIR93 inhibi-
tion significantly enhanced in vitro cell growth, sphere-
forming frequency and glioma sphere-forming abilities of
GSC 23 and 528 (Figure 2(d,e), and Figure S2(e)). In vivo,
ZIP93-mediated suppression of MIR93 markedly increased
GSC 23 and 528 tumorigenicity of orthotopic GBM xenografts
(Figure 2(f)). In contrast, modulation of MIR93 expression
had no appreciable effects on the cell viability of normal
human astrocytes (NHA in Figure S2(f,g)).

MIR93 inhibits autophagic activity in GBM

Potent effects of MIR93 in regulation of MES and PN GBM
phenotypes prompted us to explore the downstream effectors
of MIR93. To identify downstream targets, we performed in
silico predictive analyses for potential targets of MIR93 using
Targetscan [32]. Then, we identified pathways enriched in
MIR93 potential targets by using gene set enrichment analysis
(GSEA). We observed enrichment in MIR93 target gene sets
(false discovery rate, FDR, < 0.01) that comprised regulation
of autophagy, immune system, AMP-activated protein kinase
(AMPK), MAPK/JNK, WNT, and ERBB signaling pathways
(Figure S3). Autophagy plays critical roles in sustaining tumor
growth and survival when challenged by cytotoxic and/or
targeted therapies [18]. An indicator of active autophagy is
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Figure 2. MIR93 regulates cell growth, self-renewal, and tumorigenicity of GSCs. (a—c) effects of ectopic expression of MIR93 or a control miRNA (MIRC) in GSC 83,
1123 on cell growth (a), sphere-forming frequency (b) in vitro and tumorigenicity in brain xenografts (n = 5) that received indicated GSC 83 or 1123 cells (c). (d-f),
effects of ectopic expression of ZIP93 or a control (ZIPC) in GSC 23 and 528 on cell growth (d), sphere-forming frequency (e) in vitro, and tumorigenicity in brain
xenografts (n = 5) that received indicated GSC 23 or 528 cells (f). Arrows in (c and f) indicate GSC tumor xenografts. Bar graphs in (c and f), estimation of tumor
volumes in indicated groups. Scale bar: 1.0 mm. *p < 0.05, **p < 0.01. Data are representative from 3 independent experiments with similar results.



the formation of autophagosome membranes by conversion of
LC3-I to lipidated LC3-II, and the resultant appearance of
LC3 puncta [33]. Thus, we assessed whether MIR93 regulated
autophagic activity in GSCs. As shown in Figure 3, overex-
pression of MIR93 resulted in a significant reduction in num-
bers of LC3B* puncta in MES GSC 83 and 1123, whereas
suppression of MIR93 activity by ZIP93 in PN GSC 23 and
528 increased the number of LC3B" puncta as compared with
their corresponding controls (Figure 3(a,b)). Consistent with
these results, the protein levels of LC3B-II were markedly
decreased, while the levels of LC3B-I were significantly
increased in MES GSC 83 and 1123 with MIR93 overexpres-
sion (Figure 3(c)). In contrast, LC3B-II was enhanced, while
LC3B-I was reduced in PN GSC 23 and 528 with ZIP93
suppression (Figure 3(c,d)). This indicates that MES GSCs
display greater basal autophagy activity compared with PN
GSCs, as indicated by a significantly higher level of LC3-II
(Figure 3(c,d)), and that this phenomenon is reversed upon
modification of MIR93 levels [7].

MIR93 downregulates autophagy regulatory genes

The observation that MIR93 influences autophagic activity in
GSCs prompted us to determine which of the predicted can-
didate genes responded to MIR93 modulation of autophagy.
As shown in Figure 4(a), among a total of ten candidate genes
of MIR93 targets involved in autophagy, BECNI, ATGS,
ATG4B, and SQSTMI1 were significantly down-regulated
when ectopic MIR93 was expressed in human embryonic
kidney (HEK) 293T cells. Conversely, when MIR93 was inhib-
ited in these cells by ZIP93, the expression levels of these four
genes were markedly increased. Consistent with these results,
MIR93 expression suppressed the activity of BECNI, ATG5,
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ATG4B, and SQSTMI gene reporters with wild-type (WT)
MIR93 binding sites, when compared to mutated MIR93-
binding sites (Figure 4(b,c)). Ectopic expression of MIR93 in
GSC 83 and 1123, with low endogenous levels of MIR93,
decreased the expression of BECN1, ATG5, ATG4B, and
SQSTM1 proteins, while ZIP93 suppression of MIR93 in
GSC 23 and 528, with high endogenous levels of MIR93,
enhanced the expression of these proteins (Figure 4(d)).
Similar results were also obtained when levels of MIR93
were modified in three other cancer cell lines derived from
glioma (U87), lung cancer (343T) and melanoma (A375),
indicating that MIR93 regulated autophagic activity through
targeting these autophagy genes in cells (Figure S$4).
Additionally, analysis of MIR93, BECNI, ATG5, ATG4B, and
SQSTM1 expression in the TCGA glioma dataset revealed an
inverse correlation between the expression of MIR93 and
BECNI or SQSTM1 (Figure 4(e)), but not ATG5 or ATG4B.
These results are not atypical since there are multiple poten-
tial mechanisms for miRNA-mediated regulation, including
induction of mRNA degradation or the inhibition of mRNAs
translation without affecting mRNA levels [34]. This could be
the possible reason that no inverse correlation was observed
between the expression of MIR93 and ATG5/ATG4B in GBM.

Next, we determined whether autophagic activity was
critical for GSC cell growth and self-renewal. To test this
possibility, we knocked down BECNI1, ATG5, ATG4B, and
SQSTMI using 3 different shRNAs in GSC 83 and 30 cells
(Figure 5(a) and Figure S5(a)) and selected 2 shRNA clones
with higher knockdown efficiency for further functional
study. As a result, knockdown of BECNI, ATG5, ATG4B,
and SQSTMI significantly reduced proliferation, sphere-
forming frequency, and sphere formation ability in GSC 83
and 30 cells (Figure 5(b,c), and Figure S5(b-e)). Last, we
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Figure 3. MIR93 regulates autophagic activity in GSCs. (a and b) Immunofluorescent staining (IF) analyses for LC3B™ puncta (green) in GSC 83 and 1123 modified with
ectopic MIR93 or a control (MIRC) (a), and GSC 528 and 23 modified with ZIP93 or a control (ZIPC) (b). Arrows indicate stained LC3B* puncta. Cell nuclei were
visualized with DAPI (blue). Right panels in (a and b), quantification of LC3B* puncta in indicated GSCs. (¢ and d) Immunoblotting analysis (IB) for LC3B and ACTB in
GSC with indicated modifications. Quantifications of LC3B-Il:l ratios in numbers are shown. *p < 0.05, **p < 0.01. Data are representative from 3 independent

experiments with similar results.
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3 independent experiments with similar results.

compared the effects of shRNA knockdown of BECNI,

ATG5, ATG4B or SQSTMI on cell

growth and glioma

sphere-forming ability using GSC 528, with and without
ZIP93 suppression of MIR93. Our results showed that

shRNA inhibition of MIR93 target sequences reduces cell
proliferation, sphere-forming frequency, and sphere forma-
tion ability (Figure 6(a-c), Figure S6(a,b)). In addition,
knockdown of these four MIR93 targets except SQSTMI in



ZIP93-expressing GSC 528 resulted in a significant reduction
of LC3B™ puncta number (Figure 6(d)). Since sh-SQSTM
inhibition should not have an effect on the closure of autop-
hagy membranes, puncta formation was expected to be
similar to ZIP93 and sh-C controls (Figure 6(d)), supporting
the LC3BILI ratios shown in Figure 6(a). Together, these
data indicate that MIR93 regulates autophagic activity
through suppressing BECNI, ATG5, ATG4B, and SQSTM]1
in GSCs.

Inhibition of autophagy enhances anti-tumor activity of
TMZ, IR and rap on GSCs

Autophagy contributes to tumor survival when challenged by
cytotoxic and/or targeted therapies [18,19]. Thus, we deter-
mined whether MIR93 was involved in therapy-induced
autophagy by treating GSC 528 with cytotoxic therapy TMZ
[35], IR [7], or Rap, an inhibitor of MTOR that also induced
cell autophagy in cancer treatment [36]. As shown in Figure 7,
all these treatments markedly reduced levels of MIR93 (Figure
7(a)) and increased protein levels of MIR93 targets including
BECN1, ATG5, ATG4B, and SQSTM1 (Figure 7(b)). In addi-
tion, these treatments also induced autophagic activity as
indicated by enhanced LC3B lipidation (LC3B II, Figure 7
(b)). The induction of autophagy by these treatments was
also evidenced by increased LC3B" puncta in GSCs.
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puncta formation) was markedly attenuated by expressing
exogenous MIR93 in these cells (Figure 7(c)).

IR and TMZ are the first-line treatments for GBM [37].
To test the in vivo effects of MIR93 on response of GSCs to
IR and TMZ therapy, mice with intracranial MES GSC 1123
xenografts modified with MIRC or MIR93, and PN GSC 23
xenografts modified with ZIPC or ZIP93, received separate
treatments of IR (2 Gy/day, Monday through Friday for one
cycle, 10 Gy total), or TMZ (20 mg/kg daily, for 15 days). In
MES GSC 1123 model, overexpression of MIR93, or indivi-
dual treatment of IR, TMZ resulted in growth-suppressive
effects on intracranial tumor xenografts measured by biolu-
minescent imaging and survival benefits of animals
(Figure 7(d) and Figure S7(a)). Importantly, exogenous
expressed MIR93 markedly enhanced anti-tumor activities
of IR or TMZ treatments and further prolonged the survival
of these animals (Figure 7(d) and Figure S7(a)). In the PN
GSC 23 model, when compared to ZIPC group, ZIP93 inhi-
bition of MIR93 significantly enhanced while treatment of IR
or TMZ reduced the growth of intracranial tumors (Figure 7
(e) and Figure S7(b)). Moreover, when ZIP93-expressing
GSC 23 tumor xenografts were treated with IR or TMZ,
tumor suppressive functions of these modalities were mark-
edly reduced (Figure 7(e) and Figure S7(b)). Modulation of
tumorigenicity and therapeutic benefits of IR and TMZ by
ZIP93 also affected the survivals of these animals (Figure 7

However, the therapy-induced autophagic activity (LC3B (e), right panel).
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Next, we examined the effects of MIR93 regulation and IR
or TMZ treatment on cell proliferation, DNA damage and
autophagic activity in the aforementioned GSC tumor xeno-
grafts. We found that MES 1123 xenografts with separate or
combined treatments showed lower proliferation indices (by
MKI67/Ki-67 staining) when compared with the controls
(MIRC). PN GSC 23 xenografts modified with ZIP93 dis-
played higher mitotic activity when compared with ZIPC-
expressing tumors (p < 0.01, Figure S7(c,d)). In both MES
GSC 1123 and PN GSC 23 xenografts, treatments with IR or
TMZ resulted in higher levels of DNA damage (YH2AFX
staining) when compared with the controls (p < 0.001,
Figure S7(c,d)). IR or TMZ alone induced autophagy in vivo
as indicated by increased LC3B levels compared with controls
(p < 0.01, Figure S7(c,d)). However, exogenous MIR93 expres-
sion blocked the IR- or TMZ-induced autophagy in the MES
GSC 1123 xenografts. In contrast, MIR93 inhibition by ZIP93

further enhanced treatments-induced autophagic activities in
PN GSC 23 xenografts (p < 0.01, Figure S7(c,d)).

We recently described that specific inhibition of autopha-
gic activity by chloroquine diphosphate (CQ), which sup-
presses autophagy through blocking lysosomal acidification
[38], or by a novel ATG4B antagonist NSC185058 (NSC)
[39], significantly enhanced anti-tumor activity of IR in treat-
ing orthotopic GSC xenografts [7]. We next wanted to deter-
mine whether MIR93 sensitized GSC to the tumor-inhibiting
effects of cytotoxic therapy by suppressing autophagy-
associated proteins. Thus, we subjected MES GSC 83 cells,
which had intrinsically high autophagic activity [7], to TMZ
or IR. We also varied both the expression of MIR93, as well as
inclusion of CQ or NSC treatment. We found that similar to
enhancing TMZ inhibitory effects on cell viability, increasing
doses of IR in combination with CQ (50 uM), NSC (100 uM)
[7], or ectopic MIR93 expression, or MIR93 plus either of the



autophagy inhibitors (CQ or NSC) significantly reduced cell
viability of GSC 83 when compared to the controls
(Figure 7(f)). Last, we determined the effects on apoptosis in
GSCs by these treatments. Overexpression of MIR93 or treat-
ment with NSC or CQ alone sensitized GSC 83 to IR- or
TMZ- induced cell apoptosis as measured by ANXAS5/
Annexin V. MIR93 expression combined with NSC or CQ
treatment also increased the proportion of apoptotic cells
induced by IR or TMZ (Figure 7(g)). Notably, MIR93 plus
NSC or CQ only had additional but not significant effects on
GSC response to IR and TMZ, relative to MIR93, NSC or CQ
alone (Figure 7(f,g)), suggesting that both MIR93 and autop-
hagy inhibitors may target a common autophagy pathway.

To further examine whether inhibition of autophagic flux
contributes to the increase of cell apoptosis in MIR93-
overexpressed cells, we introduced the shRNA against specific
autophagy genes BECNI and ATGS5 into GSC 83 cells stably
expressing exogenous MIR93. Apoptosis indicator cleaved
CASP3/caspase-3 were markedly increased in GSC 83 cells
with ectopic MIR93 expression, or MIR93 plus either of
BECNI or ATG5 knockdown after TMZ or IR treatment
when compared with control (Figure S8(a)). In addition, the
proportion of apoptotic cells induced by IR or TMZ was
markedly increased in the BECNI- or ATG5-deficient cells,
which was consistent with the results from NSC or CQ-
treated cells (Figure 7(g)). Furthermore, combination treat-
ment with MIR93 and autophagy inhibition by BECNI or
ATGS5 knockdown had an additional but not significant effect
on cell death induced by TMZ or IR, relative to MIR93,
BECNI or ATG5 knockdown alone, suggesting MIR93 may
have an additional effect on cell apoptosis induced by TMZ or
IR besides its effect on autophagy (Figure S8(b)).

Discussion

In this study, we described a critical role for MIR93 in
modulating GSC self-renewal and GBM tumorigenesis by
targeting multiple key autophagy effectors: BECN1, ATGS5,
ATG4B, and SQSTMLI. Inhibition of autophagic activity in
GBM through ectopic MIR93 expression and treatment
with autophagy inhibitors NSC (for ATG4B) or CQ
enhanced the effects of TMZ and IR in reducing GSC
viability. Our findings establish that the MIR93-autophagy
axis is an important regulator of autophagy, including
tumor cell autophagic response to cytotoxic therapies such
as TMZ and IR. Thus, targeting this axis may present as
a potential therapeutic strategy for treating GBM.

MIR93 has been reported as highly expressed in certain
human malignancies, acting as an oncogenic miRNA by
activating the PI3K-AKT signaling pathway [40-42].
However, the oncogenic activity of MIR93 is context depen-
dent. For example, MIR93 functions as a tumor suppressor
by inhibiting multiple factors in the TGFP signaling path-
way as well as genes regulating cell stemness, including
CCND2, CDKNI1A, JAK1, STAT3, AKT3, SOX4, and EZH1
[43,44]. In the present study, we showed that MIR93 reg-
ulates the autophagic activity of GSCs. In MES GSCs with
low levels of endogenous MIR93, ectopic expression of
MIR93 down-regulated multiple autophagy regulatory
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genes including BECNI, ATG5, ATG4B, and SQSTMI,
resulting in inhibition of cell growth, glioma sphere self-
renewal in vitro, and tumor cell growth in vivo. In sup-
pressing autophagic response, MIR93 sensitized GSC to
TMZ and IR. Conversely, suppressing MIR93 in PN GSCs
increased cell growth, GSC self-renewal in vitro, tumor cell
growth in vivo, and attenuated the anti-tumor activity of IR
or TMZ in animals.

Our identification of the molecular and biologic effects
that were influenced by MIR93 in GBM emphasized the
ability of a single expressed sequence to suppress the pro-
tein levels of multiple genes. Our results demonstrated that
MIR93 inhibited autophagic activity in GBM through
simultaneously targeting key autophagy regulators BECNI,
ATGS5, ATG4B, and SQSTMI. Interestingly, MIR93 has been
shown to activate the PI3K-AKT-MTOR signaling through
another set of targets resulting in autophagy suppression
[41,42,45,46]. Thus, MIR93 influences autophagy through
its effects on multiple signaling pathways. However, the
combination of MIR93 plus autophagy inhibitors or knock-
down of specific autophagy genes appears to have addi-
tional but not significant effects on TMZ or IR-induced
cell apoptosis when compared to individual treatments,
suggesting that MIR93 modulates proapoptotic pathways
besides its effect on autophagy [47-49].

Nearly all GBM tumors recur following surgical resec-
tioning and subsequent treatment of patients with RT and
TMZ. Recurrent tumors are enriched with CSCs, and there
are no treatments that have shown consistency in limiting
the growth of recurrent GBM [50,51]. Several mechanisms
have been implicated in therapeutic resistance of CSCs in
recurrent GBM, including a switch to quiescence, and the
increased expression of multidrug resistance pumps as well
as detoxifying enzymes. The induction of autophagy has
also been proposed as a survival response mechanism
employed by CSCs [52-54]. In addition to survival, autop-
hagy plays critical roles in oncogenic transformation, tumor
growth, and CSC maintenance [55-58]. Consistent with our
recent report [7], we found that MES GSCs displayed
a higher level of autophagic activity compared to PN coun-
terparts. MES tumors often exhibit a more invasive pheno-
types, a greater resistance to standard treatments, and less
favorable prognosis relative to PN tumors [31,59,60]. Here,
we have shown that there were also significant differences
in autophagy activity between these subtypes of GBM, with
these differences mediated, in part, through MES versus PN
differences in expression of BECN1, ATG5, ATG4B, and
SQSTMI. In addition to affecting autophagy, our results
showed that the expression of these genes influenced cell
proliferation and GSC self-renewal.

In conclusion, we showed that MIR93 expression influ-
enced multiple biologic properties of GBM by targeting the
expression and/or activity of key autophagy regulators.
Furthermore, by attenuating autophagic activity through ecto-
pic expression of MIR93, or through the use of autophagy
inhibitors NSC or CQ, tumor suppressing functions of routi-
nely-used cytotoxic therapies TMZ and IR were enhanced.
These results support further investigation of a strategy for
treating primary as well as recurrent GBM.
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Materials and methods
Ethics

Athymic (Ncr nu/nu) mice at 6-8 wk of age were purchased
from Taconic Farms. All experiments using animals with 5
mice per group were conducted under the Institutional
Animal Care and Use Committee (IACUC)-approved proto-
col at Northwestern University in accordance with NIH and
institutional guidelines. Human Subjects Research protocols
were approved by the Institutional Review Board (IRB) at the
Northwestern University in accordance with NIH and institu-
tional guidelines.

Cell culture and reagents

Human HEK293T cells (ATCC, CRL-1573), glioma U87 cells
(ATCC, HTB-14), lung adenocarcinoma cells 343T (ATCC,
CRL-7245) and melanoma A375 cells (ATCC, CRL-3223) were
cultured in DMEM (Thermo Fisher Scientific, 11995-065) supple-
mented with 10% FBS (Thermo Fisher Scientific, 10437028) and
1% penicillin and streptomycin (Thermo Fisher Scientific,
15140122). Normal human astrocyte (Thermo Fisher Scientific,
N7805100) cells were cultured in the astrocyte growth medium
(Lonza, CC-3187). Patient-derived GSCs that were previously
characterized [5,31] were cultured in DMEM/F12 medium
(Thermo Fisher Scientific, 11320-033) containing 2% B27 supple-
ment (Thermo Fisher Scientific, 17504-044), 1% penicillin and 1%
streptomycin (Thermo Fisher Scientific, 11860-038), 5 pg/ml
heparin (Sigma-Aldrich, 9041-08-1), 20 ng/ml EGF (Peprotech,
100-15R), and 20 ng/ml bEGF (Peprotech, 100-18B). We obtained
CQ (Sigma, C6628), TMZ (Selleckchem, S1237), and Rap
(Selleckchem, S1039) from the indicated suppliers. We obtained
NSC from National Institutes of Health (NIH) National Cancer
Institute (NCI) Developmental Therapeutic Program.

Xenograft studies

The GSC suspension (1 x 10* cells for GSC 83 and 1123, and
5 x 107 cells for GSC 23 and 528) was intracranially injected into
the brains of mice as described previously [7,24]. Intracranial
tumor xenograft-bearing mice received radiation at 2 Gy directed
at the cranjum for five consecutive days. The radiation treatment
was started one week after transplantation. TMZ-treated mice
received TMZ through gavage at 20 mg/kg daily for 15 d. TMZ
treatments were started at day 3 post-implantation. The mice
were monitored every day for the neurological symptoms relative
to tumor burden. The tumor growth was monitored using an
in vivo imaging system (IVIS) Lumina imaging station. For the
animal survival analysis, mice were maintained until pathological
symptoms developed resulting from tumor burden and com-
bined with IVIS signal intensity indicative of tumor burden [7].

In all experiments, the mice were monitored every day for the
development of neurological symptoms indicative of substantial
tumor growth. The mice were humanely euthanized 15-28 d
after GSC 83 and 1123 implantation, or 30-58 d after GSC 23
and 528 implantation based on tumor burden. Mouse brains
were collected for analysis as previously described [7,24].

Lentiviral production and infection

Lenti-MIR93 (PMIRH93PA-1) and -ZIP93 constructs (MZIP93-
PA-1) were from System Biosciences. Lentiviral shRNAs for
knockdown of BECNI (V3LHS_349509, V3LHS 349512,
V3LHS 349513), ATG5 (V2LHS_248503, V2LHS_ 249282, V2L
HS_67978), ATG4B (TRCN0000073798, TRCN0000073799,
TRCN0000073800), and SQSTM1 (V2LHS_47986, V2LHS
_47987, V2LHS 47988) were purchased from Dharmacon.
Lentiviral production and infection were carried out as described
previously [7,24]. Briefly, lentiviral vectors expressing non-target
control shRNA, or specific shRNA constructs (BECNI, ATGS5,
ATG4B, and SQSTMI) were transfected into HEK293T cells
using Lipofectamine 2000 (Thermo Fisher Scientific, 11668) in
accordance to the manufacturer’s instructions. To establish GSC
cell lines that stably expressed indicated genes or constructs, the
supernatants containing lentivirus were harvested 48-72 h after
transfection and used to infect target cells with 6.0 ug/ml polybrene
(Sigma-Aldrich, TR-1003). 72 h after transduction, cells were
subjected to 2.0 ug/ml puromycin (10.0 mg/ml, Thermo Fisher
Scientific, A11138-03) for 4 d to select for infected cells.
Subsequently, cells were harvested to determine the knockdown
efficiency by using immunoblot analyses (IB).

Luciferase reporter assay

psiCHECK?2 constructs with BECN1, ATG5, ATG4B or SQSTM1
were generated by separately inserting their 3'-untranslated
regions into a psiCHECK2 vector (Promega, C8021) using
Xhol and Notl restriction sites. All vectors containing mutations
located at the putative binding sites of MIR93 were generated
using a QuikChange Mutagenesis Kit (Agilent Technologies,
200524), according to the manufacturer’s instructions. For the
luciferase assay, HEK293T cells were co-transfected with MIRC
or MIR93, and psiCHECK2 constructs with WT or mutated
target sequence. 48 h after transfection, the luciferase activity
was measured according to the instructions of Dual-Luciferase
Reporter Assay System (Promega, E1910).

Bioinformatics analyses

TargetScan (http://www.targetscan.org/vert_71/) was used to
predict potential targets of MIR93 irrespective of site conser-
vation, ranked by cumulative weighted context++ score
(-1.07 to —0.46). GSEA (http://www.broadinstitute.org/gsea/
index.jsp) was used for KEGG analysis of signaling pathway
enrichment. The TCGA datasets of GBM, expression levels of
MIR93 in GBM (Agilent 8 x 15K Human miRNA-specific
microarray) and gene expression levels in GBM (Affymetrix
HT HG UI133A), were downloaded from Firebrowse
(http://firebrowse.org/). The Mann-Whitney U-test was per-
formed to determine whether MIR93 was differentially
expressed between different GBM molecular subtypes.
Kaplan-Meier survival analyses were performed to assess the
correlations of MIR93 expression and clinical parameters to
prognosis in gliomas and GBM tumor subtypes. Correlation
of expression between MIR93 and PN or MES GBM subtypes
markers was also determined using TCGA datasets of GBM
aforementioned.
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Immunoblotting (IB)

The cell lysates were prepared in RIPA buffer (50 mM Tris-
HCI, pH 8.0 [Thermo Fisher Scientific, 15568-025], 150 mM
sodium chloride [Sigma-Aldrich, S9888], 1% NP-40 [Sigma-
Aldrich, 13021, 0.5% sodium deoxycholate [Sigma-Aldrich,
D6750], 0.1% sodium dodecyl sulfate [Wako, 191-07145], 2
mM EDTA [Dojindo, 345-01865]) containing 1 X protease
inhibitor cocktail (Nacalai Tesque, 25955-11). Equal amounts
of protein samples (10 pg/lane) were fractionated on SDS-
polyacrylamide gel electrophoresis and transferred onto
a polyvinylidene difluoride (PVDF) membrane (Thermo
Fisher Scientific, LC2005) in 25 mM Tris and 192 mM glycine.
Membranes were blocked with 5% nonfat dry milk in PBS
(Thermo Fisher Scientific, AM9625), 0.05% Tween-20 (Sigma-
Aldrich, P9416) for 1 h and then probed with the indicated
antibodies at desired dilutions at 4°C overnight, followed by
corresponding secondary antibodies (DAKO, anti-rabbit
immunoglobulins, P0217, anti-mouse immunoglobulins,
P0260; and anti-goat immunoglobulins, P0449). The results of
IB analyses were quantified by using Image] software.

The following antibodies were used in IB analyses. Anti-
BECNI (Cell Signaling Technology, 3738S), anti-LC3B (Cell
Signaling Technology, 3868S), anti-ATG4B (Cell Signaling
Technology, 5299S), anti-ATG5 (Cell Signaling Technology,
12994), anti-cleaved CASP3 (Cell Signaling Technology, 96
61S), anti-phospho-histone yH2AFX (Cell Signaling Tech
nology, 9718S), anti-ACTB (Santa Cruz Biotechnology, sc-
47778), and anti-SQSTM1 (Santa Cruz Biotechnology, sc-
28359).

Immunofluorescent staining (IF)

Cells were fixed with 4% formaldehyde (Thermo Fisher
Scientific, AAJ19943K2) for 15 min and then blocked with
AquaBlock (EastCoast Bio, PP82) for 60 min at room tem-
perature. After permeabilization with 0.3% Triton X-100
(Sigma-Aldrich, X100), cells were probed with anti-LC3B
(Cell Signaling Technology, 2775), or anti-MKI67/Ki-67
(EMD Millipore, AB9260) and anti-phospho-histone
YH2AFX (Cell Signaling Technology, p-Ser139, 9718S). After
being washed three times with PBS-T (PBS [Thermo Fisher
Scientific, AM9625], 0.05% Tween-20 [Sigma-Aldrich,
P9416PBS-T]), cells were incubated with Alexa Fluor 488-
labeled secondary antibodies (Thermo Fisher Scientific,
A-11008) and DAPI-containing mounting solution
Vectashield (Vector Laboratories, H-1200), and then visua-
lized by using a Nikon inverted microscope Eclipse Ti-U
equipped with a digital camera (Japan). Frozen brain tissue
sections with GSC tumor xenografts were stained as pre-
viously described [7].

RNA isolation and quantitative real-time PCR (qQRT-PCR)

Total RNA was isolated from various GSCs using a Qiagen
RNeasy Mini kit (Qiagen, 74104) according to the manufac-
turer’s instructions. TagMan miRNA assays (Thermo Fisher
Scientific, 4427975) were used to quantify levels of MIR93
expression in GSCs according to the supplier’s instructions.
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c¢DNA was generated using the PrimeScript First Strand cDNA
Synthesis kit (Takara, 6110B). qRT-PCR was carried out with the
Power SYBR Green Master Mix (Thermo Fisher Scientific
Applied Biosystems, 4367659) on the Applied Biosystems
StepOne Plus Real-Time Thermal Cycling Block (USA).
Results were analyzed using the 27**“' method. Primers used
in this study can be found in the Supplementary information.

In vitro cell proliferation assays

In vitro cell proliferation assays were performed as previously
described [7,24]. Briefly, GSC spheres were dissociated with
StemPro Accutase (Thermo Fisher Scientific, A1110501) into
single cells, and cell density was quantified by counting viable
(Trypan Blue negative) cells using a hemotocytometer (Thermo
Fisher Scientific, 02-671-51B). Cells were seeded into a 24-well
plate containing 1.0 ml culture medium at a density of 5000 cells
per well. The number of living cells was determined at different
time points using a hemotocytometer.

Glioma sphere-forming assays

As previously described [5,7], One thousand cells with indi-
cated modifications or treatments were plated in 96-well
plates in at least eight replicates by a BD FACSAria™ III flow
cytometer (USA). After 5-10 d, the number of GSC spheres
with size =50 pum in each well was quantified. Sphere sizes
were evaluated at day 5 for GSC 83 and 1123, and 10 d for
GSC 23 and 528 using a Nikon inverted microscope Eclipse
Ti-U equipped with a digital camera (Nikon, Japan).

Limited dilution assays for GSCs

Limiting dilution assay was performed as described previously
[7]. In brief, single cells from glioma spheres were cultured in
96-well plates at densities of 1, 5, 10, 20 or 50 cells per well. After
one week for GSC 83 and 1123, and two weeks for GSC 528 and
23, each well was examined for sphere formation. Glioma
sphere-forming frequencies were evaluated using extreme limit-
ing dilution analysis (http://bioinf.wehi.edu.au/software/elda/).

Cell viability and apoptosis assay

GSCs with indicated treatments were plated in 96-well plates at
2,000 cells per well. Cell viabilities were evaluated using CellTiter-
Glow 2.0 Assay (Promega, G9241) [7]. For apoptosis assay, GSCs
were incubated with an anti-ANXAS5/Annexin V antibody (AV)
and propidium iodide (PI) in accordance to the protocol provided
by the manufacturer (Thermo Fisher Scientific, V13242). Cells
without AV or PI were used as negative controls.

Statistical analysis

Statistical analysis was performed using Microsoft Excel 2013
and GraphPad Prism version 5.00 for Windows. The analysis
included the Mann-Whitney U-test, one-way ANOVA with
Newman-Keuls post-test and paired two-way Student ¢-test.
The log-rank test was used to determine the significance of
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Kaplan-Meier curves. All grouped data are presented as mean
+ SEM unless otherwise stated.
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