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MicroRNA-10b (miR-10b) is an essential glioma driver and one
of the top candidates for targeted therapies for glioblastoma and
other cancers. This uniquemiRNA controls glioma cell cycle and
viability via an array of established conventional and unconven-
tionalmechanisms. Previously reported CRISPR-Cas9-mediated
miR-10b gene editing of glioma cells in vitro and established or-
thotopic glioblastoma in mouse models demonstrated the effi-
cacy of this approach and its promise for therapy development.
However, therapeutic gene editing in patients’ brain tumorsmay
be hampered, among other factors, by the imperfect delivery and
distribution of targeting vectors. Here, we demonstrate that
miR-10b gene editing in glioma cells triggers a potent bystander
effect that leads to the selective cell death of the unedited glioma
cells without affecting the normal neuroglial cells. The effect is
mediated by the secreted miR-10b targets phosphoglycerate ki-
nase 1 (PGK1) and insulin-like growth factor binding protein
2 (IGFBP2) that block cell-cycle progression and induce glioma
cell death. These findings further support the feasibility of ther-
apeutic miR-10b editing without the need to target every cell of
the tumor.

INTRODUCTION
Glioblastoma (GBM), classified by WHO as a grade 4 glioma, is a
highly malignant and the most common primary brain tumor in
adults, accounting for almost 50% of all primary central nervous sys-
tem (CNS) malignancies.1 Treatment options are very limited and
inefficient, and the 5-year survival rate is still only 5%–7%.1 While
there are multiple reasons for failures in the development of therapies
for GBM, the heterogeneity of the disease and the lack of common
oncogenic drivers is considered one of the major impeding factors.2

Personalized molecular therapies have been proposed for GBM sub-
types based on specific mutations and biomarkers, such as IDH and
EGFR.3,4 However, personalized strategies are challenging, consid-
ering the highly aggressive nature and fast progression of the disease,
and may still not prove efficacious for the majority of patients with
low mutation burden.1

An oncogenic microRNA-10b (miR-10b) was identified as a common
therapeutic target for GBM and other malignant gliomas.5–11 It be-
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longs to a class of small non-coding RNA regulators, microRNAs
(miRNAs), that control protein expression by direct binding, destabi-
lization, and translational repression of mRNA targets.12 Deregulated
miRNAs play essential roles in tumorigenesis and may function as
oncogenes and tumor suppressors.13,14

miR-10b is an established regulator of tumor cell growth and survival
in glioma5,7,9,10,15 and also exhibits a distinct tumorigenic and pro-met-
astatic activity in other cancers.15–17 We and others have shown that
miR-10b is silent in normal neuroglial cells of the brain and strongly
induced in GBM.5,6 Inhibition of miR-10b using two approaches, anti-
sense oligonucleotides and CRISPR-based miR-10b gene editing, in
heterogeneous glioma cells and GBM-initiating stem-like cells
(GSCs) in vitro and orthotopic tumors in vivo suggested the efficacy
and safety of therapeutic miR-10b targeting.5,7,10 miR-10b is expressed
in almost all human GBMs, and all tested highly diverse glioma xeno-
graft and allograft models were sensitive to miR-10b inhibition. In
contrast, normal neural cells were not affected by miR-10b inhibitors.
Importantly, although the efficacy of the lentivirus-mediated CRISPR-
Cas9-based miR-10b gene editing in vitro and in vivo was limited, its
impact on the growth of glioma cultures and, most notably, on brain
tumors was remarkable. In the first animal trial of gene editing for
GBM in vivo, mice with established orthotopic GBMs that received
miR-10b editing therapy exhibited tumor shrinkage and significant
survival improvement.10 These results, while paving the way for the
therapeutic gene editing for currently incurable brain tumors, also sug-
gested that bystander, non-cell-autonomous functions ofmiR-10b gene
editing may contribute to the observed effects.

Here, we examined the hypothesis that miR-10b gene editing in gli-
oma cells initiates a cascade reaction, inducing a potent killing of
the neighboring tumor cells. To test the non-cell-autonomous
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Figure 1. Bystander effect of miR-10b gene editing

(A) Schematic illustration of G1 and G3 sgRNAs for CRISPR-Cas9 miR-10b editing. The sgRNAs have been selected based on El Fatimy et al.10 (B) miR-10b levels in GSC

cultures transduced with low titers of either EV (Cas9 only) or miR-10b-editing G1 or G3 lentivirus, or untreated (UT), were analyzed by qRT-PCR (mean ± SD, n = 4 samples/

group, two-tailed unpaired t test). The data were normalized to the levels of two unrelated, uniformly expressed miRNAs, miR-125a and miR-99a (geometrical mean). The

experiment was repeated four times. (C and D)miR-10b-editedmCherry�GBM8 cells, transduced with either G1 or G3 lentivirus, reduce the growth of naive mCherry+ GSCs

in mixed cultures. Two cell populations, mCherry� (partly edited) andmCherry+ (unedited) GSCs were mixed 1:1 and co-cultured for 7 days, and the resulting spheroids were

analyzed. Representative images (C), cell-cycle analysis of sorted mCherry� and mCherry+ cells (D), and data quantification are demonstrated (mean ± SEM, n = 5 samples/

group, one-way ANOVA). (E) Illustration of the experimental design testing the effects of CM derived from miR-10b-edited or control glioma cells on recipient cultures. (F)

Viability of naive glioma cell lines is inhibited by CM of miR-10b-edited cells. Naive LN229 and U251 cells were cultured for 7 days in CM collected from the corresponding

(legend continued on next page)
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mechanism by which miR-10b editing leads to massive glioma cell
death, we evaluated the conditioned media (CM) and secretome of
the miR-10b-edited cells using an unbiased quantitative mass spec-
trometry. We demonstrate that miR-10b editing enhances the secre-
tion of glioma death-promoting proteins. Among them, we identified
phosphoglycerate kinase 1 (PGK1) and insulin-like growth factor
binding protein 2 (IGFBP2) as the major contributing factors. These
findings further support the development of the therapeutic miR-10b
gene editing strategy for malignant gliomas.
RESULTS
Bystander effect of miR-10b gene editing

As previously reported, the moderate levels of CRISPR-Cas9-medi-
ated miR-10b gene editing were sufficient to strongly reduce the
viability of glioma cells and GSC spheroids and the growth of ortho-
topic GBM inmouse models.10 Treatment of GBM cells with low-titer
lentivirus (4 � 10�5 U/mL) resulted in about 40% of cell infections
(Figure S1A). miR-10b gene editing with previously validated G1 sin-
gle guide RNA (sgRNA; targeting mature miR-10b) or G3 sgRNA
(targeting pri-miR-10b) resulted in deleterious mutations and 40%–

50% reduction in miR-10b levels (Figures 1A, 1B, S1B, and S1C)
and significantly inhibited the growth of glioma cells and GSCs
(Figures S2A and S2B). In contrast, normal neuroglial cells such as
human astrocytes and primary rat neurons, not expressing miR-
10b, were unaffected by the miR-10b gene editing (Figure S2C; El Fa-
timy et al.10).

We hypothesized that the effects of miR-10b editing on glioma
growth were not entirely cell autonomous and might be in part medi-
ated by a bystander mechanism. To test this hypothesis, we edited
miR-10b in GBM8 and GBM4 GSCs with the low-titer viruses,
removed the viruses 24 h post-infection, and then mixed the dissoci-
ated cells with naive untreated mCherry+ GSCs at a 1:1 ratio. Control
cells infected with the lentivirus encoding Cas9 but not sgRNA
(empty vector, EV) have been used in parallel. Both mCherry� (edi-
ted) and mCherry+ (naive unedited) demonstrated the reduced ca-
pacity to form spheroids in the mixed cultures (Figures 1C and
S3A). Furthermore, both cell populations were characterized by
increased cell death, as demonstrated by cell sorting and analysis of
the sub-G1 population (Figure 1D). This analysis suggested that
miR-10b editing triggers the secretion of cell death-promoting
factor(s).

To test this hypothesis, we collected CM frommiR-10b-edited glioma
cells targeted with either Cas9-sgRNA G1 (G1-CM) or Cas9-sgRNA
G3 (G3-CM) and control cells infected with the lentivirus encoding
Cas9 only (EV-CM). The CM samples were centrifuged to remove
cell debris and filtered through the 0.1-mm filters to remove any traces
miR-10b-edited (G1, G3) LN229 and U251 or Cas9-only (EV) control cultures. Cell via

ANOVA). (G) Naive GBM8 cells were cultured for 7 days in the CM derived from the co

Representative bright-field images and data quantification are demonstrated (mean ± S

cultured in CM from the indicated corresponding donor cells, followed by flow cytom

quantification is presented (mean ± SEM, n = 3 samples/group, two-tailed unpaired t t
of the lentivirus. The cleared CMs were then added to naive GSCs
(GBM4 and GBM8) or glioma cell lines (LN229 and U251), as illus-
trated in Figure 1E’s diagram. Culturing naive glioma cell lines with
G1-CM or G3-CM resulted in 40%–60% reduced viability compared
with EV-CM (Figures 1F and S3B). Similarly, CM frommiR-10b-edi-
ted GSCs added to naive GBM8 cells reduced the growth of GSC
spheroids (Figure 1G). The results were consistent for different com-
binations of the donor and recipient glioma cultures (Figure S3B). In
contrast, CM of the edited glioma cells had no inhibitory effect on the
growth of primary or immortalized human astrocytes (Figure S3C).

To further investigate the bystander effect, the recipient cells treated
with CM from the edited donor cultures were evaluated for cell-cycle
progression and cell death. GSCs and glioma cells grown in G1-CMor
G3-CM exhibited 2- to 6.5-fold higher accumulation in the sub-G1
phase relative to the cells grown in either EV-CM or CM from un-
treated cells (UT-CM) (Figures 1H and S3D). Quantification of cell
death in these cultures demonstrated that G1-CM and G3-CM expo-
sure leads to a 2- to 8.5-fold increase in the levels of annexin V+/7-
AAD+ cells (Figures 1I and S3E). Altogether, these results indicate
that factors released by the miR-10b-edited glioma cells and present
in G1-CM and G3-CM inhibit the proliferation and induce cell death
of naive glioma cells.
Identification of miR-10b-regulated cell death promoting

secreted compounds

To investigate the secreted factors mediating the observed effect, we
first pre-incubated CM samples from miR-10b-edited GSCs in the
presence or absence of RNase before using them for culturing naive
recipient cells. Incubation with RNase did not change the growth-
inhibitory effect of the CM from miR-10b-edited GSCs (Figure S4),
suggesting that the bystander effect of miR-10b editing is not induced
by RNA.

To identify the death-promoting compound(s) secreted by miR-10b-
edited cells, we sequentially fractionated G1-CM and EV-CM
collected from GBM8 cells using Amicon filters with 100-, 50-, 30-,
10-, and 3-kDa pores. The fractions have been added to naive
GBM8 cells and their effects on GSC growth monitored. Various
CM fractions derived from the edited cells affected GSC growth to
a different extent. The fractions of 30–50 and <10 kDa exhibited 7-
and 2-fold inhibitory capacity, respectively (Figure 2A). These exper-
iments suggested that major death-promoting compound(s) are
proteins smaller than 50 kDa.

To further confirm this conclusion, the G1-CM, G3-CM, and EV-CM
samples from additional glioma lines and GSCs (U251, GBM8, and
GBM4) were gel filtrated by size to remove proteins larger than
bility was assessed by WST-1 assay (mean ± SD, n = 5 samples/group, one-way

rresponding miR-10b-edited GBM8 cultures and the resulting spheroids analyzed.

EM, n = 5 samples/group, One-way ANOVA). (H and I) Glioma cells and GSCs were

etry analysis of cell cycle (H) and annexin V and 7-AAD staining (I), and the data

est). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant.
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Figure 2. Identification of cell-death-promoting secreted compounds by mass spectrometry

(A) Sequential fractionation of CM derived from miR-10b-edited GSCs identifies the fractions with growth-inhibitory properties. The CM samples collected from naive or

edited GBM8 cells were size fractionated, and the fractions added to the recipient GBM8 cultures. The growth of GSC spheroids was monitored, and the spheroid’s size is

demonstrated (mean ± SEM, n = 5 samples/group, one-way ANOVA). The right panel depicts the relative effects of the indicated fraction to the corresponding EV control.

**p < 0.01, ***p < 0.001, ns, not significant. (B) Top proteins in which secretion is upregulated in CM of miR-10b-edited cells, identified by quantitative TMT mass spec-

trometry. The protein’s size, number of unique peptides per protein detected, and the maximal peptide-level upregulation are indicated. The data were normalized to control

samples treated with Cas9 only (EV-CM), n = 4 samples/group. The protein-level “upregulation score” was defined as the total number of peptide hits upregulated >1.75-fold.
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50 kDa. The eluted fractions below 50 kDa were combined, and their
growth-inhibitory activity was further validated (Figure S5). The corre-
sponding BSA-depleted G1-CM, G3-CM, and EV-CM fractions below
50 kDa were analyzed by quantitative tandem mass tag (TMT) mass
spectrometry. The mass spectrometry (MS) spectra of the secretome
were analyzed by the SEQUEST algorithm against the Uniprot protein
database. We detected 3,124 peptides representing 577 proteins (with
1% false discovery rate [FDR]) commonly secreted by three glioma
cell types. Among them, several candidates whose levels were upregu-
lated in both G1-and G3-edited glioma CM, with multiple peptides per
protein showing similar patterns, have been identified (Figure 2B).

We further focused on two protein candidates, PGK1 and IGFBP2,
based on their established extracellular functions.18,19 The elevated
levels of PGK1 and IGFBP2 in the CM of miR-10b-edited glioma cells
have been validated using western blot analysis (Figure 3A). Of note,
while a single PGK1 bend was detected in the CM of most glioma cul-
tures, several IGFBP2 variants were detected, all exhibiting similar
pattern (Figure 3A). Further analysis of glioma cell lysates demon-
strated that PGK1 and IGFBP2 levels were also upregulated in
miR-10b-edited cells (Figure S6), indicating that not only their secre-
tion but also their expression are regulated by miR-10b.

In silico analysis of PGK1 and IGFBP2mRNAs identified both canon-
ical (seed-containing) and non-canonical miR-10b-binding sites in
268 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
the PGK1 and IGFBP2 30 UTRs and additional sites in the IGFBP2
ORF and 50 UTR (Table S1).20 As miR-10b has an established non-ca-
nonical binding activity,7,21 we considered multiple putative binding
sites and tested them for the direct binding and regulation by miR-
10b using PGK1 and IGFBP2 fragments subcloned into psiCheck2
luciferase reporter vectors. Two reporters have been constructed for
PGK1 and four reporters for IGFBP2 (corresponding to three alterna-
tive mRNA variants and their shared sequence). The miR-10b re-
porter with a perfect complementary site was utilized as a positive
control.5 The analysis was performed on MCF7 cells expressing low
endogenous levels of miR-10b in the absence or presence of synthetic
miR-10b. It demonstrated that miR-10b triggered a robust reduction
in the activities of both PGK1 and IGFBP2 reporters (except the
minor 50 UTRV2 variant of the IGFBP2) (Figures 3B and 3C). Collec-
tively, these data indicate that miR-10b directly regulates the expres-
sion of highly secreted PGK1 and IGFBP2 and that miR-10b editing
leads to the enhanced secretion of these factors in the extracellular
space.

PGK1 and IGFPB2 promote the death of glioma cells

To investigate whether secreted PGK1 and/or IGFBP2 may mediate
the observed bystander effect of miR-10b editing, we tested the activ-
ity of recombinant PGK1 and IGFBP2 proteins on glioma cells. Titra-
tion experiments suggested that after editing, the GSCs secrete about
an additional 4 and 5.8 ng/mL PGK1 and IGFBP2, respectively



Figure 3. PGK1 and IGFBP2 are secreted miR-10b

targets

(A) The levels of PGK1 and IGFBP2 proteins are increased

in CM of miR-10b-edited GSCs and glioma cells. Naive

GBM8, GBM4, and LN229 cells were transduced with

either EV (Cas9 only), G1, or G3 (miR-10b-editing)

lentivirus, or UT, for 5 days, and the CM samples

collected and analyzed by western blotting. Ponceau S

staining was used as loading control. (B) miR-10b mimic

regulates luciferase reporter containing a single miR-10b

complementary site (mean ± SD, n = 5 samples/group,

two-tailed unpaired t test). Scramble mimic (sc-mimic)

was used as a control. (C) miR-10b mimic reduces the

activity of luciferase reporters of PGK1 and IGFBP2 with

several putative miR-10b-binding sites (mean ± SD,

n = 5 samples/group, two-tailed unpaired t test). The

detailed description of specific reporter constructs is in

the materials and methods. **p < 0.01; ***p < 0.001;

****p < 0.0001; ns-not significant.
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(Figure S7). Thus, serially diluted human recombinant proteins
(at 0–6 ng/mL) were added to the growth media of glioma cells and
GSC cultures. The addition of the rhPGK1 to GBM8, GBM4, and
LN229 cells resulted in a dose-dependent inhibitory effect on the
cell growth. The viability of LN229 was inhibited by 1.5–6 ng/mL
PGK1 by 40% (Figure 4A). The ability of GBM8 and GBM4 cells to
form full-size spheroids was also strongly reduced (Figure 4B).
Furthermore, treatment of glioma cells and GSCs with 6 ng/mL
rhPGK1 induced their cell death 5- to 15-fold as indicated by the
cell-cycle analysis and accumulation of annexin V+/7ADD+

(Figures 4C and 4D). The addition of rhIGFBP2 to glioma and
GSC cultures led to similar, albeit less pronounced, effects on
spheroid formation, cell growth, and cell death.

To further confirm the roles of extracellular IGFBP2 and PGK1 in gli-
oma cell death, we conducted rescue experiments using their specific
inhibitors. CM samples derived from miR-10b-edited GSCs and the
corresponding control cells were pre-incubated with either IGFBP2
neutralizing antibody or CBR-470-1, a small molecule PGK1 inhibi-
tor, and the effect of these CM on the growth of naive GBM8 spher-
oids was analyzed. Both the PGK1 inhibitor and IGFBP2 neutralizing
antibody reduced the growth inhibitory effect of the G1-CM and
Molecular Th
G3-CM (Figure 5). Altogether, the data indicate
that miR-10b targets PGK1 and IGFBP2, whose
secretion is enhanced by miR-10b editing;
mediate the observed bystander effect; and pro-
mote the non-autonomous cancer cell death in
the edited GBM.

DISCUSSION
Multiple therapeutic strategies and clinical
trials for GBM turned unsuccessful (reviewed
in Alexander and Cloughesy4 and Krichevsky
and Uhlmann22). However, the last decade of
neuro-oncology genomic, transcriptomic, and epigenetic research
expanded the repertoire of molecular targets beyond the conventional
RTK and angiogenesis inhibitors and immunotherapies.4 It also chal-
lenged the perception of cancer drivers as exclusively proteinaceous
factors. Regulatory RNA, and most notably miRNAs, have been
firmly associated with carcinogenesis and are now actively pursued
as druggable therapeutic targets for various indications in oncology
(reviewed in Mishra et al.23 and Rupaimoole and Slack24).

With the tremendous need for common molecular targets and new
therapies for heterogeneous malignant gliomas, miR-10b presents a
unique and promising target. It is expressed in almost all malignant
gliomas and exhibits characteristics of the major regulator essential
for glioma growth and viability. The specificity of miR-10b expres-
sion in glioma and its absence in the normal neuroglial cells of the
brain lay the foundation for highly potent, selective, and non-toxic
targeting.7,10 While oligonucleotide-based miRNA inhibition re-
mains challenging due to the poor delivery and distribution of anti-
sense oligonucleotides (ASOs) in the brain tumor, miR-10b gene
editing may provide an alternative targeting strategy.10 The major
advantage of the gene editing approach is the permanent nature
of miR-10b ablation in the tumor and particularly in the GSC
erapy: Nucleic Acids Vol. 31 March 2023 269
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Figure 4. PGK1 and IGFPB2 promote glioma cell death

(A) Recombinant human PGK1 (rhPGK1) inhibits the growth of glioma cells. Sequentially diluted rhPGK1 was added to LN229 cultures, and cell viability was evaluated after

7 days by WST-1 assays (mean ± SEM, n = 5 samples/group, one-way ANOVA). (B) Recombinant hPGK1 inhibits the growth of GSCs. Sequentially diluted rhPGK1 was

added to GBM8 and GBM4 cells and their growth monitored over 7 days and the resulting spheroids analyzed. Representative bright-field images and data quantification are

demonstrated (mean ± SEM, n = 3 samples/group, one-way ANOVA). (C and D) LN229 and GBM8 cells were treated with recombinant hPGK1 for 5 days, followed by

annexin V and 7-AAD staining (C) and cell-cycle (D) quantitative flow cytometry analysis (mean ± SEM, n = 3 samples/group, two-tailed unpaired t test). (E) Recombinant

hIGFBP2 inhibits the growth of glioma cells. Sequentially diluted rhIGFBP2 was added to LN229 cultures, and cell viability was evaluated after 7 days by WST-1 assays

(mean ± SD, n = 3 samples/group, two-tailed unpaired t test). (F) Recombinant hIGFBP2 inhibits the growth of GSCs. Sequentially diluted rhIGFBP2 was added to GBM8 and

GBM4 cells and their growth monitored over 7 days and the resulting spheroids analyzed. Representative bright-field images and data quantification are demonstrated

(mean ± SEM, n = 3 samples/group, two-tailed unpaired t test). (G and H) LN229 and GBM8 cells were treated with recombinant hIGFBP2 for 5 days, followed by annexin V

and 7-AAD staining (G) and cell-cycle (H) quantitative flow cytometry analysis (mean ± SEM, n = 3 samples/group, two-tailed unpaired t test). *p < 0.05, **p < 0.01,

****p < 0.0001, ns, not significant.
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population that is most chemotherapy and radiotherapy resistant.
Since glioma cells exhibit miR-10b dependence, its loss is detri-
mental to the viability of tumor cells but non-toxic for normal
neural cells of the brain.10 Thus, miR-10b gene editing holds a great
promise for GBMs. The first ex vivo and in vivo CRISPR gene edit-
ing therapies have just been approved for human pathologies,25–27
270 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
and there are multiple pre-clinical efforts on therapeutic gene edit-
ing for various cancers.28 As a critical unmet need, GBMs may pave
the way for in vivo gene editing therapy in clinical oncology.
However, the GBM-targeting drugs must be highly potent since
any therapy-escaping cells may almost inevitably lead to tumor
recurrence. Can the CRISPR-Cas9 system be delivered throughout



Figure 5. PGK1 and IGFBP2 mediate bystander effects of miR-10b editing

(A) CM samples derived from miR-10b-edited GBM8 cultures (G1 and G3) and the

corresponding EV control cells were incubated with PGK1 inhibitor CBR-470-1

(10 mM) or DMSO and used for culturing naive GBM8 for 7 days. Representative

microscopy images are shown. The effects on GSC growth were quantified (right

panel, mean ± SEM, n = 3 samples/group, two-tailed unpaired t test). (B) CM

derived from miR-10b-edited GBM8 cultures (G1 and G3) and the corresponding

EV control cells were incubated with 10 mg/mL anti-IGFBP2 neutralizing antibody or

control goat IgG and used for culturing naive GBM8 for 7 days (mean ± SEM, n = 3

samples/group, two-tailed unpaired t test). **** p < 0.0001.
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the tumor and target all tumor cells even if locally infused via
neurosurgery at the time of tumor resection? It may not be feasible
if nearly 100% targeting efficiency is required.

Here, we report that miR-10b gene editing in glioma cells, induced by
two alternative sgRNAs, triggers a potent bystander effect leading to
the cell death of naive unedited glioma cells, including the GSCs. This
effect was observed in mixed glioma spheroid cultures and induced by
the CM derived from the heterogeneous edited glioma cells, implying
the involvement of secreted factors. Since the CM was cleared of the
lentiviral particles employed as editing vehicles, it was also depleted in
extracellular vesicles (which are larger than 100 nm, similar to lenti-
viruses).29,30 Moreover, treatment of the CM with RNase has not
reduced the bystander effect, suggesting that is it mediated by proteins
rather than RNA. Using MS analysis, we identified two new miR-10b
targets, PGK1 and IGFBP2, whose expression and secretion from
glioma cells were augmented by miR-10b ablation. Both PGK1 or
IGFBP2 mRNAs have multiple miR-10b-binding sites, canonical
and non-canonical, as was commonly observed for other miR-10b
targets.10,31,32
PGK1 is a multifunctional “moonlighting” protein, and its role in
cellular metabolism and tumorigenesis has been widely studied
(reviewed in Pickard and McCance19 and Rojas-Pirela et al.33).
In the mitochondria, it converts 1,3-diphosphoglycerate to
3-phosphoglycerate as part of the TCA cycle.34,35 Thus, it is an
essential enzyme in the aerobic glycolysis pathway, and its
high intracellular expression promotes tumor cell proliferation.
However, the high levels of extracellular PGK1 suppress cancer
malignancy, partly due to its ability to bind other proteins36–38

and reduce disulfide bonds.39,40 For example, PGK1 behaves as a
tumor suppressor by reducing disulfide bonds in plasmin, thereby
suppressing angiogenesis.39,41,42 PGK1 also interacts with and
activates Beclin1, thereby promoting autophagy.43 Non-cell-auton-
omous functions of PGK1 in glioma, particularly the growth-
suppressing mechanism(s) of the secreted PGK1 on glioma cells,
remain to be further investigated.

IGFBP2 is also a multifunctional protein that contains IGF-1, IGF-2,
integrin-a5, and heparin-binding domains (reviewed in Clem-
mons44). The tumor-suppressive functions of IGFBP2 are mostly
associated with its ability to bind IGFs, prevent their receptor binding,
and thereby repress the IGF-driven tumorigenesis.45–47 Oncogenic
properties of IGFBP2 that are generally IGF independent were also
reported.48,49 Here, we demonstrate that extracellular IGFBP2, whose
secretion from glioma is enhanced by miR-10b editing, reduces the
growth of GSCs. However, the mechanisms mediating the effects of
both PGK1 and IGFBP2 on GSCs require further investigation. Of
note, the incomplete rescue provided by PGK1 and IGFBP2 inhibi-
tors, as well as established functions of miR-10b in controlling diverse
signaling pathways in glioma,5–7,10,21,50 suggest that additional factors
released by miR-10b-edited cells may contribute to the observed
bystander mechanism. Overall, our findings demonstrate that miR-
10b editing reduces the growth of glioma cells in both autonomous
and non-autonomous ways, further supporting its potential for
GBM therapy development.

MATERIALS AND METHODS
Cell cultures

Human glioma LN229, U251, and breast cancer MCF7 cell lines cells
were obtained from ATCC (2005–2007) and maintained in DMEM
(Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco)
and 1% penicillin/streptomycin solution.5 Adherent cells were
passaged by trypsinization with 0.25% trypsin/EDTA (Gibco). Human
low-passage GSCs GBM8 and GBM4 were a generous gift from Dr.
Hiroaki Wakamoto, MGH. The GSCs were cultured as neurospheres
in serum-free neurobasal medium (Gibco) supplemented with 3 mM
GlutaMAX (Gibco); 1� B-27 (Invitrogen); 0.5� N-2 (Invitrogen);
20 ng/mL EGF (R&D Systems, Minneapolis, MN, USA); and 20 ng/
mL FGF (PeproTech, Cranbury, NJ, USA), as previously described.51

The cells were passaged by dissociation using NeuroCult Chemical
Dissociation Kit-Mouse (StemCell Technologies, Vancouver, BC, Can-
ada) following the manual. Primary human astrocytes from fetal fe-
male cortical tissues were provided by Advanced Bioscience Resources
(Alameda, CA, USA) and cultured in DMEM/F-12 supplemented with
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 271
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10% FBS and 1% penicillin/streptomycin solution, as previously
described.52 For immortalized cultures, primary human astrocytes
were transduced after two passages by the cocktail of SV40 large T an-
tigen (SV40), RasG12V (Ras), and TERT lentiviruses for 3 consecutive
days. Human cells were used in accordance with the policies of institu-
tional review boards at Brigham and Women’s Hospital.

Production of CRISPR-Cas9 lentiviruses

CRISPR-Cas9 miR-10b editing lentiviral vectors have been produced
as previously described.10 Briefly, the G1 and G3 sgRNA guide se-
quences were cloned into lentiCRISPR v.2 plasmid (a gift from
Feng Zhang, Addgene plasmid #52961) based on Sanjana et al.53

and Cong et al.54 For lentivirus production, the lentiCRISPR v.2 plas-
mids were co-transfected with packaging psPAX2 plasmids and
pMD2.G envelope-expressing plasmid (Addgene plasmids #12259
and #12260) as described,53 and viruses were concentrated by addi-
tional ultracentrifugation at 25,000 RPM. Functional viral titers
were determined by serial dilution in glioma cells using immunoflu-
orescence for Cas9 with anti-Cas9 antibody (7A9-3A3, Novus Bio,
Littleton, CO, USA) 1:300. Positive cells were counted, and the titers
were estimated using the following formula: titer (TU/mL) = (number
of cells transduced � percent fluorescent � dilution factor)/(trans-
duction volume in mL).

CM preparation, cell infection, and treatment

For CM preparation, glioma cells were seeded at 2 � 106 cells/well in
6-well plates. The adherent LN229 and U251 cells were transduced
with lentivirus (4 � 105 TU/mL) 24 h after plating, while GSC spher-
oids were dissociated to single cells before infection. The cells were
incubated with either CRISPR-Cas9 (EV) or CRISPR-Cas9 gRNAs
(G1 or G3) lentiviruses for 4–5 days. The CM was then collected,
centrifuged for 15 min at 2,000 � g to remove cells and cell debris,
and further filtered through a 0.1-mm filter to remove any traces
of the virus. The adherent recipient cultures were seeded at
3.5 � 103 cells/well in 96-well plates 24 h prior to addition of
the CM. Naive GSC spheres were dissociated to single cells, resus-
pended in the corresponding CM, and seeded in 96-well plates
at 3.5 � 103 cells/well. The cells were incubated in the CM for
7–9 days in standard culture conditions. For experiments with the re-
combinant proteins, sequential dilutions of human recombinant pro-
teins PGK1 (5455-PK-010, R&D Systems) and IGFBP2 (674-B2-025,
R&D Systems) were prepared in the mixed fresh media and CM
derived from naive glioma cells cultured for 5 days at a 3:7 ratio.

For the rescue experiments, CM samples derived from the miR-10b-
edited GSCs and the corresponding control cultures were incubated
with 10 mg/mL IGFBP2-neutralizing antibody (R&D Systems,
AF674)55 or control goat immunoglobulin G (IgG; Sigma) at 37�C
for 4 h. The antibody has been removed from CM by using Dyna-
beads Protein G (Invitrogen, 10003D) via overnight rotation, and
the CMs were used for culturing naive GSCs over 7 days. For
PGK1 inhibition, CM samples were incubated with 10 mM PGK1 in-
hibitor CBR-470-1 (R&D Systems)56,57 or DMSO at 37�C for 8 h. For
RNase treatment, CMs derived from the miR-10b-edited GSC cul-
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tures were treated with RNase A (Affymetrix/USB 70194Y; 1:500
dilution) at 37�C for 5 min, and CMs were then used for culturing
the recipient GCSs.

Mixed cultures

GSCs were dissociated and plated in 24-well plates at 1� 105 cells/well
concentration. The cells were infected with lentivirus (4� 105 TU/mL)
and incubated with either lentiviral CRISPR-Cas9 (EV) or lentiviral
CRISPR-Cas9 gRNAs (G1 or G3) for 24 h. The cells were then pelleted,
washed with 1� DPBS, mixed with UT GBM8 mCherry+ cells at a 1:1
ratio, plated in fresh growth media, and cultured for 7 days.

Western blot analysis

Cells were pelleted, washed in DPBS (Gibco), and lysed with �2 ra-
dioimmunoprecipitation (RIPA) buffer (Boston BioProducts, Mil-
ford, MA, USA) supplemented with protease inhibitor cocktail
(Roche Diagnostics). CM samples were concentrated using 3K Ami-
con Ultra Centrifugal Filters (Millipore Sigma). Protein concentra-
tions of cell lysates and concentrated CM were measured using a Mi-
cro BCA protein assay kit (Pierce Biotechnology), and 50-mg protein
per lane was resolved on SDS-PAGE (Invitrogen), followed by the
immunoblot detection and visualization with enhanced chemilumi-
nescent (ECL) western blotting detection reagents (Pierce Biotech-
nology). Immunoblotting was performed with the following primary
antibodies: anti-IGFBP2 (Abcam, ab188200, 1:1,000 dilution), anti-
PGK1 (LSBio, LS-C373462, 1:500 dilution), and anti-tubulin (Abcam,
ab6160, 1:5,000 dilution).

Fractionation of CM

CM from GBM8 cells, transduced with either CRISPR-Cas9 (EV) or
CRISPR-Cas9 gRNAs (G1) lentiviruses (4 � 105 TU/mL), have been
collected 5 days post-infection and cleared from cell debris and virus
by centrifugation (2,000 � g, 15 min) and filtration using 0.1-mm fil-
ters. The CM samples were then fractionated with 100, 50, 30, and
10 K cut-off Amicon Ultra Centrifugal Filters (Millipore Sigma) to
produce >100, <100, 50–100, <50, 30–50, <30, and 10–30 kDa con-
centrates. The samples collected from the flow-through and on-filter
concentrates were reconstituted to their initial volume with neuro-
basal medium (Gibco). 100 mL of each fraction was added in triplicate
to naive GBM8 cells seeded in 96-well plates.

Sample preparation and MS

ForMS, the CM samples were prepared as following: CM from glioma
cells transduced with either CRISPR-Cas9 (EV) or CRISPR-Cas9
gRNAs (G1 or G3) lentiviruses (4 � 105 TU/mL) were collected
5 days post-infection and cleared from cell debris and virus. Each
CM sample was concentrated to 500 mL, loaded on Superdex 75 In-
crease 10/300 GL column (GE, 29148721) using a 500-mL loop, and
eluted with 20 mMTRIS, 150 mMNaCl pH 6.5 (at room temperature
[RT])/7.3 (at 4�C) at a flow rate of 0.25 mL/min at 4�C. 300-mL
elution fractions were collected. Gel filtration standard (151–1901,
Bio-Rad) was utilized in parallel. The fractions corresponding to
proteins smaller than 50 kDa were merged, concentrated with 3 K
cut-off Amicon Ultra Centrifugal Filter (Millipore Sigma) to
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500-mL samples, and subjected to additional albumin depletion using
Aurum Affi-Gell Blue columns (BioRad) following the manufac-
turers’ instructions.

The samples have been then prepared, labeled, and subjected to
the quantitative TMT MS analysis at the Thermo Fisher Scientific
Center for Multiplexed Proteomics at Harvard Medical School, as
previously described.58,59 Briefly, an equal volume (500 mL) of
8 M urea lysis buffer in 200 mM EPPS (pH 8) with protease and
phosphatase inhibitors was added to each sample, reduced with
5 mM TCEP for 20 min at RT, and alkylated with 15 mM iodoace-
tamide for 20 min in the dark. The samples were TCA precipitated,
and the pellets were resuspended in 200 mM EPPS (pH 8) and di-
gested at RT for 14 h with Lys-C protease (FUJIFILM Wako) at a
50:1 protein-to-protease ratio. Trypsin was then added at a 100:1
protein-to-protease ratio, and the reactions were incubated for 6 h
at 37�C.

The samples were labeled with TMTpro reagents (Thermo Fisher
Scientific) according to the manufacturer instructions. Labeling re-
actions were quenched with 0.5% hydroxylamine for 15 min fol-
lowed by acidification with TFA. Reactions were combined, cleaned
by SepPak, and dried by speedvac. The sample was fractionated into
6 fractions using Pierce High pH Reversed-Phase Peptide Fraction-
ation Kit (Thermo Fisher Scientific). resuspended in 5% ACN/5%
FA, and analyzed on Orbitrap Fusion Lumos Tribird mass spec-
trometer (Thermo Fisher Scientific) equipped with a Thermo
Easy-nLC 1200 for online sample handling and peptide separations
using an LC-MS2 method. MS spectra were searched using the
SEQUEST algorithm against a Uniprot composite database. Peptide
spectral matches were filtered to a 1% FDR using the target-decoy
strategy combined with linear discriminant analysis. The proteins
were filtered to a <1% FDR. Proteins were quantified only from pep-
tides with a summed signal-to-noise (SN) threshold of R100 and
MS2 isolation specificity of 0.5.

The total signal for each TMT channel was calculated, and the
raw data were normalized as follows. Normalization factors were
calculated so that the total signal in each TMT channel was equal
to the lowest channel. The raw signal to noise for each peptide
was divided by the normalization factor for each TMT channel.
The normalized data for each peptide, for G1- and G3-edited samples,
was further divided by the normalized data for control EV samples.

Proliferation and cell growth assays

Cell viability of adherent cells was measured by WST-1 proliferation
assay (Roche, 11644807001) or CellTiter- Glo Luminescent cell
viability assay (Promega, Madison, WI, USA) for GSCs, using
GloMax Explorer instrument (Promega, G9242), according to the
manufacturer’s instructions. GSC spheroids were analyzed by scan-
ning the wells in InCell Analyzer 2200 (GE), stitching the pictures
to obtain full-well images, and measuring the spheroids’ size using
Fiji Image J software (NIH, open source). Generally, the experiments
were repeated at least three times for each experimental condition.
Flow cytometry analysis

For the cell-cycle analysis, cells were collected, washed 3 times with
1�DPBS, fixed, and permeabilized with 75% ethanol at�20�C over-
night. The cells were further incubated with 5 mM PI (Sigma) or Vy-
brant DyeCycle Violet stain (Thermo Fisher Scientific, V35003) for
30 min at 37�C, followed by the flow cytometry analysis using the
BD LSRII analyzer. The percentage of sub-G1 was monitored using
FlowJo software (v.10.8.1). Annexin V and 7-AAD staining (BD Bio-
sciences, 559763) was performed according to the manufacturer’s
instructions. Briefly, the cells were collected by centrifugation, resus-
pended in 500 mL 1� annexin V binding buffer, incubated with 5 mL
annexin V and 5 mL 7-AAD at RT for 15min in the dark, and followed
by the flow cytometry analysis.

Immunofluorescence

The cells were washed with 1�DPBS and collected by centrifugation.
They were then fixed with 4% paraformaldehyde (PFA), permeabi-
lized with 0.1% Triton X-100 in PBS, and blocked in 5% BSA for 1
h. The cells were incubated with primary antibodies (mouse anti-
CRISPR Cas9, Novus Biologicals, NBP2-36440, 1:200 dilution) over-
night at 4�C and further incubated with the secondary antibody (goat
anti-mouse Alexa Fluor 488, Invitrogen, 1:200 dilution). The nuclei
were stained with DAPI (1:1,000). The staining was visualized and
imaged using Zeiss LSM710 confocal microscopy.

Luciferase reporter assay

PsiCHECK2miR-10b reporter with a perfect miR-10b-binding site has
been produced as previously reported.7 The IGFBP2 (NM_000597.3)
open reading frame (ORF) was cloned into psiCHECK2 (Promega)
downstream ofRenilla luciferase using the SgfI and Pmel restriction en-
zymes sites from pCMV6-XL4-IGBMP2 (#SC119778, Origine). Other
fragments of IGFBP2 mRNA (including the ORF and the UTRs) and
the PGK1 30 UTR have been amplified with primers listed in
Table S2 and cloned using the TOTO PCR kit (Invotrogen), cut with
SgfI and Pmel restriction enzymes, and cloned into psiCHECK2
(Promega) downstream of Renilla luciferase. The following fragments
containing miR-10b putative binding sites have been produced: PGK1
(NM_000291.4) 2,421–3,190 (30 UTR start) and 4,115–4,430 nt (30

UTR end); IGFBP2 (NM_000597.3) 181–206 (V1) and 916–1,396 nt
(common ORF + 30 UTR); IGFBP2 (NM_001313990.2) 1–180 nt
(V2); and IGFBP2 (NM_001313992.2) 1–423 nt (V3).

For the reporter assays, MCF7 cells were seeded at 5,000 cells/well in
96-well plates and co-transfected with 100 ng psiCHECK-2 luciferase
reporters and either 50 nM miR-10b mimic or scramble mimic con-
trol (Ambion, Dharmacon). Luciferase luminescence was measured
24 h after transfection using Dual-Glo Luciferase Assay (Promega
E2920) and GloMax explorer instrument (Promega). Renilla lucif-
erase activity was normalized to the Firefly luciferase activity.

Statistical analysis

Values are given as mean ± SEM or as mean ± SD. Numbers of exper-
imental replicates are given in the figure legends. When two groups
were compared, significance was determined using an unpaired,
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non-parametric two-sided t test, and normal distribution was verified
by one-sample Kolmogorov-Smirnov test. For more than two-group
comparison, significance was determined using one-way ANOVA
non-parametric test (Kruskal-Wallis).
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