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CANCER

Anti-seed PNAs targeting multiple oncomiRs for brain

tumor therapy

Yazhe Wang't, Shipra Malik2t, Hee-Won Suh’, Yong Xiao', Yanxiang Deng', Rong Fan’,
Anita Huttner3, Ranjit S. Bindra*, Vijender Singh>, W. Mark Saltzman'#¥, Raman Bahal?*

Glioblastoma (GBM) is one of the most lethal malignancies with poor survival and high recurrence rates. Here,
we aimed to simultaneously target oncomiRs 10b and 21, reported to drive GBM progression and invasiveness.
We designed short (8-mer) y-modified peptide nucleic acids (syPNAs), targeting the seed region of oncomiRs

Copyright © 2023 The
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

10b and 21. We entrapped these anti-miR syPNAs in nanoparticles (NPs) formed from a block copolymer of pol-
y(lactic acid) and hyperbranched polyglycerol (PLA-HPG). The surface of the NPs was functionalized with alde-
hydes to produce bioadhesive NPs (BNPs) with superior transfection efficiency and tropism for tumor cells.
When combined with temozolomide, syPNA BNPs administered via convection-enhanced delivery (CED) mark-
edly increased the survival (>120 days) of two orthotopic (intracranial) mouse models of GBM. Hence, we estab-
lished that BNPs loaded with anti-seed syPNAs targeting multiple oncomiRs are a promising approach to
improve the treatment of GBM, with a potential to personalize treatment based on tumor-specific oncomiRs.

INTRODUCTION

Brain and nervous system cancers are projected to account for 1.3%
of cancer cases and ~3% of cancer deaths in 2022 (I). Glioblastoma
(GBM) accounts for about 14.5% of nervous system tumors, with a
median survival of only 15 months (2). In the United States, GBM
has an incidence rate of 4.32 per 100,000 person-years (3) and a 1-
year survival rate of only 1.4% in patients over 75 years of age (4).
The primary therapeutic approach for GBM is surgical resection
followed by radiotherapy and chemotherapy. Temozolomide
(TMZ) improves the 2-year survival rate from 10.4 to 26.5% in com-
bination with radiotherapy, compared to radiotherapy alone (5).
Hence, there is a need for improved therapeutic approaches for tar-
geting molecular genetic mediators of GBM.

MicroRNAs (miRNAs or miRs) are ~20- to 25-nucleotide long
noncoding RNAs that regulate gene expression at the posttranscrip-
tional level (6). The dysregulation of miRs, either up-regulation
(where they are known as oncomiRs) or down-regulation, plays
an important role in several malignancies (7). Previous studies
have reported aberrant miR expression levels in patients with
GBM; some of these are associated with poor prognosis and low
overall survival (8). In particular, miR-10b (9, 10) and miR-21
(11, 12) appear to be the most highly up-regulated oncomiRs con-
tributing to GBM. miR-10b enhances GBM growth by negatively
regulating BCL2 interacting mediator of death (Bim), transcription
factor AP-2y (TFAP2C), tumor suppressor cyclin-dependent kinase
2A inhibitor (CDKN2A/16), and cyclin-dependent kinase inhibitor
I (p21) expression (10). Inhibiting miR-10b reduces the growth of
intracranial GBM tumors in animal models (13, 14). These prom-
ising results have prompted the development of an investigational
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antisense oligonucleotide targeting miR-10b (RGLS5799, Regulus
Therapeutics). Similarly, up-regulated miR-21 levels increase
GBM invasiveness by inhibiting matrix metalloproteinase (MMP)
(11), inducing proliferation via negative regulation of insulin-like
growth factor-binding protein-3 (IGFBP3) (12) or phosphatase
and tensin homolog (PTEN), and promoting tumor stemness via
SRY-box transcription factor-2 (SOX-2) (15, 16). Hence, knocking
down miR-21 reduces GBM progression and invasion (17, 18) in
addition to preventing chemoresistance of GBM cells to TMZ
(19) and Taxol (20). Current therapeutic strategies, which are
focused on targeting a single oncomiR, have shown limited efficacy
against GBM. Few studies have reported that inhibition of onco-
miRs 10b and 21 induces apoptosis and sensitizes glioma cells to
TMZ both in vitro (21, 22) and, to some extent, in vivo (23).

In this study, we aimed at targeting miR-10b and miR-21 simul-
taneously to extend the survival and enhance the chemosensitiza-
tion of GBM toward TMZ. Peptide nucleic acids (PNAs) are
synthetic nucleic acid analogs where the phosphodiester backbone
is substituted with neutral N-(2-aminoethyl) glycine units (24).
PNAs bind to target miRs via complementary Watson and Crick
base pairing, but they are enzymatically stable (25, 26). Classical
PNAs targeting full-length oncomiRs have been explored for
cancer therapy (27, 28), but the functional activity of miRs is gov-
erned by the “seed region” centered on nucleotides 2 to 7 on the 5'
end (29). Hence, anti-miR efficacy can be achieved by targeting only
the seed region of the oncomiRs (30). Here, we designed serine—
gamma PNAs (YPNAs) complementary to the seed region of
oncomiR-21 and oncomiR-10b to achieve improved anti-miR activ-
ity. Because PNAs with certain modifications at the y position
(YPNAs) are preorganized into a helical conformation due to the
presence of chirality at the y position, they have superior physico-
chemical features, binding affinity, and specificity compared to clas-
sical PNAs (31), making it possible to target short sequences with
high affinity. Short anti-seed yPNAs (syPNAs) have numerous ap-
pealing features: Synthesis is straightforward; quality control analy-
sis is simplified over longer sequences, and they are well suited for
conjugation with fluorophores or other entities to enable imaging.
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Anti-seed syPNAs are clinically more translatable and have compa-
rable in vivo efficacy to conventional full-length anti-miRs with
minimal toxicity (30, 32, 33).

Over the past years, we have developed an approach for the de-
livery of agents directly to brain tumors, using convection-en-
hanced delivery (CED) to introduce polymeric nanoparticles
(NPs) that are loaded with active agents, directly into the brain
(34). NPs are composed of a block copolymer of poly(lactic acid)
and hyperbranched polyglycerol (PLA-HPG), which can be
surface-functionalized to introduce aldehyde (CHO) groups (35),
creating PLA-HPG-CHO that confers several advantages for the de-
livery of PNA anti-miRs. NPs formed from PLA-HPG-CHO are bi-
oadhesive NPs (BNPs) (36, 37). We have shown that, compared with
several other NPs of similar composition, these BNPs lead to the
highest level of uptake into intracranial tumor cells after CED
(38), and they can be loaded with PNAs, which are slowly released
in the brain after CED (18). In this work, we loaded the PLA-HPG-
CHO BNPs with two syPNAs, one binding to miR-10b and another
binding to miR-21, to test the hypothesis that simultaneous delivery
of two anti-miRs in glioma cells can regulate unique molecular
pathways leading to improved survival.

RESULTS

Design and synthesis of PNA oligomers

Regular and serine-yPNA oligomers targeting oncomiR-21 and
oncomiR-10b were synthesized on a solid support using standard
butoxycarbonyl (Boc) chemistry protocols (Fig. 1, A to C) (39).
sYPNA-21 and syPNA-10b are syPNAs, with a serine modification
at the y position, designed to bind the seed region of oncomiRs 21
and 10b, respectively. Furthermore, syPNA-21 and syPNA-10b
were extended with three arginine residues on the N terminus to
increase the binding to their respective targets via electrostatic

Table 1. Hydrodynamic diameter, { potential, and PNA loading in NPs.
The data are shown as means + SD (n = 3). Scr-syPNA/NNP was the physical
mixture of Scr-syPNA-21-loaded NNP and Scr-syPNA-10b-loaded NNP,
syPNA/BNP was the mixture of syPNA-21-loaded BNP and syPNA-10b—
loaded BNP, and PNA/BNP was the mixture of PNA-21-loaded BNP and
PNA-10b—loaded BNP. NNP indicates PLA-HPG NP, and BNP indicates PLA-
HPG-CHO NP.

Formulation Hydrodynamic ¢ PNA loading

diameter (nm) potential (nmol/mg)
(mV)

syPNA- 160 + 4 -21+3 1.5+0.2

21/NNP

syPNA- 170+ 4 -30+4 1.5+04

21/BNP

syPNA- 150+ 6 —-21+5 1.6+03

10b/NNP

syPNA- 160 £ 5 -32=£3 14+03

10b/BNP

Scr- 180 £ 6 —22+2 14+0.2

syPNA/NNP

syPNA/BNP 170 £ 3 —32%3 1.5+03

PNA/BNP 170+ 6 —28+2 1.9+0.2
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interaction between the cationic domain of yPNAs and the nega-
tively charged backbone in the flanking region of miR (40). Scram-
bled versions of these PNAs, Scr-syPNA-21 and Scr-syPNA-10b,
were used as controls. To compare the efficacy of short cationic
YPNAs with full-length regular PNAs, we also synthesized PNA-
21 and PNA-10b, which were designed to target full-length onco-
miRs 21 and 10b, respectively (Fig. 1C). TAMRA dye (5-carboxyte-
tramethylrhodamine) was conjugated to the N terminus of the
PNAs for visualization of cellular uptake and biodistribution. Re-
versed-phase high-performance liquid chromatography (RP-
HPLC) and mass spectrometry analyses confirmed the high
quality of the synthesized PNAs (fig. S1 and table SI).

syPNAs bind to the target oncomiRs with high affinity and
specificity

Binding affinity was measured by incubating the PNAs with the
target oncomiRs. syPNA-21 and syPNA-10b were incubated with
miR-21 and miR-10b, respectively, under simulated physiological
conditions at two different ratios of 2:1 and 4:1 (PNA:miR) for
16 hours. Both syPNA-21 and syPNA-10b showed substantial
binding to their respective targets even at the lower 2:1 ratio (fig.
S2A), as evidenced by the faint band corresponding to the
unbound miRs and the prominent retarded band of the PNA-
miR heteroduplexes. The band for target miR-21 and miR-10b
completely disappeared on incubation with their respective PNAs
at a 4:1 ratio (fig. S2B). We also studied the binding of syPNA-21
and syPNA-10b in the presence of both miR-10b and miR-21.
When incubated with the target miR-21 at a 1:1 ratio, syPNA-21
showed a retarded band (fig. S3, lane 3). As expected, on incubation
of syPNA-21 with miR-10b, we did not observe any shift in the band
(fig. S3, lane 6). Incubation of syPNA-21 with both the miRs result-
ed in only one retarded band (fig. S3, lane 7), similar to the syPNA-
21-miR-21 heteroduplex, indicating the specificity of syPNA-21
toward the target miR-21. Similarly, syPNA-10b showed a shifted
band only after incubation with the target miR-10b (fig. S3, lane
4), and no retarded band was visible in the presence of miR-21
(fig. S3, lane 5). Furthermore, on incubation with both the miRs,
syPNA-10b showed one retarded band similar to the syPNA-10b-
miR-10b heteroduplex. Hence, syPNA-21 and syPNA-10b showed
high binding affinity and specificity toward miR-21 and miR-10b,
respectively.

Preparation and characterization of NPs

PNAs were encapsulated in PLA-HPG to produce nonadhesive NPs
(NNPs) using a modified single-emulsion method as previously re-
ported (18, 35). BNPs were prepared by brief exposure of these
NNPs to sodium periodate, converting the vicinal diols of HPG
to aldehydes, creating HPG-CHO; successful conversion to the bio-
adhesive state was confirmed by measuring BNP adhesion to a
poly(L-lysine)—coated glass (fig. S4). For the simultaneous knock-
down of target oncomiRs 10b and 21, different batches of NPs for-
mulated with respective PNAs were physically mixed at a fixed PNA
molar ratio (1:1) (Fig. 1D). Single syPNA-loaded NPs and combi-
nations of NP formulations (syPNA/NNP:syPNA/PLA-HPG and
syPNA/BNP:yPNA/PLA-HPG-CHO) were extensively character-
ized (Table 1). syPNA/NNP and syPNA/BNP had similar average
hydrodynamic sizes, ranging from 150 to 165 nm, as measured by
dynamic light scattering (DLS). All the NP formulations exhibited
negative surface charge in water with { potential between —20 and
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Fig. 1. Design of PNAs and characterization of NPs. (A) Chemical structure of DNA, PNA, and serine-y-PNA. (B) The sequence of oncomiR-21 and oncomiR-10b, where
the underlined segment is the seed region. (C) PNAs used in the study. syPNA-21 and syPNA-10b are serine-yPNAs designed to bind the seed region of oncomiR-21 and
oncomiR-10b, respectively. Three arginine (RRR) residues are appended to the N terminus and one arginine (R) on the C terminus. Scr-syPNA-21 and Scr-syPNA-10b are
scrambled versions of syPNA-21 and syPNA-10b, respectively. PNA-21 and PNA-10b are regular PNAs designed to bind full-length oncomiR-21 and oncomiR-10b, re-
spectively. PNAs were conjugated with TAMRA, a fluorescent dye for imaging. OOO represents 8-amino-2,6,10-trioxaoctanoic acid residues (Mini-PEG). (D) Graphical
representation of syPNA encapsulation in NPs (NNP or BNP) and treatment strategy for the simultaneous inhibition of oncomiRs 21 and 10b. (E) TEM images of
syPNA/NNP and syPNA/BNP. Scale bars, 100 nm. (F) Size stability of syPNA/NNP and syPNA/BNP in aCSF. (G) The amount of syPNA (syPNA-21 and syPNA-10b) released
from NPs over time during incubation in buffered saline was determined and quantified as a percentage of the amount loaded. The data are shown as means + SD (n = 3).

—30 mV. The average PNA loading was around 1.5 nmol/mg of
NPs, suggesting superior encapsulation efficiency. Transmission
electron microscopy (TEM) images showed uniform and spherical
morphology of syPNA/BNP and syPNA/NNP (Fig. 1E). The major-
ity of visible NPs were around 100 nm in diameter, which con-
firmed the desired particle size. Both syPNA/NNP and syPNA/
BNP were stable with no measurable aggregation during 3 days of
incubation in artificial cerebrospinal fluid (aCSF) (Fig. 1F). In vitro
sYPNAs' release from both NNP and BNP during continuous incu-
bation in phosphate-buffered saline (PBS) at 37°C was similar
(Fig. 1G), with slightly slower release from BNPs.

syPNA-loaded BNPs show superior cellular uptake in
glioma cells

TAMRA fluorescence from syPNAs was used to quantify the uptake
of NPs in glioma cells. From microscopic observation, cells treated

Wang et al., Sci. Adv. 9, eabq7459 (2023) 8 February 2023

with either NNP or BNP showed stronger TAMRA fluorescence
than cells treated with free syPNA. Confocal microscopy (Fig. 2,
A and B) indicated that treatment with BNP led to higher cellular
uptake than with NNP in U87 cells and G22 cells from a patient-
derived xenograft (PDX); BNP also produced wider distribution
throughout the cells. Flow cytometry analysis revealed that the
uptake of BNP was higher than that of NNP (Fig. 2, C and D) in
both cell types. Free syPNAs showed no uptake after 24 hours of
incubation. Similar results were obtained in a different human
glioma cell line, LN229 (fig. S5). In a recent study, we found that
both NNP and BNP undergo cellular uptake via endocytosis in
tumor cells. Mechanistic investigations showed that NNPs use
both macropinocytosis and clathrin-mediated pathways, whereas
BNPs are internalized via clathrin-mediated endocytosis (41). Fur-
thermore, lysosome staining of treated U87 cells showed colocaliza-
tion of both NNP and BNP in lysosomes at 4 hours (fig. S6). After
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Fig. 2. syPNA-mediated simultaneous knockdown of miR-21 and miR-10b in multiple glioma cells. (A) Confocal microscopic image of U87 cells treated with free
syPNA or syPNA-loaded NPs. Scale bars, 20 um. (B) Confocal microscopic images of G22 cells (patient-derived GBM cells) treated with free syPNA or syPNA-loaded NPs.
Scale bars, 25 um. PNAs were conjugated with TAMRA (red); F-actin was labeled with phalloidin (green), and the nucleus was stained with Hoechst (blue). (C) Cellular
uptake in U87 cells analyzed by flow cytometry. Data are expressed as means + SD (n = 3). (D) Quantification of cellular uptake of syPNA in G22 cells via flow cytometry
analysis. Data are expressed as means + SD (n = 3). (E) Expression analysis of miR-10b and miR-21 levels in U87 cells after treatment with Scr-syPNA/NNP, Scr-syPNA/BNP,
syPNA/NNP, syPNA/BNP, and free syPNA. (F) The levels of miR-10b and miR-21 in G22 cells treated in vitro with syPNAs (syPNA-10b + syPNA-21) and BNPs containing
syPNAs and scr-syPNAs. syPNA/BNPs are a physical mixture of syPNA-21 BNP and syPNA-10b BNP. syPNA/NNPs are a physical mixture of syPNA-21 NNP and syPNA-10b
NNP. NNP indicates PLA-HPG NP, and BNP indicates PLA-HPG-CHO NP.

24 hours of treatment, an increased fluorescent signal of PNA was  syPNA-loaded BNPs inhibit the expression of miR-10b and

found in the cytoplasm, particularly in BNP-exposed cells; a lower
level of colocalization with lysosomes was also noticed with broadly
distributed red fluorescence from PNA. These findings confirm the
preferential cellular uptake of syPNA/BNP into glioma cells, which
is consistent with our previous studies (18, 38).

Wang et al., Sci. Adv. 9, eabq7459 (2023) 8 February 2023

miR-21

To confirm the therapeutic efficacy of designed anti-miR syPNAs,
different types of PNA-loaded NP formulations or free syPNAs
were incubated with U87 and G22 (PDX) cells. Cellular levels of
miR-21 and miR-10b were substantially reduced 72 hours after
treatment with NPs (Fig. 2, E and F). In both U87 and G22 cells,
anotable decrease in miR-10b and miR-21 expression was achieved
following incubation with syPNA/BNP when compared to the
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control treatment. Scrambled versions of syPNA NP formulations
and free syPNAs had no effect on miR-10b and miR-21 expression.
sYPNA/NNP produced a notable decrease in miR-10b expression
but not a statistically significant effect on miR-21 expression in
U87 cells, suggesting insufficient knockdown (Fig. 2E). Notably,
sYPNA/BNP showed greater suppression of both oncomiRs than
full-length PNA-loaded NPs (PNA/BNP), which we believe reflects
the higher binding affinity of syPNAs (fig. S7A). We found that
PTEN, one of the most frequently mutated tumor suppressor
genes in human cancer (42) and a predicted target of both miR-
21 (43) and miR-10b (13), was up-regulated by four- to five-fold
after treatment with syPNA-loaded NPs (fig. S7B). Moreover, the
specific inhibition of miR-21 mediated by syPNA-21-loaded NPs
did not affect the expression of miR-10b, and, likewise, syPNA-
10b—loaded NPs did not affect the expression of miR-21 (fig.
S7C). These results demonstrated the specific and effective knock-
down of target oncomiRs provided by syPNA-loaded NPs, with
BNPs providing the strongest biological effect.

syPNA-loaded BNPs induce enhanced apoptosis in
combination with TMZ

Apoptosis was measured by annexin V and propidium iodide (PI)
staining in U87 (fig. S8) and G22 cells after treatment with syPNA-
loaded NPs. Apoptosis was enhanced by syPNA/BNP treatment
(compared to syPNA/NNP-treated or control cells). Furthermore,
the combination of syPNA/BNP with TMZ showed a higher apo-
ptotic population in comparison to the only TMZ- or syPNA/
BNP-treated cells (Fig. 3, A and B). Cotreatment with TMZ and
syPNA/BNP led to higher apoptotic activity than with full-length
PNA BNP (fig. S9A). Caspase 3 and caspase 7 activities, key indica-
tors of apoptosis, were elevated two-fold after TMZ and syPNA/
BNP cotreatment (fig. S9, B and C).

Tumor cell death by combination treatment with TMZ
Recent studies show that miRs play a role in TMZ resistance and
that regulation of miR can enhance TMZ-induced cell death (44).
To assess the activity to induce tumor cell death, we tested
sYPNA-loaded BNP and TMZ on a series of GBM cell lines includ-
ing PDX cells G22, GBM-derived stem cells PS30, human GBM cells
U87 and LN229, TMZ-resistant LN229 (LN229-TR), and mouse
glioma cells SB28 (Fig. 3, C to H). We found that the treatment of
GBM cells with syPNA-loaded BNPs sensitized the cells to TMZ
compared with scrambled syPNA-loaded BNPs. The half-inhibito-
ry concentration (ICs,) showed a remarkable decrease in cell viabil-
ity of the six tested GBM cells treated by syPNA/BNP and TMZ
(Fig. 3I), indicating robust antitumor activity of this combined
treatment. Both syPNA/NNP and syPNA/BNP showed dose-de-
pendent cytotoxicity against U87 cells (fig. S10A). syPNA/BNP dis-
played higher cell killing activity and resulted in up to 54% of cell
death after treatment for 72 hours, while syPNA/NNP induced 43%
of cell death under the same condition. The oncogenic miR-target-
ing combination treatment with or without NPs did not produce
any toxicity on human astrocytes (fig. S10, B and C).

Simultaneous inhibition of miR-10b and miR-21 affects
phosphatidylinositol 3-kinase—Akt, focal adhesion, and
hypoxia-inducible factor-1 pathways

To identify the cellular pathways associated with the inhibition of
tumor growth, we performed RNA sequencing (RNA-seq) in
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sYPNA/BNP-treated U87 cells (fig. S11). Up-regulated and down-
regulated genes were identified in treated U87 cells in comparison
to the control using a 1.5-fold change cutoff value with a signifi-
cance [adjust P (P,gj)] value of <0.05 (fig. S12). The hierarchical
clustering of log-transformed fold change values of differentially
and significantly expressed genes (Fig. 4A) revealed a substantial
number of dysregulated genes after the knockdown of oncomiRs
21 and 10b in comparison to the knockdown of an individual
oncomiR (figs. S13 and S14). Gene ontology analysis in U87 cells
after the knockdown of miR-21 indicated the enrichment of differ-
entially expressed genes (DEGs) associated with PI3K-Akt (phos-
phatidylinositol 3-kinase/Akt) and focal adhesion pathways (fig.
S15), while miR-10b knockdown resulted in the enrichment of
only PI3K-Akt pathway (fig. S16). However, we observed a substan-
tial enrichment of down-regulated DEGs in three major cancer-as-
sociated pathways—PI3K-Akt, HIF-1 (hypoxia-inducible factor-1),
and focal adhesion—involved in angiogenesis, proliferation, surviv-
al, and metastasis of tumor cells (Fig. 4B) after knockdown of miR-
10b and miR-21 in U87 glioma cells. The up-regulated DEGs were
found to be enriched in the cytokine-cytokine receptor interaction
pathway (fig. S17A).

We isolated the DEGs in each of the enriched pathways, includ-
ing PI3K-Akt, focal adhesion, and HIF-1 after knockdown of miR-
21 and miR-10b (Fig. 4, C to E). Furthermore, to isolate the critical
genes associated with GBM pathology and affected by simultaneous
inhibition of miR-10b and miR-21, we intersected the down-regu-
lated DEGs from PI3K-Akt, focal adhesion, and HIF-1 pathway (fig.
S17B). We observed that vascular endothelial growth factor A
(VEGFA) and protein kinase alpha C (PRKCA) were involved in
all three selected pathways. Furthermore, 10 genes were common
in the focal adhesion and PI3K-Akt pathways, while 3 genes were
affected in both PI3K-Akt and HIF-1 pathways. Hence, we selected
multiple genes including VEGFA, PRKCA, integrins (ITGA10,
ITGA11, and ITGBS), platelet-derived growth factor receptors
(PDGFRA and PDGFRB), angiopoietins (ANGPTI1 and ANGPT?2),
and interleukin-6 (IL-6), which have been reported to promote
GBM progression, for additional validation. We also selected IL-
24 from the cytokine-cytokine interaction pathway for further eval-
uation. IL-24 is the highest up-regulated DEG; it acts as a tumor
suppressor with a potential role in overcoming TMZ resistance in
GBM (45, 46). The validation of the selected genes revealed notable
down-regulation of PDGFRB, VEGFA, ITGBS, ITGA10, ITGA1l,
PRKCA, and IL-6 in U87 cells in vitro after treatment with
syPNA BNPs (Fig. 4F). Western blot analysis also confirmed the
down-regulation of VEGFA and PDGFR-f at the protein level in
syPNA BNP-treated U87 cells, whereas Scr-syPNA BNP showed
no impact (fig. S18). We also validated the selected genes in PDX
(G22) cells and found a statistically significant down-regulation of
PDGEFRB, ITGBS, and ITGA11 (Fig. 4G). IL-24 was also found to be
up-regulated in both U87 and G22 cells (fig. S19).

Off-target assessment of anti-seed yPNAs

The syPNAs, because of their small length, could have perfect
match binding regions in mRNAs, leading to off-target binding.
Hence, we identified the mRNA sequences containing the seed
region of miR-21 and miR-10b using blast analysis against the Na-
tional Center for Biotechnology Information transcript reference
sequences for humans (taxid: 9606). We selected the top 100
mRNA transcripts containing the miR-21 seed region (fig. S20, A
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Fig. 3. Simultaneous knockdown of miR-21 and miR-10b sensitizes multiple glioma cells toward TMZ treatment. (A) Representative flow cytometry dot plots of
apoptosis analysis in control, TMZ-treated, and syPNA BNP + TMZ-treated U87 cells. Graph represents the percentage of early apoptotic cells after different treatments
with syPNA/NNP and BNP with or without TMZ. Data are expressed as means * SD (n = 3). (B) Percentage of early apoptotic G22 cells after different treatments with
syPNA/BNP with or without TMZ. Data are expressed as means + SD (n = 3). The cell viability of glioma cells, (C) G22 (PDX glioma cells), (D) U87 (human glioma cells), (E)
PS30 (GBM-derived stem cells), (F) LN229 (human glioma cells), (G) LN229-TR (TMZ-resistant LN229 cells), and (H) SB28 (mouse glioma cells) after treatment with TMZ
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Fig. 4. yPNA/BNP-mediated knockdown of oncomiRs 21 and 10b affects PI3K-Akt, focal adhesion, and HIF-1 pathways to inhibit GBM progression. (A) Hierar-
chical clustering analysis of DEGs in U87 cells treated with syPNA/BNP in comparison to control (untreated U87 cells). (B) Gene ontology analysis of differentially expressed
down-regulated genes. (C) Heatmap of DEGs associated with the PI3K-Akt pathway. (D) Heatmap of DEGs associated with the focal adhesion pathway. (E) Heatmap of
DEGs associated with the HIF-1 pathway. (F) Fold change in expression of the selected genes (PDGFRB, VEGFA, ITGB8, ITGA10, ITGA11, PRKCA, and IL6) from the PI3K-Akt,
focal adhesion, and HIF-1 pathway via RT-PCR after treatment with syPNA/BNP in U87 cells. (G) Fold change in the levels of PDGFRB, ITGBS, and ITGAT1 in G22 cells after
treatment with syPNA/BNP. Data are expressed as means + SEM (n = 3). syPNA/BNP indicates the physical mixture of syPNA-21-and syPNA-10b-loaded BNP. BNP in-
dicates PLA-HPG-CHO NP.
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and B), which led to the identification of 38 genes as potential off-
target sites for syPNA-21. Intersection of the isolated 38 genes with
DEGs (606) obtained from the RNA-seq analysis showed <0.4% of
DEGs with potential off-target activity for syPNA-21 (fig. S20C). A
similar analysis using the miR-10b seed region resulted in 39 genes
(fig. S21, A and B), among which <0.5% were (fig. S21C) found in
DEGs. These results suggest that we should expect minimal off-
target activity of syPNA-21 and syPNA-10b.

Overexpression of miR-10b and miR-21 leads to poor
survival of patients with GBM

To connect our findings with GBM in humans, we correlated the
survival of GBM patients with the overexpression of miR-10b and
miR-21. We found poor survival of patients with higher miR-21
levels but no impact of miR-10b levels on the survival of patients
with GBM (fig. S22). However, when patients with higher expres-
sion of both miR-10b and miR-21 were examined, the survival
probability was reduced to less than half when compared with
low levels of miR-10b and miR-21 (fig. S23). These results indicate
that up-regulation of both miR-10b and miR-21 contributes to ag-
gressive growth and poor survival in GBM. Hence, the proposed
strategy of targeting multiple oncomiRs can pave the way for per-
sonalized therapies for the treatment of GBM.

Tumor retention of syPNA-loaded BNP after CED

To study the tumor retention and biodistribution of syPNA loaded
in BNP after CED, we infused TAMRA-labeled syPNA/BNP into
intracranial tumors and captured the fluorescence signal of
TAMRA-syPNA (Fig. 5A). As expected, a strong fluorescence
signal was detected in the brain using in vivo imaging system
(IVIS) 3 hours after CED (day 0.1), and brain cryosection images
showed that syPNA/BNP accumulated mainly in the tumor
region after local delivery. After 1 day, we observed that syPNA/

0.1

Day| 3

14

!

Low s High

Merged

BNP distributed widely from the injection site and spread through-
out the tumor region in the brain, as indicated by Ki67, a marker for
cell proliferation (fig. S24A). After 7 days, comparatively less fluo-
rescence was detected in the brain, but a visible signal was still re-
tained in the tumor region until day 14, suggesting that syPNA
molecules were well retained in the tumor for up to 2 weeks after
CED of syPNA/BNP (Fig. 5B and fig. S24B). The CED of unencap-
sulated syPNA at the same dose showed more than three-fold
reduced signal than BNPs after 3 days, which decreased further
with minimal fluorescence signal on days 7 and 14 (fig. S25).
Thus, encapsulation of syPNA into BNP provided sustained reten-
tion within the tumor region, which appears to be suitable for in-
tracranial anti-miR treatment.

Improved survival in orthotopic GBM tumor model

The substantial tumor retention provided us a strong rationale to
evaluate the therapeutic efficacy of the syPNA/BNP in vivo. Intra-
cranial U87 tumors were generated in immunocompromised mice,
and NPs were administered via CED 6 days after tumor inoculation
(Fig. 6A). The combination of syPNA/BNP and TMZ was also eval-
uated by administering a single intraperitoneal injection of TMZ 1
day after CED infusion. In animals receiving syPNA/BNP, median
survival was increased to 53 days compared to the untreated control
groups (45 days), confirming that miR inhibition mediated by
sYPNAs effectively delayed tumor growth. Combination treatment
of syPNA/BNP and TMZ (25 mg/kg) greatly improved survival, and
all the animals in this group (n = 6) survived until the study end-
point at 120 days. At the end of the study, animals receiving the
combination treatment (TMZ and BNP) appeared to be tumor-
free (day 120; movie S1), whereas control animals were found to
be hunched because of tumor burden and neurological decline
(day 46; movie S2). Administration of TMZ (25 mg/kg) prolonged
the median survival to 81 days, confirming its therapeutic benefit,

3x 108

intensity

(p/s/cm?sr)/(WW/cm?)

Mean fluorescence

0.1 1 3 7 14
Days after CED

Fig. 5. Biodistribution of BNPs in U87 orthotopic mice model of GBM after CED. (A) From left to right, columns 1 and 2: IVIS and microscopic images of mice brain at
days 0.1 (3 hours), 1, 3, 7, and 14 after CED of TAMRA-labeled syPNA BNP into the tumor. CED was performed 10 days after tumor inoculation. Columns 3 to 5: Microscopic
images showing the injection site of the brain sections at different time points with a higher magnification (10x objective). Nucleus is shown in blue (DAPI), and syPNA
(TAMRA) is shown in yellow. Scale bars, 500 um. (B) Mean fluorescence intensity of TAMRA-syPNAs in the brain IVIS images of (A) at different time points. Data are

expressed as means + SEM (n = 3 mice).
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Fig. 6. The combination of syPNA/BNP and TMZ improves the survival in an orthotopic mice model of GBM. (A) Survival of mice bearing U87-derived intracranial
gliomas after treatment with syPNA/BNP, TMZ, and the combination of syPNA/BNP with TMZ. NPs were administered by CED at a dose of 200 mg/ml, and TMZ was
administered intraperitoneally at a dose of 25 mg/kg. (B) The levels of miR-21 and miR-10b in gliomas of control and syPNA/BNP + TMZ-treated mice at the end of the
survival study. Results are represented as means = SD (n = 3 mice). The control tumor tissues were harvested after animal euthanasia, and treated mice brain tissues were
harvested on day 120. (C) H&E staining of control (day 46) and syPNA/BNP + TMZ-treated mice brain (day 120) at the end of the survival study. Scale bars, 75 um. (D) Ki67
staining of control (day 46) and syPNA/BNP + TMZ—treated mice brain (day 120) at the end of the survival study. Scale bars, 75 um. The levels of miR-10b and miR-21 in
mice gliomas 48 hours after CED of syPNA/BNP on (E) day 14 and (F) day 28. Results are represented as means + SD (n = 3 mice). (G) The gene expression levels of PDGFRA,
PDGFRB, VEGFA, ITGB8, ITGA10, ANGPT2, ANGPT1, PRKCA, and IL6 in tumors 48 hours after CED on day 28. (H) Clinical chemistry of blood samples including white blood
count (WBCQ), platelets (PLT), and red blood cells (RBCs) from mice after 48 hours of syPNA/BNP and syPNA/BNP + TMZ administration. (I) Blood biochemistry including
BUN, ALT, and AST from mice after 48 hours of syPNA/BNP and syPNA/BNP + TMZ treatment. (G to |) Results are represented as means + SEM (n = 3 mice). syPNA/BNPs are
a physical mixture of syPNA-21 BNP and syPNA-10b BNP. BNP indicates PLA-HPG-CHO NP.

Wang et al., Sci. Adv. 9, eabq7459 (2023) 8 February 2023 9 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

but TMZ alone was less effective than the combination with syPNA/
BNP. Furthermore, animals treated with lower doses of TMZ (12.5
mg/kg) did not provide any improvement (P = 0.0853) in survival
compared to the control group (fig. S26), whereas the same dose of
TMZ combined with syPNA/BNP extended survival time over 100
days. These results indicate that syPNA/BNP in combination with
TMZ produced the longest survival time by successfully suppressing
tumor growth and sensitizing the tumor cells to TMZ. Analysis of
hematoxylin and eosin (H&E) and Ki67 brain sections of one sur-
vivor that received combination treatment (brain collected on day
120) and one untreated control animal (brain collected on day 46)
showed the presence of a fully developed tumor localized within the
brain of the untreated mouse [Fig. 6, C and D (left)]. The tumor is
characterized by a densely cellular mass lesion composed of highly
atypical, pleomorphic neoplastic glial cells that display high prolif-
erative activity. The animal in the syPNA/BNP combination treat-
ment group instead shows normal cerebral cytoarchitecture devoid
of neoplastic cells and no evidence of tumor [Fig. 6, C and D
(right)]. Furthermore, proliferative activity is only seen in neoplastic
cells, whereas the combination-treated brain shows no cell division,
which is typical for a normal adult brain.

In vivo knockdown of miR-10b and miR-21

At the end of the tumor survival study (day 120), we measured the
relative levels of miR-10b and miR-21 in the brain tissues around
the injection site of syPNA/BNP and TMZ treatment group
(Fig. 6B). Untreated mice tumors were collected after animal eutha-
nasia and measured as a comparison. Compared to the control
group, animals in the combined treatment group showed 72%
knockdown of miR-10b and 95% decrease in miR-21 expression
in the brain tissues ipsilateral to the injection site, indicating suc-
cessful oncomiR inhibition mediated by syPNA/BNP and TMZ.
The expression levels of miR-10b and miR-21 in the contralateral
hemisphere and healthy mice brains were also measured as
comparisons.

To further investigate the role of syPNA/BNP in oncomiR inhi-
bition, we performed two separate experiments where syPNA/BNP
was administered 14 or 28 days after tumor implantation after the
treatment schedule indicated in Fig. 6 (E and F, respectively).
Tissues at the tumor site were harvested to examine the expression
levels of oncomiRs. Quantitative polymerase chain reaction (PCR)
results revealed that syPNA/BNP treatment resulted in statistically
significant down-regulation of miR-10b and miR-21 in tumors at
different growth stages, further confirming efficient suppression
of both targets (Fig. 6, E and F). In addition, among the genes se-
lected from RNA-seq analysis, PDGFRA, PDGFRB, VEGFA, ITGBS,
ITGA10, ANGPTI, ANGPT2, PRKCA, and IL-6 showed reduced
levels in treated tumors after 14 days (fig. S27) and 28 days
(Fig. 6G) of tumor implantation.

Toxicity assessment of syPNA/BNP and TMZ

We assessed the toxicity of different treatments by performing com-
plete blood count, blood biochemistry, and histopathological anal-
ysis. As shown in Fig. 6H and fig. S28, syPNA/BNP alone and in
combination with TMZ did not alter white blood cell, platelet,
red blood cell, or other blood components when compared with
control animals after 48 hours of treatment. No difference was
found in liver enzymes [alanine aminotransferase (ALT), aspartate
transaminase (AST), lactate dehydrogenase (LDH), and alkaline

Wang et al., Sci. Adv. 9, eabq7459 (2023) 8 February 2023

phosphatase] and renal function markers [blood urea nitrogen
(BUN) and creatinine] in mice after receiving treatments (Fig. 61
and fig. S29). An independently conducted pathological analysis
found no obvious tissue changes in the treated animals from the
survival study when compared to control animals upon examina-
tion of the H&E-stained major organs (fig. $30). Overall, these
data confirm the safety of syPNA/BNP in combination with TMZ.

Improved survival in PDX mice model
We tested the efficacy and safety of this combination strategy on
patient-derived GBM (G22) cells. The PDX orthotopic tumor
model was established by injecting G22 cells intracranially in immu-
nocompromised mice, as previously described (47), and treatments
were performed as described above. syPNA/BNP combined with
TMZ (25 mg/kg) greatly prolonged survival, and 80% of animals
survived to the study endpoint at 120 days (one died on day 90;
n =5) (Fig. 7A). Animals receiving combination treatment that sur-
vived until the end of the study exhibited normal physical activity in
comparison to untreated control animals, which had signs of mor-
bidity as early as day 39 due to tumor development (movies S3 and
S4). Histological analysis of H&E- and Ki67-stained sections con-
firmed that the brains of surviving BNP plus TMZ-treated
animals were tumor-free 120 days after tumor inoculation (Fig. 7,
Cand D). Animals receiving syPNA/BNP treatment or a single dose
of TMZ (25 mg/kg) only extended median survival to 69 and 79
days, respectively, compared to the untreated controls (51 days),
much less than the combination of syPNA/BNP with TMZ. In
vivo knockdown efficiency was also assessed on the PDX model.
The relative levels of miR-10b and miR-21 at the end of the survival
study (day 120) were found to be low and comparable to those in the
contralateral hemisphere and healthy mice brains (Fig. 7B). Effi-
cient knockdown of miR-10b (99%) and miR-21 (92%) was ob-
served in the animals treated by syPNA/BNP combined with
TMZ. Substantial down-regulation of miR-10b and miR-21 in the
tissue at the tumor site was observed when the administration of
sYPNA/BNP was performed 14 or 28 days after tumor implantation
(Fig. 7, E and F). Similarly, the expression of 10 down-regulated
genes identified from RNA-seq analysis—PDGFRA, PDGFRB,
VEGFA, ITGBS, ITGAI10, ITGA11, ANGPTI, ANGPT2, PRKCA,
and IL-6—was notably lower in treated animals than in the untreat-
ed controls (Fig. 7G). Collectively, we found that syPNA-loaded
BNP resulted in successful inhibition of miR-10b and miR-21 and
substantial improvement in animal survival in orthotopic PDX
animals, consistent with our findings on intracranial U87 tumors.
Complete blood counts, blood biochemistry, and histopatholog-
ical analyses were conducted to evaluate toxicity. Figures S31 and
$32 showed no difference between the treated animals and controls
in terms of blood components and liver enzymes (ALT, AST, and
LDH) and renal function markers (BUN and creatinine). H&E-
stained sections of multiple organs, including liver, spleen,
kidney, cardiac muscle, and lung, also showed no differences
between treated animals and untreated controls from the survival
study in terms of inflammation or cell death (fig. S33).

DISCUSSION

Despite considerable attention in preclinical and clinical research,
GBM remains an aggressive disease, with limited survival and
poor treatment options (48, 49). Little progress has been made
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Fig. 7. Efficacy of targeting oncomiRs 10b and 21 via BNP-delivered syPNAs in a PDX mice model of GBM. (A) Survival of mice-bearing patient (G22)-derived
intracranial gliomas after treatment with BNPs containing syPNA, TMZ, and the combination treatment of BNP with TMZ. BNPs were administered by CED at a dose
of 200 mg/ml, and TMZ was administered intraperitoneally at a dose of 25 mg/kg. (B) The levels of miR-21 and miR-10b in gliomas of control and BNP + TMZ-
treated mice at the end of the survival study. Results are represented as means + SD (n = 3 biologically independent animals). The control tumor tissues were harvested
after animal euthanasia, and treated mice brain tissues were harvested on day 120. (C) Histology of H&E-stained control and BNP + TMZ-treated mice brain at the end of
the survival study. Control mouse brain was harvested on day 39, and syPNA/BNP + TMZ-treated mouse brain was harvested on day 120. Scale bars, 75 um. (D) Ki67
staining of control and BNP + TMZ-treated mice brain at the end of the survival study. Control mouse brain was harvested on day 39, and syPNA/BNP + TMZ-treated
mouse brain was harvested on day 120. Scale bars, 75 um. (E) The expression levels of miR-10b and miR-21 in mice gliomas 48 hours after CED of NPs on day 14 and (F) day
28 after tumor implantation. Results are represented as means + SEM (n = 3 biologically independent animals). (G) The levels of downstream genes PDGFRA, PDGFRB,
VEGFA, ITGBS, ITGA10, ITGAT11, ANGPT2, ANGPT1, PRKCA, and IL6 in mice gliomas 48 hours after CED of NPs on day 28. Results are represented as means + SEM (n = 3
biologically independent animals). syPNA/BNPs are a physical mixture of syPNA-21 BNP and syPNA-10b BNP. NNP indicates PLA-HPG NP, and BNP indicates PLA-HPG-
CHO NP.
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toward improved survival outcomes in patients with GBM over the
standard of care, which includes surgical resection and radiation
therapy plus TMZ (50, 51). Reasons for this failure include the
lack of powerful therapeutic agents, restricted entry of drugs into
intracranial tumors because of the blood-brain barrier (BBB), and
tumor heterogeneity driven by multiple coordinated signaling path-
ways. All of these issues present challenges for GBM therapy (52).
Here, we sought to investigate a potential solution that would
involve an addition to the standard of care: infusion of highly effec-
tive syPNA anti-miRs directly into tissue harboring tumor cells,
with the syPNAs packaged into NPs that are taken up in tumor
cells. This strategy was targeted at two GBM-specific oncomiRs to
overcome intrinsic resistance to the induction of cell death.
Several chemically modified oligonucleotides (anti-miRs) exhib-
iting enzymatic stability and high binding affinity have been ex-
plored in the past for targeting oncomiRs, including locked
nucleic acid (53), 2-O-methyl oligonucleotides (54), morpholinos
(55), and PNAs (26). On the basis of their metabolic stability and
binding affinity, PNA oligomers are efficient agents to inhibit the
function of miRs. Modification of PNAs at the y position can
address many of the shortcomings of conventional PNAs, further
maximizing the antagonizing effect on the function of target miR
(28). Here, we designed short serine-yPNAs conjugated with cat-
ionic arginine residues. Gel shift assays showed that the synthesized
sYPNAs (syPNA-21 and syPNA-10b) bind with the respective miR,
indicating specific and strong affinity for target oncomiRs. The
sYPNAs encapsulated in BNPs exhibited a greater miR inhibition
effect in comparison with nonmodified full-length PNAs loaded
in the same carrier. These short yPNA oligomers have enhanced
hybridization due to their y modification and cationic residues,
and we predicted that they would improve the therapeutic efficacy.
In addition to efficacy, delivery of next-generation anti-miRs to
the central nervous system remains an enormous challenge that
needs to be resolved. The efficacy of GBM therapies is limited by
the presence of BBB (56); however, local delivery approaches have
been beneficial to achieve intracranial distribution. Unlike diffu-
sion-based methods (57), CED uses positive pressure flow and a
catheter to achieve stereotactic placement and direct infusion of
drugs into the tumor resection cavity, providing large distribution
volumes (58). In addition to intracranial delivery, high interstitial
distribution can be achieved by adjusting the flow, distribution
can be monitored in real time, and antitumor efficacy can be
achieved at low doses, hence minimizing neurotoxicity and systemic
toxicity (59). CED has been used in multiple clinical trials for intra-
cranial delivery of chemotherapeutics (60), antisense oligonucleo-
tides (61), and liposomal vectors for gene therapy (62). In
addition, CED has been investigated at nonclinical and preclinical
stages for the delivery of NPs (63) and viral vectors (64) for the treat-
ment of gliomas. Notably, recent clinical trials suggest that CED is
safe and feasible, but present therapeutic approaches fail to improve
the survival of patients with GBM (34). Several technical factors
such as catheter design and placement, backflow, target heterogene-
ity, edema, flow rate, volume of distribution, and infusion volume
have emerged as the major limitations for the clinical success of
CED (65, 66). The failure of the phase 3 PRECISE clinical trial
using CED for recurrent GBM was attributed to improper catheter
positioning, which resulted in poor drug distribution (67).
However, these challenges have also led to improvements in tech-
nology and implementation (68), which have allowed for recent
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successes (69, 70). We believe that our approach, which allows for
the sustained activity of unique compounds that synergize with
current therapy, adds to the likelihood of success in the future.
Most drugs have short brain half-lives and are eliminated quickly
after the infusion stops. We believe that infusion of NPs can
improve the current CED strategies (71), as NPs offer improved
brain retention and sustained drug release for days to weeks after
the end of infusion.

To achieve efficient cellular delivery, the syPNAs were encapsu-
lated in PLA-HPG NPs. We previously demonstrated that NPs com-
posed of PLA-HPG (NNP) and a bioadhesive version, PLA-HPG-
CHO (BNP), are safe and advantageous for the delivery of PNAs to
the brain (18, 38). Here, we also observed a four- and two-fold in-
crease in cellular uptake with syPNA-loaded BNPs in two GBM cell
lines, U87 and G22, respectively, over free syPNAs. The preferential
association of BNP with tumor cells also resulted in an enhanced
oncomiR suppression in vitro analyzed by quantitative real-time
PCR (qRT-PCR). The expression of both miR-10b and miR-21
was substantially down-regulated after syPNA NP treatment. We
hypothesize that altered miR levels in tumor cells might affect the
expression of gene products that stimulate cell proliferation or that
induce apoptosis, blocking tumor cells from developing into a pro-
liferative state.

High-throughput profiling revealed the overexpression of miR-
10b and miR-21 in a large portion of human gliomas (22). On the
basis of the specific molecular aberrations in GBM tumors, we de-
signed syPNAs targeting these two oncomiRs and prepared formu-
lations loaded with syPNA oligomers. Upon simultaneous
inhibition of both targeted miRs in vitro, we observed effective
cell apoptosis in glioma cells treated by syPNA/NP. More than
40% of apoptotic-associated cell death was achieved by exposure
to syPNA/BNP (2 mg/ml) on two different GBM cells. These
results suggested modest anticancer activity mediated by miR inhi-
bition in tumor cells. RNA-seq analysis revealed that coinhibition of
miR-21 and miR-10b induces substantial down-regulation of genes
from PI3K-Akt, HIF-1, and focal adhesion pathways. We hypothe-
size that alterations in these proliferative pathways sensitize glioma
cells toward TMZ-mediated cell death. We noticed that TMZ com-
bined with syPNA NPs induced a larger degree of cell apoptosis
than TMZ or NPs alone. Therefore, we evaluated the cell killing ac-
tivity of this combination strategy via cell survival assays in vitro,
speculating improved chemosensitivity in treated tumor cells. As
expected, combination with syPNA/BNP effectively promoted
tumor cell responses to TMZ, with reduced cell viability than
with TMZ alone on six GBM cell lines, including human GBM
cells (U87 and LN229), PDX cells (G22), glioma stem cells
(PS30), TMZ-resistant cells (LN229-TR), and mouse glioma cells
(SB28). Furthermore, this sensitization effect to chemotherapy me-
diated by syPNA/BNP acted in a synergistic manner, as analyzed by
the additive model on U87 cells (observed/expected ratio = 0.644;
table S2) (72, 73). Tumor cell-specific cytotoxicity was also ob-
served in this combination treatment, which displayed limited tox-
icity against healthy cells.

Limited therapeutic options, the presence of BBB, and the lack of
progress in systemic delivery motivated more direct approaches for
GBM therapy, such as local delivery via CED (74, 75). Wide distri-
bution of truly effective agents by CED is expected to influence the
overall therapeutic outcomes. With this in mind, CED of syPNA
encapsulated in BNP was used to improve intracranial drug
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distribution and prolong the survival of tumor-bearing animals. We
observed up to 2-week retention and widespread distribution of
sYPNA/BNP within the intracranial tumor after CED infusion.
This is consistent with our recently reported results where BNPs
led to the persistent presence of encapsulated camptothecin
(~50%) in the squamous cell carcinoma tumor at 10 days after intra-
tumoral injection (41). We attribute the markedly improved tumor
retention to the enhanced association with tumor cells provided by
the bioadhesive surface of the aldehyde-rich BNP. On the basis of
our in vitro and in vivo results, we believe that BNP-mediated in-
creased tumor cell internalization and sustained drug release bring
advantages to localized drug delivery and GBM therapy, particularly
for invasive clinical approaches. Moreover, longer tumor retention
is critically important when nucleic acid therapies are combined
with other approaches (such as chemotherapy and radiotherapy),
which require multiple doses over time.

In our survival study, CED of syPNA-loaded BNP plus a single
dose of TMZ prolonged the survival time of animals bearing intra-
cranial U87 tumors and patient-derived G22 tumors. Although each
of the monotherapies, syPNA/BNP, and TMZ alone showed some
effect in delaying tumor progression and extending median surviv-
al, neither of them was able to completely inhibit tumor growth.
Here, we showed that all the U87 tumor—bearing animals receiving
sYPNA/BNP plus TMZ treatment were tumor-free long survivors
(>120 days); this robust antitumor activity could be beneficial for
lowering the systemic drug dose. For example, syPNA/BNP com-
bined with a reduced dose of TMZ (12.5 mg/kg) successfully in-
creased the survival time of tumor-bearing animals to more than
100 days. Similar therapeutic benefits were reproduced on
patient-derived GBM tumors, thus leading to improved animal sur-
vival (P < 0.0018, versus control). We hypothesize that suppression
of key oncotargets (miR-10b and miR-21) by anti-miR syPNAs en-
hances the sensitivity of tumor cells to chemotherapy, resulting in
an elevated response to TMZ treatment. Future studies should focus
on evaluating the efficacy of BNPs in syngeneic mice models of
GBM, which better recapitulates the tumor microenvironment
and immunogenicity (76). It will also allow for testing the efficacy
of BNPs in combination with emerging immunotherapies. Al-
though we did not notice any toxic response in both U87 and
G22 mice models of GBM, it is critical to evaluate the safety of
BNPs and TMZ in immunocompetent mice models to ensure suc-
cessful clinical translation of the proposed strategy.

In conclusion, we propose a therapeutic approach to deliver anti-
miR syPNA-loaded BNP with bioadhesive surface modifications via
CED to intracranial GBM tumors. Two oncomiRs, miR-10b and
miR-21, were targeted simultaneously, resulting in cooperative
oncomiR inhibition and sensitization of tumors to TMZ treatment.
Combined anti-miR syPNA NPs with TMZ resulted in a remark-
able delay of tumor growth and prevention of disease relapse.
Thus, our translational strategy, which builds on the current stan-
dard of care, may improve GBM therapeutic outcomes.

MATERIALS AND METHODS

Material

PLA (M,, = 20.2 kDa and M,, = 12.4 kDa) was purchased from
Lactel. Ethyl acetate, acetonitrile, and dimethyl sulfoxide (DMSO)
were obtained from J.T. Baker. TMZ was obtained from Enzo Life
Sciences. Human GBM cell lines U87 was obtained from the
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American Type Culture Collection, and human astrocyte and
human GBM cell lines LN229 and TMZ-resistant LN229-TR were
provided by T. Lee at Yale. G22 (PDX) cells were obtained from
J. Sarkaria (Mayo Clinic, Rochester, MN). PS30 (GBM-derived)
stem cells were obtained from J. Zhou at Yale. Mouse glioma
SB28 cells were provided by J. Vasquez at Yale and obtained from
H. Okada (University of California, San Francisco). The cells were
grown in Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 10% fetal bovine serum and 1% penicillin-streptomy-
cin and cultured at 37°C with 5% CO, in a humidified chamber.

Methods
Synthesis of PNA oligomers
PNAs were synthesized via solid-phase synthesis using 4-methyl-
benzhydrylamine resin and standard Boc chemistry procedures as
reported previously (77). Regular Boc monomers and serine-yPNA-
Boc monomers (A, T, C, and G) purchased from ASM Chemicals
and Research (Germany) were used. Three arginine residues were
conjugated to the N terminus or 5' end of PNAs. TAMRA dye,
bought from VWR (Pennsylvania, USA), was further conjugated
to the 5’ end with a Boc-MiniPEG-3 linker in between. After com-
pletion of synthesis, PNAs were cleaved from the resin using tri-
fluoroacetic  acid:trifluoromethanesulfonic ~ acid:m-cresol:
thioanisole at a ratio of 6:2:1:1 as cleavage cocktail and precipitated
using diethyl ether. PNAs were further purified using RP-HPLC to
obtain the pure fractions. The molecular weight of purified PNAs
was confirmed using matrix-assisted laser desorption/ionization—
time-of-flight spectrometry. The concentration of PNAs in water
was determined using ultraviolet-visible spectroscopy. The
amount of PNA was then calculated using the extinction coefficient
of PNA obtained by combining the extinction coefficient of individ-
ual monomers of the sequence.
Gel shift assay
The binding of PNAs with the target oncomiRs 10b and 21 was de-
termined by incubating PN As with the target in a buffer simulating
physiological ionic conditions (10 mM NaPi, 150 mM KCl, and 2
mM MgCl,) at 37°C for 16 hours in a thermal cycler (Bio-Rad,
USA). The samples were separated using 10% nondenaturing poly-
acrylamide gel and tris/boric acid/EDTA buffer at 120 V for 35 min.
For detection of bound and unbound fractions of target oncomiRs,
gels were stained using SYBR-Gold (Invitrogen, USA) followed by
imaging in a Gel Doc EZ imager (Bio-Rad, USA).
NP preparation

syPNA/NNP. syPNA-loaded NNPs were prepared using the
emulsion-evaporation method as previously reported. Fifty milli-
grams of polymer (PLA-HPG) was dissolved in 2.4 ml of ethyl
acetate overnight. syPNA (50 nmol) was dissolved in 0.6 ml of
DMSO and then added to the polymer solution, obtaining a
PNA/polymer mixture. The resulting solution was added dropwise
to 2 ml of deionized (DI) water under a strong vortex and then son-
icated for 10 s for four cycles. The emulsion was diluted in 20 ml of
DI water and concentrated in a rotovap for 20 min. The particle sol-
ution was transferred to an Amicon centrifugal filter unit (100 kDa)
and washed twice by water. Last, the obtained particles were resus-
pended in DI water and snap-frozen in aliquots. syPNA-21-loaded
NNP and syPNA-10b-loaded NNP were mixed at a 1:1 molar ratio
to obtain syPNA/NNP before further use. Scr-syPNA and regular
PNA-loaded NNPs were prepared using the same method.
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syPNA/BNP. To create syPNA/BNP, syPNA/NNP (25 mg/ml; as
above) was incubated with 0.1 M NalO, (aq) and 10x PBS (1:1:1, v:
v) for 20 min on ice. NaSO5 (0.2 M) at 1:1 (v/v) ratio was added to
quench the reaction. The particle solution was washed with water at
13,000 relative centrifugal field (rcf) using a centrifugal filter unit
(Amicon, 100 kDa) and resuspended in DI water. Regular PNA-
loaded BNPs were synthesized with the same method.

NP characterization

Transmission electron microscopy. For TEM imaging, 2 ul of par-
ticles (20 mg/ml) was applied on a CF400-CU grid (Electron Mi-
croscopy Sciences) for 1 min. Extra liquid was carefully removed,
and the grid was stained by one drop of NANO-W (Nanoprobes)
for 1 min. Liquid was removed, and the sample was air-dried before
imaging. Images were obtained using Tecnai Osiris (FEI).

Size and { potential. The hydrodynamic diameter of NPs was
measured by DLS using a Malvern Nano-ZS (Malvern Instru-
ments). NPs were diluted to 0.2 mg/ml with DI water before mea-
surement. The same particle solution was loaded into a disposable
capillary cell to measure the { potential on the Malvern Nano-ZS.

Size stability in aCSF. Particle solutions were incubated in aCSF
(Harvard Apparatus) at 37°C and measured by DLS at designated
time points.

syPNA loading and release. Particle suspension (100 ul) was ly-
ophilized in a preweighed tube to measure NP yield. Following ly-
ophilization, NPs were dissolved in acetonitrile and incubated for
24 hours at room temperature. Absorbance at 260 nm was read
by a NanoDrop 8000 (Thermo Fisher Scientific) to measure
sYPNA loaded in the NPs. Scr-syPNA and regular PNA loading ef-
ficiencies were determined using the same method. Release profile
of syPNA from different NP formulations was analyzed by incubat-
ing 10 mg of NPs in 1 ml of PBS (pH 7.4) in a shaking incubator at
37°C. At predetermined time points, aliquots were taken out and
centrifuged using an Amicon centrifugal filter unit (100 kDa). Fil-
trates were collected for analysis.

Cellular uptake of syPNA-loaded NPs

Cells were seeded in 24-well plates at a density of 50,000 cells per
well and incubated with either 0.5 mg/ml of NP or the same con-
centration of free syPNA for 24 hours. syPNA oligomers used in
this experiment were labeled with TAMRA for fluorescent evalua-
tion. The cells were harvested, and cell uptake was determined from
TAMRA fluorescence per cell using an Attune NxT (Invitrogen)
flow cytometer and FlowJo software for data analysis. For micro-
scopic observation, U87 cells were cultured in a 20-mm glass-
bottom dish (20,000 cells per dish) before treatments. Cells were
exposed to NPs (1 mg/ml) or free syPNA for 24 hours and
washed with PBS after treatments. After 4% paraformaldehyde fix-
ation, cells were stained with Alexa Fluor 488 phalloidin (Life Tech-
nologies) and 4',6-diamidino-2-phenylindole (DAPI) and observed
by a SP5 confocal microscope (Leica).

Quantitative real-time polymerase chain reaction

The knockdown of miR-10b and miR-21 was analyzed by qRT-
PCR. Cells were seeded in 24-well plates at a density of 200,000
cells per well. Cells were treated with various formulations at a
PNA concentration of 300 nM. Scr-syPNA-loaded NPs and
regular PNA-loaded NPs with the same total PNA concentration
were applied as control groups. After 72 hours, total RNA was ex-
tracted using the mirVana miRNA Isolation Kit (Ambion). The Ad-
vanced miRNA cDNA Synthesis Kit (Thermo Fisher Scientific) was
used for cDNA synthesis. TagMan PCR reactions were performed
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with TagMan fast advanced master mix (Thermo Fisher Scientific)
and TagMan Advanced miRNA assays (Thermo Fisher Scientific)
for miR-10b, miR-21, and miR-26b analysis. miR levels were quan-
tified using a CFX Connect Real-Time PCR Detection System and
CFX Manager Software (Bio-Rad). Relative expression was calculat-
ed according to the comparative threshold cycle (Ct) method and
normalized by miR-26b. For the evaluation of PTEN mRNA level,
PCR reactions were performed using PTEN and GAPDH TaqMan
Gene Expression Assays (Thermo Fisher Scientific) and quantified
with the CFX Real-Time PCR Detection System and CFX Manager
Software. The results were calculated with Ct method and normal-
ized by GAPDH.

Annexin V assay

Apoptosis was assessed using the FITC Annexin V Apoptosis De-
tection Kit (BD Pharmingen). The excitation/emission peak of
FITC (fluorescein isothiocyanate) is 491/516 nm and that of PI is
535/615 nm, which does not overlap with TAMRA's emission wave-
length peak (552/578 nm). Briefly, tumor cells were plated in 24-
well plates at a density of 200,000 cells per well. The cells were
treated with free syPNA, syPNA-loaded NPs, and/or TMZ for
72 hours (200 nM syPNA-21, 200 nM syPNA-10b, and 40 uM
TMZ). The FITC annexin V apoptosis detection was performed
using flow cytometry in accordance with the manufacturer'’s proto-
col, and the data were processed using FlowJo. FITC annexin V—
positive and PI-negative cell populations were identified as early ap-
optotic cells. Cells that stain positive for both FITC annexin V and
PI are either in the end stage of apoptosis or are undergoing necro-
sis. Cells that stain negative for both dyes are identified as alive.
Caspase 3/7 activity evaluation

U87 cells were plated in 96-well plates at a density of 5000 cells per
well and treated with various syPNA NP formulations and TMZ
(200 nM syPNA-21, 200 nM syPNA-10b, and 40 pM TMZ). Treat-
ments were removed 48 or 72 hours later, and enzymatic activities of
caspase 3 and 7 were measured using Caspase-Glo 3/7 Assay
(Promega) and read by a microplate reader (SpectraMax M5).
Cell viability assay

Cells were seeded in 96-well plates at a density of 5000 cells per well
and treated with increasing concentrations of NP formulations. Cell
viability was evaluated by CellTiter-Glo Luminescent Cell Viability
Assay (Promega) after 48 and 72 hours of treatment. Luminescence
was measured using a plate reader (SpectraMax M5), and relative
cell viability was normalized to the viability of untreated cells. For
TMZ-involved combination studies, cells were seeded in 96-well
plates at a density of 1000 cells per well (U87, G22, LN229, and
LN229-TR) and exposed to Scr-syPNA/BNP and syPNA/BNP.
PS30 cells, nonadherent cells with slower growth rate, were seeded
at a density of 3000 cells per well followed by NP treatment. After
48 hours, NPs were removed, and TMZ was added to the wells. Cell
viability was measured as described above after 5 days of treatment.
The data were analyzed and plotted with Prism 9.

RNA sequencing

U87 cells were seeded in 24-well plates at a density of 50,000 cells
per well and cultured overnight before use. syPNA-21/BNP (150
nM syPNA-21), syPNA-10b/BNP (150 nM syPNA-10b), and
syPNA/BNP (150 nM syPNA-21 and 150 nM syPNA-10b) were
added to cells and incubated for 72 hours. Total RNA from each
sample was extracted using the mirVana miRNA isolation kit.
The libraries were made using Illumina TruSeq Stranded mRNA
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library preparation. The sequencing was done with 45 to 50 M total
75-base pair paired-end reads using Illumina NextSeq 500.
Analysis of RNA-seq data

Total counts per gene were quantified and used in further analysis.
All downstream analyses were accomplished by R (3.6.3). DEGs
between different groups were identified by the package DESeq2
(1.26.0) with a filtering criteria of fold change > 1.5 and P,g4; <
0.05 (78). The package cluster profiler (3.14.3) was used to identify
specific pathways overrepresented in the DEGs, and significant
pathways were picked out by setting P value cutoff = 0.05 and g
value cutoff = 0.05 (79).

TCGA GBM data analysis

The Cancer Genome Atlas (TCGA) miR expression level-3 data and
metadata containing the survival information of patients with GBM
were downloaded from https://gdac.broadinstitute.org/. We ranked
the patients with GBM from high to low according to their miR-10b
or miR-21 expression level and then labeled the top 25% of patients
as the miR-higher group and the bottom 25% ones as the miR-lower
group. One patient with GBM would be marked as miR-10b-higher
and miR-21-higher when this patient was in both the miR-10b—
higher group and miR-21-higher group, and a miR-10b plus
miR-21-lower patient was in both the miR-10b—lower group and
miR-21-lower group. Survival curves were performed by Kaplan-
Meier analysis between the miR-higher and miR-lower group and
were tested for significance using the Mantel-Cox log-rank test. A
value of P < 0.05 was considered statistically significant. Between the
miR-10b and miR-21-higher and miR-10b plus miR-21-lower
group, hazard ratio and confidence interval were also computed
using the function coxph in package survival (3.2-7).

Western blot analysis

Total protein was isolated from U87 cell pellets using 1x radioim-
munoprecipitation assay (Thermo Fisher Scientific, USA) lysis
buffer containing protease inhibitor. Bicinchoninic acid assay
(#23225, Thermo Fisher Scientific, USA) was used to quantify the
protein as per the manufacturer'’s instructions. A total of 35 pg of
total protein was then separated on a precast 4 to 15% polyacryl-
amide gel using Mini-PROTEAN electrophoresis cell (Bio-Rad,
USA). The separated protein samples were transferred to a polyvi-
nylidene fluoride membrane using semidry (for VEGFA) or wet
transfer (for PDGFR-PB) and blocked with 5% nonfat dry milk in
1x tris-buffered saline (#1706435, Bio-Rad, USA) and 0.1%
Tween 20. Primary antibodies, VEGFA [#50661, Cell Signaling
Technology (CST), USA], and PDGFR-B (#3169T, CST, USA)
were used at 1:250 dilution. Vinculin (#13901T, CST, USA) and
B-actin (#8457S, CST, USA) were probed as reference proteins at
1:500 and 1:2000 dilution, respectively. Anti-rabbit immunoglobu-
lin G horseradish peroxidase (HRP)-linked secondary antibody
(#7074S, CST) was used at 1:2000 dilution. Blots were then incubat-
ed with a chemiluminescent HRP substrate (#WBKLS0500, Milli-
pore, USA) and imaged using ChemiDoc imaging system (Bio-
Rad, USA). The band intensities were quantified using Image]J
version 1.51.

In vivo study of syPNA/BNP

All procedures were approved by the Yale University Institutional
Animal Care and Use Committee and performed in accordance
with the guidelines and policies of the Yale Animal Resource
Center. Athymic nude mice [Charles River Laboratories,
Crl:NU(NCr)-Foxnl™, strain 490, male, 6 to 7 weeks] were used
for the animal study.
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Orthotopic tumor inoculation

Animals were anesthetized using a mixture of ketamine (100 mg/
kg) and xylazine (10 mg/kg) via intraperitoneal injection. Anesthe-
tized animals were then placed in a stereotaxic frame, and the scalp
was sterilized with Betadine and alcohol. To expose the coronal and
sagittal sutures, a midline scalp incision was created, and a burr hole
was drilled 2 mm lateral to the sagittal suture and 0.5 mm anterior to
the bregma. U87 or G22 cells (3.5 x 10°) in 3 pl of PBS were injected
into the right stratum over 3 min using a 10-pl Hamilton syringe.
The animal was left for 5 min for tissue equilibration before and
after infusion. When infusion was finished, the burr hole was
filled with bone wax, and the skin was stapled and cleaned.
Animals were randomly assigned to multiple groups. Animals
dying without waking up from surgery (after tumor inoculation
or CED) were excluded.

CED of syPNA/BNP in the tumor bearing brain

CED in tumor-bearing mice was similar to tumor inoculation by
reopening the burr hole used for tumor inoculation. A microinfu-
sion pump (World Precision Instruments) was used to infuse 8 ul of
NPs at a rate of 0.5 pl/min.

Tumor retention of syPNA/BNP

Intracranial CED of syPNA or syPNA/BNP was conducted 10 days
after U87 tumor implantation using the same procedure as previ-
ously described. On days 0.1 (3 hours), 1, 3, 7, and 14 after CED
administration, mice were euthanized, and brains were harvested
and imaged using Xenogen IVIS. The fluorescence from each
brain was quantified by the instrument software. Then, the isolated
brains were embedded in an optimal cutting temperature (OCT)
compound, cut into 15-pum frozen sections, stained with DAPI or
H&E, and observed using an EVOS microscope (FL Auto 2).
Survival study in the tumor-bearing mice

Tumors grew for 6 days before the administration of treatment. In-
tracranial CED of syPNA/BNP was conducted at the syPNA dose of
0.36 mg/kg following the same surgical procedure as described.
TMZ (25 mg/kg) in PBS was administered intraperitoneally on
day 7. Animals were monitored daily and weighed every week.
Animals were euthanized once they showed clinical symptoms of
tumor progression or greater than 15% weight loss. Tumors and
major organs were harvested and fixed in 4% paraformaldehyde
and sectioned for histochemical analysis. Total RNA in the tumor
and contralateral hemisphere was isolated using a mirVana miRNA
isolation kit and analyzed by a real-time PCR detection system as
previously described.

Evaluation of miR-10b and miR-21 inhibition in tumor

To assess the in vivo knockdown effect, syPNA/BNPs were admin-
istered by CED 14 or 28 days after tumor inoculation. Two days after
CED, mice were euthanized, and brains were harvested for qRT-
PCR analysis. Tumor tissue was separated from the adjacent
normal brain areas of isolated brains. Total RNA was extracted
from tumor tissue using the mirVana miRNA isolation kit
(Ambion). miR levels were quantified using the CFX Connect
Real-Time PCR Detection System and CFX Manager Software
(Bio-Rad) as described.

Evaluation of DEGs selected from RNA-seq

The levels of selected genes were quantified in total RNA samples
extracted from in vitro and in vivo tumor samples. The cDNA was
synthesized using a high-capacity cDNA reverse transcription kit
(Thermo Fisher Scientific, USA). The mRNA levels of PDGFRA,
PDGFRB, VEGFA, ITGBS, ITGA10, ANGPTI1, ANGPT2, PRKCA,
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IL-6, and IL-24 were quantified using TagMan gene expression
assays (PDGFRA: Hs00998018, PDGFRB: Hs01019589, VEGFA:
Hs00900055, ITGBS8: Hs001744546, ITGA10: Hs01006910,
ITGAII: Hs01012939, ANGPTI: Hs00559786, ANGPT2:
Hs00171912, PRKCA: Hs00176973, IL-6: Hs00174131, and IL-24:
Hs01114274) (Thermo Fisher Scientific, USA) and TaqgMan fast ad-
vanced master mix (Thermo Fisher Scientific, USA) on the CFX
Connect Real-Time PCR Detection System (Bio-Rad, USA).
GAPDH was used as a reference, and relative fold change was cal-
culated using the 2722t method.

Toxicity study

For the evaluation of toxicity, tumor-bearing mice were adminis-
tered with syPNA/BNP via CED 14 days after tumor inoculation.
After 24 hours, TMZ (25 mg/kg) was injected intraperitoneally.
Forty-eight hours after CED, blood from the retro-orbital venous
plexus of each mouse was collected in EDTA tubes. The whole
blood was analyzed using a Sysmex XP-300 hematological analyzer
(Sysmex) to obtain the complete blood count. Plasma was isolated
from blood samples via centrifugation at 4500 rpm and 4°C for
10 min. Plasma samples were then analyzed by Antech Diagnostics
to obtain the blood biochemistry analysis including LDH, AST,
ALT, creatinine, and BUN. Major organs (heart, liver, spleen,
lung, and kidney) were isolated from the survival study mice
(U87 and G22 glioma model) and sectioned for H&E staining.
Blinded histological analysis of the tissue was conducted by a pa-
thologist at Yale Medical School.

Statistical analysis

Data are presented as means + SD or SEM. Experiments were per-
formed with at least three biological replicates, and all samples were
included in the analysis. Statistical significance analysis was per-
formed with Prism software (GraphPad) using unpaired two-
sample f test or one-way analysis of variance (ANOVA). Log-rank
(Mantel-Cox) test was used to determine statistically significant dif-
ferences between the survival of animals from different treatment
groups. P < 0.05 was used as the minimal level of significance.
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