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Abstract

Background: Glioblastoma is the most common primary brain tumor and remains uniformly fatal, highlighting the
dire need for developing effective therapeutics. Significant intra- and inter-tumor heterogeneity and inadequate
delivery of therapeutics across blood—brain barrier continue to be significant impediments towards developing thera-
pies which can significantly enhance survival. We hypothesize that microRNAs have the potential to serve as effective
therapeutics for glioblastoma as they modulate the activity of multiple signaling pathways, and hence can counteract
heterogeneity if successfully delivered.

Methods: Using a computational approach, we identified microRNA-34a as a microRNA that maximally reduces the
activation status of the three core signaling networks (the receptor tyrosine kinase, p53 and Rb networks) that have
been found to be deregulated in most glioblastoma tumors. Glioblastoma cultures were transfected with microRNA-
34a or control microRNA to assess biological function and therapeutic potential in vitro. Nanocells were derived from
genetically modified bacteria and loaded with microRNA-34a for intravenous administration to orthotopic patient-
derived glioblastoma xenografts in mice.

Results: Overexpression of microRNA-34a strongly reduced the activation status of the three core signaling net-
works. microRNA-34a transfection also inhibited the survival of multiple established glioblastoma cell lines, as well as
primary patient-derived xenograft cultures representing the proneural, mesenchymal and classical subtypes. Transfec-
tion of microRNA-34a enhanced temozolomide (TMZ) response in in vitro cultures of glioblastoma cells with primary
TMZ sensitivity, primary TMZ resistance and acquired TMZ resistance. Mechanistically, microRNA-34a downregulated
multiple therapeutic resistance genes which are associated with worse survival in glioblastoma patients and are
enriched in specific tumor spatial compartments. Importantly, intravenous administration of nanocells carrying miR-
34a and targeted to epidermal growth factor receptor (EGFR) strongly enhanced TMZ sensitivity in an orthotopic
patient-derived xenograft mouse model of glioblastoma.

Conclusions: Targeted bacterially-derived nanocells are an effective vehicle for the delivery of microRNA-34a to
glioblastoma tumors. microRNA-34a inhibits survival and strongly sensitizes a wide range of glioblastoma cell cultures
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to TMZ, suggesting that combination therapy of TMZ with microRNA-34a loaded nanocells may serve as a novel
therapeutic approach for the treatment of glioblastoma tumors.

Keywords: Glioblastoma, Temozolomide resistance, MicroRNA delivery, Nanoparticle, Heterogeneity

Introduction
Glioblastoma is the most common primary brain tumor.
It remains incurable with a bleak prognosis despite
aggressive treatment that includes surgical resection and
adjuvant combination temozolomide (TMZ) and radia-
tion therapy (Stupp et al. 2005; Hegi et al. 2005). The
invasive nature of glioblastoma precludes total surgical
resection and resistance to adjuvant combination TMZ
and radiation therapy is observed in approximately half
of the patients initially diagnosed with glioblastoma and
nearly all the patients with recurrent glioblastoma, lead-
ing to treatment failure and significant side effects in the
few long term survivors (Stupp et al. 2005; Hottinger
et al. 2009; Patel et al. 2014; Osuka and Meir 2017; Lee
2016). The results of many clinical trials with targeted
therapies have not demonstrated improvement in over-
all glioblastoma patient survival as evidenced by multiple
failed Phase III clinical trials, despite promising results in
multiple solid malignancies (Mandel et al. 2018).
Intra-tumoral heterogeneity (ITH)—where cells from
the same tumor have distinct phenotypic, genetic and
epigenetic states—is well established in glioblastoma at
the cellular, temporal and spatial levels (Patel et al. 2014;
Parsons et al. 2008; Wang et al. 2016; Jin et al. 2017; Sot-
toriva et al. 2013). Importantly, sub-clonal populations
of tumor cells can have different driver mutations which
provide essential growth advantage for neoplastic pro-
liferation and survival and thus such sub-clonal popula-
tions in the same tumor exhibit a spectrum of response
to both targeted agents and TMZ (Patel et al. 2014; Jin
et al. 2017; Sottoriva et al. 2013; Snuder] et al. 2011; Akgul
et al. 2019; Segerman et al. 2016; Meyer et al. 2015). Fur-
thermore, increased heterogeneity correlates with worse
survival in glioblastoma patients, highlighting the critical
role of ITH in therapeutic resistance (Patel et al. 2014).
ITH and ineffective drug delivery across the blood—brain
and blood-tumor barriers remain as two most significant
impediments towards developing therapeutics that can
significantly improve clinical outcomes for glioblastoma
patients (Patel et al. 2014; Tellingen et al. 2015).
MicroRNAs (miRNA) are small endogenous RNAs that
can modulate the expression of multiple targets in the
same cell (Rupaimoole and Slack 2017). Therefore, we
hypothesized that appropriate miRNAs, once successfully
delivered to glioblastoma tumors, can counteract glio-
blastoma therapeutic resistance resulting from such het-
erogeneity and optimize treatment, leading to improved

patient outcomes. Indeed, a single appropriately selected
miRNA may be able to modulate the expression of mul-
tiple survival and therapeutic resistance genes and their
downstream signaling elements.

To identify candidate therapeutic miRNAs that tar-
get all glioblastoma subtypes, we used a bioinformat-
ics approach to search for miRNAs that act on signaling
networks that have been shown to be deregulated in
glioblastoma. We selected miR-34a-5p (miR-34a) for fur-
ther investigation and examined its therapeutic effects,
both as monotherapy and in combination with TMZ, in
a wide range of glioblastoma cultures representing all
glioblastoma subtypes, including differentiated and stem-
like cultures and cultures with variable TMZ resistance.
We show that different therapeutic resistance genes are
enriched in unique glioblastoma spatial compartments in
the same tumor and that miR-34a can sensitize tumors by
down-regulating multiple resistance targets, thus poten-
tially counteracting ITH. Importantly, we effectively
delivered miR-34a to orthotopic tumors in vivo, using
intravenous administration of the miRNA packaged in
bacterially-derived nanocells, targeted to EGFR via a bi-
specific single-chain variable fragment (scFv) antibody
(Taylor et al. 2015) and showed a marked increase in
mouse survival in combination with TMZ treatment.

Materials and methods

Cell lines

GBM6, GBM118 and GBM126 are primary patient
derived xenografts and were cultured on Laminin (Sigma-
Aldrich®) coated flasks in Knockout” DMEM/F-12
(Gibco™) medium, supplemented with StemPro" Neural
Supplement (Gibco ), recombinant human epidermal
growth factor (Gibco™), recombinant human fibroblast
growth factor basic (Gibco™) and L-Glutamine (Gibco™).
Using RNAseq obtained from orthotopic tumors, GBM6,
GBM118 and GBM126 cells were characterized as
belonging to classical, proneural and mesenchymal sub-
types (PDX National Resource Database: https://www.
mayo.edu/research/labs/translational-neuro-oncology/
mayo-clinic-brain-tumor-patient-derived-xenograft-
national-resource/pdx-phenotype/molecular-subtype).
A172, LN229 and T98G were acquired from American
Type Culture Collection (ATCC) and cultured in Dul-
becco’s Modified Eagle Medium (Gibco™) supplemented
with 10% fetal bovine serum (HyClone™) and L-Glu-
tamine (Gibco™). A172 and LN229 cells were grown in
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culture medium supplemented with IC;, dose of TMZ
for 2 weeks to derive the TMZ resistant clones: A172TR
and LN229TR. All medium was replaced every two days.
All cell cultures were confirmed free of mycoplasma
contamination.

Transfections
The following microRNAs were used: miR-34a (sense:
rAmCrArAmCmCrArGmCmUrArArGrAmCrAmC-
mUrGmCmCrA;

antisense: rUrGrGmCrArGrUrGrUrCrUmUrArGr-
CrUrGrGrUrUrGrU) and control miRNA: C. elegans
miR-67 (cel-miR-67) (mature sequence: UCACAA
CCUCCUAGAAAGAGUAGA). Cel-miR-67 has mini-
mal sequence homology with any mouse, rat or human
miRNA and hence is frequently used as a control in
miRNA research (Chandrasekaran et al. 2017). These
miRNAs were acquired from IDT®. 2-O-methyl modi-
fication was added to reduce nuclease degradation and
immunostimulation as previously described (Xue et al.
2014). Transfection conditions were optimized, and cells
were reverse transfected with 0-30 nM miRNAs in 96
well plates, according to reverse transfection protocol
outlined by Dharmacon™. Briefly, 100 uM stock miRNA
solution was diluted to the final desired concentration in
transfection medium consisting of diluted DharmaFECT
1(Dharmacon™) and Dharmacon™ cell culture reagent
(Cat #B-004500—100). This transfection mix was then
added to Poly-L-Lysine coated 96 well plates and 30 min
later 2000 cells/well were seeded. Transfection with up to
30 nM control did not result in any discernable effects.
TOX transfection control (Dharmacon’, Cat#D-001500-
01-20) (Orr-Burks et al. 2017) was used to confirm trans-
fection conditions and revealed transfection efficiencies
greater than 85% in all cell lines. Three different Bcl2
siRNA were acquired from IDT® in the form of Tri-
FECTa® Kit (design ID: hs.Ri. BCL2.13).

Cell transductions

Stable cell line with doxycycline inducible expression of
miR-34a was generated by utilizing shMIMIC Induc-
ible miR-34a lentivirus (VSH6904-224647620) which
was acquired from Dharmacon™ in order to validate the
findings from IDT® miR-34a. GBM6 cells cultures were
transduced at MOI of 0.9 and efficiently transduced cells
were selected with puromycin (1 pg/mL) incubation
for three days. For induction, cells were incubated with
doxycycline (1 pug/mL) for 72 h, replacing medium with
freshly dissolved doxycycline every 24 h.
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Temozolomide treatment and cell proliferation assay

TMZ (Selleckchem, Houston, TX) was added to cells
48 h post transfection with miRNA or 24 h after plating
when used as monotherapy. Four days later, cells were
fixed with 10% trichloroacetic acid (FisherScientific )
and Sulforhodamine B (SRB) assay was used to quantify
cell number (Vichai and Kirtikara 2006).

Western blot analysis

Glioblastoma cells were transfected with 30 nM miR-
34a or control miRNA in 6-well plates (Corning ") and
proteins were extracted 48 h post-transfection with
M-PER™ (Thermo Scientific™") reagent for in vitro stud-
ies with IDT® miR-34a. Proteins were extracted 72 h
after doxycycline induction using M-PER™ (Thermo
Scientific'") reagent from the GBM6 cell line trans-
duced with lentivirus for stable expression of miR-34a.
Proteins were extracted using TRIzol™ (Invitrogen™)
reagent for in vivo studies as previously described
(Kopec et al. 2017). Bcl2 (2872 s), cMet (8198 s),
GAPDH (2118 s), B-tubulin (2146 s), Akt (2920 s),
p-Akt (4060 s), Erk (4696 s), and p-Erk (4370 s) antibod-
ies were purchased from Cell Signaling Technologies.

miRPATH analysis

The reverse search utility of miRPATH v3.0 (Vla-
chos et al. 2015) was used to identify miRNAs which
regulate elements in the glioma pathway (hsa05214)
as defined by the Kyoto Encyclopedia of Genes and
Genomes (KEGQG) (Kanehisa et al. 2016). miRNA-
gene interactions from TarBase v 7.0 were used in this
analysis. TarBase v 7.0 incorporates more than 600 000
miRNA-gene interactions derived from more than 150
CLIP-seq libraries and hundreds of publications (Vla-
chos et al. 2014).

TCGA and lvy atlas data analysis

The Cancer Genome Atlas (TCGA, HG-UG133A and
Agilent-4502A data) and the Ivy atlas data were interro-
gated through the Gliovis platform (http://gliovis.bioin
fo.cnio.es/) (Bowman et al. 2017).

PCR analysis

Total RNA was isolated using TRIzol" (Invitrogen™)
reagent from snap frozen tumor tissue and cultured
cells. The Nanodrop spectrophotometer (Wilming-
ton, DE) was used to assess the purity/concentration
of total RNA; RNA samples had 260:280 and 260:230
ratios>1.9. MET (PPHO00194A-200) and RNU-6
(MS00033740) primers were acquired from Qia-
gen. ATM, EGFR, BCL2 and UGCG primers were
acquired from IDT. Cancer drug resistance PCR array


http://gliovis.bioinfo.cnio.es/
http://gliovis.bioinfo.cnio.es/

Khan et al. Mol Med (2021) 27:28

(PAHS-004Z) was acquired from Qiagen and the data
was analyzed using The GeneGlobe Data Analysis
Center (https://www.qiagen.com/us/shop/genes-and-
pathways/data-analysis-center-overview-page). = PCR
arrays were performed using the Roche 480 Light
Cycler instrument, according to the manufacturer’s
guidelines. Briefly, qPCR was performed under the
following conditions: 95°C for 10 min, followed by 45
cycles of 95°C for 15 sec and 60°C for 1 min. Relative
changes in gene expression were calculated as fold-
regulation and statistical analyses were done using the
web-based portal for RT? Profiler’ PCR Array Data
Analysis (Qiagen, Valencia, CA). The cut-off used was
fold-regulation difference of 1.5.

miRNA Nanocell preparation

miR-34a or control miRNA were incubated overnight
with nanocells and loading occurred via a method of
diffusion. After this, miRNA containing nanocells were
incubated with bispecific monoclonal antibodies target-
ing human EGFR for one day, as previously described
in detail (MacDiarmid et al. 2009). To quantify amount
of miRNA per nanocell, nanocells were lysed with RLT
Buffer (Quiagen), with 20 pl B-ME added to 2 ml RLT. A
standard curve was prepared using the quantifluor RNA
Kit (Promega) and EDV lysates measured against it using
the Quantus fluorometer. Nanocells loaded with miR-34a
carried ~ 2200 copies per nanocell.

Animal studies

Athymic nude mice (nu/nu) were purchased from
Charles River. GBM6 cells (500,000) expressing GEFP
and luciferase were intracranially implanted as previ-
ously described (Carlson et al. 2011). In vivo tumor size
was quantified by means of quantitative bioluminescent
imaging using the IVIS Lumina imaging station (Cali-
per Life Sciences) (Ozawa and James 2010). Logarithmic
tumor growth was confirmed in mice by means of bio-
luminescence imaging before treatments were started.
EGFR-targeted nanocells(10°) containing miR-34a or
control miRNA (EnGenelC Pty Ltd, Sydney, Australia)
were administered via retro-orbital intravenous injection
(Yardeni et al. 2011) on days 31, 33 and 35 post tumor
implantation. TMZ was administered (22 mg/kg) via oral
gavage for five days from day 32 to 37 post tumor implan-
tation for survival and tumor growth experiments. For
mechanistic studies confirming successful delivery of
miR-34a by nanocells, 10° nanocells containing miR-34a
or control miRNA were administered via intravenous
injection on days 31, 32 and 33 and GFP-positive tumors
were harvested on day 35 with the aid of a dissecting
microscope equipped with epi-fluorescence and immedi-
ately snap frozen with liquid nitrogen. Humane treatment
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of all experimental animals was ensured and all experi-
ments were carried out after approval of the Institutional
Animal Care and Use Committee (IACUC).

Statistical analysis

Unpaired Student’s t-test was used to assess statistical
significance between miR-34a-treated and control condi-
tions for in vitro and in vivo studies. Enrichment analysis
of miRNA gene targets in KEGG pathways was carried
out using the one tailed Fisher’s exact test, often referred
to as the hypergeometric test, using miRPATH as previ-
ously described (Vlachos et al. 2012). CompuSyn soft-
ware was used to calculate combination indexes (Chou
and Martin 2005) in order to quantify synergistic interac-
tion between miR-34a and TMZ. Log rank test was used
to test for significant differences in survival in the in vivo
study. Maximally selected rank statistics were used to
determine optimal cut-off between high and low expres-
sors of resistance genes for survival analysis. Tukey’s
Honest Significant Difference test were used to deter-
mine significant expression differences between groups
in TCGA and Ivy atlas data.

Results

miR-34a targets core glioblastoma signaling pathways

In order to identify a suitable miRNA that can counter-
act both inter- and intra-tumor heterogeneity in glioblas-
toma amongst miRNAs listed in the Tarbase database
(Karagkouni et al. 2017), we utilized miRPATH v 3.0 to
conduct a functional meta-analysis of multiple publi-
cations and publicly available NGS datasets to search
for miRNAs that target the maximum number of onco-
gene drivers in KEGG glioblastoma driver pathways (see
Methods). This analysis revealed that miR-34a regulates
the expression of 29 total target genes in glioma signaling
networks (p=1.876079 e-97), which is the largest num-
ber of targeted genes of any miRNA listed in the Tarbase
database (Additional file 1: Table S1, Additional file 2:
Table S2 and Additional file 4: Figure S1). In addition,
miR-34a is known to be down-regulated in glioblastoma
samples relative to non-neoplastic brain tissue (Rolle
2015; Shea et al. 2016; Gao et al. 2013). Taken together,
these findings identify miR-34a as a potential therapeutic
miRNA in glioblastoma.

In glioblastoma tumors, different combinations of
driver mutations have been shown to deregulate three
core signaling networks governed by receptor tyros-
ine kinases (RTK), p53 and Rb, respectively in both the
KEGG and TCGA databases (Verhaak et al. 2010). To
determine the effects of miR-34a over-expression on
these networks, we examined phosphorylated Akt and
ERK as markers for RTK signaling, phosphorylated Rb
as a marker for Rb signaling and p21 as a marker for p53
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signaling. Transfection with miR-34a caused significant
decreases in phosphorylated Akt (50% reduction), ERK
(65% reduction) and Rb (40% reduction), along with an
increase in the tumor suppressive protein p21 (100%
increase) in two different glioblastoma cultures relative
to control miRNA transfection (Fig. 1). Thus, overexpres-
sion of miR-34a strongly reduces the activation status of
the three core signaling networks that are deregulated in
glioblastoma.

In line with our observation that miR-34a inhibits the
function of the RTK, p53 and Rb networks, we found
that over-expression of miR-34a inhibits the proliferation
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of all established glioblastoma cell lines that we have
tested, A172, LN229 and T98G, albeit to varying degrees
(Fig. 2). To examine whether these results extend to all
three subtypes of glioblastoma, we tested a patient-
derived primary culture from each glioblastoma subtype,
classical (GBM6), mesenchymal (GBM118) and proneu-
ral (GBM126). Overexpression of miR-34a resulted in
significant inhibition of cell proliferation for all primary
cultures (Fig. 2). We also confirmed that the quantita-
tive differences in therapeutic efficacy of miR-34a were
not due to variable transfection efficiencies between
the respective cell cultures (Additional file 5: Figure S2).

miR-Ctrl miR-34a miR-Ctrl miR-34a

miR-Ctrl miR-34a miR-Ctrl miR-34a
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Fig. 1 Overexpression of miR-34a decreases oncogenic signaling in glioblastoma cells. a Representative western blot images showing reduction
in phosphorylated Akt, ERK and Rb and increased p21 expression in miR-34a-transfected relative to control miRNA-transfected GBM6 and A172
glioblastoma cells. Cell lysates were prepared 2 days post-transfection and analyzed by western blotting. b Western blot data quantification

(% reduction in luminescence relative to GAPDH) in the A172 cell line. Histograms showing means (£ SD) of luminescence signals from three
independent experiments, normalized to that of GAPDH. A paired t-test was used to test for significant difference between mean luminescence

values. *p <0.05
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(See figure on next page.)

Fig. 3 miR-34a sensitizes to TMZ in a wide range of glioblastoma cultures. a Glioblastoma cultures were reverse-transfected with miR-34a or
control miRNA. Two days later, these cultures were treated with TMZ for 4 days. Dashed lines represent mean SRB values (£ SD) of TMZ response

in control transfected cells and solid lines represent mean SRB values (£ SD) of TMZ response miR-34a transfected cells from three independent
experiments. Data are normalized to account for the effect of miR-34a on inhibition of proliferation. A paired t-test was used to test for significant
difference between means. *p <0.05 b Glioblastoma cultures were treated as in (a) with 0-30 nM miR-34a or control and 0-100 uM TMZ in various
combinations and combination index (Cl) values were calculated using CompuSyn. Symbols represent actual Cl data points and Cl trendlines were
generated by non-linear regression for A172, LN229, T98G, GBM6, GBM126, A172 TR, LN 229 TR cultures and linear regression for GBM118, LN229 TR
cultures (Fa, fraction effected represents % inhibition of proliferation). Cl=1, additivity; CI> 1, antagonism; CI < 1, synergy

Taken together, these data strongly suggest that overex-
pression of miR-34a can have a therapeutic effect in a
wide range of glioblastoma tumors.

miR-34a enhances temozolomide response in glioblastoma
cells

As miR-34a targets that are deregulated in glioblastoma
have also been implicated in resistance to chemotherapy,
we investigated if miR-34a could sensitize glioblastoma
cells to TMZ. We first examined the TMZ sensitivity
of the three glioblastoma cell lines (A172, LN229 and
T98G) and primary cultures (GBM6, GBM118 and
GBM126) and observed a range of inhibitory effects on
cell survival (Fig. 3). Based on these results, we classi-
fied A172, LN229 and GBMS6 as primary sensitive, while
T98G, GBM118 and GBM126 were classified as primary
resistant. Next, we derived A172TR and LN229TR sec-
ondary resistant cell lines from the primary sensitive
cell lines as an in vitro model of acquired resistance, by
prolonged culture of these cells in a low concentration of
TMZ (Fig. 3). As shown previously, miR-34a transfection
resulted in significant inhibition of proliferation in both
secondary resistant cell lines to TMZ as well (Fig. 2).

To examine whether miR-34a sensitizes glioblastoma
cells to TMZ, multiple glioblastoma cell cultures were
transfected with miR-34a or control miRNA before being
treated with TMZ. We observed that miR-34a enhanced
TMZ responses in all cell cultures examined, includ-
ing cells with primary TMZ sensitivity (A172, LN229,
GBMS6), primary TMZ resistance (T98G, GBM118,
GBM126) and secondary acquired TMZ resistance
(A172TR, LN229TR) (Fig. 3a). We also determined the
combination index (CI) as a quantitative measurement of
synergy between two therapeutics (Chou 2010). The CI is
essentially a ratio of the effectiveness of two therapeutics
in combination to that of those therapeutics used alone
to generate the same biological effect. CI values of less
than 1 indicate a synergistic effect. Importantly, the inter-
actions between miR-34a and TMZ showed synergism
in all cell cultures tested, as demonstrated by combina-
tion index analysis (Fig. 3b). Notably, this panel of cell
cultures include all three glioblastoma subtypes, cultures
with significantly variable baseline TMZ sensitivity and

cell cultures with (A172, LN 229) and without (T98G,
GBM6, GBM118 and GBMI126) methylation of the
O°methylguanine-DNA  methyltransferase (MGMT)
promoter, indicating miR-34a can potentially counteract
heterogeneity and treatment resistance. These data illus-
trate that miR-34a can be a potential treatment modal-
ity in patients with primary and importantly in recurrent
glioblastoma since most patients with recurrent glioblas-
toma have TMZ resistance.

miR-34a sensitizes to temozolomide by downregulating
multiple therapeutic resistance proteins

In order to elucidate mechanisms contributing to miR-
34a-mediated TMZ sensitization, we used a commer-
cially available PCR array containing 84 bona fide cancer
drug resistance genes to identify miR-34a-regulated
therapy resistance genes. RT-qPCR was used to confirm
successful transfection efficiency and revealed more than
100-fold increase in levels of miR-34a in all cell lines con-
firming transfection (Additional file 6: Figure S3). We
found that miR-34a down-regulated twenty-three resist-
ance genes by more than 35% in at least one of the pri-
mary cultures representing proneural, mesenchymal and
classical subtypes of glioblastoma. Some of which were
shared, while others were unique to each glioblastoma
subtype culture (Additional file 3: Table S3).

Amongst the genes down-regulated by miR-34a, we
selected five genes (ATM, EGFR, BCL2, MET, UGCG) for
validation as they have been shown pre-clinically to play
critical roles in cell survival and therapeutic resistance
in the context of glioblastoma (Eich et al. 2013; Munoz
et al. 2014; Barvaux et al. 2004; Jun et al. 2007; Giussani
et al. 2012). In our analysis of the TCGA database, over-
expression of four of these therapeutic resistance genes
is also associated with worse patient survival, implicat-
ing that their therapeutic knock-down might lead to
prolonged survival in treated patients (Additional file 7:
Figure S4). We confirmed that transfection with miR-
34a resulted in a significant decrease in the protein and
mRNA levels of ATM, EGFR, Bcl2, c-Met and UGCG in
glioblastoma cells (Fig. 4a and Additional file 6: Figure
S3). To further confirm the role of two of these resistance
genes in TMZ resistance, we performed experiments to
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Fig. 4 Down-regulation of multiple proteins by miR-34a contributes to sensitization to TMZ. a miR-34a reduces protein levels of ATM, Bcl2, EGFR,
UGCG and cMET. Representative western blot images show reduction in ATM, Bcl2, EGFR, UGCG and cMET protein levels in glioblastoma cells.
Glioblastoma cells were transfected with 30 nM miR-34a or control miRNA, and cells were lysed 48 h later for protein analysis by western blotting.

b Bcl2 siRNA reduces Bcl2 protein levels. Representative western blot images show reduction in Bcl2 protein levels in A172 glioblastoma cell line.
A172 cells were transfected with two different Bcl2 siRNA or control siRNA at a concentration of 30 nM, and cells were lysed 48 h later for protein
analysis by western blotting. ¢ Inhibition of Bcl2 or cMet sensitizes to temozolomide. A172 cells were reverse-transfected with two different Bcl2
siRNAs, miR-34a and control miRNA 48 h prior to TMZ therapy or treated with JNJ-38877605 2 h prior to being treated with different concentrations
of TMZ. Cell proliferation was determined by SRB. All data represent mean SRB values (£ SD) from three independent experiments. d miR-34a
transfection does not alter MGMT levels. Representative western blot images show reduction in cMET, being used as a positive control, while MGMT
protein levels are not affected by miR-34a transfection in the T98G and GBM6 glioblastoma cell cultures. T98G cells were transfected and analyzed
similarly to A172 cells in (A). GBM6 cells were transduced with a lentivirus, overexpressing miR-34a only upon doxycycline induction. miR-34a
expression was induced in GBM6 cultures for 72 h after which cells were lysed for protein extraction

knock-down Bcl2 using two different siRNAs (Fig. 4b)
and inhibited cMet using the specific inhibitor JNJ-
38877605 (Finisguerra et al. 2015). Both knock-down of
Bcl2 and inhibition of cMet strongly sensitized to TMZ
therapy (Fig. 4c) indicating that down-regulation of both
Bcl2 and cMet likely contribute to TMZ sensitization by
miR-34a.

MGMT is a critical contributor to TMZ resistance (Lee
2016). Our search of TarBase v.8—a database which cata-
logs all the experimentally supported miRNA-gene inter-
actions—revealed no interaction between miR-34a and
MGMT. Furthermore, Kupnicka et al. reported no corre-
lation between miR-34a and MGMT levels in 49 glioblas-
toma patient samples (Jesionek-Kupnicka et al. 2019). In
line with these findings, transfection of miR-34a in two
different cell lines did not decrease MGMT protein lev-
els (Fig. 4d), suggesting that miR-34a sensitizes to TMZ
therapy in a mechanism that is independent of MGMT.

Significant inter- and intra-tumoral heterogeneity exists

in the expression of resistance mechanisms

Our PCR and western blot experiments revealed that
some therapeutic resistance genes may be differentially
expressed between the proneural, mesenchymal and clas-
sical primary cultures that we have examined (Additional
file 8: Figure S5). To determine the validity and general-
izability of these findings, we interrogated the Ivy GAP
database and examined the expression of these resistance
genes in different glioblastoma subtypes. In congruence
with our in vitro data, the expression of this set of resist-
ance genes was significantly different amongst subtypes
of glioblastoma (Fig. 5a). These data suggest that differ-
ent subtypes might rely on distinct therapeutic resistance
mechanisms, highlighting the presence of inter-tumoral
heterogeneity.

Next, we asked if the resistance genes that we identi-
fied also exhibit intra-tumoral heterogeneity. Interest-
ingly, our analysis of the Ivy GAP atlas revealed that there
is significant enrichment of resistance genes in distinct

spatial regions within the same tumor. For example, ATM
is highly expressed in the microvascular proliferative
zones of the tumor, EGFR is highly expressed in the cellu-
lar bulk of the tumor while MET is enriched in the lead-
ing edges and the necrotic tumor regions. Importantly,
miR-34a-modulated therapeutic resistance genes were
expressed in all different spatial compartments, (Fig. 5b).
Enrichment of resistance genes in the respective spatial
compartments suggests that glioblastoma tumors rely on
distinct mechanisms to resist therapeutic efforts in differ-
ent parts of the tumor and that their simultaneous tar-
geting will be essential to achieve an optimal therapeutic
response. Importantly however, miR-34a targets multiple
resistance genes, such that it down-regulates at least one
enriched gene in each tumor compartment and thus can
potentially counteract heterogeneity arising due to spatial
heterogeneity of resistance gene expression to sensitize
the entire tumor.

Nanocells packaged with miR-34a sensitize to TMZ

in orthotopic glioblastoma tumors

Bacterially-derived nanocells (EnGenelC Pty Ltd) (Mac-
Diarmid et al. 2009, 2007) have been shown to deliver
doxorubicin to glioblastoma tumors (MacDiarmid et al.
2016) and miRNA to mesothelioma (Reid et al. 2013)
in vivo. For these experiments, the nanocells were loaded
with miR-34a or control miRNA and with a bispecific
antibody against EGFR on glioma tumor cells. To deter-
mine if nanocells can deliver therapeutic amounts of
miR-34a to orthotopic implanted glioblastoma tumors,
nanocells were injected intravenously and levels of cMet
mRNA and phospho-Akt—which we showed are reduced
by successful miR-34a transfection in vitro—were used
to assess in vivo miR-34a delivery by nanocells. We
observed that intravenous administration of miR-34a
nanocells reduced both cMet and phosphorylated Akt
levels in orthotopically implanted glioblastoma tumors to
a similar extent as in vitro transfection (Fig. 6a—c).
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control nanocell-treated mice

Fig. 6 In vivo delivery of miR-34a via nanocells sensitizes to TMZ. a—c Intravenously-administered nanocells deliver miR-34a to orthotopically
implanted tumors. Five hundred thousand GBM6 cells expressing firefly luciferase were implanted in the striatum of female athymic nude mice. Six
mice were used in each group. Three doses of 10° nanocells packaging either miR-34a or control miRNA were injected intravenously on days 30, 31
and 32 post-tumor implantation and tumors were harvested day 35 post implantation for analysis of cMet mRNA expression by RT-gPCR (b) and
phospho-Akt levels by western blotting (c). Data represent mean relative expression (= SD); a paired t-test was used to test for significant difference
between means, *p < 0.05. d—-g miR-34a inhibits tumor growth, improves survival and sensitizes to TMZ. Six mice were used in each experimental
group. Tumor cell implantation was carried out as described under (a—c). Three doses of 10° nanocells packaging either miR-34a or control

miRNA were injected intravenously on days 31, 33 and 35 and TMZ was administered via oral gavage on days 34, 35, 36, 37 and 38 post-tumor
implantation. (e) Tumor growth was monitored by bioluminescence imaging. Data represents mean total flux (= SD) and a paired t-test was used
to test for significant difference between means; *p <0.05. (f) Representative bioluminescent imaging from Day 43 post tumor implantation. (g)
Survival of mice shown as Kaplan-Meier survival curves. Log rank test was used to assess statistical significance, (n=6); *p <0.05 and #p <0.001 vs

To determine whether miR-34a also enhances the
therapeutic effect of TMZ in vivo, mice implanted with
orthotopic glioblastoma tumors were treated with com-
bination of intravenously injected nanocells and TMZ
administered by oral gavage (Fig. 6d). Administration
of miR-34a nanocells resulted in a modest (75%), but
statistically significant reduction in tumor growth, as
determined by bioluminescence imaging, and increased
animal survival by a median of four days (Fig. 6e, f).
Strikingly, whereas TMZ monotherapy for five days
caused a median increase of 40 days in mouse survival,
combination therapy with miR-34a nanocells resulted in
long-term survival of most of the treated mice (Fig. 6f).
The survival study was terminated 180 days post-tumor
implantation. At this point, the only remaining mice
were from the TMZ and miR-34a combination group
and none had any evidence of tumor on bioluminescence
imaging or visual inspection of harvested mouse brains.
Thus, these results show that intravenously administered
nanocells can deliver therapeutic amounts of miR-34a to
orthotopic glioblastoma tumors and sensitize to TMZ
therapy.

Discussion

In this paper, we identify miR-34a as a microRNA that
inhibits the proliferation of a wide spectrum of glioblas-
toma cells, including primary patient-derived cultures
belonging to the three subtypes of glioblastoma. We
demonstrate that overexpression of miR-34a strongly
sensitizes both primary and established glioblastoma cul-
tures to TMZ, including cells that show either primary or
secondary resistance to TMZ. We show that the expres-
sion of therapeutic resistance genes is subtype-specific
and spatially heterogeneous, which strongly suggests that
their simultaneous targeting will be necessary to achieve
therapeutic benefit. This can potentially be achieved by
therapeutic delivery of miR-34a as it down-regulates
multiple therapeutic resistance genes in all spatial com-
partments of glioblastoma. Importantly, we also provide

evidence that miR-34a can effectively be delivered to an
orthotopic patient-derived mouse xenograft using nano-
cells, leading to long term survival when treated in com-
bination with TMZ. These results suggest that delivery of
miR-34a may be a powerful new adjuvant for the treat-
ment of glioblastoma in combination with TMZ that can
mitigate inter- and intra-tumor heterogeneity.

TMZ resistance remains a critical challenge in the
clinical care of patients afflicted with glioblastoma. The
remarkable result that miR-34a transfection sensitizes to
TMZ all cell lines and primary patient-derived cultures
that we have examined, suggests that delivery of miR-
34a may be a powerful new adjuvant for the treatment
of glioblastoma in combination with TMZ. Notably, the
cell cultures that we have used represent a wide spectrum
of genomic backgrounds representing all molecular sub-
types of glioblastoma, variable phenotypes and sensitivity
to TMZ and RT and includes cultures with and without
MGMT promoter-methylation. Targeting multiple resist-
ance pathways is crucial because glioblastoma can harbor
multiple resistance mechanisms as shown by our data,
and due to intra-tumoral heterogeneity, it is likely that
resistant nests of cells will survive the initial treatment
and lead to recurrence. Our findings suggest that miR-
34a can potentially counteract therapeutic resistance
resulting from such heterogeneity in glioblastoma.

miR-34a is thought to function as a tumor suppressor
miRNA, both in glioblastoma and other cancers (Her-
meking 2010; Farooqi et al. 2017; Zhang et al. 2019). In
support of this, our results show that transfection of miR-
34a decreases levels of phosphorylated Akt, Erk and Rb,
and increases expression of p21 in glioblastoma, all of
which are critical oncogenic signaling networks in glio-
blastoma (Verhaak et al. 2010). Additionally, we show
that miR-34a down-regulates levels of multiple proteins
which are known to contribute to therapeutic resistance.
Thus, miR-34a gains its remarkable sensitization modal-
ity by targeting multiple pathways and that this results
in a reduced likelihood of therapeutic resistance. We
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therefore expect that delivery of miR-34a should enhance
the therapeutic benefits of TMZ treatment in patients
with TMZ-resistant tumors and potentially may even
allow for lowering the TMZ dose in patients with TMZ-
sensitive tumors, thereby decreasing side effects.
Delivery of miRNA remains a substantial hurdle in
developing miRNA therapeutics for glioblastoma. Dif-
ferent formulations of synthetic and natural nanocarri-
ers have been reported to successfully package miRNA
with robust anti-tumor activity in vitro. These include
bio-reducible polymeric nanoparticles (Lopez-Bertoni
et al. 2018), PEG-PLGA nanoparticles (Malhotra et al.
2018), functionalized nanogels (Shatsberg et al. 2016),
poly-glycerol based polyplexes (Ofek et al. 2016) and
exosomes (Katakowski et al. 2013). However, the in vivo
efficacy of these delivery platforms was demonstrated in
subcutaneous tumors which lack the blood brain bar-
rier, or they were delivered by repeated intra-tumoral
injections, which is not feasible for glioma patients. An
exception is the three-way-junction-based RNA nano-
particles (3WJmiR-21), which was recently used to
deliver an antagomiR of oncogenic miR-21 to orthotopi-
cally implanted tumors with intravenous administration,
albeit with very modest therapeutic efficacy compared to
nanocell mediated delivery of miR-34a (Lee et al. 2017).
Nanocells have been shown to be highly effective in the
delivery of both chemotherapy and miRNA to a range
of tumors (Taylor et al. 2015; MacDiarmid and Brahmb-
hatt 2011). The in vivo miR-34a delivery by nanocells
surpassed our expectations because of the large size of
nanocells. Nanocells are 40020 nm in diameter, and
although nanoparticles with a diameter of up to 800 nm
are known to cross the blood brain barrier (BBB) and
accumulate in brain parenchyma (MacDiarmid and
Brahmbhatt 2011; Betzer et al. 2017), nanoparticles must
be small (<200 nm) for them to effectively penetrate
and diffuse through the brain parenchyma (Thorne and
Nicholson 2006; Nance et al. 2012). Nanocells success-
fully delivered miR-34a to the tumor as evidenced by
the strong reduction of cMet by RT-qPCR and phospho-
Akt by western blotting. Nanocells are known to initially
accumulate in the tumor by the enhanced permeability
and retention (EPR) effect, which is active in most solid
cancers (MacDiarmid and Brahmbhatt 2011). Further,
the BBB is known to be locally disrupted in the glioblas-
toma core (Wolburg et al. 2012) and the LPS (lipopoly-
saccharide) moiety on the surface of our nanocells may
have stimulated a local inflammatory reaction and dis-
rupted the BBB (Banks et al. 2015), with the potential to
further enhance nanocell delivery into the tumor. Thus,
we hypothesize that the nanocells are preferentially taken
up by glioblastoma cells located in the perivascular area,
where they accumulate by a combination of the EPR
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effect and localized disruption of the BBB. It is possible
that these initially transfected cells subsequently package
miR-34a into extracellular vesicles (EV), leading to par-
acrine transfer of miR-34a to the remainder of the tumor
(Fareh et al. 2017; Zhang et al. 2015). Furthermore, a
positive feedback loop such that exogenously transfected
miR-34a induces expression of endogenous miR-34a
has been described in the literature (Okada et al. 2014;
Navarro and Lieberman 2015). This might be another
contributing factor to the remarkable delivery of miR-
34a by nanocells. Future experiments will explore the
mechanistic basis for the efficacy of nanocell-mediated
delivery of miR-34a in detail. It is noteworthy that no tox-
icity of nanocells loaded with doxorubicin was observed
in previous studies using canine models of glioblastoma
or nanocells loaded with paclitaxel in phase I clinical tri-
als advanced solid malignancies (MacDiarmid et al. 2016;
Solomon et al. 2015). We also note that nanocells have
recently been shown to induce both innate and other
adaptive antitumor immune responses (Sagnella et al.
2020) and it therefore would be of great interest to exam-
ine the effect of miR-34a in immunocompetent models.

Conclusions

Glioblastoma remains uniformly fatal, despite inten-
sive therapy, in large part due to the resistance of these
tumors to both radio- and chemo-therapy. miR-34a is a
therapeutic miRNA that inhibits the survival of a wide
range of glioblastoma cell cultures and strongly enhances
TMZ response, even in glioblastoma cells that are highly
TMZ-resistant. Glioblastoma tumors rely on multiple
resistance mechanisms implying that their simultaneous
targeting will be essential to achieving an optimal thera-
peutic response. Importantly, we show that intravenous
delivery of miR-34a, packaged in bacterially-derived
nanocells, strongly enhances the therapeutic effects of
TMZ in an orthotopic mouse model of glioblastoma.
Taken together, our results suggest that targeted nano-
cell-mediated delivery of miR-34a may be a powerful new
adjuvant for the treatment of glioblastoma in combina-
tion with TMZ that can mitigate both inter- and intra-
tumor heterogeneity and provide a preclinical basis for
further evaluation of miR-34a nanocell therapy in human
clinical trials.
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Additional file 1: Table S1. List of genes predicted to be regulated by
miR-34a in glioblastoma driver pathways. miRPATH v.3 was used to identify
genes in the KEGG glioma pathway which are predicted to be regulated
by miR-34a. miRNA-gene interactions cataloged in Tarbase v.7 were used.
The cell lines, tissues of origin and the methods used to identify miR-34a
gene interactions are included. IP, immunoprecipitation, RA, Reporter
Gene assay, WB, Western Blot, MA, microarrays, Bi, Biotin, gP, quantitative
polymerase chain reaction, CLASH, crosslinking, ligation, and sequencing
of hybrids.

Additional file 2: Table S2. List of mMiRNAs which regulate glioblastoma
driver pathways. miRPATH v 3.0 was used to explore miRNAs which regu-
late driver pathways in glioma as described in KEGG database. miRNA-
gene interactions cataloged in Tarbase v.7 were used in this search.
miRPATH v 3.0 was used to calculate enrichment p values by the one
tailed Fisher's exact test. Top thirty miRNAs from this search are listed.

Additional file 3: Table S3. miR-34a down-regulates multiple therapeutic
resistance genes. GBM6, GBM118 and GBM126 primary cultures were
transfected with 30 nM miR-34a or 30 nM miR-C. Total RNA was extracted
48 h post transfection and RT? Profiler™ PCR Array from Qiagen was used
to examine expression changes of 84 drug resistance genes. The table
shows fold-regulation of genes with fold-regulation cut-off > 1.5. Fold-
change was calculated by dividing the normalized gene expression A (-
Delta CT)) in the miR-34a transfected cells by normalized gene expression
(2N (- Delta CT)) in the miR-C transfected cells. Fold-Regulation is equal to
fold-change for fold-change values > 1. For fold-change values < 1, fold-
regulation is the negative inverse of fold-change.

Additional file 4: Figure S1. miR-34a modulates the expression of
multiple signaling elements in glioma. The glioma pathway from KEGG
(hsa05214) with miR-34a targets is illustrated. Yellow boxes represent
genes whose expression has been reported to be modulated by miR-34a
in the TarBase v 7.0. Yellow boxes with red outlines are down-regulated,
while yellow boxes with blue outlines are up-regulated by miR-34a. Green
boxes represent glioma signaling elements not modulated by miR-34a.

Additional file 5: Figure S2. Transfection efficiency is comparable across
the different cell lines tested. Cells were reverse-transfected with the TOX
transfection siRNA. Successful transfection results in cell death which was
quantified by SRB assay. All data represent mean SRB values (£ SD) from
three independent experiments.

Additional file 6: Figure S3. miR-34a downregulates multiple therapeu-
tic resistance genes. A. Transfection with miR-34a significantly increases
miR-34a expression in glioblastoma primary cultures. GBM6, GBM118 and
GBM126 cells were transfected with 30 nM control miRNA or miR-34a.
Total RNA was isolated 48 h post transfection. RNU-6 was used as house-
keeping gene and relative expression calculations were made according
to the Livak method. Data show mean = SD of three technical replicates.
B. miR-34a reduces to expression of multiple therapeutic resistance genes
in glioblastoma. RTqPCR experiments were performed with independent
primers to verify the results of the PCR array. In some instances, expression
of genes could not be detected in one or more cultures by the PCR. The
corresponding bars are left missing from the figure. RNU-6 was used

as housekeeping gene and relative expression calculations were made
according to the Livak method. Data was normalized to non-transfected
controls and show mean = SD of three technical replicates. *p <0.05 of
miR-34a cells compared to control transfected cells, n/s implies p > 0.05

Additional file 7: Figure S4. High expression of miR-34a down-regulated
therapeutic resistance genes is associated with worse survival. Kaplan-
Meir curves for overall survival in 585 glioblastoma patients from TCGA
dataset for the validated resistance genes. High expressors are plotted in
orange and low expressors in blue. Cut-off MRNA expression scores used
included ATM (5.47), EGFR (6.6)MET (4.37), BCL2 (3.9) and UGCG (7.8). Maxi-
mally selected rank statistic was used to stratify patients into high and low
expressors. The log rank test was used to assess statistical significance.

Additional file 8: Figure S5. Glioblastoma cultures have different base-
line expression of therapeutic resistance gens. Total RNA was extracted
from GBM6, GBM118 and GBM126 primary cultures and RT? Profiler™
PCR Array from Qiagen was used to determine baseline levels of ATM,
BCL2, EGFR, MET and UGCG in these cultures. To determine relative mRNA
expression, fold-change was calculated by dividing the normalized gene
expression 2/ (- Delta CT)) in the GBM6 and GBM126 cells by normalized
gene expression (2 (- Delta CT)) in the GBM118 cells.
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