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Genome Editing Reveals Glioblastoma
Addiction to MicroRNA-10b
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Glioblastoma (GBM) brain tumor remains among the most le-
thal and incurable human diseases. Oncogenic microRNA-10b
(miR-10Db) is strongly and universally upregulated in GBM, and
its inhibition by antisense oligonucleotides (ASOs) reduces
the growth of heterogeneous glioma cells; therefore, miR-10b
represents a unique therapeutic target for GBM. Here we
explored the effects of miR-10b gene editing on GBM. Using
the clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas9 system, we investigated effects of miR-10b
gene editing on the growth of cultured human glioma cells, tu-
mor-initiating stem-like cells, and mouse GBM xenografts, as
well as the oncogene-induced transformation of normal astro-
cytes. We show that GBM is strictly “addicted” to miR-10b and
that miR-10b gene ablation is lethal for glioma cell cultures and
established intracranial tumors. miR-10b loss-of-function mu-
tations lead to the death of glioma, but not other cancer cell
lines. We have not detected escaped proliferative clones of
GBM cells edited in the miR-10b locus. Finally, neoplastic
transformation of normal astrocytes was abolished by the
miR-10b-editing vectors. This study demonstrates the feasi-
bility of gene editing for brain tumors in vivo and suggests
virus-mediated miR-10b gene ablation as a promising thera-
peutic approach that permanently eliminates the key regulator
essential for tumor growth and survival.

INTRODUCTION

Glioblastoma (GBM), the most common malignant brain tumor, re-
mains one of the most lethal human diseases, with a survival period of
little more than 1 year that has only marginally changed over the past
25 years. There is an urgent need for new molecular targets, concepts,
and approaches to treating this disease. Mounting evidence indicates
that GBM growth and invasiveness are closely regulated by micro-
RNAs (miRNAs).! A decade of work in the field led us to focus on
miR-10b, a miRNA embedded within the HOXD genomic locus
and implicated in proliferation, invasion, and metastasis of various
types of malignancies, including the GBM.>” miR-10b is especially
notable in brain tumors due to its unique expression pattern: while
virtually undetectable in the normal brain, it becomes extremely
abundant in most low- and high-grade gliomas across all subtypes,
as well as metastatic brain tumors.”™®
brain metastases have significantly higher miR-10b levels compared
to patients with metastases in other organs.””® Inhibition of miR-
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10b by chemically modified antisense oligonucleotides (ASOs) re-
duces growth and invasion of cultured glioma cells*” and metastasis
in aggressive cancer models.'™'" Our work on highly invasive and
aggressive intracranial glioma models demonstrated that ASO inhib-
itors of miR-10b reduce GBM growth in mice.'> However, the effects
observed in the orthotopic GBM models were transient, with disease
relapse due to both low-efficiency uptake and non-uniform distribu-
tion of the ASOs in intracranial GBM.

Despite the association of miR-10b with cancer and the potential as a
therapeutic target for GBM, its mechanism of action remains incom-
pletely understood. The predicted miR-10b targets were not enriched
among the genes de-repressed by specific miR-10b inhibitors, raising
the possibility that miR-10b acts in an unconventional way that is not
captured by bioinformatics models.”'* Alternatively, the miR-10b in-
hibitors used may have off-target effects not linked to miR-10b itself.
To validate specific loss of miR-10b function as a tumor-inhibiting
strategy for GBM, we abrogated miR-10b expression using clustered
regularly interspaced short palindromic repeats (CRISPR)-Cas9 and
investigated the effects of miR-10b gene ablation on glioma growth
in vitro and in vivo. This powerful technology facilitates targeted
DNA double-strand breaks at specific sites in the mammalian genome
and takes advantage of the non-homologous end joining (NHE]) to
introduce insertions or deletions (indels)."*"'> We demonstrate that
miR-10b gene editing is deleterious for all glioma cells and GBM-initi-
ating stem-like cells (GSCs) studied, as their viability strictly depends
on miR-10b expression. Furthermore, we show that lentivirus-medi-
ated miR-10b editing with CRISPR-Cas9 strongly impairs the growth
of orthotopic GBM in mice, supporting targeted miR-10b gene editing
as a promising therapeutic approach for GBM.

RESULTS

The Design of sgRNA and Validation of miR-10b Targeting

We used the type II CRISPR-Cas9 system derived from Streptococcus
pyogenes that induces site-directed double-strand breaks in DNA,
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leading to disruption or mutation of a targeted site through non-ho-
mologous end joining.'® The system requires the protospacer adja-
cent motif (PAM) sequence of 5'-NGG-3', located at the immediate
3" end of the single guide RNA (sgRNA) recognition sequence.'”
Alternative sequence-specific sgRNAs (G1-G3) targeting either
mature human miR-10b or its precursor pre-miR-10b, and thereby
disrupting the pre-miR-10b structure and processing, have been de-
signed using the CRISPRtool (http://crispr.mit.edu) and selected to
minimize potential off-target effects (Figure 1A). We have applied
the CRISPR-Cas9 system with G1-G3 sgRNAs for mutating miR-
10b in tumorigenic glioma LN229 cells. We also used a mutated
“nickase” version of the Cas9 enzyme (Cas9n DI10A) that, guided
by a pair of adjacent, opposite-strand sgRNAs Gl and G3 (nG1/
G3), produces double nicks that can be repaired by NHE] and poten-
tially introduces indels. Double nicking has a potential to reduce un-
wanted off-target effects greatly.'® Using magnetofection, we achieved
plasmid transfection efficiency of 60% in glioma cells. Surveyor cleav-
age assay indicated that the sgRNAs tested produced 8%-36% editing
efficiencies at the miR-10b locus (Figure 1B, left panel), resulting in
the measurable downregulation of mature miR-10b expression (Fig-
ure 1B, right panel). sgRNA GI and G3 guided editing, which was
more efficient than that of G2, also led to more efficient miR-10b
reduction.

Because the off-target effects of the Cas9 activity represent the major
concern for the use of the CRISPR-Cas9 system, we assessed potential
off-targets for G1-G3 sgRNAs by employing several computational
algorithms. miR-10a, the most closely related miR-10 family member
that differs from miR-10b by a single nucleotide, represents the top
off-target for both GI1- and G2-directed targeting (Figures 1A and
1C). As expected, despite the strong similarity between mature
miR-10a and miR-10b, the miR-10a locus was not targeted by
CRISPR-Cas9 with G3 sgRNA that was designed for the less similar
pre-miR-10b precursor (Figure 1B). Additional predicted top pro-
tein-coding off-targets were not edited (Figure 1C). In addition,
expression of the adjacent HOXD3 and HOXD4 genes was unaffected
by CRISPR-Cas9 with G1-G3 sgRNAs (Figure SI).

miR-10b Expression Is Essential for Viability of Glioma Cells

Although the CRISPR-Cas9 editing of miR-10b and other highly ex-
pressed glioma miRNA genes such as miR-21, miR-139, and miR-107
proved efficient and reduced the levels of the respective miRNAs, only
miR-10b editing impaired the viability of all tested glioma cell lines
and GSC cultures (Figures 2A-2C). Overall, we observed correlation
between the efficacy of miR-10b gene editing and the viability of
monolayer GBM cell lines, with the exception of low-passage GSCs
(GBMS) cultured in neurospheres, which were extremely sensitive
to even less-efficient miR-10b editing (Figure 2C). Reduced viability
was rescued by sequential transfections with the miR-10b synthetic
mimic, indicating that the phenotype observed in miR-10b-targeted
cultures was caused by its loss (Figure 2D). This rescue was partial,
possibly due to “imperfect” intracellular trafficking and incorporation
of the synthetic mimic to the functional RNA-induced silencing com-
plex (RISC) complex, not fully mimicking the endogenous miR-10b

activity, as well as additional unknown off-target effects. Efficient
miR-10b gene editing in metastatic, triple-negative (ER™/PR™/
HER21°W) breast carcinoma line MDA-MB-231 reduced cell migra-
tion but not viability (Figure 2E; Figure S2), consistent with the
established role of miR-10b in breast cancer metastasis but not
survival.'>'" A similar CRISPR-Cas9 strategy failed to edit the
miR-10b gene in the cell types not expressing miR-10b, such as
non-metastatic breast carcinoma MCF7 and primary astrocytes (Fig-
ures 2A and 2F). Although miR-10b editing affected only a part of
cells in targeted glioma cultures, it led to elevated expression of the
previously validated miR-10b targets,*'* including the mediator of
apoptosis BIM, cell-cycle inhibitors P21 and P16, and splicing regu-
lator PTBP2 (Figure 2G).

Due to the imperfect efficacy of CRISPR-Cas9 editing, the G1- and
G3-targeted glioma cultures were expected to contain a variety of
miR-10b mutants and indels, as well as the cells with the wild-type
(WT) miR-10b gene. Correspondingly, miR-10b editing of glioma
cell lines that normally grew in a monolayer resulted in the produc-
tion of a mixed cell population containing distinctly apoptotic round
floating cells, as well as unaffected attached cells with normal
morphology (Figure 3A). To investigate whether miR-10b editing
leads to glioma cell death, we analyzed the cells of these mixed cul-
tures. Glioma cells from the miR-10b-targeted cultures were plated
as single cells in 96 individual wells, which led to the growth of 53 sin-
gle-cell-derived clones. The DNA was extracted from these clones,
and the miR-10b gene was sequenced. Strikingly, there was no muta-
tion found among the viable clones examined (0/53). In contrast,
clonal analysis of the DNA collected from the floating apoptotic
cells in the targeted parental cultures revealed an 85% mutation
rate in the miR-10b locus (Figure 3A). Consistent with these findings,
in the parental cultures, the miR-10b gene was efficiently edited in the
floating pro-apoptotic cells but unedited in the attached viable cells
(Figure 3B). Correspondingly, miR-10b levels were 20- to 30-fold
lower in floating pro-apoptotic cells than in attached viable cells
(Figure 3C). Collectively, these results indicate that glioma cells are
addicted to miR-10b and expression of this molecule is essential for
glioma viability and survival.

miR-10b Editing Impairs Tumor Growth in Intracranial GBM
Models

To investigate the effects of miR-10b gene editing in orthotopic GBM
models in vivo, we produced miR-10b-targeting lentiCRISPR v2
plasmid based on Shalem et al."® and Sanjana et al.,”” a single vector
expressing Cas9, either G1 or G3 sgRNA, and a puromycin selection
marker and then packaged it into a vesicular stomatitis virus G pro-
tein (VSV-G)-pseudotyped lentivirus. High-titer (10° transducing
units [TU]/mL) viral miR-10b targeting resulted in efficient editing
and reduced cell viability of various genetically distinct glioma cell
lines and GSC cultures (Figure S3). Intratumoral injections of miR-
10b-targeting virus to the established exponentially growing ortho-
topic LN229-formed GBM xenografts resulted in tumor-specific
Cas9 expression and efficient miR-10b editing in the tumor tissue,
with little Cas9 immunostaining in surrounding brain parenchyma
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Figure 1. miR-10b Gene Is Specifically Edited by CRISPR-Cas9

(A) Design of alternative sgRNA guides for CRISPR-Cas9 miR-10b editing. The closely related hsa-pre-miR-10b and hsa-pre-miR-10a are aligned. The respective mature
sequences are indicated in blue. sgRNA G1-G3 are marked by arrows, and the corresponding PAMs are shown in red. sgRNA G1 and G2 were designed to target the mature
miR-10b, and G3 was designed to target its precursor pre-miR-10b. (B) CRISPR-Cas9-mediated editing of the miR-10b locus in LN229 glioma cells, 48 hr post-transfection.
The efficiency of miR-10b gene editing with alternative sgRNAs was estimated by Surveyor cleavage assay and bands densitometry (left panel). Cleavage products, indicative
of the edited gene, are marked with an arrowhead. miR-10b editing results in a significant downregulation of mature miR-10b expression (right panel). miR-10b/a levels were
analyzed by TagMan gRT-PCR and normalized to the geometrical mean of unaffected miR-99a, miR-125a, and miR-148a. Error bars depict SEM, n = 6, *p < 0.01, *p <
0.005, Student’s t test. (C) Assessment of putative off-target effects. Bioinformatically predicted off-targets with a maximum of three mismatches for sgRNA G1, G2, and G3
(right panel). miR-10a represents the major off-target, because it differs from miR-10b by a single nucleotide. Surveyor cleavage assay depicts miR-10a editing by sgRNA G1,
but not G2 or G3, and the lack of editing of other top predicted genes.

(Figures 4A and 4B). Tumor growth, monitored by in vivo imaging,
was strongly reduced in miR-10b-targeted G1 and G3 groups relative
to the control group injected with the corresponding empty virus that
expresses Cas9 but lacks miR-10b-targeting sgRNA (Figure 4C). His-

tological analysis of the brains harvested on day 18 after a viral injec-
tion revealed barely visible tumors in both G1 and G3 treatment
groups, while large tumors were found in controls (Figure 4D).
Both treatment groups also had better maintenance of body weight
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Figure 2. CRISPR-Cas9 Targeting Reveals that miR-
10b Expression Is Essential for Glioma Viability

(A) miR-10b is efficiently edited in heterogeneous human
glioma cell lines and GSCs, but not in the non-expressing

normal astrocytes and MCF7 cells, as determined by
Surveyor assay. Efficient editing of other miRNAs in MCF7
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cells is shown as a control. (B) Editing of miR-21, miR-
139, and miR-107 results in significant downregulation of
the corresponding mature miRNAs, as analyzed by gRT-
PCR. The data were normalized to the geometrical mean
of three unaffected miRNAs (miR-99a, miR-125a, and
miR-148a). Error bars depict SEM, n = 6, *p < 0.005,
Student’s t test. (C) miR-10b gene editing reduces
viability of glioma cells, as determined by WST1 assays
48 hr post-transfection for glioma lines and 5 days post-
transfection for GSCs. n = 6, *p < 0.001, Student’s t test.
(D) Viability of miR-10b-edited glioma LN229 and U251
cells (edited by lentiviral CRISPR-Cas9, guided by either
G1 or G3 sgRNAs) is rescued by the miR-10b mimic
transfected at 25 nM, as monitored by WST1 assays 48 hr
post-transfection. n = 6, *p < 0.05. (E) miR-10b does not
affect the viability of breast cancer cell lines MDA-MB-231
and MCF7, as determined by WST1 assays. n = 6, *p <
0.001. (F) gRT-PCR analysis demonstrates negligible
miR-10b expression in primary astrocytes and MCF7
cells. The data were normalized to the geometrical mean
of unaffected miR-99a, miR-125a, and miR-148a. Error
bars depict SEM, n =6, *p < 0.05, **p < 0.001, Student’s
t test. (G) gRT-PCR analysis of established miR-10b tar-
gets BIM, CDKN1A/p21 and CDKN2A/p16, PTBP2, and
DGCR14 demonstrates their de-repression in edited
LN229 cells. mRNA expression levels were normalized to
the geometrical mean of three unaffected genes (GAPDH,
18S rRNA, and SERACH). Error bars depict SEM, n = 6,
*p < 0.05, Student’s t test.
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compared with controls (Figure 4E). Similar results were obtained on
a highly invasive GBMS8 xenograft model treated with the mutated
nickase version of the virus-encoded Cas9n D10A enzyme and guided
by the pair of G1 and G3 sgRNAs (nG1/G3) (Figures S4 and S5). Sin-
gle injection of the miR-10b-editing vector effectively blocked the
growth of orthotopic GBM8 and rescued the body weight of the
animals.

miR-10b Editing Abolishes Transformation of Normal Astrocytes
Primary mouse and human astrocytes do not express miR-10b.*
Transductions of human and mouse primary astrocytes, as well as

not in normal human or murine neuroglial cells

(Figure S6). However, when primary mouse as-
trocytes underwent oncogenic transformation by H-RasG12V/Ad-E1
or SV40 large T antigen oncogenes, they strongly upregulated miR-
10b (Figure 5C) and downregulated the levels of validated miR-10b
targets P21, P16, BIM, and PTBP2 (Figure 5D). miR-10b upregulation
was abolished by transduction with miR-10b-editing lentiCRISPR
vectors, indicating that transformed astrocytes become editable in
this locus (Figure 5C). Furthermore, miR-10b editing in oncogene-
induced astrocytes markedly reduced the number of transformed
colonies, suggesting that miR-10b is required for transformation or
essential for the survival of transformed astrocytes (Figure 5E).
When miR-10b editing was performed post-transformation, it caused
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Figure 3. CRISPR-Cas9 Editing Reveals that miR-10b Expression Is Essential for Glioma Viability

(A) Light microscopy images of glioma cells transfected with either the control empty vector or the miR-10b-targeting vectors demonstrate the appearance of floating
apoptotic cells in the edited cultures (upper panels). Schematic view of the analysis of miR-10b DNA locus in the floating cells. The DNA was isolated from the sgRNA
nG1/G3-targeted cultures, and the miR-10b genomic locus was amplified and sequenced. The sequencing results reveal a range of miR-10b mutants, with 17 of 20
clones mutated in the miR-10b locus. (B) Surveyor cleavage assay of the attached and floating populations of LN229 and U251 glioma cells demonstrates that miR-10b is
edited preferentially in floating cells, whereas the unedited cells remain attached. (C) miR-10b levels are reduced in the floating apoptotic, but not in the attached viable,
LN229 cells.
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Surveyor cleavage assay (bottom panel) demonstrate, correspondingly, Cas9 expression and efficient miR-10b editing in infected tumor xenografts, but not control tumors,
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death of the transformed cells, similar to the effect on glioma cells
(Figures 5F and 5G). The only principal type of normal brain cells
expressing miR-10b are human brain microvascular endothelial
cells (HBMECs) (Figure 5H). The efficiency of miR-10b gene editing
in these cells, however, was much lower than in glioma cells, and even
the high-titer virus has not affected their viability and morphology
(Figures 5A and 5B).

DISCUSSION

Despite the firmly established growth-promoting functions for many
specific miRNAs, there are only a few examples of true oncogenic
miRNA (onco-miR) dependencies known for cancer cells. Our data
indicate that high expression of the WT miR-10b gene is essential
for glioma, whereas loss-of-function mutations lead to the lethality
of heterogeneous glioma cells and tumor-initiating GSCs. Alternative
sgRNA guides targeting miR-10b either alone or with its closely
related paralog miR-10a produced a diverse range of mutants, none
of which were viable. The loss-of-function mutations in miR-10b
alone were sufficient to cause the lethality, validating the key role of
miR-10b in the sustained growth and survival of glioma. Specifically,
mutated nCas9 guided by the G1/G3 sgRNAs has detrimental effects
on glioma cells by reducing the levels of miR-10b without affecting
the levels of miR-10a gene, suggesting the efficacy of the miR-10b sin-
gle-gene targeting approach for GBM. Because miR-10a and miR-10b
differ in one nucleotide and are largely functionally redundant, the
relative efficacy of miR-10a targeting remains to be evaluated. miR-
10b is expressed in normal extracranial tissues; nevertheless, its activ-
ity in these tissues seems to be dispensable, because the initial analysis
of miR-10b knockout mice has no apparent pathological phenotype
(https://www.jax.org/strain/016950). Therefore, glioma addiction to
miR-10b appears to be the tumor-specific trait, probably associated
with de-repression of the gene in the brain microenvironment, where
it is normally silenced. Unique onco-miR dependence of GBM also
suggests that the tumor could be potentially eradicated by targeting
a single miRNA gene.

Administration of synthetic miR-10b inhibitors caused potent but
transient effects on orthotopic GBM in the aggressive GSC-based
models.'” This was probably due to both poor uptake and distribution
of the ASOs in intracranial GBM and dilution of the drug in the

actively growing tumor. Gene editing, based on permanent miR-
10b inactivation, may provide an alternative strategy, eliminating
the need for continuous delivery of miR-10b inhibitors to intracranial
brain tumors and improving the efficacy of tumor cell destruction.
Even moderately efficient miR-10b gene editing of GBM8 glioma
stem cells led to disaggregation and massive death of glioma spheres,
suggesting that disruption of this core cell population may have detri-
mental effects on the tumor growth. Using lentiviral CRISPR-Cas9
targeting, we have examined the effects of miR-10b ablation on highly
aggressive human GBM xenografts. Efficient Cas9 expression and
miR-10b editing throughout the tumor resulted in the permanent
ablation of miR-10b and near-eradication of orthotopic GBM tumors.
The data suggest that less than 100% efficient editing and miR-10b
ablation are sufficient for potent inhibition of GBM growth. The pos-
sibility of bystander effects remains to be investigated. Most of our
in vitro experiments used transfected plasmids, whereas the in vivo
experiments relied on lentivirus vectors. The same lentiviral editing
vector caused strong effects on glioma growth both in vitro and
in vivo. The effects may appear stronger in vivo due to the longer
duration of the experiment; however, miR-10b editing in cultures
also resulted in death of the entire population when analyzed over a
longer time. Overall, these data provide proof of principle for the ther-
apeutic strategy for malignant gliomas based on single-target gene
editing and may apply to other miR-10b-dependent metastatic

cancers.l 1,21

A major limitation of the CRISPR-Cas9 technology, and particularly
its clinical application, is associated with its restricted specificity.*”
Our bioinformatics analysis suggested only a few potential high-
ranked protein-coding off-targets for the designed miR-10b sgRNAs
(Figure 1C), and none of them was edited in our experiments. To start
evaluating the therapeutic potential of miR-10b editing in the brain
and assess its safety, we tested the effects of miR-10b ablation in the
normal cells of the brain tumor microenvironment in vitro. Major
cell types of the brain, including neurons, astrocytes, microglia, and
neuroprogenitors, express very low or undetectable levels of miR-
10b while exhibiting low levels of miR-10a.* Although the CRISPR-
Cas9 system can target genes in any cell type, including postmitotic
neurons,””* the efficacy of editing genes that are not actively tran-
scribed in a specific cellular context, and might be less accessible by

Figure 5. Lentivirus-Mediated miR-10b Gene Editing Abolishes Neoplastic Transformation of Oncogene-Induced Astrocytes

(A) Transductions of human and mouse primary astrocytes and neurons with miR-10b-editing lentivirus at the MOI levels that led to similar levels of Cas9 expression, as
assessed by western blot with Cas9 antibody (low panel), does not cause miR-10b gene editing. In these conditions, 100% of glioma LN229 cells were Cas9 positive. Human
brain microvascular endothelial cells (HBMECs) were edited in the miR-10b gene by high-titer virus with low efficiency (11% versus 53% in glioma cells, at a 10-fold higher viral
titer). The relative MOI required for similar Cas9 expression in these cells is indicated. (B) miR-10b gene editing reduces the viability of glioma cells, but not human and mouse
primary astrocytes, neurons, and HBMECs, as determined by WST1 assays 48 hr post-transduction. Transduction conditions and MOI match those used in (A). n =6, *p <
0.001, Student’s t test. (C) miR-10b levels in mouse primary astrocytes induced for transformation by H-RasG12V/Ad-E1 and subsequently transduced with miR-10b-editing
vectors for 2 weeks, as determined by gRT-PCR and normalized to the geometrical mean of unaffected miR-99a, miR-125a, and miR-148a. (D) Transformed primary
astrocytes exhibit reduced levels of miR-10b targets p21, p16, BIM, and PTBP2, relative to the corresponding naive cultures. gRT-PCR data were normalized to the
geometrical mean of three unaffected genes (GAPDH, 18S rRNA, and SERAC1). Error bars depict SEM, n = 3, *p < 0.05, Student’s t test. (E) miR-10b editing reduces the
number of transformed colonies. Crystal violet staining and quantification of the colonies are shown 2 weeks after infections with miR-10b-editing vectors. (F) Transformed,
miR-10b-expressing mouse astrocytes become editable in the miR-10b locus. (G) miR-10b editing of transformed astrocytes induces cell death, similar to the effect on
glioma cell lines. Scale bar, 20 um. (H) Relative miR-10b levels in glioma and various brain-derived cell types were assessed by gRT-PCR analysis, and the data were
normalized to the geometrical mean of unaffected miR-99a, miR-125a, and miR-148a. n = 6, *p < 0.001, Student’s t test.
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Cas9-sgRNA due to their epigenetic state and chromatin structure, is
presently unknown and expected to be low.”® Our data indicate that
CRISPR-Cas9 plasmid- and virus-mediated miR-10b targeting does
not cause the locus editing in normal brain cells and does not affect
the viability of mouse primary astrocytes or neurons (Figures 2A
and 5A); neither do the miR-10b ASO inhibitors.* Additional exper-
iments on human MCEF?7 cells that express only negligible miR-10b
levels also demonstrate the lack of miR-10b editing and no visible
phenotypic effects, despite the efficient editing of other highly ex-
pressed miRNAs in these cells (Figure 2A). These data suggest that
miR-10b is not edited in normal neuroglial and other non-expressing
cells due to the compact chromatin structure of the locus, and not
merely lower efficiency of transfection or transduction. Human
brain-derived microvascular endothelial cells do express substantial
levels of miR-10b. While the functional role of miR-10b in these cells
requires further investigation, our results demonstrate that miR-10b
gene editing (albeit less efficient than in glioma cells) does not affect
their phenotype. The lack of toxicity for normal brain cells suggests
the therapeutic window for miR-10b editing in glioma in vivo, further
validates the high targeting specificity, and paves the way for its
clinical development.

We envision the clinical application of miR-10b-editing viral ther-
apy for GBM patients as a one-time treatment with local adminis-
tration of the viral vector to the surgical bed immediately after
tumor resection. The lentiviral vectors used in our experiments
in vivo transduce dividing and quiescent cells. This can be viewed
as a major advantage for cancer gene therapy in general, because
within a short treatment window, most tumor cells (especially
GSCs) do not divide. Because miR-10b editing prevents neoplastic
transformation of astrocytes and selectively eradicates the trans-
forming cells (Figure 5), in addition to malignant tumor cells,
this approach may target the brain cells undergoing early stages
of gliomagenesis. Therapeutic gene editing using high viral titers
applied locally to the surgical cavity may also prove to be effective
for targeting infiltrating tumor cells.”>*” An additional advantage
of the locally applied lentivirus pseudotyped with the VSV-G glyco-
protein is that its inactivation by human serum®® would reduce sys-
temic effects. Although the application of human lentiviral gene
therapy is hampered by the risk of carcinogenesis by random pro-
viral integration into the genome of normal somatic cells, future
studies should determine whether this risk is acceptable for local
GBM treatment, given the lack of efficacious drugs and poor life
expectancy of patients with the disease. The identification of Staph-
ylococcus aureus (SaCas9) and other smaller Cas9 enzymes that can
be packaged into adeno-associated viral vectors, which are highly
stable and effective in vivo,>”>! are easily produced, have been
approved by the U.S. Food and Drug Administration (FDA) for
other applications, and have been tested in multiple clinical trials,
paves new avenues for therapeutic gene editing. Further optimiza-
tion of the targeting vectors with increased tropism for glioma cells,
as well as in-depth investigation of potential neurotoxic effects,
must be performed before clinical applications of this promising
new strategy.
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MATERIALS AND METHODS

CRISPR-Cas9 Plasmid Construction and Lentivirus Production
The sgRNA guide sequences were designed and cloned into plasmids
PX330, PX335, and lentiCRISPR v2 (a gift from Feng Zhang, Addgene
plasmids #42230, #42335, and #52961), based on Sanjana et al.?° and
Cong et al.”” LentiCRISPR v2 plasmid was used as a template for site-
directed mutagenesis by inverse PCR to generate lentiCRISPR v2
nCas9 (D10A mutant Cas9, A changed to C at position 146
from the ATG). The sequences used for miRNA targeting are listed
in Table S1. For lentivirus production, the lentiCRISPR v2 plasmids
were co-transfected with packaging psPAX2 plasmids and VSV-G en-
velope-expressing plasmid (Addgene plasmids #12259 and #12260)
as described,?® and viruses were concentrated by additional ultracen-
trifugation at 25,000 rpm. Lentivirus functional titer was determined
by serial dilution in LN229 cells using immunofluorescence for
Cas9 with Novusbio 7A9-3A3 antibody. Positive cells were counted,
and the titer was estimated using the following formula: titer
(TU/mL) = number of transduced cells in day 1 x percentage of fluo-
rescent-positive cells x 1,000/volume of lentivirus used (uL).

Surveyor Assay for Genome Editing

Genomic regions surrounding the CRISPR-Cas9 target sites were
amplified using Q5 polymerase (NEB), and Surveyor nuclease assay
was performed as described.’® Efficiency of editing was estimated
based on relative band intensities as a percentage of gene modifica-
tion: indels % = 100 x (1 — (1 — fraction cleaved)'’?). PCR primers
used for genomic amplification are listed in Table SI.

Cell Cultures and Transfections

Human glioma LN229, U251, and A172 and breast cancer MCF7 and
MDA-MB-231 cell lines were maintained as described.” Patient-
derived low-passage GBMS cells growing as neurospheres were main-
tained in Neurobasal medium as previously described.”> HBMECs
were cultured in human endothelial culture medium with the Com-
plete Growth Medium supplement kit (Cell Biologics). Primary
mouse and human astrocytes were maintained in DMEM-F12
supplemented with 10% fetal bovine serum (FBS). Primary mouse
neurons were maintained in Neurobasal supplemented with B27 (In-
vitrogen). The cells were seeded in 24-well plates at 60% confluence
and transfected the next day with 800 ng of plasmids, with or without
20 nM of oligonucleotide (oligo) mimics (Ambion) using the
NeuroMag transfection protocol, according to the manufacturer’s
instructions (OZ Bioscience). RNA isolation, qRT-PCR, and
protein analysis by western blotting were performed as previously
described.”* Cell viability was assessed using WST1 (Roche), accord-
ing to the manufacturer’s instructions, 2 days post-transfection for
the monolayer cultures and 5 days post-transfection for neuro-
spheres. Wound healing assay was performed as described.”

Transformation Assay

Primary P1 mouse astrocytes plated at 10% density in 25 cm? flasks
were transfected with 10 pg of RasG12V/Ad-E1 plasmids or infected
by SV40 large T antigen lentivirus; 24 hr later, they were infected by
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lentivirus expressing CRISPR-Cas9. Total RNA was extracted, and
supplemental culture plates were fixed with 4% formaldehyde and
stained with crystal violet 2 weeks post-transformation.

Stereotaxic Injections of Tumor Cells, Whole-Body Imaging, and
Lentivirus Injection

LN229 and GBMS cells (10°) expressing firefly luciferase and
mCherry were stereotactically implanted into the striatal area (coor-
dinates: P-A, 0.5 mm; C-L, 1.7 mm; and D-V, 2.3 mm) of 8-week-old
athymic nu/nu mice (Jackson Laboratory), and the growth of intra-
cranial tumors was monitored by Fluc bioluminescence imaging.”*
When bioluminescence reached the exponential phase with signal
of 10° photons/s (10 days after LN229 and 19 days after GBMS im-
plantation), the lentiviral CRISPR-Cas9 constructs (3 x 10° TU)
were injected intratumorally to the same coordinates. The animals
were randomized to the treatment and control groups based on the
whole-body imaging (WBI), with similar average bioluminescence
signal and tumor growth rates per group. All animal studies have
been approved and performed in accordance with Harvard Medical
Area Standing Committee guidelines.

Immunohistochemistry and H&E Staining

Intracranial tumors were fixed with 4% formaldehyde, embedded,
and cryo-sectioned. Staining of 20-pm-thick sections was performed
using Cas9 antibody (7A9-3A3, Novus Biologicals), DAPI, and H&E
as described.”

Statistical Analysis
The unpaired, two-tailed Student’s t test was used for comparison be-
tween two groups, and the unpaired ANOVA test was used for com-
parison of three groups. All values were presented as mean + SEM.
The adequate sample sizes were calculated based on the resource
equation method.*®
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