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ABSTRACT

Small non-coding RNAs called miRNAs are key regulators in various biological
processes, including tumor initiation, propagation, and metastasis in glioblastoma
as well as other cancers. Recent studies have shown the potential for oncogenic
miRNAs as therapeutic targets in glioblastoma. However, the application of antisense
oligomers, or anti-miRs, to the brain is limited due to the blood-brain barrier (BBB),
when administered in the traditional systemic manner. To induce a therapeutic effect
in glioblastoma, anti-miR therapy requires a robust and effective delivery system to
overcome this obstacle. To bypass the BBB, different delivery administration methods
for anti-miRs were evaluated. Stereotaxic surgery was performed to administer anti-
Let-7 through intratumoral (ITu), intrathecal (ITh), and intraventricular (ICV) routes,
and each method’s efficacy was determined by changes in the expression of anti-
Let-7 target genes as well as by immunohistochemical analysis. ITu administration of
anti-miRs led to a high rate of anti-miR delivery to tumors in the brain by both bolus
and continuous administration. In addition, ICV administration, compared with ITu
administration, showed a greater distribution of the miR across entire brain tissues.
This study suggests that local administration methods are a promising strategy
for anti-miR treatment and may overcome current limitations in the treatment of
glioblastoma in preclinical animal models.

INTRODUCTION when such events occur [3]. Although several targeted
therapeutics are currently under preclinical and clinical
Glioblastoma is one of the most advanced development, the delivery method must address the blood-

adult brain tumors and is classified as a World Health
Organization (WHO) grade IV astrocytoma. Malignant
glioblastoma patients only survive on average less than
2 years from the time of diagnosis [1]. Presently, surgical
resection followed by radiation and temozolomide therapy
is the only therapeutic option available for glioblastoma
patients [2]. However, tumors invariably relapse, and
the current standard treatments have limited options

brain barrier (BBB), which makes systemic treatment
more difficult [4]. Because of this, there is still an unmet
need for the development of a novel treatment strategy for
glioblastoma patients.

miRNAs are small noncoding RNA molecules that
consist of 19-24 nucleotides. Usually, miRNAs bind to
their target mRNA in the 3' UTR via a post-transcriptional
regulation process that results in decreased expression of
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the target mRNA [5]. Recent reports have highlighted the
roles of miRNAs in the regulation of various biological
processes including cancer cell proliferation, invasion,
metastasis, and stemness in different cancers including
glioblastoma [6—9]. miRNAs have therefore emerged as a
class of promising therapeutic targets for cancer treatments
[10-12]. Anti-miR treatment, however, cannot cross the
BBB, limiting its use when applied via the traditional
systemic approach [13, 14]. Essentially, the development
of anti-miRs has remained a challenge, since they cannot
be delivered to the brain. To maximize the therapeutic
benefits of oncogenic miRNA inhibition, different methods
need to be developed for glioblastoma patients [15, 16].

To evaluate methods of anti-miR administration in
glioblastoma xenograft models, the anti-Let-7 oligomer
was employed in this study. The Let-7 family (Let-7a,
Let-7b, Let-7c, Let-7d, Let-7e, Let-7f, Let-7g, and Let-71)
has been identified in various species, and a number of
studies have described the mechanism of Let-7 and its
regulation of target genes [17, 18]. Notably, several target
genes of Let-7 have been identified in humans (LIN28B,
HMGAZ2, and IGF2BP2) and mice (Igf2bp2, Nras, and
Tgfbrl) [19-22]. Although Let-7 is reported to be a
tumor suppressor [23, 24], we used anti-Let-7, a modified
complementary anti-miR oligomer of Let-7a, to assess the
functional efficiency of anti-miR delivery in vivo, which is
reflected by the expression levels of its target genes.

Here, we suggest an alternative delivery method
that could lead to anti-miR accumulation in glioblastoma
tumors, and we evaluated its practicality for preclinical
study.

RESULTS

Evaluation of anti-miR delivery via
intratumoral, intrathecal, and intraventricular
injection methods

We investigated a novel delivery method for anti-
miR administration in glioblastoma. To determine the
optimal delivery method in glioblastoma preclinical
models, three different administration routes were
evaluated in this study: intratumoral (ITu), intraventricular
(ICV), and intrathecal (ITh). The ITu method can deliver
a drug directly to the tumor [25], while both the ICV and
ITh methods administer the therapy into the cerebrospinal
fluid (CSF) [4]. To examine the efficiency of delivery,
we administered anti-Let-7 into the brain of mice via the
ITu, ICV, or ITh route by bolus (Figure 1A, 1B and 1C)
and osmotic pump (Figure 1B). The expression levels
of the target genes of Let-7 were used to determine the
efficiency of delivery. The target genes of anti-Let-7 in
mice, [gf2bp2, Nras, and Tgfbrl, were evaluated. Let-
7 has been shown to play an important role in Drosophila
melanogaster, and its sequence is well conserved among
different species [26]. There have been numerous reports

recently implicating Let-7 in cell growth, differentiation,
and tumorigenesis [27, 28]. In addition, among the
recently reported miRNAs, the target genes of Let-7 have
been well validated in different species, including humans
(HMGAZ2, IGF2BP2, and LIN28B) and mice (Igf2bp2,
Nras, and Tgfbrl) [29]. Moreover, moderate expression
of Let-7 was observed in brain tissues, with only scattered
expression in other organs [30]. Although a number of
studies have reported that Let7 acts as a tumor suppressor
by targeting oncogenic genes, we employed a Let-7-
targeting anti-miR to evaluate the distribution pattern
after the anti-miR was released into the mouse brain and
assessed gene expression levels to predict miRNA function
in various regions of the mouse brain.

As shown in Figure 2A, a significant increase in
the expression of Let-7 target genes was observed in the
parenchymal tissue of mice injected with anti-Let-7 via
the ITu or ICV route, but no significant differences were
observed when the mice were injected intrathecally. To
investigate whether anti-miR treatment could penetrate
the parenchymal region of the mouse brain upon
continuous administration, an osmotic pump (35 ng/day)
was implanted and maintained for 7 days. We performed
immunohistochemical staining using an oligomer-specific
antibody and qRT-PCR analysis to assess the distribution
of the oligomer in the brain. In the anti-Let-7-treated
mouse brain, positively stained cells were observed near
the original site of anti-miR injection. However, we did
not detect any positive signals at the opposite side of the
hemisphere (Figure 2B). Furthermore, the expression
levels of anti-Let-7 target genes (Igf2bp2, Nras, and
Tgtbrl) were elevated in the group treated with anti-
Let-7 compared with the control group (Figure 2C). Both
histochemical and mRNA expression analyses showed a
correlation, suggesting anti-miRs can be delivered into the
mouse brain via ITu and ICV routes, but not the ITh route.

Differential expression of anti-Let-7 target genes
in vitro

In vitro studies were performed to evaluate the
internalization of anti-miR-10b in glioblastoma cells
without any support from chemical reagents. We treated
glioblastoma cells directly with anti-miRs and observed
target gene expression by qRT-PCR. To assess the
functionality of Let-7 in glioblastoma cancer cells, we
assessed the expression levels of Let-7 target genes in the
glioblastoma cell lines U87MG, U138, U251, U373, A172,
LN229, and T98G. In particular, we specifically evaluated
the Let-7 human target genes HMGA2, IGF2BP2, and
LIN28B, which were found to be de-repressed following
anti-Let-7 treatment. The expression of HMGA2 and
IGF2BP2 increased in seven established glioblastoma
cell lines after anti-Let-7 treatment (Figure 3A and 3B).
The expression of LIN28B was also elevated after anti-
Let-7 treatment, although this effect was not observed in
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all of the cell lines (U138, U251, and U373; Figure 3C).
In addition, our results showed that the Let-7 target genes
(HMGA2, IGF2BP2, and LIN28B) were significantly
upregulated in glioblastoma patient-derived cells
(GBMO04T) after anti-Let-7 treatment (Supplementary
Figure S1). Recently, various chemical reagents and
nanoparticles have been reported for their support in
transferring oligomer and chemical drugs. These chemical
reagents are useful tools for the delivery of oligomers
in vitro, although toxicity remains an issue in vivo. Our
results suggest that this anti-miR, developed by Regulus
Therapeutics (San Diego, CA, USA), can be internalized
to regulate gene expression in glioblastoma cells without
the support of chemical reagents.

Evaluation of anti-miR delivery to tumor-
bearing mice via intratumoral, intrathecal, and
intraventricular injection methods

To investigate anti-miR distribution in tumor-
bearing mice, U§7MG orthotopic xenograft models were
employed in this study. The U§7MG glioblastoma cell
line was implanted using stereotaxic surgery, and anti-
Let-7 was administered via bolus injection through three
different routes 20 days after the implantation of U§7MG
cell line (Figure 4A). Brain tissues were isolated and sliced
to 2 mm thick. To analyze target gene expression, tissue
samples from the tumor core and peripheral regions of the
injected hemisphere as well as normal brain tissue on the
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opposite hemisphere were separated into distinct groups
(Figure 4B). The expression levels of anti-Let-7 target
genes (in humans: HMGAZ2, IGF2BP2, and LIN28B; in
mice: Igf2bp2, Nras, and Tgfbrl) were examined in each
tumor mass and brain tissue from mice.

Three human target genes of anti-Let-7 (HMGAZ2,
LIN28B, and IGFBP2) were upregulated in both the tumor
core and peripheral tumor region after ITu injection only
(Figure 4C). In the hemisphere opposite to the US7MG-
injected site, the expression of Igf2bp2 and Nras were
increased by the ICV and ITu routes, while the expression
of Tgfbrl was increased by the ICV method only
(Figure 4D). Overall, ITu was the most efficient method
for delivering anti-Let-7 to the tumor core and normal
peripheral brain tissue, whereas the efficiency of the ICV
method was limited despite easy dispersion into normal
brain tissue.

Intratumoral delivery efficacy of anti-miR
through an osmotic pump system in glioblastoma
xenograft models

For most newly diagnosed glioblastoma patients,
the standard therapy protocol is surgical resection
of the tumor followed by postoperative radiotherapy
with temozolomide treatment [31]. Surgical removal
and radiation therapy have resulted in improvement in
patient prognosis; however, tumor recurrence occurs in
almost all glioblastoma patients after standard therapy.

Icv C ITh

Cerebroventricular space L3

Ventral
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Figure 1: Schematic illustration of the local administration methods. Three different routes were employed for the evaluation
of anti-miR delivery efficacy: (A) Intratumoral injection (ITu). (B) Intraventricular injection (ICV). (C) Intrathecal injection (ITh). (D)
Stereotaxic surgery was performed to administer anti-miR into the mouse brain. A brain cannula was implanted with anti-miR-filled

osmotic pumps for continuous administration.
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Although surgical removal of the recurring tumor should
be considered in all patients, such surgical approach has a
number of limitations [32]. Thus, we decided to investigate
alternative continuous administration of therapy into
the tumor mass in an effort to identify possible new
treatment strategies to applicate with surgical resection.
To investigate continuous anti-miR administration via the
ITu route, anti-Let-7 was administered using an osmotic

A

pump (Figure 5A). Osmotic pumps were filled with an
anti-Let-7 solution (n = 10, 35 pg/day) or saline (n = 10)
and connected to the intra-brain cannula to administer
the anti-Let-7 at the site of tumor implantation. An intra-
brain cannula was implanted into the mouse at brain 20th
day after post-implantation US7MG cell, and then anti-
Let-7 was delivered continuously for 7 days afterwards.
We observed a significant increase in target gene
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Figure 2: Local delivery of an anti-Let-7 bolus or continuous administration to the brain in a non-tumor-bearing mouse
model. (A) Detailed experimental schedules using non-tumor-bearing mice (BALB/c-nu, 7 weeks) are illustrated (upper). Anti-Let-7 was
administered twice (250 pg/5 pL each time, n = 10) in the parenchymal (stereotaxic coordinate site of ITu administration, » = 10) and lateral
cerebroventricular space (stereotaxic coordinate site of ICV administration, #» = 10) of the mouse brain, and all mice were sacrificed 2 days
after the last treatment. qRT-PCR analysis of target gene expression (miRNA-Let-7 targeting mRNAs in mouse tissue: mlgfbp2, mNras, and
mTgfbrl) in the mouse brain after applying the different routes of administration (bottom). (B) Detailed experimental schedules of osmotic
pump surgery in the non-tumor-bearing mice (BALB/c-nu, 7 weeks, n = 10 each group) are illustrated (upper). An osmotic pump was used
to continuously administer anti-Let-7 (35 pg/day for 7 days). Immunohistochemical analysis using an anti-miR specific antibody in the
mouse brain after continuous administration (35 pg/day for 7 days) of anti-Let-7 by osmotic pump (bottom). (C) qRT-PCR analysis of Let-
7-targeting genes in mouse tissue (mlgf2bp2, mNras, and mTgfbrl) at the injection site (I) for anti-Let-7 (35 pg/day for 7 days) using an
osmotic pump. Data are presented as means + S.E.M. *p < 0.05, **p < 0.01, and *** p < 0.001 compared with the control.
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expression in the tumor and adjacent regions compared
with the control group given saline (Figure 5B and 5C).
Furthermore, the parenchymal tissue from the opposite
hemisphere did not exhibit any changes in anti-Let-7 target
gene expression (Figure 5D).

The efficiency of delivery and pattern of distribution
was evaluated following anti-Let-7 treatment in the mouse
brain according to the expression levels of its target genes.
However, Let-7 is not a therapeutically targetable miRNA
and therefore was only used to evaluate the delivery
methods. To evaluate the therapeutic efficacy of anti-miR
treatment by ITu administration, we used an anti-miR
targeting miR-10b which is a well-studied oncomir in

glioblastoma. Basal expression levels of miR-10b were
analyzed by qRT-PCR in U87MG cell line as well as
seven different glioblastoma patient-derived primary cells,
and found elevated expression levels of miR-10b from
almost all seven glioblastoma patients compared to the
U87MG cell line (Supplementary Figure S2). Among the
patient-derived cells, GBMO04T patient xenograft model
was used to assess the delivery efficacy of anti-miR-10b
and it exhibited similar expression levels of miR-10b as
the patient-derived glioblastoma cells. Although recent
reports have identified valuable target genes of miR-10b,
the pathways have not been fully elucidated, limiting
our ability to predict miR-10b functions in GBM. Thus,
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Figure 3: Anti-Let-7 mediates differential expression of its target genes in glioblastoma cell lines and glioblastoma
patient-derived cells. Quantitative RT-PCR (qRT-PCR) was used to determine the expression of target genes. qRT-PCR analysis of
(A) hHMGAZ2, (B) hIGF2BP2, and (C) hLIN28B mRNA expression in glioblastoma cell lines after anti-Let-7 (20 or 50 nM for 48 h)
administration. Data are presented as means + S.E.M. *p < 0.05, **p < 0.01, and *** p < 0.001 compared with the control.
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we employed an anti-miR-10b-specific antibody for
immunohistochemistry analysis. When anti-miR-10b was
administered through ITu route, anti-miR-10b positive
cells were more frequently observed in the tumor mass in
a dose-dependent manner (Supplementary Figure S3). In
addition, when we evaluated the therapeutic efficacy of
anti-miR-10b that was released via ITu route in GBMO7T
glioblastoma patient-derived xenograft model, which
exhibited the highest expression of miR-10b among the
seven patients, the anti-miR-10b administered group
showed a significant improvement in median survival
compared to the control group (median survival of
control group: 89 days, median survival of anti-miR-

10b-treated group: 104 days, p = 0.0108; Supplementary
Figure S5) Accumulation of Anti-miR-10b was also
observed in the tumor mass by immunohistochemistry
analysis (Supplementary Figure S4). However, Anti-
miR10b did not affect in vivo survival in GBMO4T patient
xenograft model (median survival of control group:
45 days, median survival of anti-miR-10b treated group:
47 days; Supplementary Figure S5). Taken together, these
data indicate that the ITu route is a promising route of
administration for anti-miR treatment. Furthermore, this
approach will be valuable for the development of novel
therapeutic options to target highly expressed oncomirs
such as miR-10b in glioblastoma.
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Figure 4: Expression levels of target genes were analyzed to evaluate the efficiency of intratumoral, intraventricular,
and intrathecal administration of anti-Let-7 in the U87MG xenograft model. (A) U37MG cells (2 x 10° Cells/5 uL HBSS,
n = 10 each group) were injected intracranially using a stereotaxic apparatus in the mouse brain. Twenty days after cell injection, anti-
Let-7 was administered twice (250 pg/5 puL each time) via the three different routes of administration. The stereotaxic apparatus was used
for the ITu and ICV methods of administration. (B) Tissues were isolated from different sites in the mouse brain: tumor core (c), tumor
periphery (p) and the opposite hemisphere. (C) qRT-PCR analysis of target gene expression (Let-7-targeting mRNAs in human tissue:
hHMGAZ2, hLIN28B, and hIGF2BP2) in the tumor core (c) and periphery (p). (D) qRT-PCR analysis of target gene expression (Let-7-
targeting mRNAs in mouse tissue: mlgfbp2, mNras, and mTgftbrl) in the opposite hemisphere. C: tumor core, P: tumor periphery, OH:
opposite hemisphere. Data are presented as means + S.E.M. *p < 0.05, **p < 0.01, and *** p < 0.001 compared with the control.
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Continuous administration of anti-Let-7
by intraventricular delivery in the U§7MG
orthotopic xenograft model

Although the delivery of anti-miR by bolus
administration via ITu route into the tumor was efficient,
there was limited delivery to the entire brain. Therefore,
an ICV method combined with an osmotic pump seemed
to be a more optimal route for targeting multifocally
spread and seeded cancer cells in glioblastoma patients
after standard therapy in a clinical environment. Our
previous results also showed that bolus administration of
anti-Let-7 through the ICV route significantly increased
the expression of anti-Let-7 target genes in the opposite
hemisphere region. However, no differential expression
was found in the tumor core or periphery (Figure 4).
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Thus, we used the osmotic pump to administer anti-Let-7
continuously into the cerebroventricular space of the
mouse brain. Osmotic pumps were filled with an anti-
Let-7 solution (n = 10, 35 pg/day) or saline (n = 10) and
placed in a subcutaneous pocket. An intra-brain cannula
was connected to the osmotic pump and implanted into the
mouse brain 20 days after the U87MG cell implantation.
Afterwards, anti-Let-7 was released continuously for
7 days into the ventricular space. Consistently, anti-Let-7
administration using the osmotic pump increased the
expression of the human Let-7 target genes, HMGA2,
IGF2BP2, and LIN28B (Figure 6A and 6B). In addition,
we found that the expression levels of Nras and
Tgfbrl were significantly elevated in both normal tissue
adjacent to the tumor and in the opposite hemisphere
regions in the oligomer-treated group compared with
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Figure 5: Anti-Let-7 is delivered directly into the brain tumor by intratumoral administration via osmotic pump in
U87MG orthotopic and glioblastoma patient-derived xenograft models. U87MG cells (2 x 10°/5 pL HBSS, n = 10 for each
group) were implanted into mouse brains using the stereotaxic apparatus. The brain cannula was implanted 20 days after US7MG cell
implantation using anti-miR-filled osmotic pumps. (A) The osmotic pump was inserted into the mouse subcutaneously, and the cannula
was located at the coordinate site of intratumoral administration in the mouse. Anti-Let-7 was released (35 pg/day) into the brain tumor for
7 days via the brain cannula and osmotic pump. (B) qRT-PCR analysis of target gene expression (miRNA-Let7-targeting mRNAs in mouse
tissue: mlgfbp2, mNras, and mTgfbrl) in brain tumors from U887MG orthotopic models after anti-Let-7 administration. (C, D) gRT-PCR
analysis of Let-7 target gene expression in mouse tissue (mlgfbp2, mNras, and mTgftbr1) in nearby tumor and opposite hemisphere tissue
from US7MG orthotopic models after anti-Let-7 administration. T: tumor, NT: normal tissue nearby tumor, OH: opposite hemisphere. Data
are presented as means + S.E.M. *p < 0.05, **p < 0.01, and *** p < 0.001 compared with the control.
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the saline-administered control (Figure 6C and 6D).
Our study suggests that continuous administration using
the ICV method successfully delivers anti-miRs to the
implanted tumor core as well as to non-neoplastic tissues,
which would be an optimal treatment option for treating
glioblastoma tumors.

DISCUSSION

Therapeutic anti-miRs are currently being developed
for cancer therapy; however, this is still at an early stage
and has not yet been introduced in a clinical setting [14].
Furthermore, applying anti-miR treatment to glioblastoma
patients proves to be more challenging. Although multiple
anti-cancer drugs are presently available, the majority of
them are not suitable for glioblastoma therapy because
of the lack of sufficient transportation methods across
the BBB following systemic administration. The BBB,
comprised of cells exhibiting incredibly strong tight
junctions, is a major defense mechanism for the brain,
as it helps to prevent outside substances, including
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microorganisms and chemical agents, from entering
the brain. For this reason, the administration of various
neurological drugs as well as therapeutic anti-miRs has
been unsuccessful. Thus, our study evaluated different
administration methods for delivering anti-miRs to the
brain and tumor regions, which may be important for
further preclinical and clinical studies [33].

Different administration methods are currently
being used to deliver drugs directly into the brain,
thereby bypassing the BBB [34]. Rather than relying
on transporters to pump anti-miRs across the BBB,
administration of anti-miRs directly into the CSF or
extracellular space of the brain seems to be a more
promising therapeutic approach. Among the different
delivery methods, the ITh route has been used for
administration of drugs into the lumbar subarachnoid
space, while the ICV method has been used for drug
injection or infusion into the lateral ventricle space of the
brain [35]. These ITh and ICV routes of administration
are ideal for situations in which the target is within the
subarachnoid space or close to the CSF-brain interface. To
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Figure 6: Anti-Let-7 is delivered directly into the cerebrospinal fluid by intraventricular administration via osmotic
pump in US7MG orthotopic xenograft models. U37MG cells (2 x 10° Cells/5 pnL HBSS, n = 10 each group) were implanted using
the stereotaxic coordinate site in the mouse brain. (A) Anti-Let-7 was released (35 pg/day) into the brain for 7 days using an osmotic pump
and brain infusion cannula located at the site of intraventricular administration. (B) qRT-PCR analysis of target gene expression in the tumor
of the US7MG orthotopic model after administration of anti-Let-7. (C, D) qRT-PCR analysis of target gene expression in normal nearby
tumor tissue and the opposite hemisphere of the U87MG orthotopic model after administration of anti-Let-7. T: tumor, NT: normal tissue
nearby tumor, OH: opposite hemisphere. Data are presented as means = S.E.M. *p < 0.05, **p < 0.01, and *** p < 0.001 compared with

the control.
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directly transport anti-miRs into the brain tumor, the ITu
method proved to be the most effective delivery route in
glioblastoma orthotopic xenograft models. The ITu route
is recognized as a potentially useful method that is being
widely explored as a means of delivering large agents. In
this study, we evaluated the in vivo distribution potency of
anti-miRs into the brain through different administration
routes in the glioblastoma orthotopic model.

Our results suggest that the ITu and ICV
administration routes are possible therapeutic options for
the delivery of anti-miRs in glioblastoma. To evaluate
anti-miR delivery and distribution rates in the brain, we
targeted a well-characterized miRNA, Let-7, and validated
its target gene expression in glioblastoma xenograft
models [36]. We showed that ITu administration of anti-
Let-7 led to a significant decrease in the expression of
target genes in the tumor core and periphery. Furthermore,
anti-miR administration via the ITu route was found to
be an excellent delivery option that enabled the anti-miR
to diffuse from the tumor core into the peripheral region.
Although the ITu route is a promising method that allows
evaluation of the therapeutic effects of anti-miR treatment
in preclinical models, ITu still poses limited practical
use in the clinical environment for glioblastoma patients.
Because the current standard therapy for glioblastoma is
surgical resection followed by radiotherapy and systemic
temozolomide treatment, it will likely be difficult to apply
repetitive administration of anti-tumor drugs via the ITu
route [37]. In terms of a clinical approach, ICV is more
effective for releasing and improving drug delivery into
the tumor.

It has been reported that convection-enhanced
delivery methods increase the efficacy of anti-cancer
drugs in glioblastoma. Convection-enhanced delivery
can deliver an anti-cancer agent directly into the brain
tumor and the surrounding parenchymal region via
continuous release or use of a nanoparticle. Among
them, the osmotic pump system is one of the most useful
convection-enhanced delivery methods for delivering
drugs to brain tumors and bypassing the BBB [38].
Here, we demonstrated that continuous administration
of anti-Let-7 by ICV resulted in down-regulation of Let-
7 target genes in the tumor as well as in normal brain
tissues (Figure 2B, 2C, 4, and 5). Notably, target gene
expression levels were significantly increased in the
adjacent tumor region and in non-neoplastic tissues
in the opposite hemisphere of the mouse brain when
anti-Let-7 was administered continuously through the
ICV route. In addition, we evaluated anti-miR-10b, an
oncogenic miR-10b anti-miR oligomer, in glioblastoma-
derived xenograft models [12, 39]. Earlier studies have
described oncogenic miRNAs such as miRNA-135b,
miRNA-21, miRNA-10b, miRNA-221, and miRNA-
196a as novel biomarkers in glioblastoma [40, 41].
Among them, we found miR-10b to be highly expressed
in glioblastoma patient-derived cells (data not shown).

To validate the delivery methods, anti-miR-10b was
used in glioblastoma patient-derived xenograft models.
When we administered anti-miR-10b continuously using
an osmotic pump to assess its distribution without any
support from chemical reagents, anti-miR-10b was
observed in the tumor region (Supplementary Figure S3
and S4). In the present study, the osmotic pump was
found to be an ideal method for delivering anti-miRs to
the brain tumor.

Finally, these findings demonstrate that anti-miRs
are able to penetrate the BBB without the use of any
viral or lipid carriers, and ICV administration of anti-
miRs could lead to whole-brain distribution, including
the tumor region. In this report, we describe different
methods of direct administration of anti-miRs that are
applicable in preclinical models. Moreover, the ICV
method of delivery is a promising approach for anti-miR
therapy in glioblastoma that warrants further research. We
expect that our findings will support future research into
novel therapeutic anti-miRs and help establish therapeutic
strategies that will eventually improve the current
treatments for glioblastoma patients.

MATERIALS AND METHODS

Cell culture and anti-Let-7 treatment

U87MG cells, human glioblastoma cell line,
were maintained in Eagle’s minimal essential medium
(Life Technologies, Carlsbad, CA, USA), and U373,
A172, LN229, and T98G cell lines were maintained in
Dulbecco’s modified Eagle’s medium (Life Technologies,
Carlsbad, CA, USA) containing 10% fetal bovine serum,
100 U/ml penicillin (100 units/mL, Invitrogen, Carlsbad,
CA, USA), and streptomycin (100 mg/mL, Invitrogen,
Carlsbad, CA, USA). To evaluate intracellular transfer
efficiency of anti-miR in glioblastoma cells in vitro, each
cell line was plated at 1 x 105 cells/2 mL culture medium
per well in a 6-well plate. Glioblastoma cell lines were
treated with anti-Let-7 (20 pM, 50 uM) without any
chemical reagents in the culture medium. 48 h after the
treatment, cells were harvested for target gene expression
analysis by qRT-PCR.

Animals

BALB/c-nu mice (female, 6—7 weeks of age) were
used for the in vivo studies. Animals were obtained from
Orient Bio Inc. (Seongnam, Korea) and maintained under
specific pathogen-free conditions in facilities approved
by the Association for Assessment and Accreditation of
Laboratory Animal Care International in accordance with
the current regulations and standards of the Laboratory
Animal Research Center at the Samsung Biomedical
Research institute (Samsung medical center, Seoul,
Korea).
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Glioblastoma orthotopic xenograft model

To produce orthotopic glioblastoma models used in
this study, US7MG cells (2 x 10°/5 uL Hank’s Balanced
Salt Solution, HBSS) were injected intracranially
(coordinates: 0.5 mm anterior, 1.7 mm lateral, 3.2 mm
depth from the bregma) into the left brain of mice using a

rodent stereotactic device.

Intratumoral injection

Animals were positioned in a rodent stereotaxic
device after anesthetic sedation using Zoletil 50 (50 mg/kg,
1.p., Vribac, Carros, France). Anti-miR was administered
into the brain using a stereotaxic surgical device (bolus
treatment) and/or osmotic pump with a brain catheter (for
continuous treatment). For ITu, anti-miRs were released
into the left lateral cerebral hemisphere at the following
coordinates from the bregma; 0.5 mm anterior (A/P),
1.7 mm lateral, and 3.2 mm depth (Figure 1A).

Intraventricular and intrathecal injection

For anti-miR release into the CSF, the ICV and
ITh routes were used in BALB/c-nu mice. ICV injection
was carried out via stereotaxic surgery, and anti-miRs
were administered into the right cerebroventricular space
(A/P: +0.2 mm; lateral: +1.0 mm; depth: —2.5 mm from
the bregma; Figure 1B). ITh injection was performed in
the mouse after anesthesia at the L3, L4 intervertebral
space. A volume of 5 pLL. was administered using a 32 G
mouse intrathecal catheter (Alzet® brain infusion kit3,
Durect Corporation, Cupertino, CA, USA) connected to a
50 uL Hamilton syringe. The animal was lightly restrained
to maintain the dorsal recumbent position and for puncture
of the dura through spinous processes by the catheter.
Anti-miRs were released into the mouse epidural space,
and animals were sacrificed after the final treatment to
analyze their distribution in the brain. The detailed course
of events is described in Figure 1C.

Osmotic pump implantation

The mice were anesthetized and immobilized in
a stereotactic head frame. Pumps were assembled for
intracranial infusion according to the manufacturer’s
instructions, and both an infusion cannula (1.5 cm tubing)
and a 25 gauge 3 mm long needle were attached. A brain
cannula was implanted into the left hemisphere, with
respect to the bregma/midline intersection (A/P: +0.5 mm;
lateral: +1.7 mm; depth: —3.2 mm), for intratumoral
injection. For intraventricular injection into the right
hemisphere, the cannula was placed at the following
coordinates from the bregma: +0.2 mm anterior; —1.0 mm
lateral; —2.5 mm depth. An ALZET 1004D (11 uL/h flow
rate, 100 pL fill volume, Durect Corporation, Cupertino,

CA, USA) osmotic pump filled with anti-miR solution
was implanted subcutaneously into the mouse along the
left side of its back (Figure 1D). After the infusion was
complete, mice were anesthetized, and all components of
the pump systems were removed to avoid any interference
between the pump and anti-miR oligomer.

Target gene expression levels: QRT-PCR

To analyze the target gene expression levels in
mouse brain according to the different treatment routes,
brains were isolated after sacrifice and sliced into 2 mm
coronal sections using a mouse brain matrix. The brain
slices were embedded in a frozen mold using the optimal
cutting temperature compound, and tissue samples
were obtained from the tumor, tumor periphery, and the
opposite hemisphere using a microsurgical blade after
selective co-ordinate sites in the mouse brain tissues were
determined by hematoxylin and eosin staining. Tissue
samples and in vitro cultured cells were frozen in liquid
nitrogen, and total RNA was isolated using the RNeasy
Plus Mini Kit (Qiagen, Valencia, CA, USA), and equal
amounts of RNA were subjected to cDNA synthesis using
the SuperScript™ III First-strand ¢cDNA Synthesis Kit

(Life Technologies, Carlsbad, CA, USA). The expression
levels of human mRNAs (HMGA2: HS00171569 M1,
hIGF2BP2:HS00198023 M1, LIN28b: HS01013729
M1, and GAPDH: HS02758991 G1) were quantified

using TagMan assays (Life Technologies, Carlsbad,
CA, USA), and the expression levels of mouse mRNAs
(Igf2bp2 primers: forward 5'-TGT TGG ATG GGC TGT
TGG-3'; reverse 5-TCA AAC TGA TGC CCA CTG AG-
3’, Nras primers: forward 5-CGA TCC AGC TAA TCC
AGA ACC-3'; reverse 5'-CTC TCA TGG CAC TGT ACT
CC-3', Tgfbrl primers: forward 5- CCA AAC CAC AGA
GTA GGC AC-3'; reverse 5-ACC AAT AGA ACA GCG
TCG AG-3', Gapdh brl primers: forward 5'- GTG GAG
TCA TAC TGG AAC ATG TAG-3'; reverse 5'-AAT GGT
GAA GGT CGG TGT G-3') were quantified using SYBR
green fluorescent dye (Solis Biodyne, Tartu, Estonia). The
relative mRNA levels were evaluated using the Applied
Biosystems 7900HT Real-Time PCR System (Applied
Biosystems, Carlsbad, CA, USA) and normalized to
the glyceraldehyde 3-phosphate dehydrogenase level
(GAPDH).

Immunohistochemistry

To analyze the distribution in the mouse brain
in vivo, we isolated the brain after animal sacrifice.
Serial 4 um thick paraffin sections were subjected to
immunohistochemical staining. To detect the anti-miR, the
sections were stained with a rabbit anti-oligomer specific
antibody obtained from Regulus Therapeutics (San Diego,
CA, USA).
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Design of the anti-miR oligomer

The anti-miR oligomer was a kind gift from
Regulus Therapeutics. The anti-Let-7 oligomer sequence
is 5'-ATATACAACCTACUACCUCA-3'".

Statistics

The data are presented as means = S.E.M.
Significant differences were analyzed by one-way ANOVA
using the SPSS 18.0 program (SPSS Inc, Chicago, IL,
USA). Differences were considered significant at p < 0.05.

ACKNOWLEDGMENTS

We thank the staff members of Regulus
Therapeutics, in particular Dr. Priya Karmali, for their
contributions to the scientific discussions and manuscript
preparation.

FUNDING

This research was supported by a grant from the
Korea Health Technology R&D Project through the Korea
Health Industry Development Institute (KHIDI), funded
by the Ministry of Health & Welfare, Republic of Korea
(HI14C3418), and Samsung Medical Center grant.

CONFLICTS OF INTEREST

None.

REFERENCES

1. Jhanwar-Uniyal M, Labagnara M, Friedman M,
Kwasnicki A, Murali R. Glioblastoma: molecular pathways,
stem cells and therapeutic targets. Cancers. 2015; 7:538-555.

2. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B,
Taphoorn MIJ, Belanger K, Brandes AA, Marosi C,
Bogdahn U, Curschmann J, Janzer RC, Ludwin SK, et al.
Radiotherapy plus concomitant and adjuvant temozolomide
for glioblastoma. N Engl J Med. 2005; 352:987-996.

3. van den Bent MJ, Gao Y, Kerkhof M, Kros JM, Gorlia T,
van Zwieten K, Prince J, van Duinen S, Sillevis Smitt PA,
Taphoorn M, French PJ. Changes in the EGFR amplification
and EGFRVIII expression between paired primary and
recurrent glioblastomas. Neuro Oncol. 2015; 17:935-941.

4. van Tellingen O, Yetkin-Arik B, de Gooijer MC,
Wesseling P, Wurdinger T, de Vries HE. Overcoming
the blood-brain tumor barrier for effective glioblastoma
treatment. Drug Resist Updat. 2015; 19:1-12.

5. Macfarlane LA, Murphy PR. MicroRNA: Biogenesis,
Function and Role in Cancer. Curr Genomics. 2010;
11:537-561.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Liang J, Liu X, Xue H, Qiu B, Wei B, Sun K. MicroRNA-
103a inhibits gastric cancer cell proliferation, migration and
invasion by targeting c-Myb. Cell Prolif. 2015; 48:78-85.

He B, Gao SQ, Huang LD, Huang YH, Zhang QY,
Zhou MT, Shi HQ, Song QT, Shan YF. MicroRNA-155
promotes the proliferation and invasion abilities of colon
cancer cells by targeting quaking. Mol Med Rep. 2015;
11:2355-2359.

Wong HK, Fatimy RE, Onodera C, Wei Z, Yi M, Mohan A,
Gowrisankaran S, Karmali P, Marcusson E, Wakimoto H,
Stephens R, Uhlmann EJ, Song JS, et al. TCGA analysis predicts
microRNA for targeting cancer growth and vascularization in
glioblastoma. Mol Ther. 2015; 23:1234-1247.

Floyd DH, Zhang Y, Dey BK, Kefas B, Breit H, Marks K,
Dutta A, Herold-Mende C, Synowitz M, Glass R,
Abounader R, Purow BW. Novel anti-apoptotic microRNAs
582-5p and 363 promote human glioblastoma stem cell
survival via direct inhibition of caspase 3, caspase 9, and
Bim. PLoS One. 2014; 9:¢96239.

Wang YY, Sun G, Luo H, Wang XF, Lan FM, Yue X,
Fu LS, Pu PY, Kang CS, Liu N, You YP. MiR-
21 modulates hTERT through a STAT3-dependent manner
on glioblastoma cell growth. CNS Neurosci Ther. 2012;
18:722-728.

Wong ST, Zhang XQ, Zhuang JT, Chan HL, Li CH,
Leung GK. MicroRNA-21 inhibition enhances in vitro
chemosensitivity of temozolomide-resistant glioblastoma
cells. Anticancer Res. 2012; 32:2835-2841.

Dong CG, Wu WK, Feng SY, Wang XJ, Shao JF, Qiao J.
Co-inhibition of microRNA-10b and microRNA-21 exerts
synergistic inhibition on the proliferation and invasion of
human glioma cells. Int J Oncol. 2012; 41:1005-1012.
Farooqi AA, Rehman ZU, Muntane J. Antisense
therapeutics in oncology: current status. Onco Targets Ther.
2014; 7:2035-2042.

Moreno PM, AP.
oligonucleotides against cancer: hurdling to the clinic. Front
Chem. 2014; 2:87.

Deleavey GF, Damha MJ. Designing chemically modified
oligonucleotides for targeted gene silencing. Chem Biol.
2012; 19:937-954.

Lennox KA, Owczarzy R, Thomas DM, Walder JA,
Behlke MA. Improved Performance of Anti-miRNA
Oligonucleotides Using a Novel Non-Nucleotide Modifier.
Mol Ther Nucleic Acids. 2013; 2:el17.

Su JL, Chen PS, Johansson G, Kuo ML. Function and
regulation of let-7 family microRNAs. Microrna. 2012;
1:34-39.

Roush S, Slack FJ. The let-7 family of microRNAs. Trends
Cell Biol. 2008; 18:505-516.

Wang X, Cao L, Wang Y, Wang X, Liu N, You Y. Regulation
of let-7 and its target oncogenes [Review]. Oncol Lett.
2012; 3:955-960.

Pego Therapeutic  antisense

www.impactjournals.com/oncotarget

29410

Oncotarget



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Johnson SM, Grosshans H, Shingara J, Byrom M, Jarvis R,
Cheng A, Labourier E, Reinert KL, Brown D, Slack FJ.
RAS is regulated by the let-7 microRNA family. Cell. 2005;
120:635-647.

Copley MR, Babovic S, Benz C, Knapp DJ, Beer PA,
Kent DG, Wohrer S, Treloar DQ, Day C, Rowe K, Mader H,
Kuchenbauer F, Humphries RK, et al. The Lin28b-let-7-
Hmga2 axis determines the higher self-renewal potential
of fetal haematopoietic stem cells. Nat Cell Biol. 2013;
15:916-925.

Butz H, Racz K, Hunyady L, Patocs A. Crosstalk between
TGF-beta signaling and the microRNA machinery. Trends
Pharmacol Sci. 2012; 33:382-393.

Buechner J, Tomte E, Haug BH, Henriksen JR, Lokke C,
Flaegstad T, Einvik C. Tumour-suppressor microRNAs let-7
and mir-101 target the proto-oncogene MYCN and inhibit
cell proliferation in MYCN-amplified neuroblastoma. Br J
Cancer. 2011; 105:296-303.

Lee YS, Dutta A. The tumor suppressor microRNA let-
7 represses the HMGA2 oncogene. Genes Dev. 2007;
21:1025-1030.

Fritzell S, Sanden E, Eberstal S, Visse E, Darabi A, Siesjo P.
Intratumoral temozolomide synergizes with immunotherapy
in a T cell-dependent fashion. Cancer Immunol Immunother.
2013; 62:1463-1474.

Fagegaltier D, Konig A, Gordon A, Lai EC, Gingeras TR,
Hannon GJ, Shcherbata HR. A Genome-Wide Survey of
Sexually Dimorphic Expression of Drosophila miRNAs
Identifies the Steroid Hormone-Induced miRNA let-7 as a
Regulator of Sexual Identity. G3 (Bethesda). 2014.

Yu F, Yao H, Zhu P, Zhang X, Pan Q, Gong C, Huang Y,
Hu X, Su F, Lieberman J, Song E. let-7 regulates self
renewal and tumorigenicity of breast cancer cells. Cell.
2007; 131:1109-1123.

Tang R, Yang C, Ma X, Wang Y, Luo D, Huang C, Xu Z,
Liu P, Yang L. MiR-let-7a inhibits cell proliferation,
migration, and invasion by down-regulating PKM?2
in gastric cancer. Oncotarget. 2016; 7:5972-5984.
doi: 10.18632/oncotarget.6821.

Busch B, Bley N, Muller S, Glass M, Misiak D, Lederer M,
Vetter M, Strauss HG, Thomssen C, Huttelmaier S. The
oncogenic triangle of HMGA2, LIN28B and IGF2BP1
antagonizes tumor-suppressive actions of the let-7 family.
Nucleic Acids Res. 2016.

Sempere LF, Freemantle S, Pitha-Rowe I, Moss E,
Dmitrovsky E, Ambros V. Expression profiling of
mammalian microRNAs uncovers a subset of brain-
expressed microRNAs with possible roles in murine and
human neuronal differentiation. Genome Biol. 2004; 5:R13.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Khosla D. Concurrent therapy to enhance radiotherapeutic
outcomes in glioblastoma. Ann Transl Med. 2016; 4:54.

Brandes AA, Bartolotti M, Tosoni A, Poggi R, Bartolini S,
Paccapelo A, Bacci A, Ghimenton C, Pession A,
Bortolotti C, Zucchelli M, Galzio R, Talacchi A, et
al. Patient outcomes following second surgery for
recurrent glioblastoma. Future Oncol. 2016; 12:1039-44.
doi: 10.2217/fon.16.9.

Akao 'Y, Nakagawa Y, Naoe T. let-7 microRNA functions as
a potential growth suppressor in human colon cancer cells.
Biol Pharm Bull. 2006; 29:903-906.

Allhenn D, Boushehri MA, Lamprecht A. Drug delivery
strategies for the treatment of malignant gliomas. Int J
Pharm. 2012; 436:299-310.

Calias P, Banks WA, Begley D, Scarpa M, Dickson P.
Intrathecal delivery of protein therapeutics to the brain: a
critical reassessment. Pharmacol Ther. 2014; 144:114-122.

Bussing I, Slack FJ, Grosshans H. let-7 microRNAs in
development, stem cells and cancer. Trends Mol Med. 2008;
14:400-409.

Nagasawa DT, Chow F, Yew A, Kim W, Cremer N, Yang 1.
Temozolomide and other potential agents for the treatment
of glioblastoma multiforme. Neurosurg Clin N Am. 2012;
23:307-322, ix.

Yun J, Rothrock RJ, Canoll P, Bruce JN. Convection-
enhanced delivery for targeted delivery of antiglioma
agents: the translational experience. J Drug Deliv. 2013;
2013:107573.

Tezcan G, Tunca B, Bekar A, Preusser M, Berghoff AS,
Egeli U, Cecener G, Ricken G, Budak F, Taskapilioglu MO,
Kocaeli H, Tolunay S. microRNA expression pattern
modulates temozolomide response in GBM tumors with
cancer stem cells. Cell Mol Neurobiol. 2014; 34:679-692.
Piwecka M, Rolle K, Belter A, Barciszewska AM, Zywicki M,
Michalak M, Nowak S, Naskret-Barciszewska MZ,
Barciszewski J. Comprehensive analysis of microRNA
expression profile in malignant glioma tissues. Mol Oncol.
2015; 9:1324-1340.

Guessous F, Alvarado-Velez M, Marcinkiewicz L,
Zhang Y, Kim J, Heister S, Kefas B, Godlewski J, Schiff D,
Purow B, Abounader R. Oncogenic effects of miR-10b
in glioblastoma stem cells. J Neurooncol. 2013; 112:
153-163.

www.impactjournals.com/oncotarget

29411

Oncotarget



