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Genome-wide association studies indicate that allele variants in
MIR137, the host gene of microRNA137 (miR137), confer an
increased risk of schizophrenia (SCZ). Aberrant expression of
miR137 and its targets, many of which regulate synaptic func-
tioning, are also associated with an increased risk of SCZ. Thus,
miR137 represents an attractive target aimed at correcting the
molecular basis for synaptic dysfunction in individuals with
high genetic risk for SCZ. Advancements in nanotechnology
utilize lipid nanoparticles (LNPs) to transport and deliver ther-
apeutic RNA. However, there remains a gap in using LNPs to
regulate gene and protein expression in the brain. To study
the delivery of nucleic acids by LNPs to the brain, we found
that LNPs released miR137 cargo and inhibited target tran-
scripts of interest in neuroblastoma cells. Biodistribution of
LNPs loaded with firefly luciferase mRNA remained localized
to the mouse prefrontal cortex (PFC) injection site without
circulating to off-target organs. LNPs encapsulating Cre
mRNA preferentially co-expressed in neuronal over microglial
or astrocytic cells. Using quantitative proteomics, we found
miR137 modulated glutamatergic synaptic protein networks
that are commonly dysregulated in SCZ. These studies support
engineering the next generation of brain-specific LNPs to
deliver RNA therapeutics and improve symptoms of central
nervous system disorders.

INTRODUCTION
MicroRNAs (miRNAs) are�22-nucleotide, single-stranded, noncod-
ing RNAs that modulate developmental processes and cellular func-
tion. miRNAs target specific sets of messenger RNAs (mRNAs) and
are key translational silencers of gene expression.1 Up to 80% of hu-
man genes are regulated by miRNAs, and individual miRNA se-
quences can regulate complex networks of tens to hundreds of gene
targets.2,3 MicroRNA137 (miR137) is enriched in the embryonic
midbrain and forebrain across neurodevelopment.4 In adulthood,
miR137 is located in the synapto-dendritic compartment of cortical,
subcortical, and hippocampal areas,5,6 where it targets a number of
synaptic and developmental mRNAs. Accordingly, over-expression
of miR137 in adult mice alters synaptogenesis, synaptic ultrastruc-
ture, and synaptic function.7 Genetic deletion of miR137 results in
postnatal lethality, while miR137 heterozygous mice have disrupted
synaptic and dendritic growth, repetitive behavior, and impaired
learning and social behavior.8 Thus, miR137 dysregulation may be
a factor in brain disorders associated with synaptic dysfunction.9,10

Schizophrenia (SCZ) is a highly heritable,11 polygenic neuropsychi-
atric disorder characterized by impaired cognition,12 deficits in sen-
sory processing,13 negative symptoms, and episodic psychosis.14

These symptoms result from synaptic pathology,15 and there is sub-
stantial overlap of synaptic genes that increase the risk of SCZ and
those that are regulated by miR137.16–20 Furthermore, single-nucleo-
tide polymorphisms (SNPs) in the MIR137 gene are also associated
with an increased risk of SCZ.21,22 MIR137 allele variants are linked
to SCZ clinical endophenotypes, including earlier age of onset,
more severe psychotic symptoms, decreased cognitive function,6,23,24

and alterations in brain structure and activity.6,25 Importantly, SNPs
in the noncoding region of MIR137 reduce the expression of
miR137.26 Since miR137 expression is decreased in some individuals
with SCZ, exogenous replacement of miR137 represents an attractive
therapeutic target. However, free-floating miRNAs are subject to
degradation, so a delivery vehicle to protect and target the miRNA
is needed.

The lipid nanoparticles (LNPs) encapsulating the COVID-19 mRNA
vaccine demonstrated that nanocarriers can be used to traffic nucleic
acids for previously unmet therapeutic needs. LNP delivery vectors
exhibit the following desirable properties: (1) protection of nucleic
acids from nucleases, (2) customization for tissue and cell selectivity,
(3) high payload delivery, (4) low toxicity, and (5) feasibility for large-
scale production.27 LNP-delivered small nucleic acid therapeutics,
including small interfering RNAs (siRNAs), are approved for clinical
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Figure 1. LNP characterization

(A) Schematic of an LNP composed of lipid components

and an encapsulated nucleic acid. DLS analysis charac-

terizing LNPs with (B) hydrodynamic size (nm) and particle

heterogeneity (polydispersity index), (C) zeta potential (mV),

and (D) nucleic acid EE (%). (E) Cryo-TEM image ofmiR137-

LNP. Scale bar, 50 mm. n = 3 with triplicate determinations,

mean ± SEM. Firefly luciferase mRNA (fLuc-mRNA-

LNP), Cre mRNA (cre-mRNA-LNP), and microRNA137

(miR137-LNP).
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trials.28 Previous studies delivering miRNAs by LNPs to the brain
were limited to therapeutic agents for gliomas.29 However, the thera-
peutic effect of LNP-delivered miRNA on synaptic protein networks
remains a large gap in neuro-nanomedicine.

As a result, we developed an LNP-based platform to deliver miR137 to
neurons, thereby modulating synaptic proteins. Our in vitro studies
demonstrated that LNPs were effective nucleic acid delivery vehicles
and confirmed the release of miR137 cargo and subsequent inhibition
of target transcripts. Mouse in vivo studies showed that LNPs re-
mained localized to the prefrontal cortex injection site and preferen-
tially expressed tdTomato in Ai9 mice following Cre-recombination
in neurons relative to other cell types. Delivery of miR137 to the
mouse prefrontal cortex significantly modulated a diverse network
of pre-and post-synaptic glutamatergic proteins. This work demon-
strates that LNPs offer a unique delivery mechanism for nucleic
acid transportation to the brain to modulate key synaptic proteins.

RESULTS
We first synthesized and characterized LNPs to modulate synapses in
the brain. Initial testing of LNP formulations compared LNPs
composed of MC3 (ionizable) only, SM102 (ionizable cationic)
only, SM102 and 1,2-dioleoyl-3-trimethylammoniumpropane
(DOTAP) (cationic), or MC3 and DOTAP lipids. We found LNP for-
mulations combiningMC3 and DOTAP lipids were the most efficient
at cargo release (data not shown). Subsequent formulations usedMC3
and DOTAP lipids to self-assemble into LNPs with nucleic acid cargo
via intermolecular interactions using microfluidics along with struc-
tural lipids (DSPC), sterols (cholesterol), and PEG-lipids (DMG-
PEG2k) (Figure 1A). LNPs with three nucleic acid cargos were tested
with consistent batch results: firefly luciferase mRNA (fLuc-mRNA-
LNP), Cre mRNA (cre-mRNA-LNP), and microRNA137 (miR137-
LNP). Dynamic light scattering analysis of LNP formulations demon-
strated homogeneous particle sizes (�70 nm) with low polydispersity
index (<0.2) (Figure 1B), slightly positive charge (�2 mV)
(Figure 1C), and high encapsulation efficiencies (>98%) (Figure 1D).
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One-way ANOVA determined no significant
variation in LNP zeta potential (F (2, 6) =
1.024, p = 0.4142). Cryo-transmission electron
microscopy (cryo-TEM) images of miR137-
LNPs showed concentric multilamellar “onion-
like” structures with internal aqueous space
(Figure 1E). Overall, reliable LNP batch consistencies suggest this
preparation method is suitable for various nucleic acid cargos.

By using a fluorophore tagged to PEG lipids or the mature miR137
sequence, we visualized LNP uptake, intracellular trafficking, and
endosomal escape of miR137 in live cells (Figure 2A). Mouse neuro-
blastoma Neuro2A (N2A) cells endocytosed Cy7.5 tagged-LNPs
(Cy7.5-LNP, magenta), which did not sequester to the lysosomal
compartment (LysoTracker, blue) at 6 h. Importantly, miR137 cargo
(Cy5-miR137, magenta) was visualized in the cytosol and perhaps
was released in the cytoplasm through endosomal escape (nuclear
stain, DAPI, blue) (Figure 2B). Treating N2A cells with increasing
concentrations of miR137-LNPs was non-toxic with high cell survival
(Figure S1). At 24 h, a one-way ANOVA determined that adding
200 nM scramble miRNA in Lipofectamine to N2A cells did not
change the expression of miR137 levels compared to untreated cells
(p > 0.999). Adding miR137 loaded in LNPs significantly increased
miR137 levels (F (3, 61) = 11.18, p < 0.0001) and improved the trans-
fection efficiency compared to adding themiR137mimics in Lipofect-
amine (F (3, 61) = 11.18, p < 0.0001) (Figure 2C). A two-way ANOVA
demonstrated an effect of treatment that miR137 expression persisted
for 96 h post treatment (F (3, 39) = 6.011, p = 0.0018) (Figure S2A)
and was dose dependent (Figure S2B).

Compared to N2A untreated cells, a two-way ANOVA with Dun-
nett’s multiple comparisons test determined treatment with
miR137 mimics in Lipofectamine significantly inhibited translation
of several miR137 synaptic protein targets: transcription factor 4
(TCF4) (F (3, 62) = 45.35, p = 0.0177), synaptotagmin 1 (SYT1)
(F (3, 62) = 45.35, p < 0.0001), and the voltage-gated calcium chan-
nel a1C (CACNa1C) (F (3, 62) = 45.35, p = 0.0003) (Figure 2D)
(Figure S3), in addition to other synaptic protein targets such as
the glutamate receptor 1 (GluA1) (F (1, 48) = 87.33, p = 0.0141),
synaptophysin (Syn) (F (1, 48) = 87.33, p = 0.0245), complexin 1
(CPLX1) (F (1, 48) = 87.33, p < 0.0001), and the fragile X mental
retardation protein (FMRP) (F (1, 48) = 87.33, p = 0.0008)



Figure 2. LNP delivery and miR137 release in cell culture

(A) Schematic of fluorophore tagging of LNPs (Cy7.5-LNP) or miR-137 cargo (Cy5-miR137) in Neuro2A cells. (B) Live-cell imaging of LNP uptake (Cy7.5-LNP,magenta) at 6 h

without lysosomal compartment sequestering (LysoTracker, blue) and cytoplasmic release of miR137 (Cy5-miR137, magenta) cargo (nuclear stain, DAPI, blue). Scale bars,

50 mm. (C) RT-qPCR fold-change miR137 expression compared to sno202RNA in N2A cells at 24 h after treatment with 200 nMmiRNA scramble in Lipofectamine, 200 nM

miR137 mimic in Lipofectamine, or miR137-LNPs. (D) Translational inhibition of target synaptic proteins transcription factor 4 (TCF4), synaptotagmin 1 (SYT1), and voltage-

gated calcium channel a1c (CACNA1C) after treatment with 200 nM miR137 mimic in Lipofectamine, miRNA scramble in Lipofectamine, or miR137-LNPs compared to

untreated N2A cells. n = 3–8 with triplicate determinations, mean ± SEM. ns, not significant, p > 0.05; *p < 0.05; ***p < 0.001; and ****p < 0.0001.
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(Figures S4A and S4B). Treatment with miR137-LNPs showed an
even larger inhibition of TCF4 (F (3, 62) = 45.35, p < 0.0001),
SYT1 (F (3, 62) = 45.35, p < 0.0001), and CACNa1C (F (3, 62) =
45.35, p < 0.0001), while miRNA scramble had no effect on TCF4
(F (3, 62) = 45.35, p = 0.9171), SYT1 (F (3, 62) = 45.35, p =
0.9971), or CACNa1C (F (3, 62) = 45.35, p = 0.9953) (Figure 2D).
Importantly, expression of a protein that is not a target of miR137,
post-synaptic density 95 (PSD95), was unaffected (F (1, 48) = 87.33,
p > 0.9999) by miR137 mimic or miR137-LNPs, demonstrating the
specificity of miR137 to target specific transcripts. From this, we
concluded that LNPs endocytosed into neuroblastoma cell cultures
and released functional miR137 cargo capable of targeting down-
stream transcripts.

To study the in vivo biodistribution and pharmacokinetics of LNPs in
the brain, we bilaterally injected firefly luciferase mRNA encapsulated
in LNPs (fLuc-mRNA-LNP) into the mouse prefrontal cortex (PFC).
A two-way ANOVA revealed robust luminescent radiance near the
injection site with no detectable expression in the liver (F (1, 26) =
89.99, p < 0.0001) or other off-target organs (Figure 3A-3B). The
same experimental animals were repeatedly measured, and radiance
peaked between 9 and 24 h (F (7, 26) = 10.77, p < 0.0001) post injec-
tion, and returned to baseline by 96 h (Figure 3C). Thus, LNP nucleic
acid cargo is bilaterally and locally expressed at the direct PFC injec-
tion site without detectable off-target expression. We did not detect
any overt toxicity as all experimental animals survived until the exper-
imental endpoint, 2 weeks following LNP injection (Figure 3D) and
did not lose more than 5% of their original body weight (grams) (Fig-
ure 3E). In separate experiments, we found that delivery of miR137-
LNPs every day for 5 days did not result in weight loss (grams) (Fig-
ure 3F) or cellular anatomical disruptions determined by neural cell
density counts30 (unpaired t test, t(12) = 1.175, p = 0.2629) (Fig-
ure S5), demonstrating the potential use of repeated LNP treatments
in the brain.

Using immunohistochemistry tomultiplex neuron (NeuN+), microglia
(Iba1+), and astrocyte (GFAP+) markers in sectioned PFC tissue, we
determined LNP cargo expression in specific cell types. We delivered
cre-mRNA-LNPs to Ai9mice, a Cre reporter strain with a loxP-flanked
STOP cassette preventing transcription of a CAG promoter within the
ubiquitously expressed ROSA26 locus. Ai9 mice express robust tdTo-
mato fluorescence following Cre-mediated recombination. In this
case, there is no fluorophore tagging of the LNP itself, thus there is
no way to visualize the uptake of LNPs. Instead, we rely on visualizing
the expression of the Cre mRNA as it is translated to the tdTomato re-
porter protein. To focus our analysis on LNP-induced effects, rather
Molecular Therapy Vol. 31 No 10 October 2023 2977
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Figure 3. LNP-mediated transfection and toxicity in vivo

Representative (A) dorsal and (B) ventral images of luciferase bioluminescence in mouse brain and other tissues 24 h post a single injection in the prefrontal cortex with

firefly luciferase mRNA LNPs. (C) Time curve (hours post injection) of luciferase radiance (photons per second) in the brain and the liver. n = 3, mean ± SEM. **p < 0.01 and

****p < 0.0001. (D) Percentage animal survival after a single bilateral intracerebral injection with LNPs. n = 6, mean ± SEM. (E) Percentage change in animal body weight

after single bilateral intracerebral injection with PBS, cre-mRNA-LNP, blank LNP, or miR137-LNPs. n = 3–10, mean ± SEM. In separate experiments, animals received

five consecutive bilateral intracerebral injections with miR137-LNPs (day 1–5) and (F) the percentage change in animal body weight was measured up to 8 days. n = 2,

mean ± SEM.
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than tissue damage and microglial recruitment to the needle tract, we
quantified tdTomato expression in the adjacent 100–200 mm from
the injection site (Figures S6A and S6B).31 Low-magnification fluores-
cent microscopy images showed robust bilateral tdTomato+ (red) cells
at the PFC injection site (Figure 4A). Of the tdTomato+ cells, 81.11%
were NeuN+, 15.64% of tdTomato+ cells were Iba1+, and 3.25% of
tdTomato+ cells were GFAP+. One-way ANOVA indicated a signifi-
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cant effect of cell marker (NeuN/Iba1/GFAP) on tdTomato+ expres-
sion (F (2, 66) = 427.4, p < 0.0001) (Figures 4B–4D). Post hoc analysis
using Tukey’s multiple comparisons test indicated that tdTomato
expression differed significantly by cell marker (NeuN vs. Iba1,
p < 0.0001), (NeuN vs. GFAP, p < 0.0001), and (GFAP vs. Iba1,
p < 0.0001). These data suggest LNP nucleic acid cargo is preferentially
expressed in neurons in the mouse PFC.



Figure 4. LNP cell-type expression in the brain

Mice received bilateral intracerebral injections in the prefrontal cortex with cre-mRNA-LNPs that express tdTomato (red) following Cre-recombination. (A) High (top) and low

(bottom) magnification of tdTomato florescence and injection placements in the prefrontal cortex. Scale bars, 200 mm. (B) Quantification of tdTomato+ cells preferentially co-

expressed with neuronal (NeuN+, blue) over microglial (Iba1+, yellow) or astrocyte (GFAP+, green) markers (nuclear stain, DAPI, blue). (C) TdTomato+ cells overlap slightly

with Iba1+ cells (green arrows), but mostly co-express with NeuN+ cells (white arrows). (D) TdTomato+ cells do not co-label with GFAP+ cells. Scale bars, 25 mm. n = 4,

mean ± SEM.
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Following confirmation that LNPs can effectively deliver nucleic acids
to PFC neurons in vivo, we sought to determine if miR137-LNPs can
alter synaptic protein expression. Mice received bilateral injections of
miR137-LNPs or PBS into the PFC. After 24 h, a two-way ANOVA
with Tukey’s test for post hoc comparisons determined miR137 levels
were significantly upregulated in the PFC compared to small nucleolar
RNA 202 (sno202) with no detectable changes in cerebellar tissue (F (1,
25) = 2.865, p = 0.0391) (Figure 5A). Unbiased isobaric-labeling quan-
titative proteomics of PFC biopsy punches was used to compare 4,807
proteins after 72 h from three experimental groups (n = 5–6/group):
PBS, blank LNPs, or miR137-LNPs. This experimental design allowed
us to determine the proteomic effects of the LNPs alone (PBS vs. blank
LNP) and of the miR137 alone (blank LNP vs. miR137-LNP).
Comparing differentially expressed proteins (DEPs) from blank LNP
and miR137-LNP treatments indicated that 224 proteins were altered
with 105 upregulated (red) and 119 downregulated (blue) (Figure 5B).
The STRING,32 Gene Ontology (GO), SynGo,33 and FUMA
GENE2FUNC34 databases generated functional and structural classifi-
cations of known protein-protein network interactions based on the
DEPs from miR137-LNP compared to blank LNP treatments. The da-
tabases confirmed that 52% of the total DEPs frommiR137-LNPs were
involved in neuronal development (GO: 0032502), including neurogen-
esis and neuron differentiation (Figure S7), although the experimental
animals were adults, where we might expect the majority of neuronal
development to have already occurred.35 Additionally, 23% DEPs
frommiR137-LNPs were in neuronal synapses (GOCC: 0045202) (Fig-
ure S8A). miR137-LNPs affected both pre-and post-synaptic proteins
(Figure 5C), with the majority of the DEPs translated in the neuropil
(dendrites and axons) compared to the soma (Figure S8B),36 suggesting
local translation of synaptic proteins. Further investigation determined
Molecular Therapy Vol. 31 No 10 October 2023 2979
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Figure 5. LNP delivery and proteomic analysis of miR137 in the brain

Mice received bilateral intracerebral injections in the prefrontal cortex with miR137-LNPs or PBS. (A) RT-qPCR fold change miR137 expression compared to sno202RNA at

24 h. n = 4–10, mean ±SEM, *p < 0.05. TMT proteomics comparing prefrontal cortex biopsies of animals who receivedmiR137-LNP or blank LNPs at 72 h. (B) Volcano plot of

DEPs between blank LNP and miR137-LNP (log2fold change and adjusted p values <0.05). (C) Pre- and post-synaptic location of DEPs by count following miR137-LNP

treatment. Treatment with miR137-LNPs disrupts glutamatergic synaptic proteins compared to blank LNPs including (D) receptor-type tyrosine-protein phosphatase F

(PTPRF), (E) Ras-specific guanine nucleotide-releasing factor 1 (RGrf1), (F) calcium/calmodulin dependent protein kinase II beta (CAMKIIB), (G) voltage-dependent calcium

channel gamma-3 (CACNG3), (H) solute carrier family 7 member 11 (SLC7A11), (I) nitric oxide synthase 1 (NOS1), (J) Abl interactor 1 (ABI1), (K) synaptotagmin 1 (SYT1), (L)

N-terminal EF-hand calcium-binding protein 2 (NECAB2), (M) amyloid beta A4 precursor protein (APBA1), (N) glutamate receptor ionotropic kainate 3 (GRIK3), and (O) SH3

(SHANK1). n = 5–6/group, mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001.
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67% of synaptic DEPs from miR137-LNP were glutamatergic (GOCC:
0098978). Our findings support previous work demonstrating that
miR137 modulates genes and proteins involved in neuronal develop-
ment17 and glutamatergic synaptic function.37

A two-sample t test found specific glutamatergic synaptic proteinswere
significantly inhibited in miR137-LNP treatments compared to blank
LNPs (Figures 5D–5O), including receptor-type tyrosine-protein
phosphatase F (PTPRF) (t(9) = 3.778, p = .0044) (Figure 5D), Ras-spe-
cific guanine nucleotide-releasing factor 1 (RGrf1) (t(9) = 2.877, p =
.0183) (Figure 5E), calcium/calmodulin dependent protein kinase II
beta (CAMKIIB) (t(9) = 2.937, p = .0166) (Figure 5F), solute carrier
family 7 member 11 (SLC7A11) (t(9) = 2.5, p = .0338) (Figure 5H), ni-
tric oxide synthase 1 (NOS1) (t(9) = 2.487, p = .0346) (Figure 5I), Abl
interactor 1 (ABI1) (t(9) = 3.123, p = .0123) (Figure 5J), N-terminal EF-
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hand calcium-binding protein 2 (NECAB2) (t(9) = 4.241, p = .0022)
(Figure 5L), amyloid beta A4 precursor protein (APBA1) (t(9) =
4.303, p = .0020) (Figure 5M), and the glutamate receptor ionotropic
kainate 3 (GRIK3) (t(9) = 3.356, p= .0084) (Figure 5N). Three glutama-
tergic synaptic proteins were upregulated in miR137-LNP treatments
compared to blank LNPs, including the voltage-dependent calcium
channel gamma-3 (CACNG3) (t(9) = 3.611, p = .0056) (Figure 5G),
synaptotagmin 1 (SYT1) (t(9) = 3.606, p = .0057) (Figure 5K), and
SH3 (SHANK1) (t(9) = 3.027, p = .0143) (Figure 5O). Many of the
altered glutamatergic proteins effected by miR137-LNPs are in the
post-synaptic density, including CACNG3 (GO: 0099061), PTPRF
(GO: 0099061), NOS1 (GO: 0099092), CAMKIIB (GO: 0014069),
ABI1 (GO: 0014069), and SHANK1 (GO: 0014069). These data suggest
miR137 delivered to neurons using LNPs modulates the expression of
proteins involved in synaptic glutamate neurotransmission.



(legend on next page)
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Last, we investigated the effect of blank LNPs on the proteome.
Compared to PBS, we found blank LNPs induced differential expres-
sion of 1,536 proteins (923 upregulated [red] and 613 downregulated
[blue]) (Figure 6A). Based on the FUMA GENE2FUNC34 database,
the top GO molecular functions from DEPs following blank LNP
treatment included binding of cell adhesion molecules, protein com-
plexes, RNA, and lipids (Figure 6B). Additionally, the SynGo database
confirmed the cellular function of DEPs from blank LNPs include
synaptic organization, cellular signaling, metabolism, and transport
(Figure 6C). This finding was validated though the biological pathway
analysis, which determined an upregulation of proteins involved in
lipid metabolism (GO: 0006629, GO: 0044255, GO: 0006644),
response to lipids (GO: 0033993), and lipid transport (GO:
0006869) (Table S2). The Reactome pathways indicated activation
of 44% of the complement (MMU-166658) (Figure 6D) and 16.54%
of the cytokine (MMU-1280215) cascades (Figure 6E) (Table S1). It
appears the cytokine and complement activation are driven by the
LNP itself, as the blank LNP and miR137-LNP treatments show
similar trends in protein activation compared to PBS. However, the
DEPs involved in these immune pathways only made up 1.45% and
4.14% of the total DEPs in blank LNPs, respectively. To determine
if LNPs activate microglia, we quantified five proteins known to be
upregulated in activated microglia.38,39 A two-way ANOVA with Si-
dak’s multiple comparisons found enrichment of activated microglia
proteins: cluster of differentiation 44 (CD44) (F (4, 45) = 3.224,
p = 0.0004), moesin (MSN) (F (4, 45) = 3.224, p = 0.0036), profilin
1 (PFN1) (F (4, 45) = 3.224, p = 0.6957), myosin heavy chain 9
(MYH9) (F (4, 45) = 3.224, p = 0.0011), and cluster of differentiation
11 (CD11) (F (4, 45) = 3.224, p < 0.0001) after blank LNP treatment
compared to PBS (Figure S6C). Of note, this analysis does not differ-
entiate between microglia recruited to sites of damaged tissue due to
the injection and cells specifically affected by LNPs. Finally, in agree-
ment with previous proteomic analysis using the cationic DOTAP
lipid in the LNP formulation,40 our proteomics data showed
elevation of vitronectin, fibrinogen gamma chain, fibrinogen beta
chain, clusterin, and alpha-s1-casein. Our mass spectrometry prote-
omics data have been deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the PRoteomics
IDEntification (PRIDE) partner repository41 with the dataset identi-
fier PXD041648.

DISCUSSION
The risk for developing schizophrenia (SCZ) is linked to SNPs in
MIRNA137, which decreases miR137 expression, causing dysregula-
tion of target synaptic proteins.25,26 Many miR137 target transcripts
are implicated in genome-wide association studies (GWASs) and
linked to an increased risk of SCZ.42 Polygenic disorders such as
SCZ may benefit from the therapeutic application of miRNAs as
Figure 6. Proteomic analysis of blank LNPs in the brain

Quantitative proteomics comparing prefrontal cortex biopsies of animals that received P

change and adjusted p values <0.05). (B) Gene Ontology (GO) molecular functions of en

blank LNPs. Heatmap of activated protein expression in PBS, blank LNP, and miR1

normalized to PBS. n = 5–6/group.
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broad-spectrum genetic regulators. Delivering replacement miRNA,
or miRNA cocktails designed to tune synaptic function, is a path to-
ward treatment of SCZ. Development of a transportation vehicle is
required to protect and deliver therapeutic nucleic acid cargo to the
appropriate location and cell type. LNPs are attractive delivery vectors
due to their customizable size, charge, cargo loading, high bioavail-
ability, and targeting capability.43,44

Here we evaluated LNP delivery of nucleic acids to the prefrontal cor-
tex (PFC) and the effects of miR137 on protein expression in the
mouse brain. After confirming that LNP nanocarriers could success-
fully deliver miR137 to neuroblastoma cells in vitro, we showed that
miR137 modulated downstream synaptic proteins. In follow-up
studies in vivo, we administered several types of nucleic acid cargo
to the brain, including small molecules (miR137) and large gene con-
structs (firefly luciferase mRNA and Cre mRNA). We injected LNPs
containing firefly luciferase mRNA into the PFC and found that the
LNPs remained in the brain. Additional studies found Cre mRNA
delivered by LNPs predominantly expressed their cargo in neurons
and to a lesser extent in microglia. Last, quantitative proteomic anal-
ysis of PFC tissues indicated that LNPs containingmiR137modulated
glutamatergic synaptic proteins.

One key aspect of SCZ pathology is glutamatergic synaptic dysfunc-
tion in cortical neurons.45,46 Disrupted excitatory neurotransmission
due to aberrant expression of miR137 could affect synaptic function
and result in the behavioral abnormalities found in SCZ.47 However,
no tool currently exists to restore the synaptic glutamatergic circuits
to normal levels. Our proteomic analysis determined miR137 deliv-
ered by LNPs altered pre-and post-synaptic glutamatergic proteins
involved in neurotransmitter and receptor gating, binding, release,
trafficking, and glutamate-dependent synaptic plasticity. Interestingly,
a subset of the glutamatergic synaptic proteins, whose expression was
modulated by miR137, are identified in GWASs that increase the risk
for SCZ, including PTPRF, SHANK1, CAMKIIB, C4, GRIK3, and
CACNAa1C.42,48–50 Unexpectedly, some known targets of miR137
did not respond in vivo as they did in vitro (including TCF4, GluA1,
Syn, CPLX1, and FMRP), suggesting that the pattern of synaptic pro-
tein modulation in vivomay be different than in vitro. One possibility
is that the timing of protein homeostasis in vivo could be driven by
exogenously inflating the miRNAmachinery.51 Future studies varying
the dose or timing of miRNA treatments will be required to establish
long-term neural network or behavioral effects.

A complementary hypothesis in SCZ pathology suggests aberrant
neuronal glutamate release leads to microglial activation through
the complement cascade, implicating the immune system.46 In
some individuals, modulation of complement genes may be
BS or blank LNPs. (A) Volcano plot of DEPs between PBS and blank LNPs (log2fold

riched proteins by count from blank LNPs. (C) Functional enrichment of DEPs from

37-LNP groups involved in (D) complement and (E) cytokine cascade pathways

http://proteomecentral.proteomexchange.org
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therapeutic, as mutations in complement C4 genes have been linked
to excessive synaptic pruning in SCZ.52,53 We found that �15% of
the mRNA cargo delivered by LNPs was expressed in microglia,
which play a role in synaptic pruning. It is possible the mRNA cargo
expressed in microglia may be due to LNP phagocytosis at the injec-
tion site. To determine if LNPs are recruiting and activating micro-
glia, future experiments could isolate cells expressing LNP cargo and
measure (1) whether the acceptor cells express activated microglial
proteins, and (2) whether activated microglia are pro- or anti-in-
flammatory. Additionally, further studies could analyze microglial
morphological changes (e.g., ramified, bushy, ameboid microglia)
due to LNP exposure. We found stimulation of cytokine and com-
plement proteins was driven by the LNP itself, although these pro-
teins accounted for less than 5% of all DEPs. Our findings warrant
further studies on the long-term biological consequences of the
LNP immunogenicity54 in the brain. Current genetic modulators,
such as adeno-associated viruses (AAVs), significantly activate the
innate immune response,55 but additional studies are required to
directly compare LNP immune activation to AAVs. Nonetheless,
future research directed at reducing immunogenic responses—for
example, by decorating the particle surface with anti-inflammatory
agents or endogenous cell membranes from neuronal tissue—would
be valuable.56

Gene therapies in lipid-based nanoplatforms are US Food and Drug
Administration (FDA) approved to treat hereditary transthyretin-
mediated amyloidosis with siRNA57 and SARS-CoV-2 with mRNA
vaccines.58 However, only a few studies have evaluated the safety
and efficiency of LNP-based RNA therapies for central nervous system
disorders. Previous studies have systemically injected selective organ
targeting (SORT) LNPs and showed targeted lung, spleen, and liver
tropism.59 Improving on first-generation SORT LNPs, we formulated
LNPs with a mixture of DOTAP and Dlin-MC3 ionizable lipids and
selectively showed high brain expression for �24 h with no detectable
clearance to systemic organs.31,60–62 Our LNPs have distinct onion-like
morphologies, possibly due to the cationic lipids, which could be highly
solvated and promote the formation of aqueous internal domains.
Another possible reason is that the arrangement of concentric phos-
pholipid bilayers enclosing an aqueous core can form an onion-like
multilayer structure.63Maintaining exogenous long-term RNA expres-
sion in the brain could require multiple weekly treatments with poten-
tial risk for inflammation or cytotoxicity.64 However, our studies with
single or multiple doses of miR137-LNP administrations found no
toxicity in terms of body weight loss or change in tissue integrity. To
design the next generation of noninvasive gene therapies, future studies
will investigate the systemic delivery of targeted LNPs to cross the
blood-brain barrier (BBB). However, traversing the BBB will require
careful evaluation of the risk that off-target tissues could be affected.
To target specific cell types, LNPs could be coated with ligands, anti-
bodies, or peptides,65 which would significantly improve drug delivery
systems and therapies for brain disorders.

Overall, the evidence presented here encourages further research of
miRNAs in pathological conditions. Using delivery of miR137 by
LNPs, we have modulated neuronal glutamatergic synaptic protein
networks connected to SCZ risk. These studies provide promising
support for using LNPs as customizable tools for gene and protein
therapies in the brain.
MATERIALS AND METHODS
Materials

Mature mmu-miR137-3p mimic (assay ID MC10513) and miRNA
scramble control (4464059) were purchased from Thermo Fisher Sci-
entific (Waltham, MA). Cy5-mmu-miR137-3p was purchased from
Creative Biogene (Shirley, NY) and Cy7.5-PEG-LNP Avanti Polar
Lipids (Alabaster, AL). Ionizable lipid Dlin-MC3-DMA (MC3)
was purchased from BioFine International, (BC, Canada). Cationic
lipid DOTAP (chloride salt) and 2-distearoyl-sn-glycero-3-
phosphocholine (18:0 PC, DSPC) were acquired from Avanti Polar
Lipids (Alabaster, AL). Cholesterol and 1,2-dimyristoyl-rac-glycero-
3-methoxypolyethylene glycol-2000 (DMG-PEG2k) were purchased
from Sigma Aldrich (St. Louis, MO).
Nanoparticle formulation and characterization

To encapsulate cargo into LNPs, CleanCap Cre mRNA (5-methox-
yuridine [5-moU]) (L-7211) and CleanCap firefly luciferase (Fluc)
mRNA (Fluc-L-7602) were purchased from Trilink Biotechnologies
(San Diego, CA). LNPs were formulated via microfluidic mixing of
one part ethanol phase (containing the lipids) and three parts aqueous
phase (containing the nucleic acid cargo). The ethanol phase contains
the MC3:DOTAP:DSPC:cholesterol:DMG-PEG2k at a molar ratio of
25:50:5:19:1.0, respectively.66–68 The aqueous phase consists of the
nucleic acid cargo in 50 mM citrate buffer at pH 4. Following micro-
fluidic mixing in the NanoAssmblr Benchtop (product code
NIT0055, Precision NanoSystem, BC, Canada) at a 1:3 (ethanol to
aqueous) flow ratio, the LNPs were subjected to dialysis for 4 h at
room temperature with PBS (pH 7.2) using a 10-kDa Slide-A-Lyzer
(Thermo Fisher Scientific, Waltham, MA) dialysis bag before being
transferred to fresh PBS solution overnight at 4�C. LNPs were then
concentrated using pre-washed Amicon Ultra-15 100k MWCO
(EMDMillipore) centrifugal filter tubes (Burlington, MA). The nano-
particles were stored at 4�C and used for in vitro and in vivo studies.
The LNPs were characterized for hydrodynamic radius and polydis-
persity index (PDI) using dynamic light scattering (DLS) (Zetasizer
Nano ZSP, Malvern Instruments, Malvern, UK). The cholesterol con-
tent of the LNPs was determined using Amplex Red Cholesterol
Assay Kit (catalog # A12216, Thermo Fisher Scientific, Waltham
MA)69,70 according to manufacturer’s protocol. This assay is based
on an enzyme-coupled reaction that detects the free cholesterol. For
each sample, background fluorescence was corrected by subtracting
the values derived from the no-cholesterol control. The plate was
analyzed using Infinite 200 PRO plate reader (TECAN, Männedorf,
Switzerland) using an excitation of 560 nm and emission of
590 nm. The calculated total amount of cholesterol in LNPs was
0.45 mg/mL. Therefore theoretically, within the lipid blend, calulated
based on the molar percentage used in the formulation,the other lipid
concentrations in the final LNP solution will be: 0.99 mg/mL of MC3,
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2.15 mg/mL of DOTAP, 0.24 mg/mL of DSPC, and 0.15 mg/mL of DMG-
PEG-2k.

Nucleic acid encapsulation efficiency (EE) was determined by
RiboGreen assay using a modified Quant-iT RiboGreen RNA reagent
(Life Technologies, Carlsbad, CA), which can be used to quantify both
mRNA and miRNA. For the quantification process, nucleic acid and
LNP stock solutions were appropriately prepared in two distinct
buffers: 1� TE buffer and 2% Triton X-100 in TE buffer with
RNase-free water. The assay was performed according to the manu-
facturer’s protocol in a black, clear-bottom, 96-well plate and
analyzed using Infinite 200 PRO plate reader (TECAN. Männedorf,
Switzerland) at an excitation of 480 nm and emission of 520 nm.
The background fluorescence was subtracted from each sample using
PBS control during analysis. The nucleic acid concentration was
determined by fitting our LNP sample data to the nucleic acid stan-
dard curve. The percentage EE for each sample was calculated using
the following equation:

%EE =

�
1 � Total nucleic acidin Triton TE buffer � Nucleic acid outside LNPin TE buffer

Total nucleic acidin Triton TE buffer

�
� 100

Cryo-TEM

Cryo-TEM images were captured using Falcon III and K3 Summit
cameras (Gatan, Pleasanton, CA) with DED at 300 kV. A copper
lacey carbon film-coated cryo-EM grid (Quantifoil, R1.2/1.3 300
Cu mesh) was plunge-frozen using the Vitrobot Mark IV system
(FEI, Waltham, MA). To freeze the samples, 2 mL of LNPs were
dispensed onto the glow-discharged grids in the Vitrobot chamber,
which was maintained at 23�C and 100% relative humidity. After
30 s, the samples were blotted with filter paper for 3 s before being
immersed in liquid ethane cooled by liquid nitrogen. The frozen
grids were carefully examined for flaws and then clipped and
assembled into cassettes. The images were captured at a nominal
magnification of 45,000 at an electron dose of 15–20 e�/Å2 then
processed and analyzed using Fiji (ImageJ 1.53t, National Institute
of Health, USA).

Cell culture

Neuro2A (N2A) cells (ATCC, CCL-131) are neuroblasts with
neuronal and ameboid stem cell morphology isolated from mouse
brain tissue. N2A cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% FetalClone serum (Thermo Fisher
Scientific, Waltham, MA) and maintained in a humidified incubator
with 10% CO2. Two days before the treatment, cells were plated in
12-well plates with 1 � 106 cells/well. Cells were treated with a final
concentration of 200 nM miR137-3p mimic or 200 nM miRNA
scramble control with equal volume of Lipofectamine 2000 (Thermo
Fisher Scientific, Waltham, MA) in 0.5 mL of Opti-Mem medium
(Thermo Fisher Scientific, Waltham, MA). When cells were treated
with LNPs, miR137-3p mimic was loaded into the LNPs and applied
to cells to a final concentration of 200 nM. In all conditions, after 24 h,
the medium was replaced with complete DMEM medium, and the
cells were harvested 24, 48, 72, or 96 h after treatment.
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Toxicity

In vitro cell toxicity after LNP treatment was determined by MTT cell
proliferation kit and processed according to manufacturer’s protocol
(AB211091, Abcam, Cambridge, UK). In vivo LNP toxicity was deter-
mined by weighing animals pre and post LNP injection as well as by
total animal survival rate.

RNA isolation, cDNA, RT-qPCR

Live Neuro2A cells or flash frozen brain tissue was cut at 300 mm on a
cryostat and 1 mm bilateral prefrontal cortex or cerebellar biopsy
punches (Ted Pella, Redding, CA, USA) were homogenized mechan-
ically using a pellet pestle motor (DWK Life Sciences, Millville, NJ).
Total RNA was extracted following manufacturers protocol using
the MagMax mirVana miRNA Isolation Kit (Thermo Fisher Scienti-
fic, Waltham, MA). Total RNA concentration and quality was
measured on a NanoDrop spectrophotometer, and 10 ng of RNA
was transcribed to cDNA using specific mmu-miR137-3p and
Sno202 RNA (endogenous control) primers with MultiScribe Reverse
Transcriptase (Applied Biosystems, Waltham, MA). Samples were
run in duplicated with universal TaqMan real-time qPCR
(StepOnePlus, Applied Biosystems, Waltham, MA) and fold change
levels of miR137 were analyzed using the delta-delta Ct calculation
procedure (Applied Biosystems, Waltham, MA). Statistical compari-
sons were made using a two-way ANOVA followed by Sidak’s multi-
ple comparisons post hoc test in GraphPad Prism 9.5.0. A p value
<0.05 was considered significant.

Immunoblotting

Neuro2A cell samples were lysed and homogenized in 1� RIPA
buffer containing 1� protease inhibitor (Roche, Branchburg, NJ)
and then centrifuged at 14,500 � g for 10 min at 4�C. Supernatants
were collected for use in the BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA). Ten milligrams of protein for
each sample was subjected to SDS-PAGE through a 12% Bis-Tris
precast gel (Bio-Rad, Hercules, CA) against Precision Plus Protein
Dual Color Standards and run at 180 V for 1 h with XT MOPS
(Bio-Rad) running buffer. The gel was transferred onto a polyviny-
lidene fluoride (PVDF) membrane with transfer buffer containing
10% methanol at 30 mV overnight at 4�C then washed three times
for 5 min with Tris-buffered saline with 0.05% Tween (TBST).
Membranes were blocked with 5% nonfat dry milk in TBST at
room temperature for 30 min. The blots were incubated overnight
at 4�C with primary antibodies diluted in TBST: rabbit anti-GluA1
(1:250, AB1504, Millipore Sigma, Burlington, MA), rabbit anti-
b-actin (1:1,000, AB6276, Abcam, Cambridge, UK), rabbit anti-
PSD95 (1:1,000, AB238135, Abcam, Cambridge, UK), rabbit
anti-TCF4 (1:1,000, 185736, Abcam, Cambridge, UK), mouse
anti-SYT1 (1:1,000, 105011, Synaptic Systems, Gottingen, Ger-
many), mouse anti-CACNA1C (1:1,000, AC84814, Abcam, Cam-
bridge, UK), rabbit anti-CPLX1 (1:1,000, 10246-2-AP,
ProteinTech, Rosemont, IL), and rabbit anti-FMRP (1:1,000,
AB17722, Abcam, Cambridge, UK). The next day, after washing
3 times for 10 min with TBST, the blots were incubated with
donkey anti-mouse or anti-rabbit horseradish peroxidase (HRP)
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secondary antibody (1:10,000, Jackson ImmunoResearch, West
Grove, PA) in 5% milk in TBST solution for 1 h at room temper-
ature. After antibody incubation, the blots were washed again three
times for 5 min with TBST and visualized using Clarity Western
ECL Substrate (Bio-Rad, Hercules, CA) and the ChemiDoc MP
Imaging detection system (Bio-Rad). Bands were analyzed by
densitometry using ImageJ (National Institutes of Health, USA).
The proteins of interest were normalized to b-actin as an internal
control. Statistical analysis comparing relative protein expression
from each treatment group was performed using a two-way
ANOVA in GraphPad Prism 9.5.0. A p value <0.05 was considered
significant.

Animals

Male and female C57BL/6J or Ai9 mice (strain #007909) (Jackson
Labs, Bar Harbor, ME) were maintained on a 12-h light/12-h dark cy-
cle with lights on at 7 am. Food and water were available ad libitum.
All experimental procedures followed the protocols approved by the
Institutional Animal Care and Use Committee at Oregon Health &
Science University and the Veterans Affairs Portland Health Care
System Institutional Animal Care and Use Committee. Mice were
deeply anesthetized with 3% vaporized isoflurane in oxygen
(1 L/min) until sedated and sacrificed using rapid cervical dislocation,
and brains were rapidly extracted, flash frozen with liquid nitrogen,
and stored at �80�C for further processing.

Injections

Mice were deeply anesthetized with 3% vaporized isoflurane in ox-
ygen (1 L/min) until sedated and placed in a stereotaxic apparatus.
For the duration of the surgery, isoflurane was maintained at 1%,
and mice were kept warm on a heating pad. Carprofen (0.11 mL/
25 g body weight) and dexium (0.01 mL/1 g body weight) were in-
jected subcutaneously before the surgery. Lidoject (0.2 mL/incision)
was administered at the surgery site before making an incision. Mice
were injected with LNPs containing firefly luciferase mRNA
(0.0023 mg/kg, L-7602, Trilink Biotechnologies), mmu-miR137-3p
(0.0018 mg/kg, Life Technologies, Carlsbad, CA), or Cre mRNA
(0.0014 mg/kg, L-7211,Trilink Biotechnologies, San Diego, CA) at
three locations within the medial PFC bilaterally (±0.4 medial/
lateral; +1.94 anterior/posterior; 1.0, 1.6, and 2.6 depth below brain
surface; 0.5 mL of nanoparticle per injection site), at a rate of 100 nL
per minute.

In vivo bioluminescent imaging and quantification

Mice were injected intraperitoneally with 150 mg of Pierce D-Luciferin
(Thermo Fisher Scientific,Waltham,MA) per kilogram of body weight
according to the manufacturer’s protocol. Bioluminescent imaging was
conducted on the same animals at 1, 3, 5, 7, 9, 24, 48, and 96 h post LNP
injection on the IVIS Spectrum In Vivo Imaging System (PerkinElmer,
Waltham, MA). The mouse skull was shaved prior to surgery, but no
other parts of the animal required shaving. Image analysis for region
of interest (ROI) measurement was performed on Living Image Soft-
ware (PerkinElmer, Waltham, MA) and was reported as average radi-
ance (the sum of the radiance from each pixel inside the ROI/number
of pixels or super pixels; photons/s/cm2/sr). Statistical analysis
comparing average radiance of fLuc in the brain and the liver at each
time point was performed using a two-way ANOVA in GraphPad
Prism 9.5.0. A p value <0.05 was considered significant.

Immunohistochemistry

Brains were extracted and immediately post-fixed overnight in 4%
paraformaldehyde in 1� PBS then cryoprotected in 30% sucrose in
1� PBS until the tissue sank. Then 40-mm sections were cut on a cryo-
stat and free-floating sections were stored in 1� PBS at 4�C until used
for immunohistochemistry experiments. Sections were incubated
with Tris-EDTA for 20 min at room temperature then permeabilized
three times for 5 min with 1� PBS and 0.3% Triton X-. Tissue was
then blocked in 1� PBS, 0.3% Triton-X, and 5% normal goat serum
for 1 h at room temperature. Primary antibodies (mouse anti-NeuN,
1:1,000, AB104224, Abcam, Cambridge, UK) and rabbit anti-Iba1
(1:1,000, AB178846, Abcam, Cambridge, UK) were added to 1�
PBS and 0.3% Triton-X and incubated overnight at 4�C. The next
day, tissue was washed in 1� PBS and 0.3% Triton-X three times
for 5 min and secondary antibodies (1:1,000, Alexa 488 goat anti-rab-
bit, AB150077, Abcam, Cambridge, UK) and Alexa 647 goat anti-
mouse (1:1,000, AB150115, Abcam, Cambridge, UK) were added
for 2 h at room temperature. Sections were washed with 1� PBS,
mounted, coverslipped, and dried overnight before imaging. Negative
control samples were run with no primary antibodies.

Neuronal cell measurements

Mice (n = 2/treatment) were treated every day for 5 days with PBS or
miR137-LNPs. On day 8, brains were extracted and immediately
post-fixed in 4% paraformaldehyde then cryoprotected in 30% su-
crose. Then 40-mm sections were cut on a cryostat and free-floating
sections were processed based on manufacturer’s protocol using a he-
matoxylin and eosin staining kit (Vector Laboratories, Newark,
CA).71 Prefrontal cortex tissues sections were imaged on a Keyence
BZ-X800 fluorescent microscope. Three sections per animal were
analyzed for neuronal cell density based on the prominent nucleus
and pale cytoplasm staining. An unpaired t test was performed using
mean neuronal cell densities in PBS or miR137-LNP animals by area
field of view (mm2).

Image analysis

For in vitro live-cell imaging, cells were washed with PBS and imaged
on a Keyence BZ-X800 fluorescentmicroscope (Itasca, IL) at 37�Cwith
10% humidity and 5% CO2 and imaged at 2, 4, 6, 24, and 48 h post
treatment. For immunohistochemistry imaging, slides were imaged
on a Zeiss ApoTome.2 Axio Imager (Oberkochen, Germany) with
standardized exposure levels for each fluorescent channel. The
ApoTome imaging system generates three fluorescent images in one
optical section, which helps maintain higher homogeneous resolution
across the field of view compared to a laser scanning confocal micro-
scope.72 Four animals with six images per animal were analyzed for
each condition. All images were quantified at 20� magnification.
Due to the potential microglial or astrocyte recruitment to the needle
tract injection site, the brain tissue directly adjacent (100–200 mm)31
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to the injection site was quantified so overlapping cell type expression
would not be skewed. The expression of NeuN (a neuron-specific nu-
clear marker), Iba1 (a microglia-specific protein marker), GFAP (an
astrocyte-specific cell body and extension marker), and tdTomato (a
cytoplasmic reporter protein specific to cells where CremRNA is trans-
lated) was determined as overlapping if the same cell labeled one or
more indicated cellular markers. Co-expression was determined by
separating each channel and counting fluorescence that overlapped
for each cell. Using GraphPad Prism 9.5.0, an ordinary one-way
ANOVA with a post hoc Tukey’s multiple comparisons test was used
to compare conditions. A p value <0.05 was considered significant.

Quantitative proteomics sample preparation

Mass spectrometric analysis was performed by the OHSU Proteomics
Shared Resource. Whole-brain mouse tissue samples were flash
frozen 72 h after treatment (PBS n = 6, blank LNP n = 6, miR137-
LNP n = 6; three males/three females per group). Blank LNPs include
all the same lipid components as the miR137-LNPs but do not
contain any nucleic acid. The brain tissue was cut at 300 mm on a
cryostat and 1-mm bilateral prefrontal cortex (Ted Pella, Redding,
CA) samples were homogenized in 200 mL of 5% SDS, 50 mM triethyl
ammonium bicarbonate buffer using Bioruptor Pico and heated to
95�C for 5 min. Samples were cooled and centrifuged for 5 min at
16,000 � g and supernatant transferred to an Eppendorf LoBind
tube. Protein concentrations were determined using the Pierce BCA
assay. Fifty micrograms per sample was digested using trypsin
(1:16, trypsin:protein) overnight using S-Trap micro cartridge (Pro-
tifi, Farmingdale, NY) after reduction with dithiothreitol and alkyl-
ation with iodoacetamide. Peptides were eluted from the S-Trap using
40 mL each of 50 mM TEAB, 0.2% aqueous formic acid, and 50%
acetonitrile (ACN) containing 0.2% formic acid, then pooled and
dried in a speedvac. Each sample was suspended in 100 mL of high-
pressure liquid chromatography (HPLC) water and a peptide assay
was done using Pierce Quantitative Colorimetric Peptide Assay Kit
(Thermo Fisher Scientific, Waltham, MA).

TMT labeling and mass spectrometric analysis

In preparation for tandem mass tag (TMT) labeling, 18 dried unfrac-
tionated peptide samples (15 mg/sample) were dissolved in 20 mL of
100 mM triethylammonium bicarbonate buffer, and TMT 18-plex re-
agents (Thermo Fisher Scientific, Waltham, MA) were dissolved at a
concentration of 9.6 mg/mL in anhydrous ACN. Each of the samples
was then labeled by adding 12 mL (115 mg) of an individual TMT re-
agent, followed by shaking at room temperature for 1 h. Two microli-
ters of each labeled sample in each group were then pooled, 2 mL of 5%
hydroxylamine added, and the samples were incubated for 15 min at
room temperature, dried by vacuum centrifugation, dissolved in
33.8 mL of 5% formic acid, and 2 mg of peptides were analyzed by a sin-
gle 40-min liquid chromatography-tandem mass spectrometry (LC-
MS/MS) method using an Orbitrap Fusion as described below. This
run was performed to normalize the total reporter ion intensity of
each multiplexed sample and to check labeling efficiency. After the
normalization and efficiency run, the remaining unmixed samples
were then combined in adjusted volumes to yield equal summed re-
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porter ion intensities during the subsequent two-dimensional liquid
chromatography/mass spectrometry analysis (2DLC/MS). Following
volume-based normalization, the combined samples (45.6 mg) were
dried by vacuum centrifugation, and TMT-labeled samples were re-
constituted in 40 mL of 10 mM ammonium formate, pH 9, and sepa-
rated by two-dimensional nano reverse-phase liquid chromatography/
mass spectrometry (2D-LC/MS) using a Dionex NCS-3500RS Ulti-
Mate RSLCnano ultra-performance liquid chromatography (UPLC)
and Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific,
Waltham, MA). TMT-labeled peptides were eluted from the first-
dimension high-pH column using sequential injections of 20-mL vol-
umes of 17%, 20%, 21%, 22%, 23%, 24%, 25%, 26%, 27%, 28%, 29%,
30%, 31%, 32%, 33%, 34%, 35%, 40%, 50%, and 90% ACN in
10 mM ammonium formate (pH 9) at a 3 mL/min flow rate. Eluted
peptides were diluted at a tee with a mobile phase containing 0.1% for-
mic acid at a 24 mL/min flow rate. Peptides were delivered to an
Acclaim PepMap 100 mm � 2 cm NanoViper C18, 5-mm trap on a
switching valve. After 10min of loading, the trap columnwas switched
on-line to a PepMap RSLC C18, 2 mm, 75 mm� 25 cm EasySpray col-
umn (Thermo Scientific,Waltham,MA). Peptides were then separated
at low pH in the second dimension using a 5%–25% ACN gradient
over 100 min in mobile phase containing 0.1% formic acid at a 300
nL/min flow rate. Tandem mass spectrometry data were collected us-
ing an Orbitrap Fusion Tribrid instrument (Thermo Scientific, Wal-
tham, MA). Peptides were separated using the instrument’s
EasySpray NanoSource, survey scans performed in the Orbitrap
mass analyzer, and data-dependent MS2 scans performed in the linear
ion trap using collision-induced dissociation following isolation with
the instrument’s quadrupole. Reporter ion detection was performed
in the Orbitrap mass analyzer usingMS3 scans following synchronous
precursor isolation in the linear ion trap, and higher-energy collisional
dissociation in the instrument’s ion-routing multipole.

Proteomic data analysis

The protein sequences searched were canonical mouse reference
FASTA sequences (21,968 proteins) downloaded on December 26,
2022, from www.UniProt.org. Common contaminants (175 se-
quences) were added, and sequence-reversed entries were concate-
nated for a final protein FASTA file of 44,286 sequences.

The 20-fraction TMT 18-plex sample produced 20 instrument files
that were processed with the PAW pipeline73 (https://github.com/
pwilmart/PAW_pipeline). Binary files were converted to text files using
MSConvert.74 Python scripts extracted TMTpro reporter ion peak
heights and fragment ion spectra in MS2 format.75 There were
334,353 linked MS2/MS3 scans acquired. The Comet search engine
(version 2016.03)76 was used: 1.25-Da monoisotopic peptide mass
tolerance, 1.0005-Damonoisotopic fragment ion tolerance, fully tryptic
cleavage with up to two missed cleavages, variable oxidation of methi-
onine residues, static alkylation of cysteines, and static modifications
for TMTpro labels (at peptide N-termini and at lysine residues).

Top-scoring peptide spectrum matches (PSMs) were filtered to a 1%
false discovery rate (FDR) using an interactive graphical user interface
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application to set thresholds in delta-mass histograms and condi-
tional peptide-prophet-like linear discriminant function77 score his-
tograms where incorrect delta-mass and score histogram distribu-
tions were estimated using the target/decoy method.78 The 115,725
filtered PSMs were assembled into protein lists using basic and
extended parsimony principles and required two distinct peptides
per protein per plex. The final list of identified proteins, protein
groups (indistinguishable peptide sets), and protein families (highly
homologous peptide sets) were used to define unique and shared pep-
tides for quantitative use. Total (summed) reporter ion intensities
were computed from the PSMs associated with all unique peptides
(final grouped protein context) for each protein.

The protein intensity values for each biological sample in each biolog-
ical condition were compared for differential protein expression using
the Bioconductor package edgeR79 within Jupyter notebooks. Result
tables contained typical proteomics summaries, reporter ion inten-
sities, and statistical testing results. Further investigation comparing
proteomic distributions across biological groups determined two
outlier samples (PBS, miR137-LNP). A Grubb’s test was used to
determine putative sample outliers based on the relative protein
abundance levels of housekeeping genes (b-tubulin, GAPDH, DJ-1,
actin).80 Subsequent data were interpreted with the removal of these
two samples from further analysis. A two-sample t test was used to
compare abundance differences of individual a priori proteins of in-
terest between biological conditions.

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.proteom
exchange.org) via the PRoteomics IDEntification (PRIDE) reposi-
tory41 with the dataset identifier PXD041648.

Biological network analysis

Following tandem TMT mass spectrometry analysis of samples
treated with miR137-LNP, blank LNPs, or PBS (n = 5–6/group),
public databases were used to determine differentially expressed
protein cellular location and biological process enrichment. The
STRING 11.532 database creates networks of known and predicted
protein-protein interactions from over 24.5 million proteins.
Following input of DEPs, we sought to determine network scale
protein enrichment in functional classifications defined by
GO, including biological process (https://www.informatics.jax.
org/vocab/gene_ontology/GO:0008150), subcellular components
(https://www.informatics.jax.org/vocab/gene_ontology/GO:0005575),
and molecular function (https://www.informatics.jax.org/vocab/
gene_ontology/GO:0003674). Similarly, SynGO33 was used to inves-
tigate subcellular compartmentalization of DEPs and where genes of
interest are translated, either in the neuropil or the soma.36 Finally,
when comparing DEPs after miR137 treatment to GWAS hits for
SCZ risk, the FUMA 1.5.3 GENE2FUNC was cross-referenced.34
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