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Neuroblastoma is a deadly childhood cancer arising in the devel-
oping sympathetic nervous system. High-risk patients are
currently treated with intensive chemotherapy, which is curative
in only 50% of children and leaves some surviving patients with
life-long side effects. microRNAs (miRNAs) are critical regula-
tors of neural crest development and are deregulated during neu-
roblastoma tumorigenesis, making miRNA-based drugs an
attractive therapeutic avenue. A functional screen of >1,200
miRNA mimics was conducted in neuroblastoma cell lines to
discover miRNAs that sensitized cells to low doses (30% inhibi-
tory concentration [IC;,]) of doxorubicin and vincristine chemo-
therapy used in the treatment of the disease. Three miRNAs,
miR-99b-5p, miR-380-3p, and miR-485-3p, had potent chemo-
sensitizing activity with doxorubicin in multiple models of
high-risk neuroblastoma. These miRNAs underwent genomic
loss in a subset of neuroblastoma patients, and low expression
predicted poor survival outcome. In vitro functional assays re-
vealed each of these miRNAs enhanced the anti-proliferative
and pro-apoptotic effects of doxorubicin. We used RNA
sequencing (RN A-seq) to show that miR-99b-5p represses neuro-
blastoma dependency genes LIN28B and PHOX2B both in vitro
and in patient-derived xenograft (PDX) tumors. Luciferase re-
porter assays demonstrate that PHOX2B is a direct target of
miR-99b-5p. We anticipate that restoring the function of the tu-
mor-suppressive miRNAs discovered here may be a valuable
therapeutic strategy for the treatment of neuroblastoma patients.

INTRODUCTION
Neuroblastoma is a childhood cancer that arises in the developing
sympathetic nervous system, giving rise to tumors in the adrenal
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glands and sympathetic ganglia." Ninety percent of cases are diag-
nosed in young children under the age of 10, with a median age of
diagnosis at 18 months." Like other pediatric cancers, neuroblastoma
has a low mutational burden and is instead characterized by whole
chromosome or large segmental DNA copy-number alterations and
epigenetic rewiring."> Amplification of MYCN occurs in 20%-25%
of cases and is used as a biomarker for the high risk of relapse and che-
moresistance.” Despite intensive multimodal therapy, which in-
volves high-dose chemotherapy, radiotherapy, and immunotherapy,
the 5-year survival rate for high-risk patients is below 50%, and sur-
viving patients suffer from chronic treatment-related morbidity.”
New therapies that can either replace or significantly improve the cur-
rent therapy are urgently needed.

MicroRNAs (miRNAs) are small non-coding RNAs that bind
through imperfect complementarity to the 3 UTR of mRNA tran-
scripts to silence gene expression by causing mRNA destabilization
or repression of translation.'” Up to 60% of human protein-coding
genes are estimated to be regulated by miRNAs, and a single miRNA
can regulate hundreds of different transcripts.'"*'> miRNAs regulate a
myriad of cellular processes from proliferation and differentiation to
apoptosis, making these regulators essential for normal development.
Deregulation of miRNA expression through genomic events, such as
mutations, deletions and amplifications, or alterations in miRNA
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biogenesis enzymes, contributes to human disease etiology such as

Insights into miRNA biology in cancer have made miRNAs attractive
tools and targets for novel therapeutic approaches.'* Administering
synthetically derived miRNA mimics that replenish the activity of
mutated or deleted tumor-suppressive miRNAs or the inhibition of
endogenous oncogenic miRNAs are two strategies for miRNA-based
cancer therapeutics. The relatively convenient synthesis of miRNA-
based therapies makes them particularly desirable, potentially
bypassing years of costly medicinal chemistry associated with the
development of other drugs such as small-molecule inhibitors.

miRNA expression is globally reduced in cancer cells compared with
in normal cells,'” arguing that this provides an advantage for tumor-
igenesis and/or treatment resistance. A significant challenge in devel-
oping miRNA therapeutics is the identification of the most suitable
miRNA candidates for each cancer type. Several miRNAs have been
implicated in neuroblastoma tumorigenesis such as miR-34a,'°
miR—380-5p,17 miR-17-92,'% let-7,"” and miR-204.2° Further to these
reports, we recently used an unbiased screening approach to identify
other miRNAs that were lethal to neuroblastoma cells and mapped
these to their targets.”’

We hypothesize that the loss of miRNA expression is not only tumor-
igenic but can also promote drug resistance. The majority of high-risk
neuroblastoma patients receive systemic chemotherapy; therefore, we
conducted a screen to specifically find miRNAs that could sensitize
cells to chemotherapy. Combination therapy is more likely to lead
to sustained cancer control, and new therapeutics are generally first
combined with standard-of-care therapies in clinical trials. Further-
more, therapies that specifically sensitize cancer cells to chemo-
therapy are less likely to be toxic to normal cells. Here, we report
the results of an unbiased functional screen in neuroblastoma-identi-
fying miRNAs that sensitized neuroblastoma cells to low-dose
chemotherapy. Three candidate miRNAs were followed up with for
further study: miR-99b-5p, miR-380-3p, and miR-485-3p. The anti-
proliferative and pro-apoptotic functions of these miRNAs were
experimentally validated in multiple models. Furthermore, we used
transcriptomics to show that miR-99b-5p targets key neuroblastoma
essentiality genes PHOX2B and LIN28B. These findings are an initial
step toward therapies that spare patients from high doses of chemo-
therapy and the resulting toxic side effects.

RESULTS

High-throughput functional screening identifies
chemosensitizing miRNAs in MYCN-amplified neuroblastoma
cells

To discover miRNAs with therapeutic potential, we performed a high-
throughput miRNA screen as outlined in Figure 1A. The screen was
performed in two neuroblastoma cell lines: MYCN-amplified Kelly cells
and non-MYCN-amplified SH-EP cells. Cells were transfected with a
library of 1,240 individual miRNA mimics and were then treated with
two standard-of-care chemotherapeutic agents with distinct mecha-
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nisms, the anthracycline drug doxorubicin and the vinca alkaloid
drug vincristine (Table S1). Cells were treated with 30% inhibitory con-
centration (IC;y) doses of chemotherapy in order to identify miRNAs
that sensitize the cells to low doses of chemotherapy. The screen iden-
tified two classes of putative therapeutic miRNAs: chemosensitizing
hits, which had a minimal effect in the vehicle-treated cells but cooper-
ated with chemotherapy to kill the cells (>65% viability in vehicle and
<50% viability in chemotherapy-treated cells), and lethal hits, which
killed cells regardless of whether chemotherapy was present or absent
(viability <50% in both vehicle- and chemotherapy-treated cells). We
previously described the lethal miRNA hits®' and focused exclusively
on the chemosensitizing mimics in the present study. More chemosen-
sitizing hits were observed in the MYCN-amplified Kelly cell line (107
mimics across both drugs) than in the non-MYCN-amplified SH-EP
cell line (10 mimics) (Figures 1B and S1A). The doxorubicin-sensitizing
miRNAs appeared to have a more pronounced effect on viability than
did the vincristine-sensitizing miRNAs in Kelly cells, when combined
with the respective chemotherapeutic agent (Figure 1B).

To test the reproducibility of the screen, we performed a secondary
screen with a subset of 48 miRNAs in Kelly cells and an additional
MYCN-amplified cell line, SK-N-DZ. Twenty-two chemosensitizing,
11 lethal, and 15 non-active mimics were included for validation. We
observed a strong Peason correlation (R*> = 0.86) between the two
screens in Kelly cells (Figure S1B). Out of the 22 tested chemosensitizing
mimics, 10 were validated in Kelly cells (miR-100-5p, miR-99b-5p,
miR-380-3p, miR-515-3p, miR-3924, miR-485-3p, miR-3646, miR-
449a, miR-34a-5p, and miR-34c-5p) and 6 of these validated in SK-
N-DZ cells (miR-100-5p, miR-99b-5p, miR-380-3p, miR-515-3p,
miR-3924, and miR-449a) (Figure 1C). Validated chemosensitizing
hits included well-known tumor-suppressive miRNAs such as miR-
34a-5p and miR-34¢-5p.*>*

To further narrow down the validated chemosensitizing mimics, we
excluded miR-34c-5p and miR-449a, as these miRNAs were previously
reported to be toxic to cardiomyocytes.** The viability of neuroblastoma
cells transfected with mimics of the remaining 5 candidate miRNAs
(miR-99b-5p, miR-380-3p, miR-485-3p, miR-515-3p, and miR-34a-
5p) in neuroblastoma cells lines are visualized as bar graphs in Figure 1D.
The chemosensitization of these miRN As was specific to MYCN-ampli-
fied Kelly and SK-N-DZ cells and was not observed in the MYCN-non-
amplified SH-EP cell line. Finally, we tested the mimics for toxicity in an
immortalized fibroblast cell line, IMR-90 (Figure 1D), and the normal
breast epithelial cell line MCF10A®' (Figure SIC). This eliminated
miR-515-3p and miR-34a-5p, as they killed at least 50% of normal cells
in the absence of chemotherapy. This left 3 candidate miRNAs, miR-
99b-5p, miR-380-3p, and miR-485-3p, that specifically sensitized
MYCN-amplified neuroblastoma cells to doxorubicin with minimal
toxicity or chemosensitizing activity in normal cells.

Candidate miRNAs are putative tumor suppressors in
neuroblastoma patients

To determine if expression of the candidate miRNAs is associated with
clinical parameters, we analyzed a cohort of 255 primary neuroblastoma
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Figure 1. Using high-throughput functional screening to identify chemosensitizing miRNAs in neuroblastoma cell lines

(A) Schematic overview of the miRNA screen in MYCN-amplified Kelly and non-MYCN-amplified (WT) SH-EP neuroblastoma cell lines. (B) Screen results in Kelly cells treated
with doxorubicin (left) and vincristine (right) chemotherapy. Plotted are the scrambled-normalized viability values for each miRNA mimic in the vehicle-treated cells (x axis)
against drug-treated cells (y axis). Gray indicates non-active, blue indicates lethal (viability <50% in both vehicle- and chemotherapy-treated cells), and red indicates che-
mosensitizing (vehicle viability >65%, chemotherapy viability <50%) hits. (C) Validation screen results with 48 selected mimics in Kelly and SK-N-DZ cells treated with
doxorubicin and vincristine. Hits are colored based on their category in the primary screen as per (B). (D) Bar plots displaying viability of candidate chemosensitizing hits in
Kelly, SK-N-DZ, and SH-EP neuroblastoma cell lines as well as IMR-90 fibroblasts in the presence of vehicle, doxorubicin, or vincristine. n = 2, mean + SD for the Kelly cells
representing the primary and secondary validation screen results. See also Figure S1 and Table S1.

cases with copy number variation (CNV) data, miRNA and mRNA
sequencing data, and known survival outcomes. All 3 miRNA genes un-
derwent copy-number loss in a subset of patients (Figure 2A). This is
consistent with literature reporting that the loci encoding these miRNA
genes undergo recurrent deletion in neuroblastoma. The 19q13 locus
encoding miR-99b also contains other miRNAs with known tumor-
suppressive activity such as let-7e*® and miR-125a”° and undergoes
the loss of heterozygosity in neuroblastoma at a frequency of

~10%.””*® miR-380 and miR-485 are both located on 14q32, which
is lost in 20%-25% of neuroblastoma cases.”” ' Consistently, we found
that miR-380 and miR-485 were almost always co-deleted in this cohort
(Figure S2A). Deletion of all 3 miRNAs occurred in 12 samples, though
there was no cumulative effect on patient survival (Figure S2B).

We next compared our 3 candidate miRNAs’ expression in MYCN-
amplified with non-MYCN amplified patient tumor samples taken

Molecular Therapy Vol. 30 No 3 March 2022 1121
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Figure 2. .miR-99b-5p, miR-380-3p, and miR-485-3p
positively associated with good prognosis

(A) Copy-number variation of each candidate chemo-
sensitizing MiIRNA in a cohort of 255 neuroblastoma
patients. Blue indicates copy-number loss, and red in-
dicates copy-number gain. (B) Box-and-whisker plots
displaying expression of each miRNA in MYCN-amplified
and non-MYCN-amplified patients. A Mann-Whitney test
was used to calculte significance.(C) Kaplan-Meier anal-
ysis (event-free survival) of 250 neuroblastoma patients
stratified into quartile expression of each mIRNA (first
quartile is lowest expression, fourth quartile is highest
expression). A Cox proportional-hazards model was
applied to calculate significance. See also Figure S2.

Candidate miRNAs decrease proliferation
and increase apoptosis in combination with
doxorubicin in vitro

We focused on doxorubicin-sensitizing miRNAs
because most of the validated hits increased
sensitivity to doxorubicin and not vincristine
(Figures 1C and 1D). To validate the decrease
in cell viability in response to doxorubicin, we
and
apoptosis assays in neuroblastoma cell lines
transfected with the miRNA mimics. Kelly cells
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at diagnosis. miR-99b-5p and miR-380-3p were both downregulated
in MYCN-amplified cases compared with in non-MYCN-amplified
cases, though this was not evident for miR-485-3p (Figure 2B).
Finally, we correlated miRNA expression with patient survival in
this cohort. Patients with the lowest expression had the least favorable
outcome in terms of event-free survival (first quartile; Figure 2C).

Taken together, the candidate miRNAs are depleted in high-
risk disease (in the case of miR-99b-5p and miR-380-3p), and low
expression is associated with poor survival outcomes consistent
with our hypothesis that the loss of each of these miRNAs promotes
drug resistance. This provided us with a justification to further char-
acterize the function of the miRNAs and to test if replenishing
miRNA expression can be used as a strategy to treat models of
high-risk neuroblastoma.
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treated with doxorubicin (ICs, dose), miR-99b-
5p, miR-485-3p, or miR-380-3p alone had a
negligible effect on cell growth (Figure 3A).
However, the combination of each miRNA
with doxorubicin significantly decreased prolif-
eration over the 1-week time course to below
50% compared with that of doxorubicin treat-
ment alone (Figures 3A and S3A). Similar results
were observed in the MYCN-amplified COG-N-
519 patient-derived cell line model of high-risk
neuroblastoma’ (Figures 3B and S3A).

Cell-cycle distribution of treated Kelly, COG-

N-519, and SK-N-DZ cells was determined by
analysis of DNA content. Cells treated with doxorubicin had a modest
increase in the proportion of cells in the G,/M phase of the cell cycle
(Figures 3C, 3D, and S3B), consistent with published findings.”” Cells
treated with each mimic alone had DNA profiles that resembled con-
trol-treated cells, while the combination of each mimic with doxoru-
bicin resulted in an accumulation of cells in G,/M above doxorubicin
alone, particularly for miR-485-3p, which was observed in both Kelly
and COG-N-519 cells (Figures 3C and 3D). However, the increase in
proportion of cells in G,/M by miR-485-3p and doxorubicin did not
reach statistical significance in the SK-N-DZ cell line (Figure S3B).

It is known that the cytotoxic effects of doxorubicin are more pro-
nounced in cells arrested in the S and G,/M phases of the cell cycle
compared with in the G; phase.”” To test if the miRNAs increased
doxorubicin-mediated apoptosis, we performed Annexin V and
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propidium iodide (PI) labeling followed by flow cytometry in the same
3 cell lines. The treatment of Kelly and COG-N-519 cells with doxoru-
bicin alone resulted in an increased proportion of apoptotic cells and a
decreased proportion of viable cells (Figures 3E and 3F). We also noted
that miR-99b-5p and miR-485-3p alone induced apoptosis in Kelly
and COG-N-519 cells. However, this was markedly potentiated in cells
treated with the candidate miRNAs in combination with doxorubicin
(Figures 3E and 3F). A similar trend of decreased viability and
increased apoptosis by the miRNAs was observed in doxorubicin-
treated SK-N-DZ cells (Figure S3C). Therefore, the 3 candidate
miRNAs enhanced the anti-proliferative and pro-apoptotic effects of
doxorubicin in multiple neuroblastoma cell lines.

Chemosensitizing miRNA candidates target distinct genes and
pathways

To identify the transcriptional targets of the candidate chemosensitiz-
ing miRNAs, we performed RNA sequencing (RNA-seq) in Kelly
cells. As expected for the overexpression of gene repressors, there
were more genes significantly downregulated than upregulated for
each miRNA tested compared with the scrambled control (false dis-
covery rate [FDR] <0.05, fold change >1.5) (Figure 4A). We included
three non-active miRNAs from the screen (miR-100-3p, miR-1915-
3p, and miR-1283) to determine the level of non-specific gene expres-
sion changes. The biologically active chemosensitizing miRNAs regu-
lated more genes than did the non-active miRNAs (Figure 4A). In
fact, miR-1283 did not have any significant differentially expressed
genes compared with the scrambled control (Figure 4A; Table S2).

The top enriched miRNA motif encoded by the repressed genes
corresponded to the overexpressed mimic, indicating direct
miRNA-mRNA targeting of a subset of the differentially expressed
genes (Figure S4A). To determine if the miRNAs had shared targets,
we overlapped the genes downregulated by the overexpression of each
of the mimics (Figure 4B). Despite the common function of the three
miRNAs, only 12 genes (TMEM30A, SCUBEI, COL6A6, RSPOI,
ACSF3, MANICI, FGFR3, ATP2A3, NOTCH2, IGHM, Cl5orf56,
and RP11-428P16.2) were commonly downregulated, and the major-
ity of the genes were unique. Of the overlapping genes, two are re-
ported to have a role in neuroblastoma tumorigenesis: NOTCH2*
and FGFR3.>> NOTCH signaling is known to promote doxorubicin
resistance in neuroblastoma cells.”* We tested whether AZD4547,
an inhibitor of FGFRI, -2, and -3, could increase sensitivity to low
doses of doxorubicin in Kelly and COG-N-519 cells (Figure S4B).
We observed a modest chemosensitizing effect of the AZD4547, sug-
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gesting that suppression of FGFR3 signaling may be one of the mech-
anisms for miRNA-mediated chemosensitivity.

We performed gene set enrichment analysis (GSEA) using Hallmark
signatures from the Molecular Signature Database (MSigDB) to investi-
gate which biological pathways were regulated by each miRNA. Com-
mon to all 3 candidates was the upregulation of cell-cycle pathways
such as “E2F targets”, “Gy/M checkpoints”, and “mitotic spindle
assembly” (Figure 4D), consistent with the perturbation of cell-cycle dis-
tribution observed earlier. On the gene level, CDKNIA (encoding CDK
inhibitor p21) and G2 checkpoint gene WEEI were both upregulated by
miR-99b-5p treatment (Figure 4C; Table S2). These transcriptomic
changes may be responsible for the G,/M arrest described above (Figures
3C and 3D).

Genes involved in oxidative phosphorylation were downregulated by
miR-99b-5p and miR-380-3p (Figure 4D). Targeting cellular meta-
bolism is a possible mechanism for increasing doxorubicin sensitivity,
which has been shown in other malignancies such as breast cancer.*
Other possible transcriptional changes that could explain the
increased sensitivity to chemotherapy are the downregulation of the
Notch signaling pathway by miR-99b-5p and the downregulation of
the epithelial-mesenchymal transition by miR-485-3p, as both of
these pathways are known to be associated with chemotherapy resis-
tance in neuroblastoma.”

Among the top downregulated genes by miR-99b-5p were chro-
matin-remodeling gene SMARCDI, which was the top differentially
expressed gene, and the growth regulatory kinase MTOR (Figure 4C;
Table S2). Pathway analysis revealed that mTORCI signaling was also
downregulated (Figure 4D). miR-99b-5p is known to suppress
SMARCDI and MTOR in prostate and pancreatic cancer,””*® sug-
gesting a conserved role for this miRNA in diverse cancer types.
Due to the tumor suppressive gene expression changes elicited by
miR-99b-5p, in addition to its anti-proliferative and pro-apoptotic
effects in 3 cell lines (Figure 3), its loss of expression in high-risk dis-
ease, and its positive correlation with good prognosis (Figure 2), we
chose to investigate this miRNA further in different neuroblastoma
models.

miR-99b-5p alters gene expression when delivered in vivo

We next turned to a more clinically relevant neuroblastoma model to
test the feasibility of miR-99b-5p as a candidate therapeutic and to
characterize its mechanism of action in vivo. To this end, we used

Figure 3. .miR-99b-5p, miR-380-3p, and miR-485-3p potentiate doxorubicin activity in vitro

(A and B) Proliferation of Kelly (A) and COG-N-519 (B) cells measured by time-lapse microscopy every 4 h for 7 days using an IncuCyte live cellimager. Cells were transfected with
the indicated miRNAs at time 0 and treated with doxorubicin (Dxr) or vehicle at 48 and 96 h as indicated by arrowheads. Representative results from 3 biological replicates shown.
Endpoint confluences for each cell line are represented in the bar graphs (n = 3, mean + SEM). An ordinary one-way ANOVA with Dunnett multiple comparisons test comparing
each sample with miR-Ctrl + doxorubicin was used. (C and D) Representative flow cytometry DNA histograms in Kelly (C) and COG-N-519 (D) cells from 3 independent ex-
periments. Results from 3 biological replicates with bar plots displaying the proportions of cells in Go/M as a fold change of the miR-Ctrl-doxorubicin condition (n = 3, mean +
SEM). An ordinary one-way ANOVA with Dunnett multiple comparisons test comparing each sample with miR-Ctrl + doxorubicin was used. (E and F) Flow cytometry analysis of
apoptosis in Kelly (E) and COG-N-519 (F) cells after labeling with Annexin V-FITC (apoptosis) and propidium iodide (cell death) and analyzed. Percentage of cells within the
quadrant gates are displayed. Representative results from 3 biological replicates shown. Bar graphs display proportion total apoptotic (early and late combined) (n = 3, mean +
SEM). An ordinary one-way ANOVA with Dunnett multiple comparisons test was used to compare each condition with miR-Ctrl £ doxorubicin. See also Figure S3.
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the COG-N-519 patient-derived xenograft (PDX) model derived
from a patient with high-risk MYCN-amplified disease.’> Tumors
were grown subcutaneously in NSG mice and injected with Star-pol-
y(oligo(ethylene glycol) methacrylate) (POEGMA) nanoparticles
complexed to 2’-O-Methyl (2’-OMe)-modified miRNA mimics to in-
crease their in vivo stability and to allow them to internalize into
cells.”* To test if we could deliver the mimics, mice were injected
with control miRNA or miR-99b-5p nanoparticles every 3 days for
1 week. Tumor growth was measured, and tumors were harvested
for gene expression analysis 24 h following the last injection. miR-
99b-5p had a modest growth inhibitory effect, though the reduction
was not statistically significant (Figure 5A). Furthermore, immuno-
histochemical staining of these tumors for markers of proliferation
(Ki67) and apoptosis (cleaved caspase 3) did not reveal any differ-
ences between miRNA control (miR-Ctrl) and miR-99b-5p tumors
(Figure S5A). This is consistent with miR-99b-5p transfection having
amodest effect on proliferation in the absence of chemotherapy in the
matched patient-derived cell line (Figure 3B). It is also possible that
the treatment time was not sufficient to produce a measurable effect
on proliferation and apoptotic markers in vivo. Quantitative RT-PCR
(qRT-PCR) revealed a ~40-fold increase in miR-99b-5p expression
(Figure 5B), confirming that the mimic was delivered to the tumor.

We next analyzed gene expression changes by RNA-seq. Differential
gene expression analysis revealed 713 upregulated and 472 downre-
gulated genes in miR-99b-5p-treated tumors compared with in con-
trols (FDR <0.05, fold change >1.5) (Table S3). GSEA analysis re-
vealed that upregulated genes were involved in processes relating to
development and neuronal differentiation such as “developmental
growth involved in morphogenesis”, “neuron projection guidance”,
and “axon development” (Figure 5C). Genes involved in proliferation
and DNA damage such as “DNA replication”, “DNA recombination”,
“double-strand break repair”, and “cell-cycle checkpoint” were nega-
tively regulated (Figure 5C). Together, this suggests that treatment of
the tumors with miR-99b-5p rewired the transcriptome to a more
differentiated and less proliferative state. We expect that these gene
expression changes represent both direct and indirect effects of the
week-long treatment with the miRNA mimic, which is supported
by the fact that the predicted miR-99b-5p motif was not enriched
in the downregulated genes (Figure S5B) and that there were more

genes upregulated than downregulated (Table S3).

miR-99b-5p targets essential neuroblastoma genes LIN28B and
PHOX2B

To stringently identify genes repressed by miR-99b-5p, we performed
an additional RNA-seq experiment in COG-N-519 cells in vitro
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(Table S4). We then identified the commonly downregulated genes
from the three RNA-seq experiments: the two in vitro experiments
where Kelly and COG-N-519 cells were transfected with miR-99-5p
for 48 h and the in vivo experiment where COG-N-519 PDX tumors
were treated with miR-99b-5p nanoparticles for 7 days. There were 8
genes downregulated by miR-99b-5p in all three experiments
(LIN28B, TRIP13, PHOX2B, ARHGAP29, MYCBP, SALL4, RP11-
161D15.3, and EFNB2) (Figure S5C). On the pathway level, genes
involved in mTOR signaling and cholesterol homeostasis were
commonly downregulated by miR-99b-5p in Kelly and COG-N-519
cells (Figures 4D and S5D).

We selected key neuroblastoma oncogenes, LIN28B and PHOX2B,
downregulated in all three datasets for further validation. LIN28B is
an RNA-binding protein that promotes tumorigenesis by inhibiting
biogenesis of the let-7 family of tumor-suppressive miRNAs."
PHOX2B is a homeodomain transcription factor essential for the sur-
vival and differentiation of the sympathetic lineage and is a germline
disposition gene and lineage oncogene in neuroblastoma.*' ** Inspec-
tion of public data from the project Achilles CRISPR knockout screen
demonstrated that both of these genes are essential for neuroblastoma
cell survival**** (Figure S5E). Repression of PHOX2B and LIN28B by
miR-99b-5p was validated by qRT-PCR (Figure 5D). qRT-PCR was
also performed in the matched PDX cell line and Kelly and SK-N-
DZ cells 48 h post transfection with control or miR-99b-5p.
LIN28B was consistently downregulated in all 3 cell lines, and
PHOX2B was significantly downregulated in Kelly cells and trended
toward downregulation in COG-N-519 and SK-N-DZ cells (Fig-
ure 5D). To confirm repression on the protein level, western blotting
was conducted on the same cell lines 72 h post transfection (Fig-
ure 5E). Across four biological replicates, we observed a significant
downregulation of the PHOX2B protein in each cell line, a downregu-
lation of LIN28B in SK-N-DZ cells, and a trend toward repression in
COG-N-519 and Kelly cells.

We next investigated whether these targets were responsible for miR-
99b-5p-mediated chemosensitivity. To this end, we knocked down
LIN28B and PHOX2B with siRNA, either alone or together, and as-
sayed cell viability and proliferation in the presence and absence of
doxorubicin. Western blotting confirmed knock down by the siRNA
to a similar level as miR-99b-5p (Figures 5E and S5F). In parallel, we
overexpressed miR-99-5p to test whether siRNA-mediated depletion
of LIN28B and PHOX2B could phenocopy the effects of the mimic.
Knock down of PHOX2B and LIN28B did not affect viability in the
untreated cells (Figure 5F); however, knock down of PHOX2B and
LIN28B either alone or in combination did partially recapitulate the

Figure 4. .Chemosensitizing miRNAs target distinct genes and pathways

(A) RNA-seq of differentially expressed genes up- or downregulated (FDR <0.05, fold change >1.5) by each indicated miRNA compared with the scrambled control in Kelly
cells. Four biological replicates were performed. (B) Venn diagrams showing overlapping genes regulated by each chemosensitizing miRNA. Blue represents downregulated
and orange represents upregulated gene lists. (C) Volcano plots displaying statistical significance (y axis) over fold change (x axis) for each gene comparing chemosensitizing
miRNA with scrambled control. In purple are significantly differentially expressed genes (FDR <0.05 and fold change > 1.5), and gray are non-significant genes. (D) Gene set
enrichment analysis results using the Hallmark gene set from the Molecular Signature Database. Orange bars represent upregulated and blue bars represent downregulated

gene sets. See also Figure S4 and Table S2.
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Figure 5. .miR-99b targets PHOX2B and LIN28B

(A) Growth curves of subcutaneous COG-N-519 PDX tumors. miR-99b-5p or control miR-1283 (miR-Ctrl) complexed to nanoparticles (miR-NPs) were injected intra-
tumourally at the indicated times (n = 4, mean + SEM). (B) gRT-PCR analysis of miR-99b-5p expression in PDX tumors collected 24 h after the last miRNA injection (n = 4,
mean + SEM). An unpaired two-tailed t test was used to test significance. (C) Gene set enrichment analysis results using the Gene Ontology Biological Processes gene set
from the Molecular Signature Database. Orange bars represent upregulated and blue bars represent downregulate gene sets. (D) gRT-PCR analysis for PHOX2B and LIN28B
in COG-N-519 PDX tumors following 1 week of miR-99b-5p treatment or following 48 h of miR-99b-5p transfection in COG-N-519, Kelly, and SK-N-DZ cell lines (n = 4,
mean + SEM). An unpaired two-tailed t test was used to test significance. (E) Western blot analysis for PHOX2B and LIN28B in Kelly, COG-N-519, and SK-N-DZ cell lines
transfected with miR-Ctrl or miR-99b-5p after 72 h. Representative images from 4 experiments shown. Below are the densitometry analysis of the protein bands normalized
to B-actin (n = 4, mean + SEM). An unpaired two-tailed t test was used to test significance. (F) CellTiter-Glo viability of COG-N-519 cells transfected with the indicated siRNAs

(legend continued on next page)
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reduction in viability in doxorubicin-treated cells by miR-99b-5p
(Figure 5F). These results were corroborated in the proliferation
assay; in the absence of chemotherapy, the depletion of PHOX2B
and LIN28B did not appreciably reduce proliferation, but in the
context of chemotherapy treatment, knock down of PHOX2B and
LIN28B reduced proliferation by approximately 20%-60% (Fig-
ure S5G). Together, these data suggest that the inhibition of
LIN28B and PHOX2B may be partially responsible for miR-99b-
5p’s chemosensitizing activity. As miRNAs target hundreds of genes,
we hypothesize that multiple targets acting in concert are required for
miR-99b-mediated chemosensitization.

To determine if miR-99b-5p directly targeted PHOX2B and LIN28B,
we used miRanda-mirSVR*® and Diana-MicroT-CDS*” miRNA pre-
diction tools to search for miR-99b-5p recognition sites in the 3’ UTR
of the two transcripts. The PHOX2B 3’ UTR contained a predicted
miR-99b-5p 6-mer seed match (ACGGGU) (Figure S5H). No pre-
dicted motif was identified for LIN28B. To experimentally validate
the putative direct targeting of PHOX2B by miR-99b-5p, we synthe-
sized and cloned the conserved 518 bp region containing the
predicted binding site of the PHOX2B 3’ UTR*® downstream of lucif-
erase and used this construct for performing luciferase reporter assays
in HEK-293T cells. This was also done for the PHOX2B 3’ DEL UTR,
engineered to lack the predicted seed sequence. Co-transfection of
cells with the PHOX2B 3’ UTR luciferase construct and miR-99b-
5p resulted in the repression of luciferase activity (Figure 5G). How-
ever, the activity of the PHOX2B 3’ DEL UTR was not impacted by
miR-99b-5p transfection (Figure 5G), demonstrating that miR-99b-
5p targets PHOX2B directly through its interaction with the predicted
seed sequence.

DISCUSSION

There is an outstanding need for improved and safer treatment op-
tions for high-risk neuroblastoma patients. miRNAs are critical reg-
ulators of neuroblastoma tumorigenesis and represent an exciting
new class of cancer therapeutics. A major challenge in the develop-
ment of miRNA-based drugs is determining which miRNAs make
the most suitable therapeutic candidates in a given cancer type. Ooi
and colleagues used miRNA-mRNA interaction modeling to uncover
tumorigenic miRNA gene networks and identified miR-204 as a neu-
roblastoma tumor suppressor, which functions through the direct in-
hibition of MYCN.* Using high-throughput screening, several miR-
NAs lethal to neuroblastoma cells including miR-101-3p, miR-202-
3p, and miR-19-b-1-5p have also been identified.”’

Combination therapy is more likely to lead to durable cancer control,
and new therapeutics are generally first combined with standard-of-
care therapies in clinical trials. We therefore sought to identify miR-
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NAs that could sensitize neuroblastoma cells to the standard-of-care
chemotherapy drugs doxorubicin and vincristine. We hypothesize
that these miRNAs will be less toxic, as they target pathways involved
in the response to chemotherapy rather than essential functions of the
cell. Here, we identify miR-99b-5p, miR-380-3p, and miR-485-3p as
doxorubicin-sensitizing miRNAs in multiple models of high-risk
neuroblastoma. The fact that these miRNAs only sensitized the cells
to doxorubicin and not to the microtubule disruptor vincristine sug-
gests that their synergistic action is not via generic survival pathways
but rather is specific to DNA-damaging agents. This is supported by
the low toxicity of these miRNAs in three lineages of non-trans-
formed cells (epithelial MCF10A, mesenchymal fibroblasts, and car-
diomyocytes). These miRNAs are lowly expressed in poor-prognosis
disease and were shown to alter the transcriptome to reduce prolifer-
ation, induce cell-cycle arrest, and cause apoptosis when combined
with IC5, doses of doxorubicin.

Each of the 3 candidates have reported tumor-suppressive roles in
different cancer types. For example, miR-99b-5p has demonstrated tu-
mor-suppressive functions in prostate,”” gastric,"” lung,”>"'
rectal®® cancers. A tumor-suppressive role for miR-485-3p has been
described in glioblastoma,”>* breast cancer,” and leukemia.”® How-
ever, these two miRNAs have not been investigated in neuroblastoma.

and colo-

miR-380-3p has been shown to modestly increase apoptosis and sensi-
tize murine neuroblastoma cells to the poisonous herbicide paraquat.””
This is perhaps consistent with its ability to sensitize human neuroblas-
toma cells to chemotherapy, as demonstrated here. Interestingly, miR-
380-5p, the alternate mature miRNA arm derived from the same miR-
380 precursor, is oncogenic in neuroblastoma and functions through
the suppression of p53."” A recent study in gastric cancer demonstrated
opposing tumor-suppressive and oncogenic functions for miR-574-3p
and miR-574-5p, respectively.”® The two mature miRNA arms were
inversely expressed, and the arm balance was partially mediated by
the presence of their target mRNA.>® Further studies should determine
if such a relationship for tumor-suppressive miR-380-3p and onco-
genic miR-380-5p exists in neuroblastoma.

Our RNA-seq analysis revealed that each of the 3 candidates had few
overlapping targets. Relevant genes commonly downregulated by the
3 candidate chemosensitizing miRNAs were FGFR3 and NOTCH2.
Fibroblast growth factor receptors (FGFRs) are a family of tyrosine ki-
nase receptors that are often deregulated in cancer, resulting in
enhanced proliferation, invasiveness, and survival.” A recent study
demonstrated that several neuroblastoma cell lines were sensitive to
FGFR inhibitors.”> While we corroborated that FGF inhibition was
cytotoxic to neuroblastoma cells, we observed only a modest increase
in sensitivity to doxorubicin with the addition of an FGFR1, -2, and -3

and miRNAs and treated with doxorubicin. Viability was measured following 1 week of treatment (n = 4, mean + SEM). An ordinary one-way ANOVA with Dunnett multiple
comparisons test comparing each sample with the scrambled control + doxorubicin was used to test significance. (G) HEK-293T cells were co-transfected with miR-Ctrl or
miR-99b-5p mimics and PHOX2B reporter plasmid encoding either WT (PHOX2B UTR) or mutated 3" UTR lacking the predicted miR-99b-5p binding site (PHOX2B_DEL
UTR). Twenty-four h later, the cells were subjected to the dual luciferase assay. The graph plots transfection-normalized luciferase signals relative to the miR-Ctrls (n = 3,
mean + SEM). An unpaired two-tailed t test was used to test significance. See also Figure S5.
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inhibitor. NOTCH?2 is one of the core transcription factors that de-
fines the mesenchymal/neural-crest-like neuroblastoma epigenetic
state.”*** Induction of the related transcription factor NOTCH3 in
SH-SY5Y neuroblastoma cells resulted in increased resistance to
DNA-damaging chemotherapy including doxorubicin.”* Further
studies are needed to validate targeting of the Notch pathway by these
miRNAs and whether this represents a common mechanism for re-
programming neuroblastoma cells to a less chemoresistant state.

We delved further into the mechanism of miR-99b-5p to show that it
targets LIN28B and PHOX2B both in vitro and in vivo. Furthermore,
we show that miR-99b-5p targets PHOX2B directly via binding to its
3’ UTR, whereas the suppression of LIN28B likely occurs through an
indirect mechanism, as we did not detect a predicted miR-99b-5p
binding site. PHOX2B is a member of the core regulatory circuitry
of transcription factors that defines adrenergic neuroblastoma identity
and is required for neuroblastoma cell survival.*'~**>% This transcrip-
tion factor has not yet been implicated in chemotherapy resistance.
The proto-oncogene LIN28B promotes neuroblastoma stemness and
tumorigenesis'*°" and has been implicated in doxorubicin resistance
in a sarcoma cell line.””
stemness and inhibiting differentiation, we observed an upregulation
of neuronal differentiation gene sets in our PDX model treated with
miR-99b-5p. We hypothesize that the loss of miR-99b-5p gives rise
to high-grade undifferentiated disease through the upregulation of
stem cell factors such as LIN28B. Interestingly LIN28B can act as a
transcription co-factor and occupies the PHOX2B super enhancer,
and PHOX2B binds to the LIN28B super enhancer.> This suggests
that LIN28B and PHOX2B upregulate each other’s expression in a pos-
itive feedforward loop. Nucleic acid binding proteins are notoriously
difficult to target using small-molecule inhibitors, thus targeting these
factors with miR-99b-5p could be a way to break the feedforward loop
to render neuroblastoma cells more susceptible to chemotherapy.

Consistent with LIN28B’s role in promoting

A strength of using miRNAs as therapeutics is their ability to target
multiple different transcripts, which could bypass resistant mecha-
nisms from emerging by targeting multiple compensatory path-
ways.'* Depletion of miR-99b-5p targets PHOX2B, and LIN28B
could only partially phenocopy the overexpression of miR-99b-5p,
which indicates that other genes are likely to be involved in promoting
chemosensitivity. We found that cholesterol homeostasis and mTOR
signaling were the top pathways downregulated by miR-99b-5p in
two different neuroblastoma cell lines. Interestingly, statins can
enhance the effects of doxorubicin in cancer cells through inhibiting
cholesterol synthesis.”* °® The mTOR pathway has also been impli-
cated in doxorubicin resistance.””*® We postulate that the suppres-
sion of multiple pathways by miR-99b-5p collectively contributes to
increasing doxorubicin sensitivity. A limitation of using transcrip-
tomic data to study miRNA function is that miRNAs also work
through inhibiting translation, meaning that miRNA targets may be
missed in our analysis.

Future studies are needed to test the in vivo efficacy of these miRNAs
in combination with chemotherapy. This could be achieved using

nanoparticle delivery vectors or by using inducible transgenic models.
The translation of miRNAs into the clinic has been hindered by phar-
macological challenges involved in the systemic delivery of miRNA-
based drugs to the target site. Fortunately, significant advances have
been made in this space. For example, the company EnGenelC is
developing bacteria-derived minicells loaded with tumor-suppressive
miR-16 mimics for the treatment of plural mesothelioma.*>*® These
so-called TargomiRs successfully completed phase I clinical trials and
will soon progress to phase II.

In conclusion, we have uncovered miR-99b-5p, miR-380-3p, and
miR-485-3p as therapeutic candidates that have the potential to be
used in conjunction with a safer and more tolerable dose of chemo-
therapy for treating high-risk neuroblastoma.

MATERIALS AND METHODS

Cell culture growth conditions

Kelly, SH-EP, and SK-N-DZ established neuroblastoma cell lines and
neuroblastoma patient-derived COG-N-519 cells were obtained from
the Childhood Cancer Repository of the Children’s Oncology Group,
Texas Tech University Health Sciences Center, Lubbock, TX, USA.
IMR-90 and HEK-293T cell lines were obtained from the American
Type Culture Collection (ATCC). Kelly and SH-EP cells were grown
in Roswell Park Memorial Institute (RPMI) medium (Gibco) supple-
mented with 10% fetal bovine serum (FBS; Hyclone). SK-N-DZ and
HEK-293T cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM,; Gibco) supplemented with 10% FBS. COG-N-519 cells were
grown in Iscove’s modified Dulbecco’s medium (IMDM; Gibco) sup-
plemented with 20% FBS and 1 x insulin-transferrin-sodium selenite
(ITS; Sigma). IMR-90 cells were grown in Earl’'s MEM (Gibco) sup-
plemented with 10% FBS, 1x Non-Essential Amino Acids (Gibco),
and 1x Sodium Pyruvate (Gibco).

High-throughput miRNA screening

Primary and validation screening in neuroblastoma cell lines was
performed as described previously.”' Briefly, cells were reverse
transfected in a 384-well plate with 25 nM Dharmacon miRNA mimic
libraries (v.16.0) using DharmaFECT 1 transfection reagent (Dhar-
macon RNAi Technologies, Horizon Discovery). Media was changed
after 24 h, and at 48 h, media containing doxorubicin or vincristine
chemotherapy (IC;o doses in Table S5) or vehicle control was added.
Chemotherapy was replenished after a further 48 h, and at 144 h post
transfection, cell viability was measured using the CellTiter-Glo
(CTG) luminescent assay (Promega) and read on a Cytation 3 plate
reader (BioTek). All screens were performed in technical duplicate.
Values were normalized to the ON-TARGETplus siRNA SMART-
pool (Dharmacon catalog number [cat. #] 001810-10-50) control
on a per plate basis, and duplicate plate values were averaged. ICs,
values were determined by non-linear regression analysis by Graph-
pad Prism 9 software.

Clinical cohort
Neuroblastoma tumor miRNA expression data and DNA copy-number
data were previously published.””’" Segments of equal copy-number
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levels were determined using the Circular Binary Segmentation (CBS)
algorithm. For each miRNA, the CN status (expressed as a log ratio)
was established based on miRNA genome coordinates (obtained from
miRbase). Patient tumor miRNA expression data was compared be-
tween tumors with and without MYCN amplification using a Mann-
Whitney test. To assess the association between miRNA expression
data and patient survival, patients were separated into four groups ac-
cording to miRNA expression quartiles to generate Kaplan-Meier sur-
vival plots. A Cox proportional-hazards model was applied to calculate
significance.

Proliferation assay

1.4 x 10* Kelly or COG-N-519 cells were seeded in 48-well plates and
transfected with 25 nM miRNA or 40 nM siRNA using DharmaFECT
1 transfection reagent (Dharmacon) (Table S6). Media were changed
24 h later. Doxorubicin was added 48 and 96 h after transfection. Cells
were grown for 7 days, and phase-contrast confluence was monitored
by time-lapse microscopy every 4 h using an Incuyte ZOOM system.
Experiments were repeated 2-3 times.

Cell-cycle assay

Kelly, COG-N-519, and SK-N-DZ cells were seeded in 6-well plates
and transfected with miRNA and treated with doxorubicin as
described above. 24 h following doxorubicin treatment, cells were
trypsinized and fixed in 70% ethanol overnight at 4°C. Cells were
stained with 10 pg/mL PI and treated with 0.5 mg/mL RNaseA for
up to 5 h. Flow cytometry was performed using a BD FACSCanto
II flow cytometer and analyzed using FlowJo v.10. The Dean-Jett-
Fox model was used to gate DNA histograms into Gy, S, and G,/M
phases. The experiment was repeated 3 times.

Apoptosis assay

Kelly, COG-N-519, and SK-N-DZ cells were seeded, transfected, and
treated with doxorubicin as described above. Adherent and floating
cells were harvested 72 h following doxorubicin treatment and stained
using the eBioscience Annexin V-FITC Apoptosis Detection Kit
(Thermo Fisher Scientific). Flow cytometry was performed on a BD
FACSCanto II flow cytometer and analyzed using Flow]Jo v.10. Exper-
iments were repeated 3 times.

Cell viability assay

COG-N-519 or Kelly cells were seeded in white 96-well plates and
transfected with 25 nM miRNA or 40 nM siRNA using DhamaFECT1
(Dharmacon) in technical triplicate. Cells were treated with doxoru-
bicin (Table S3) 48 and 96 h following transfection, and cell viability
was measured using the CTG luminescent assay (Promega) on day 7.
For the FGFRi experiment, cells were treated with 5 pM AZD4547.
Experiments were performed 3-4 times.

RNA-seq of cell lines

6 x 10° Kelly or COG-N-519 cells were seeded in 6-well plates and
transfected with 25 nM miRNA. Media were changed after 24 h,
and cells were collected for RNA isolation the following day (48 h af-
ter miRNA transfection). RNA was extracted using the Qiagen miR-
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Neasy mini kit (Qiagen). RNA concentration and purity were
measured using a NanoDrop ND-1000 spectrophotometer (Nano-
Drop Technologies), and integrity was verified using an Agilent Bio-
analyser 2100 with the 6000 Nano Assay (Agilent Technologies) or
TapeStation with an RNA ScreenTape (Agilent Technologies). Li-
braries were generated using the Illumina TruSeq Stranded mRNA
Library Prep Kit (Illumina) with 1 pg input RNA. cDNA libraries
from Kelly cells were sequenced on a HiSeq 2500 system (high output
mode) (Illumina), with 125 bp paired-end reads. cDNA libraries from
COG-N-519 cells were sequenced using a NovaSeq 6000 SP, with
100bp paired-end reads. Four biological replicates were performed
for each experiment.

RNA-seq of PDX tumors

Snap-frozen tissue pieces of COG-N-519 PDX tumors were collected
24 h following the last miRNA-nanoparticle injection. RNA was iso-
lated from tissue using a TissueLyser II (Qiagen) and the Qiagen miR-
Neasy mini kit (Qiagen). RNA concentration and purity were measured
using a NanoDrop ND-1000 spectrophotometer (NanoDrop technolo-
gies), and integrity was verified using a LabChip GX 24 (PerkinElmer).
The KAPA RNA HyperPrep kit was used with 1 pg input RNA to
generate cDNA libraries. Library concentrations were determined us-
ing the Qubit HS Assay Kit (Thermo Fisher Scientific) and sequenced
on the NextSeq system (high output mode) with 150 bp paired-end
reads. Three tumors from each treatment group were analyzed.

RNA-seq analysis

FastQC was used to remove poor quality reads and to trim Illumina
sequencing adapters.”” Reads were aligned to the human reference
genome HG19 using STAR ultrafast universal RNA-seq aligner.””
RSEM accurate transcript quantification for RNA-seq data was
used to generate a gene read count table and to filter genes with
read counts of 0.”* Differential gene expression analysis was per-
formed using the limma R package.””> Pre-ranked GSEA was per-
formed using WebGestalt 2019.”°

Quantitative real-time PCR analysis

RNA was extracted from cells or tissue as described above. Reverse
transcription was performed using the TagMan MicroRNA Reverse
Transcription Kit to detect miRNAs and Transcriptor First Strand
cDNA Synthesis Kit (Roche) to detect mRNA. TaqgMan probes
(Thermo Fisher Scientific) listed in Table S7 were used to analyze
mRNA expression levels using a QuantStudio 7 Flex Real-Time
PCR System. miRNA expression was normalized to RNU48, and
mRNA expression normalized to GAPDH. Experiments were
repeated 4 times.

Western blotting

Cells grown in 6-well plates were scraped in radioimmunoprecipita-
tion assay (RIPA) buffer supplemented with 1 mM DTT, a protease
inhibitor cocktail, and phosphatase inhibitors (Sigma-Aldrich). Pro-
tein concentration was quantified using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific). Protein lysates (20-25 pg protein)
were mixed with NuPage loading buffer and a reducing agent (Life
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Technologies) and denatured by heating at 85°C for 5 min. Samples
were run on pre-cast 4%-12% Bis/Tris gels (Life Technologies) in
MOPS running buffer (Life Technologies). Protein was transferred
to a 0.45 um polyvinylidene fluoride (PVDF) membrane (Merck
Millipore) using BioRad transfer modules in transfer buffer
(25 mM Tris, 192 mM Glycine, 20% Methanol). Membranes were
blocked in Odyssey blocking buffer (LI-COR) for 1 h at room temper-
ature then incubated in a primary antibody diluted in 5% BSA/TBS
overnight at 4°C. The following antibodies were used for western
blotting: LIN28B (1:1,000, CST 4196S), PHOX2B (1:500, Santa
Cruz sc-376997), and B-actin (1:1,000, Sigma-Aldrich A5441). Fluo-
rescent secondary antibodies conjugated to IRDye680 or IRDye800
(LI-COR) diluted in Odyssey Blocking Buffer (1:15,000) were used
for detection. Images were acquired using an Odyssey CLx (LI-
COR) or a ChemiDoc MP (Biorad) imaging system. Band density
was quantified using LI-COR ImageStudio software, with normaliza-
tion to B-actin. Experiments were repeated 4 times.

Preparation of miRNA mimics nanoparticle complexes

miRNA mimics were purchased from Shanghai GenePharma and
contained 2’-OMe modifications on the first and last 4 bases of the
sense strand to protect the duplex from degradation (Table S6).*°
Star-POEGA nanoparticles were synthesized and complexed to
mimics as described in Teo et al.’® Briefly, 25 pg miRNA mimic
and 75 pg nanoparticles were mixed in 1% glucose solution and incu-
bated for 5 min at room temperature in 70 pL injection volumes and
stored at 4°C for up to 1 week.

Mouse experiments

Female NOD-SCID IL2Ry-null (NSG; ID: NOD.CgPrkdcIL2rgSz-
JAusb) mice at 5-6 weeks of age were purchased from Animal Re-
sources Center (Canning Vale, WA, Australia). Animals were housed
in a specific-pathogen-free environment in Techniplast research ani-
mal cages with filter tops and a floor area of 400 cm® with 2-6 mice/
cage and under 12:12 light/dark cycles. Bedding, Enviro-dry, and ig-
loos were provided for environmental enrichment. Irradiated rat and
mouse breeder cubes and water were provided ad libitum. Mice were
acclimatized for a week prior to experimentation. All animal experi-
ments were conducted at the Children’s Cancer Institute under the
ethics approvals 17/53B and 20/25B, as approved by the UNSW An-
imal Care and Ethics Committee (Sydney, NSW, Australia).

To assess miRNA uptake and activity, COG-N-519 PDX cells (1 X
105cells/mouse) were mixed in RPMI (Life Technologies) and
growth-factor-reduced Matrigel (Corning, Corning, NY, USA) at an
equal volume ratio and implanted subcutaneously into the flank of
mice. Once each tumor reached 100 mm?, mice were placed into
one of two groups (4 mice per group). The miRNAs were given intra-
tumorally as a nanoparticle complex (25 jig miRNA + 75 g nanopar-
ticles) under light anesthesia every 3 days for 7 days. Tumor volume
was measured by Vernier calipers using the following formula: tumor
volume = length x width x height/2. Mice were euthanized 24 h
following the last injection, and tumors were harvested for subsequent
molecular analyses.

Immunohistochemistry (IHC)

IHC staining was performed on 4 pum sections of formalin-fixed
paraffin-embedded (FFPE) tissue using a BOND RX autostainer
with primary antibodies for Ki67 (Thermo #RM-9106 clone SP6,
1:500) and cleaved caspase 3 (CST #9964 clone 5A1E, 1:200). Whole
sections were imaged using an Aperio Slide Scanner, and images
quantified using QuPath software.

miRNA luciferase reporter assay

miRanda-mirSVR*® and Diana-MicroT-CDS* miRNA prediction
tools were used to identify a predicted miRNA binding site for
miR-99b-5p in the PHOX2B 3’ UTR. The last 518 bp of the PHOX2B
3'UTR (NCBI Reference Sequence: NM_003,924.4; see Supplemental
information) flanked by XhoI and NotI recognition sites were synthe-
sized by IDT as a gBlock sequence. A mutated sequence lacking the
predicted miR-99b-5p binding site was also synthesized (see Supple-
mental information). gBlock inserts and recipient psiCHECK2
(Promega) vector DNA were digested with Xhol and NotI restriction
enzymes (NEB) to generate sticky ends and purified using Wizard SV
Gel and PCR Clean-Up columns (Promega). Digested DNA was
ligated at insert:vector ratio of 3:1 using T4 DNA ligase (NEB), and
the resulting ligation reaction was used to transform DH50. compe-
tent E. coli cells in the presence of 100 pg/pL Ampicillin (Sigma).
Ten colonies per plasmid were selected for colony PCR to screen
for successfully transformed clones using the following primers (for-
ward [Fw]: 5-CATCAAGAGCTTCGTGGAGC-3', reverse [Rv]: 5'-
GAAGACTCATTTAGATCCTCACAC-3). Selected colonies were
grown in Luria-Bertani (LB) broth containing 100 pg/puL Ampicillin
and plasmid DNA isolated using the Qiagen plasmid plus maxi kit.
Sanger sequencing using the above primers was used to verify the
sequence of the plasmids.

To perform the luciferase assays, 2 x 10* HEK93T cells were seeded
in white 96-well plates. The following day, 12.5 ng reporter plasmid
and 50 nM miRNA were co-transfected using Lipofectamine 3000
(Thermo Fisher Scientific) in technical triplicates. After 24 h, the
Dual-Luciferase Reporter Assay (Promega) was performed as
described previously.”' Renilla luciferase activity was normalized to
the firefly luciferase signal to normalize for transfection efficiency.
The experiment was repeated 3 times.

Statistics

Statistical analysis was performed using GraphPad Prism 9 using the
indicated tests. When comparing 2 groups, an unpaired two-tailed t
test was used, and when comparing 3 or more groups, an ordinary
one-way ANOVA with Dunnett’s multiple comparisons test was
used, comparing each test condition with the control. *p < 0.05,
#p < 0.01, **p < 0.001, and ***p < 0.0001.

Data availability

Kelly RNA-seq data is available on the GEO repository (GEO:
GSE175729). COG-N-519 RNA-seq data is available on the European
Genome-phenome Archive (EGA) (EGA: EGAD00001008035 and
EGADO00001007754).
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SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2022.01.004.
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