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ABSTRACT

The transport of mRNAs to distal subcellular com-
partments is an important component of spatial gene
expression control in neurons. However, the mech-
anisms that control mRNA localization in neurons
are not completely understood. Here, we identify the
abundant base modification, m®A, as a novel reg-
ulator of this process. Transcriptome-wide analysis
following genetic loss of m°A reveals hundreds of
transcripts that exhibit altered subcellular localiza-
tion in hippocampal neurons. Additionally, using a
reporter system, we show that mutation of specific
mEA sites in select neuronal transcripts diminishes
their localization to neurites. Single molecule fluo-
rescent in situ hybridization experiments further con-
firm our findings and identify the m®A reader proteins
YTHDF2 and YTHDF3 as mediators of this effect. Our
findings reveal a novel function for méA in controlling
mRNA localization in neurons and enable a better un-
derstanding of the mechanisms through which m6A
influences gene expression in the brain.

INTRODUCTION

Subcellular RNA localization is an important mechanism
of spatial gene expression control in cells. This is especially
true in neurons, in which thousands of mRNAs can be lo-
calized to distal compartments such as axons and dendrites,
where they can in turn undergo local translation to produce
proteins critical for axon outgrowth and synaptic plasticity,
respectively (1-3). The subcellular trafficking of neuronal
transcripts to these distal locations plays important roles
in neurodevelopment and synaptic remodeling. However,
the mechanisms that govern which mRNAs are destined
for subcellular transport are poorly understood. Several
RNA binding proteins (RBPs) have been shown to facili-
tate mRNA transport through their recognition of specific
cis-acting sequence and structural elements, usually those
in 3’'UTRs (3-5). However, there is no universal localiza-
tion element shared by all distally-localized transcripts, and

there are likely to be other mechanisms beyond sequence
and structure that confer localization information.

In addition to RNA sequence motifs and structural el-
ements, RNA base modifications provide a mechanism
for controlling RNA:protein interactions in cells. N°-
methyladenosine (m®A) is the most abundant internal
mRNA modification, and its levels are particularly high
within the brain (6,7). Furthermore, recent studies have re-
vealed important roles for m°A in neurodevelopment and
learning and memory (8-11), two processes which require
precise spatial control of RNA expression (3). m®A controls
nearly every stage of the mRNA life cycle, and these various
functional roles of m®A are carried out by m®A-dependent
regulation of RNA:protein interactions (12,13). In partic-
ular, direct recognition of m®A residues by YTH domain-
containing proteins is a major mechanism through which
m®A regulates mRNA fate. Several studies have linked
YTHDF proteins to mRNA degradation (14-16), but they
have also been shown to influence the subcellular localiza-
tion of methylated mRNAs (17-21). Additionally, m°A is
enriched in a subset of neuronal mRNAs at the synapse
(22). Thus, it is possible that m°A serves as a chemical tag
for promoting the transport of specific mRNAs to distal
neuronal compartments (23). However, this possibility has
not been directly explored.

Here, we show that methylated adenosine residues within
the 3'UTR promote the localization of a subset of neu-
ronal mRNAs to dendrites and axons (collectively referred
to as neurites). Our profiling of the methylomes of neu-
ronal subcellular compartments reveals thousands of méA
sites that are enriched in neurites compared to cell bod-
ies. Depletion of the m®A methyltransferase, Mett/3, alters
the neurite localization of hundreds of transcripts, suggest-
ing that m°A-mediated RNA localization is likely to be
a widely used mechanism within neurons. We further ex-
amine two transcripts important for synaptic strength and
plasticity, Camk2a and Map2, and find that m°A residues
within their 3'UTRs are required for their localization to
neurites. In addition, we find that m®A-dependent localiza-
tion of these mRNAs is impaired following YTHDF2 or
YTHDF3 reader protein depletion. Collectively, our stud-
ies suggest that m®A contributes to the localization of a
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subset of mRNAs within neurons and demonstrate that the
Camk2a and Map2 transcripts exhibit m°A- and YTHDF
protein-dependent neurite enrichment.

MATERIALS AND METHODS
Biological resources

Cell lines. HEK293T cells were obtained from ATCC and
maintained at 37°C and 5% CO,, using DMEM (Corn-
ing) supplemented with 10% fetal bovine serum (VWR) and
Pen/Strep (Gibco).

Constructs. 3'UTRs for reporter genes, as well as 5xBoxB
and 6xMS2 3'UTRs, were cloned downstream of Den-
dra2 in the pFUGW lentiviral backbone plasmid contain-
ing Dendra2 by Gibson assembly. For the 3’UTR reporter
assays, we identified m®A sites within the 3'UTR by ex-
amining antibody-based m®A mapping data from neuron
and brain samples (6,22,24,25), either by selecting single
nucleotide mapped sites or by finding consensus DRACH
sequences found within MeRIP-seq peaks. Mutations of
mPA sites were introduced by either PCR mutagenesis or
cloning of gene fragments (IDT) and assembled using Gib-
son assembly. Cloning of shRNAs was done by ligating
annealed oligonucleotides (IDT) into a modified pLKO.1-
TRC lentiviral backbone where the puromycin was swapped
for a CFP using Gibson assembly. Coding sequences from
YTHDF proteins were amplified from a mouse hippocam-
pal cDNA library and cloned into the pFUGW backbone
followed by the XTEN linker sequence (26) and AN-HA.
A complete list of the oligonucleotides used for cloning
can be found in Supplementary Table S7. psPAX2 and
pMD2.g were a gift from Didier Trono (Addgene plas-
mid # 12260 and # 12259). pLKO.1-TRC cloning vector
was a gift from David Root (Addgene plasmid # 10878)
(27). pET42a-lambdaN+-L+-GSH was a gift from Pascale
Legault (Addgene plasmid # 98894) (28). pUbC-nls-ha-
stdMCP-stdGFP was a gift from Robert Singer (Addgene
plasmid # 98916) (29). pAAV-hSyn-Cre-P2A-dTomato was
a gift from Rylan Larsen (Addgene plasmid # 107738).
pUCmini-iCAP-PHP.eB was a gift from Viviana Gradinaru
(Addgene plasmid # 103005) (30). pAdDeltaF6 was a gift
from James M. Wilson (Addgene plasmid # 112867).

Virus production. Lentiviral vectors were co-transfected
with psPAX2 and pMD2.g plasmids in HEK293T cells
(ATCC) using PEI MAX (Polysciences) (31). Viral particles
were concentrated by ultracentrifugation on a 20% sucrose
cushion and titer was determined in HEK293T cells. AAVs
were generated in HEK293T cells as previously described
(30) using the PHP.eB capsid and pAdDeltaF6 helper plas-
mid using PEI MAX. Viral particles were quantified by
gPCR using primers in the hSyn promoter and the trans-
fer plasmid as a standard.

Primary cell cultures. All experiments were approved by
the Duke University Institutional Animal Care and Use
Committee. Hippocampal tissue was isolated from single
litters of WT or Mett[31°%/1°X newborn pups (P0.5). Tissue
of all animals was pooled and therefore represents a mix-
ture of both sexes. Hippocampi were digested with 0.125%
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Trypsin (Thermo) in dissection buffer (1 x HBSS, 10 mM
HEPES, 10 mM MgCl,, 10 wM kynurenic acid and 33
mM glucose) for 12 min at 37°C, followed by two washes
with dissection buffer containing 1% defined trypsin in-
hibitor. Tissue was triturated in growth media (Neurobasal-
A (Gibco), 1x B27 (Gibco), Pen/strep (Gibco), 0.6 mM
Glutatamax (Gibco)) and plated onto coated growth sur-
faces. Growth medium was changed 1 h after cell plating
and Ara-C (Millipore Sigma) was added to 1 wM at DIV3
to prevent growth of glial cells. One-third of the media
was subsequently changed twice weekly. For low-density
cultures, media was supplemented with 20% of astrocyte-
conditioned media. All neurons were maintained at 37°C in
5% COs.

Dissociated neuron cultures. For harvesting of RNA and
proteins, cells were plated at high density (2.5 x 103 cells
per well) on poly-D-lysine (PDL) (Gibco) coated 12-well
plates. For imaging experiments, cells were plated at low
density (4 x 10* cells per well) on 18 mm #1 round cover
glass (EMS) coated with PDL and laminin (Sigma). Growth
medium was changed 1 h after cell plating and Ara-C (Mil-
lipore Sigma) was added to 1 mM at DIV3 to prevent
growth of glial cells. One-third of the media was subse-
quently changed twice weekly. For low-density cultures, me-
dia was supplemented with 20% of astrocyte-conditioned
media. To suppress basal synaptic activity, | wM TTX and
50 wM D-APS5 (Tocris) was added 16 h prior to cell har-
vesting. To depolarize neurons, 450 wl of membrane depo-
larization solution (170 mM KCI, 10 mM HEPES pH 7.4,
1 mM MgCl,, 2 mM CaCl,) was added for each 1 ml of
growth media. For imaging experiments, hippocampal neu-
rons were transduced at a multiplicity of infection (MOI)
of 1 at DIV2. For tethering assays, cells were transduced
with Dendra2-expressing virus at DIV2 and YTHDF-AN-
expressing viruses at DIV4, at a MOI of 1 for each virus.
For shRNA-expressing lentivirus, cells were transduced at
a MOI of 3 at DIV7. All neurons were maintained at 37°C
in 5% CO,.

RNA isolation from soma and neurites. 1-1.5 x 10 disso-
ciated neurons were plated in PET cell culture inserts with 3
pm pores (Millipore) and maintained as high density cul-
tures. Each experiment was performed in duplicate using
neurons isolated from distinct litters. For treatment with
KCl, neurons isolated from the same litter were used for
control and KClI treatment. Wild-type or Mett/3/0x/fox pey-
rons were transduced with 50 000 viral AAV particles (AAV-
hSyn-Cre-P2A-dTomato) per cell at DIV7. Neurons were
treated with TTX and D-APS5 for 16 h at DIV14. The next
day, neurons were either left untreated or were treated with
KCl for 2 h at DIV15. Media was removed from both sides
of the membrane, and the membrane was rinsed with ice-
cold PBS. Neurites were scraped from the bottom of the
membrane using a cell scraper and the insert was transferred
to a six-well plate containing 1ml PBS, releasing the neurites
into the PBS. The soma fraction, which can also contain
neurites that fail to extend through the membrane pores,
was released from the top of the membrane using a cell
scraper and transferred to a 1.5 ml tube. Both fractions were
centrifuged at 5000g for 3 min and resuspended in 350 wl of
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RLT + buffer (Qiagen). Paired samples were isolated with-
out pooling. RNA was purified using QIAGEN RNeasy
Plus Mini kit, yielding 50-80 ng and 500-1000 ng from
neurite and soma fractions, respectively. RNA quantity and
quality were measured using the Qubit RNA high sensitiv-
ity assay and the RNA 6000 Pico assay on the Bioanalyzer
2100. Samples with a RIN >7 were used for library prepa-
ration. Acetone-precipitated proteins from the flowthrough
of RNA columns were resuspended in NuPAGE loading
buffer for western blot analysis.

Reagents

Western blotting. Protein samples were loaded in a 1 mm
thick 4-12% NuPAGE gel (Thermo) and separated at 175V
for 60 min. Transfers were carried out at 25V for 30 min to a
nitrocellulose membrane in 2x NuPAGE transfer buffer (50
mM Bicine, 50 mM Bis-Tris, 2 mM EDTA, 10% methanol)
using semi-dry transfer. Blocking was carried out for 60 min
in 5% nonfat dry milk in 0.1% TBST and antibodies were
incubated overnight in 5% BSA (VWR) in 0.1% TBST at
4°C. Secondary antibodies were incubated on membranes
in blocking buffer for 1 h at room temperature. ECL reagent
(Amersham ECL Prime) was mixed 1:1 and added to the
membranes, which were imaged using the Bio-Rad Chemi-
doc imaging system.

Antibodies. The following antibodies and concentrations
were used: rabbit anti-METTL3 (Abcam; ab195352;
WB-1:2,000, IF-1:300), rabbit anti-Histone H3 (Cell
Signaling Technology (CST); 9715;WB-1:2000), rabbit
anti-Synapsin I (Millipore Sigma; AB1543; WB-1:1000),
rabbit anti-Synaptophysin (Proteintech; 17785-1-AP; WB-
1:10 000), rabbit anti-c-Fos (CST; 9F6; WB-1:1000), rabbit
anti-GAPDH (Proteintech; 10494-1-AP; WB-1:5,000),
mouse anti-B-actin (Genscript; A00702; 1:5000), rabbit
anti-YTHDF1 (Abcam; ab252346;WB-1:2000; IF-1,250;
IP-2 pg), rabbit anti-YTHDF2 (Abcam; ab246514;WB-
1:2000; 1F-1250; IP-2 pg), rabbit anti-YTHDF3 (Ab-
cam; ab220161;WB-1:2000; IF-1,250; IP-2 g), rabbit
anti-HA (CST; C29F4; 1:2000; IF-1:500), mouse anti-
Phospho-CREB (Ser133) (CST; 87G3; IF-1:800), mouse
anti-c-FOS (EnCor; MCA-2H2; IF-500), chicken anti-
MAP2 (EnCor Biotech; CPCA-MAP2; IF-1:10 000),
rabbit anti-N°-methyladenosine (abcam, ab151230, dot
blot-1:1000), mouse anti-FLAG M2 (Sigma, FI1804,
WB-1:2000), horseradish peroxidase (HRP)-conjugated
goat anti-rabbit (Abcam; ab6721; 1:10 000), HRP-
conjugated goat anti-mouse (Invitrogen; 62-6520; 1:10
000), AlexaFluor647-conjugated goat anti-Chicken (Invit-
rogen; A32933; 1:2000), AlexaFluor647-conjugated goat
anti-mouse (Invitrogen; A11001; 1:2000), AlexaFluor546-
conjugated goat anti-rabbit (Invitrogen; A-11036; 1:2000),
AlexaFluor647-conjugated goat anti-rabbit (Invitrogen;
A-21245; 1:2000).

smFISH and immunofluorescence. Custom Stellaris®
FISH Probes recognizing Dendra2, Map2 and Camk2a and
labeled with Quasar570, were purchased from Biosearch
Technologies. Probe set sequences for Camk2a and Den-
dra2 have been previously described (32,33). For Acth and

Shank1, smiFISH probes were designed with Oligostan (34)
and annealed to a dual Quasar570-labeled oligonucleotide.
Probe sequences can be found in Supplementary Table
S7. smFISH experiments were performed as described
(32,34) with some modifications. For reporter assays, DIV7
neurons were used. For endogenous RNA smFISH, DIV14
neurons were used to allow sufficient time for candidate
gene expression to begin. Neurons were fixed for 10 min
at room temperature with 4% formaldehyde, 4% sucrose
in 1x PBS for 10 min, followed by washes (3x) with 1x
PBS. Cells were permeabilized in ice-cold 70% ethanol for
at least 1 h at 4°C or for with. Cells were re-hydrated in
FISH wash buffer (2x SSC, 10% formamide (sigma)) for
10 min. Cells were then incubated with 50 nM Quasar570
labeled mix probe set in hybridization buffer (2x SSC,
10% dextran sulfate, 1 mg/ml Escherichia coli tRNA, 20
mg/ml BSA, 2 mM Vanadyl Ribonucleoside complex,
10% formamide) or Stellaris RNA FISH Hybridization
Buffer (Biosearch Technologies Cat# SMF-HB1-10) for
16 h at 37°C in a humidified chamber. After two washes
for 30 min at 37°C in 2x FISH wash buffer (25 ng/pl
DAPI (Millipore Sigma 10236276001) included in sec-
ond wash), coverslips were mounted using Vectashield
Vibrance antifade mounting media (Vector Laboratories,
H-1700).

For smFISH/IF, fixed cells were permeabilized with 0.1%
triton in 1 x PBS for 15 min, followed by 5 min washes (3 x)
with 1x PBS. Cells were blocked for 30 min with 0.5% Ul-
traPure BSA (Invitrogen AM2616) in 1x PBS before adding
primary antibody for lh at room temperature. Coverslips
were washed for 5 min with 1x PBS (3x) and incubated for
1 h with secondary antibody (anti-rabbit Alexa647) for 1 h
at room temperature. Following 5 min washes in 1x PBS
(3x), cells were fixed in 4% paraformaldehyde, 4% sucrose
in 1 x PBS for an additional 10 min, followed by additional
washes in 1x PBS (3x). Cells were then used for FISH as
above.

Image acquisition. All images were captured on an in-
verted wide-field Leica DMi8 microscope equipped with
a 63x/1.4 HC PL APO objective, Leica DFC9000 4.2
MP monochrome sCMOS camera, Lumencor SOLA
SM light engine, and the following filter cubes: DAPI
(EX350/50; DC400; EM460/50), GFP (EX470/40;
DC495; EMS525/50), RHOD (EX546/10; DC560;
EM585/40), and Y5 (EX620/60; DC660; EM700/75).
For each cell, a 3D image stack starting below and ending
above detectable signal was captured with a z-step size of
210 nm at 12-bit image depth. The resulting image voxel
sizes were (x x y x z) 0.105 nm x 0.105 nm x 0.210
nm. For experiments using Dendra2 reporters, Quasar570
signal was obtained first, prior to acquisition of Dendra2
and DAPI signal to avoid possible photoconversion of the
Dendra?2 protein.

RNA-seq, DART-seq and RIP-seq library construction and
sequencing. RNA-seq libraries were prepared from 50 ng
of total RNA using the NEBNext Single Cell/Low Input
RNA library Prep Kit for Illumina and sequenced on an
[llumina NovaSeq6000 S-prime flow cell with paired-end
50-bp reads, yielding 40-90 million clusters per library. For



DART-seq, 50 ng of RNA was used for in vitro deamination
as previously described (35) with some modifications. RNA
was incubated with 250 ng of recombinant APOBECI-
YTH-HA protein for 4 h at 37 °C in 1x deaminase buffer (10
mM Tris—HCI, pH7.5, 50 mM KClI, 0.1 puM ZnCl,). RNA
was purified with QTAGEN RNeasy MinElute Cleanup kit
and used as input for RNA-seq libraries as above. RIP-
seq libraries were prepared from 9 ng of RNA using the
SMARTer Stranded Total RNA-Seq Kit v3 — Pico Input
Mammalian (Takara) for three biological replicates. For
each replicate, the lysates of three wells of neurons grown
in a six-well plate were pooled and then equally split for
YTHDFI1, YTHDF2 and YTHDF3 RIPs. This enabled 3
YTHDF RIPs (one each for YTHDF1,2, and 3) from a sin-
gle shared input sample. Libraries were sequenced on a sin-
gle lane of a NovaSeq6000 S-prime with paired-end 50-bp
reads, yielding 18-54 million clusters per library.

RNA-seq analysis. Sequencing reads were trimmed with
Flexbar (v3.5.0) (36) and aligned to the mm10 genome us-
ing STAR (v2.7.7) (37) in paired-end mode. Mapped frag-
ments were counted using featureCounts (Subread version
2.0.1) (38) and imported in R for differential gene expres-
sion (DGE) analysis using DESeq2 (39). Mitochondrial-
encoded RNAs were excluded from analyses as they can be
locally synthesized. Genes with a baseMean of less than 10
were excluded from both analyses. For identification of ex-
pressed genes in neurites, we considered all RNAs with >5
FPKM. For the DGE analysis of neurite enrichment in WT
neurons and changes in expression in Mezt/3 KO cells, we
used a threshold of £1.5-fold change and FDR adjusted
P-value <0.05 for identification of significant changes. For
DGE analysis of changes in gene expression following KClI-
treatment, we considered reads in the soma fraction only
and used a threshold of +2-fold change and FDR ad-
justed P-value <0.05. For differential neurite enrichment
analysis, we adapted the ribosome profiling program Xtail
(40). Fragment counts from neurite samples were paired
with soma sample counts from the same cell culture in-
sert and considered as analogous to ribosome protected
fragments (RPFs) and RNA input, respectively, followed
by statistical negative binomial modelling. Statistical sig-
nificance and change in localization (AFCyys) were cal-
culated following two pipelines on the normalized counts
by (i) assessing the log, fold change in RNA abundance
in each compartment across conditions and (ii) comparing
the difference in log, ratios of RNAs across compartments.
Finally, for each RNA, the pipeline with the highest P-
value (least significant) was selected to establish the final P-
value and AFCyys. Gene Ontology enrichment analysis was
done using the cluster profiler R package (41). Discovery
of enriched motifs was performed using STREME (v5.3.3)
(42) in RNA mode, comparing neurite-enriched mRNAs
to all non neurite-enriched mRNAs for a relative enrich-
ment analysis. For each gene, the sequence of the mRNA
isoform with the longest annotated feature probed was se-
lected and retrieved. As a control, sequences of non neurite-
enriched mRNAs were similarly obtained. For the 33 UTR
comparison, sequences of less than 180 nt were removed
from the control set to normalize the average lengths of each
sequence set.
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DART-seq analysis. Sequencing reads were aligned to the
mm10 genome using STAR (v2.7.7), followed by duplicate
removal and read sorting. To identify high-confidence C-
to-U editing sites, we developed Bullseye, a set of custom
Perl scripts adapted from HyperTRIBE (43,44). In brief,
bam files were parsed with Samtools (v1.11) (45) to build
a matrix of coverage at each genomic position. The C2U
editing rate in annotated exons and extended 3'UTRs (5
kb) was then compared for each sample against all Mert/3
KO libraries (eight samples). Sites were called at positions
containing a minimum of 50 unique reads, three mutations,
1-95%C2U and at least 1.25-fold increase in %C2U value
compared to all individual Mert/3 KO samples. Only sites
found in at least two replicates and residing within a RAC
motif were kept. To identify high-confidence sites, the av-
erage %C2U value of all biological replicates at called sites
was compared in WT and Mert[3 KO samples, and only sites
with at least a 1.5-fold increase in %C2U value relative to
Mettl3 KO samples were selected for downstream analysis.
Usage instructions for the Bullseye pipeline is detailed on
the project’s GitHub repository page: https://github.com/
mflamand/Bullseye. To compare %C2U editing at individ-
ual sites across conditions and compartments, we fitted the
editing frequency in a binomial generalized linear model
in R. The significance at each site was then computed us-
ing a Wald-test on the fitted data and adjusted for multiple
comparisons. The average %C2U at each of these sites was
used for visualization in gene tracks. To identify differen-
tially methylated RNAs, we defined a score for each RNA
as the cumulative sum of %C2U at all called sites within the
RNA. For the analysis of distribution of m®A sites across
the mRNA landscape, the relative position of sites was cal-
culated using metaPlotR (46), and number of sites or peaks
in 5UTRs, coding sequences, and 3’UTRs were normalized
to the median size of each region in their respective enrich-
ment category.

RIP-seq analysis. Unique Molecular Identifiers (UMIs)
were extracted from read2 using UMI-tools (v1.1.1) (47)
with the option: —bc-pattern = NNNNNNN, following by
trimming with Cutadapt (v3.4), removing the first six nu-
cleotides of read2 and the adapter sequences. Processed
fastq files were aligned to the mm10 genome using STAR
(v2.7.7) (37) in paired-end mode. Duplicate reads were re-
moved from the bam files using UMI-tools and unique frag-
ments were counted using featureCounts (Subread version
2.0.1) (38). The count matrix was imported in R for differen-
tial gene expression (DGE) analysis using DESeq2 (39) and
independent hypothesis weighting (48) for scoring signifi-
cance of enrichment. Enriched RNAs were defined as those
with a fold change in RIP over input of at least 1.25 and
an FDR adjusted P-value <0.05. For pairwise comparisons,
we selected differentially enriched RNAs as those display-
ing at least twice the enrichment (AFC > 2) as the compared
YTHDF protein.

Image analysis. Image stacks of the Quasar570 channel
were processed in Leica LasX by 3D blind deconvolution
using the AutoQuant algorithm, allowing for resizing to a
16bit-depth and a reduction in background signal. To de-
termine position and to count mRNA molecules in cells,
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we used FISH-quant (34) software running on MATLAB
R2020a (MathWorks). Briefly, to identify outlines of each
cell, GFP and DAPI channels were projected in a focus-
based approach, and masks were created using CellProfiler
(49) (Broad institute, v4.0.7). Masks were then manually cu-
rated using Fiji (50) (1.53c) to open ‘holes’ that occur when
neurites from the same neuron cross. Outline of the soma
was manually defined for each image and was used as nu-
clei in FISH-quant. The software identified mRNA spots
in the 3D stack and non-specific signal was filtered by re-
stricting signal amplitude and width in both x—y and x—z
axes. Once detection settings were set, detection of mRNAs
in all cells was done in an automated manner. Summary
data containing the total number of RNAs detected in each
cell and in their neurites was exported, and visualization of
results was done using R-4.0.3. For representative images
presented in figures, the maximal projections of a single im-
age stack for each condition was linearized using Fiji and
cropped to display a single neurite. Contrast was adjusted
to reduce background signal. The analysis was performed
on the uncropped images. All values associated with quan-
tification of smFISH experiments can be found in Supple-
mentary Table S7.

RNA immunoprecipitation. For each RIP on endogenous
YTHDF proteins, 1.5-2 x 10° hippocampal neurons per
well of six-well plates were harvested at DIV14 lysed in
RIP buffer (25mM Tris—CI pH 7.4, 150 mM NacCl, 2.5 mM
EDTA, 0.5 mM DTT, 0.5% NP-40, R Nase inhibitor, Roche
cOmplete mini EDTA-free protease inhibitor) by mixing
for 15 min at 4°C. During lysis, 2 g antibody was added
to 20 pl Dynabeads Protein A (Invitrogen) per sample in
PBS containing 0.005% Tween and incubated at 21°C for 30
min. Lysate was cleared by centrifugation at 17 000 x g for
10 min and the supernatant was transferred to a new tube
and incubated with antibody-coupled beads for 1 h at 4°C.
Following immunoprecipitation, beads were washed three
times for 5 min with lysis buffer containing 0.1% NP-40.
One-fifth of the beads were used for protein elution in 2x
NuPAGE buffer with 100 mM DTT, followed by western
blot analysis. The rest of the beads were resuspended in 1 ml
of Trizol (Invitrogen), and RNA was extracted by adding
200 wl of 1-bromo-3-choloropropane (Millipore Sigma).
Precipitated RNA was washed twice with 75% ethanol and
resuspended in water. A fraction of the cell lysate was used
for RNA input extraction and treated with Turbo DNase
(Invitrogen) for 30 min at 37°C. for RT-qPCR analysis,
cDNA was produced with Superscript IIT and Real-Time
PCR was performed using iTaq Universal SYBR Green Su-
permix) in a CFX Connect Real-Time PCR system (Bio-
Rad). Enrichment of each RNA was normalized to the in-
put RNA and to the non-methylated RNA Eif5a.

For tethering experiments, HEK293T cells were trans-
duced sequentially with lentivirus expressing Dendra2-
5xBoxB/6xMS2 and YTHDF-XTEN-AN-HA at a MOI of
3. For each reporter:protein pair, confluent cells were har-
vested from 2 x 10 cm plates and lysed as above for RIP.
Enrichment of each RNA was done by normalization to
non-specific binding of Dendra2-reporters in lysate lacking
HA tagged proteins.

MeRIP-RT-gPCR. For each biological triplicate, 30 g of
total RNA was extracted from HEK293T cells transduced
with lentivirus expressing WT or m®A-mutant reporters at a
MOI of 3 and was fragmented to ~100 nt fragments using
10x Ambion Fragmentation Reagent for 10 min at 75 °C.
Fragments were immunoprecipitated with 5 pg of Rabbit
anti-m®A antibody (Abcam) precoupled to 50 wl of Protein
A/G magnetic beads (Pierce) in 300 wl of immunoprecip-
itation buffer (50 mM Tris—Cl pH 7.4, 150 mM NaCl, 1%
NP-40 substitute, 0.5 mM EDTA) for 1 h at 4°C. Following
three washes in IP buffer and in two washes in 0.25x SSPE,
RNA was eluted twice with 125uLL of elution buffer (50 mM
Tris—Cl pH 7.4, 1 mM EDTA, 20 mM DTT, 0.1% SDS) by
incubating at 42°C for 5 min. RNA was purified using acidic
phenol (Sigma) and chloroform, and ethanol precipitated
in the presence of 1 ul of GlycoBlue Coprecipitant (Am-
bion). RNA was finally resuspended in 10 .1 of RNAse free
water. cDNA was prepared with Superscript 111 and ran-
dom hexamers (Invitrogen) and Real-Time PCR was per-
formed using iTaq Universal SYBR Green Supermix in a
CFX Connect Real-Time PCR system (Bio-Rad). To con-
trol for immunoprecipitation efficiency, the enrichment of
WT and mutant reporters pulled down in each replicate was
normalized to the enrichment of an endogenous m°A site
found in ACTB.

Quantitative PCR. c¢cDNA was prepared with iScript Re-
verse Transcription Supermix (Bio-Rad) using 10 ng of to-
tal RNA and then diluted 1:5 with nuclease-free water. 2 ul
of diluted cDNA was used per 10 pl reaction (in triplicate)
with iTaq Universal SYBR Green Supermix (Bio-Rad) in
a CFX Connect Real-Time PCR system for 40 cycles, fol-
lowed by a melt curve analysis. Primers and their respective
amplification efficiencies are listed in Supplementary Table
S7. Changes in expression were calculated with the AACT
method (51), accounting for primer efficiency.

Immunofluorescence. Neurons were fixed for 10 min at
room temperature with 4% formaldehyde, 4% sucrose in 1 x
PBS for 10 min, and permeabilized with 0.1% triton in 1x
PBS for 15 min. Cells were blocked for 1 h with 5% BSA
(VWR) in 1x PBS before overnight incubation with pri-
mary antibody at 4°C. Coverslips were washed with 1 x PBS
(3x) and incubated for 1 h with secondary antibody at room
temperature. Coverslips were washed in 1x PBS for 5 min
(3x), including 25 ng/pl DAPI in the second wash. Cov-
erslips were mounted using Vectashield Vibrance antifade
mounting media.

m°A dot blot. To purify poly(A) RNA, total RNA was
subjected to two rounds of poly(A) selection using the Dyn-
abeads mRNA Purification Kit (Invitrogen). 50 ng/ul of
poly(A) purified RNA was heat denatured in TE buffer for
2 min at 95°C followed by immediate chilling on ice for 3
min. 100 ng of denatured RNA was dotted on a BrigtStar-
Plus positively charged nylon membrane (Invitrogen) and
immediately crosslinked in a Stratalinker UV 2400 (Strata-
gene) using the autocrosslink mode. After crosslinking, the
membrane was washed for 5 min in 0.1% TBST and stained
with methylene blue. Methylene blue staining of the mem-
brane was imaged with the Bio-Rad Chemidoc imaging sys-



tem. The membrane was then blocked for 1 h in 5% nonfat
dry milk in 0.1% TBST and incubated with primary rabbit
anti-m°A antibody (1:1000, Abcam)in 0.1% TBST for 1 h at
21°C. Following extensive washing with 0.1% TBST, HRP-
conjugated goat anti-rabbit IgG was diluted 1:10 000 in
0.1% TBST and added to the membrane for 1 hat21°C. The
membrane was washed again in 0.1% TBST three times for 5
min, developed with ECL reagent (Amersham ECL Prime)
and imaged using the Bio-Rad Chemidoc imaging system.
Intensities of methylene blue staining and m®A signal were
quantified with Image Lab software (BioRad, v6.1).

Statistical analyses

The details about particular statistic parameters and data
representation are specified in the figure legends. All statis-
tical analyses were performed using R-4.0.3. Significance of
the changes in mRNA localization by smFISH were mea-
sured using a two-way Wilcoxon-test. For measurement of
endogenous mRNAs, a two-way Wilcoxon-test was used.
When multiple comparisons were performed, P-values were
adjusted using the false discovery rate (FDR) method. A
summary of values and statistics of the smFISH quantifica-
tion data used to generate graphs can be found in Supple-
mentary Table S7. For bar graphs, data are represented as
the mean + S.D. For RIP-RT-qPCR analysis, significance
was measured using a Student’s 7-test adjusted for multiple
comparisons using the FDR method. Differences in RNA
abundance and neurite enrichment for methylated and non-
methylated RNAs were measured using a Mann—Whitney
U test. For the relative enrichment of editing sites across
the mRNA landscape, significance was measured with a
chi-square goodness of fit test. For all analyses, a value of
P < 0.05 was assumed to be significant.

RESULTS

Identification of the local transcriptome of hippocampal neu-
rons

To identify RNAs that localize to axons and dendrites, we
cultured mouse hippocampal neurons on a microporous
membrane, which enables physical separation of dendrites
and axons from the cell body (soma) (52-54) (Figure 1A).
This method results in a clear separation of the two com-
partments, as shown by the presence of nuclear proteins ex-
clusively in the soma fraction and synaptic proteins in both
fractions (Figure 1B). We extracted RNA from the soma
and neurites of mature (DIV 15) neurons and used RNA-
seq to identify RNAs from each compartment. To iden-
tify transcripts enriched in neurites relative to the cell body,
we used differential gene expression analysis (39) to estab-
lish an enrichment ratio which calculates the fold change in
RNA abundance in the neurite and soma fractions (FCy;s).
We identified 2420 RNAs that were significantly enriched in
neurites relative to cell bodies, and 657 RNAs that were en-
riched in cell bodies relative to neurites (Figure 1C; Supple-
mentary Table S1). RNAs that have previously been shown
to localize to dendrites (55), such as Camk2a and Shankl,
were among the most enriched transcripts in neurites (Fig-
ure 1C and D; Supplementary Table S1). In contrast, RNAs
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that primarily localized to the nucleus, such as the small nu-
cleolar RNA host gene Snhgll, were found almost exclu-
sively in the soma fraction (Figure 1D; Supplementary Ta-
ble S1). In addition, we observed a high degree of overlap
between transcripts detected in hippocampal neurite sam-
ples and those found in the neurites of Ascll-induced neu-
rons (54), cortical neurons (53) and mouse hippocampal
neuropil samples (56), indicating the accuracy of our ap-
proach (Supplementary Figure S1A).

The majority of transcripts that we identified as enriched
in neurites were protein-coding genes (64.1%) (Supplemen-
tary Figure S1B). Many of these mRNAs encoded pro-
teins found in the postsynaptic density, as well as proteins
involved in mitochondrial and ribosomal functions (Fig-
ure 1E, Supplementary Figure S1C). Additionally, neurite-
enriched mRNAs had slightly longer 3’'UTRs compared to
non-enriched mRNAs or soma-enriched mRNAs (Supple-
mentary Figure S1D), which is consistent with previous re-
ports of long 3’UTR isoforms enriched in the hippocampal
neuropil (53,57,58).

Motif analysis of neurite-enriched mRNAs revealed the
presence of G-rich and G-tetrad ((GGC)y) sequences,
which are frequently found in G-quadraplex structures (59)
(Supplementary Figure S1E). These motifs were not iden-
tified when we restricted our analysis to the 5UTR, cod-
ing sequence (CDS), or 3’UTR regions alone, suggesting
that these motifs are not enriched within a particular re-
gion of neurite-localized transcripts (Supplementary Fig-
ure S1E). G-quadraplexes have been linked to translational
repression (59-61) and mRNA transport (62,63); however,
whether these structures occur more frequently in neurite-
localized transcripts and what roles they may play are cur-
rently unknown.

In addition to mRNASs, we also detected several noncod-
ing transcripts in hippocampal neurites. This includes long
noncoding RNAs (IncRNAs) traditionally thought to lo-
calize to the nucleus, such as Malatl, Neatl and Meg3 (64).
Although these transcripts were readily detected in neurites,
they were present at lower levels than in the soma and there-
fore were not classified as being neurite-enriched (Supple-
mentary Table S1). A similar distribution of these IncRNAs
has been reported in the soma and dendrites of hippocam-
pal neurons (65). Other IncRNAs, such as the cytoplasmic
IncRNAs Bcl and Norad, were also found in neurites, al-
beit at similar levels as in the soma (Supplementary Table
S1). Interestingly, both Bcl and Norad have been linked to
synaptic function and morphology (66-68).

Membrane depolarization alters neurite enrichment of a sub-
set of RNAs

Previous studies have shown that synaptic activity can in-
duce the dendritic localization of select neuronal RNAs
(69-75). However, the effects of synaptic activity on RNA
localization on a global scale have not been examined.
Therefore, we sought to measure changes in RNA enrich-
ment in neurites following neuronal activation. To do this,
we subjected TTX- and D-AP5-silenced neurons to 2 h
of sustained KCl-induced membrane depolarization (76—
78) and isolated RNA from the soma and neurite frac-
tions (Figure 1A). As expected, this treatment led to the
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Figure 1. Characterizing the local transcriptome of cultured hippocampal neurons. (A) Experimental design for isolation of soma and neurites. Hippocam-
pal neurons isolated from C57BL/6 (WT) or MettI3/0¥/foX animals are plated on a microporous membrane and transduced with AAV-hSyn-Cre at DIV7.
At DIV14, synaptic activity is silenced with TTX and D-AP5. At DIV15, neurons are subjected to KCl-induced depolarization for 0 or 2 h. Soma and

neurite fractions are then isolated from the top and bottom of the membrane,

respectively. (B) Western blot analysis of protein extracts from soma and

neurite fractions. Nuclear proteins METTL3 and H3 are secluded from neurites. Pre-synaptic proteins SYN and SYP are found in both soma and neurite
samples. (C) Volcano plot shows transcripts enriched and depleted in neurites relative to the soma. Blue, neurite-enriched genes (FC > 1.5, FDR < 0.05).
Yellow, neurite-depleted genes (FC < 1.5, FDR < 0.05). The top 7 most significantly enriched genes are highlighted. (D) Normalized coverage tracks of
representative mRNAs displaying neurite depletion (Snhgl 1), expression in neurites but no enrichment (Actb), and neurite enrichment (Camk2a). (E) False
discovery rate for the top 15 overrepresented cellular compartment gene ontology terms for neurite-enriched RNAs. See also Supplementary Figure S1.

calcium-dependent induction of the immediate early gene
(IEG) c-Fos, as well as phosphorylation of CREB (Ser133),
and strong induction of Fos, Npas4, and Arc mRNA levels
(Figure 2A, Supplementary Figure S2A and B). We then
subjected RNA extracted from the soma and neurites of
KCl-treated neurons to RNA-seq and performed differen-
tial gene expression analysis. We found 1,112 transcripts
that were upregulated following KCI treatment, including
several IEGs known to be elevated following synaptic ac-
tivity (78), such as Fos, Npas4, Gadd45g and Arc (Figure
2B; Supplementary Figure S2C and D; Supplementary Ta-
ble S2).

We next analyzed RNA enrichment in the neurites of
KCl-treated neurons. We identified 1569 transcripts that
were enriched in neurites (FCyys) following KCI treatment,
the majority of which (81.7%) were also enriched in neu-
rites in untreated cells (Supplementary Figure S2E and F;
Supplementary Table S2). To identify transcripts whose lo-
calization was significantly altered following KCI treatment,
we calculated the difference in neurite enrichment of tran-
scripts in stimulated and unstimulated cells (AFCyys). To
do this, we normalized gene expression in each neurite sam-
ple to its paired soma sample to account for the changes
in gene expression that accompany KCI treatment, allow-
ing us to identify changes in RNA localization between
conditions that are not biased by large changes in gene
expression.

Our analysis identified 339 transcripts whose localiza-
tion to neurites increased after KCI treatment (Figure 2C
and D; Supplementary Table S3). We found that AFCy/s
was negatively correlated with changes in RNA expres-
sion in the soma (Rpeason = —0.42; Figure 2E), suggest-
ing that strongly induced RNAs are less likely to exhibit
activity-dependent increases in neurite localization. Im-
portantly, these observations were not caused by a global
change in RNA abundance in each compartment (Supple-
mentary Figure S2G). Surprisingly, we did not find that KCl
treatment significantly enhanced the neurite enrichment of
Camk2a, Map2, Actb and Arc, which have been previously
shown to exhibit activity-dependent dendritic localization
(69-72,74,75). This could be due to the low magnitude
of the reported increase in neurite localization following
synaptic activity for some of these transcripts (1.1-1.2-fold
for Camk2a and Map2 (71,79), which remains below our
significance thresholds). Indeed, we observed a modest in-
crease in neurite enrichment for Actb, but this also remained
below our thresholds for significance (Figure 2F, Supple-
mentary Table S3). Arc was also not significantly enriched
in neurites following KCI treatment. However, compared
to other IEGs such as Npas4 and Fos, which are depleted
from neurites of KCl-treated neurons, Arc was abundantly
expressed in neurites after KCI treatment (Figure 2C and
G, Supplementary Figure S2H). This suggests that a por-
tion of newly transcribed Arc localizes to neurites, as previ-
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ously reported (74), but that this is an intrinsic property of
the Arc transcript, and not due to the increased localization
of an existing pool of RNA. Altogether, we found that neu-
rite enrichment of RNAs was strongly correlated between
untreated and KCl-treated neurons (Rpearson = 0.88) (Fig-
ure 2C, Supplementary Figure S2I). These results suggest
that, although KCl-mediated neuronal activation enhances
the localization of select transcripts to neurites, it may not
be a major driver of mRNA transport to neurites in cultured
hippocampal neurons. Instead, both the mRNA expression
level and intrinsic cis-acting elements likely play a greater
role in neurite localization.

Loss of Mettl3 alters neurite enrichment of a subset of mR-
NAs

Previous studies have identified several sequence elements in
mRNA 3'UTRs that confer axonal or dendritic localization
in neurons (3,80,81). Although some transcripts harbor-
ing these elements were identified in our neurite-enriched
transcriptome, these sequence motifs were not a universal
feature of all mRNAs localized to neurites (Supplemen-
tary Figure S1E). In addition to RNA sequence, methy-
lation of adenosine residues (m®A) is a feature of many
3’UTRs which has been shown to influence the subcellu-
lar localization of mRNA (17-21). Intriguingly, we iden-

tified the m®A consensus motif (DRACH; D = A,G,U;
R = GA; H = A, C, U) as a weakly, albeit significantly,
enriched sequence within the CDS and 3’UTR of neurite-
enriched mRNAs compared to non-enriched mRNAs (Sup-
plementary Figure S1E). We therefore wondered whether
mC®A contributes to mRNA localization to neurites. To
investigate this, we cultured hippocampal neurons from
Mett13%°%/1% mice on microporous membranes as above
to separate neurite and soma fractions. Viral delivery of
Cre recombinase led to efficient targeting of the Mertl3 lo-
cus and near complete removal (>95%) of METTL3 pro-
tein in cultured neurons, as well as reduced m®A levels
in poly(A) purified RNA (Figures 1A, 3A, Supplementary
Figure S3A-C).

At the level of overall gene expression, Mett/3 knockout
(KO) caused the upregulation of 1039 transcripts and down-
regulation of 736 transcripts (Supplementary Figure S3D,
Supplementary Table S4). 37.7% of upregulated and 47.9%
of downregulated RNAs overlapped with methylated tran-
scripts identified in the mouse brain by MeRIP-seq (6,22)
or m®A-CLIP/IP (24). Surprisingly, we found no positive
correlation between the increase in mRNA abundance in
Mettl3 KO cells and the number of MeRIP-seq peaks (6),
and instead found that mRNAs with the most MeRIP-seq
peaks (>8 peaks) showed reduced abundance in Mett/3 KO
neurons (Supplementary Figure S3E).
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Figure 3. Loss of Mettl3 alters mRNA localization in neurons. (A) Western blot shows METTL3 depletion in cultured hippocampal neurons from
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Pearson correlation for the change in Mert/3~/~ neurons relative to WT neurons is indicated. Dotted lines: Logo FC thresholds. A subset of RNAs with
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We next assessed whether Mert/3 depletion alters RNA synapses and in neuronal projections (Figure 3B, Supple-
enrichment in neurites. We compared FCy/s in wildtype mentary Figure S3F and G). In contrast, RNAs with in-
(WT) and Mertl3 KO neurons and identified 578 transcripts creased neurite enrichment in Mezz/3 KO neurons included
with decreased neurite enrichment in Mett/3 KO neurons a higher proportion of non-coding RNAs and pseudogenes
and 490 transcripts with increased neurite enrichment (Fig- (208 RNAs; 42.4%), and the mRNAs in this group did not
ure 3B; Supplementary Table S4). RNAs depleted from neu- encode proteins associated strongly with any particular GO
rites after MertI3 KO were mostly protein-coding genes (437 category. In addition, the majority of RNAs (67.7%) ex-
RNAs; 75.6%) and preferentially encoded proteins found at hibiting a Mett/3-dependent reduction in neurite enrich-



ment showed evidence for methylation (6,22,24), and RNAs
with MeRIP-seq peaks (6) were significantly more likely
to have reduced neurite enrichment in Metz/3 KO neurons
compared to non-methylated RNAs (Figure 3C). Together,
these data indicate that Mett/3 depletion reduces the enrich-
ment of a subset of transcripts in hippocampal neurites and
suggest that these effects are due at least in part to the loss
of m°A.

Loss of Mettl3 reduces neurite localization of select methy-
lated RNAs

We next sought to use an orthogonal approach to vali-
date the effects of Mertl3 depletion on RNA localization.
To do this, we performed single-molecule FISH (smFISH)
on endogenous mRNAs in WT and Mettl3 KO neurons
(Supplementary Figure S3H and I). We selected three mR-
NAs for validation which exhibited different levels of re-
duced neurite enrichment after Mett/3 depletion: Map2 and
Shankl, which showed a 50% and 40% reduction in neu-
rite enrichment, respectively, and Camk2a, which showed
a more modest 20% reduction in neurite enrichment (Fig-
ure 3D; Supplementary Table S4). These transcripts also en-
code proteins important for synaptic function (82-86). As
a control, we selected Actb, a transcript with no change in
neurite enrichment in Mett/3~/~ neurons (Figure 3D).

We then used smFISH to visualize endogenous Map2,
Camk2a, Shankl and Actb mRNAs in WT and Mettl3 KO
neurons (Figure 3E). Single mRNA molecules were identi-
fied using FISHquant (34), and both the absolute number
of mRNAs localized to neurites as well as the percentage
of mRNAs localized to neurites (# mRNA molecules in
neurites/# total mRNA molecules in the neuron) was de-
termined (Supplementary Figure S3J; see Methods). Con-
sistent with what we observed in neurons grown on micro-
porous membranes, the percentage of Map2, Shankl and
Camk2a transcripts in neurites was reduced in Mettl3 KO
neurons, whereas Actb was unchanged (Figure 3E and F).
Furthermore, the magnitude of the reduction observed for
Map?2, Shankl and Camk2a as assessed by smFISH was
similar to what was observed by RNA-seq (40%, 35% and
27% reduction in the percentage of mRNAs in neurites, re-
spectively). Together, these data validate the results of our
transcriptome-wide analysis and demonstrate that Mert/3
contributes to the neurite localization of select mRNAs.

Mutation of 3UTR mCA sites alters the localization of
Camk2a and Map2 mRNAs to neurites

Our transcriptome-wide analysis indicates that Mert/3 de-
pletion in neurons alters the localization of hundreds of
mRNASs to neurites (Figure 3B). However, to rule out po-
tential indirect effects of Mert/3 KO and specifically ex-
amine the impact of m°A, it is necessary to directly dis-
rupt m®A sites and assess the effects on mRNA localiza-
tion. To achieve this, we established an mRNA reporter
system which enables us to directly assess the effect of in-
dividual m®A sites on mRNA localization. In this system,
a 3’'UTR of interest is placed downstream of the Dendra2
CDS. The reporter is then introduced via lentiviral deliv-
ery into cultured mouse hippocampal neurons, and sm-

Nucleic Acids Research, 2022, Vol. 50, No. 8 4473

FISH using Dendra2-targeting probes is performed to en-
able precise quantification of reporter mRNA localization
(Figure 4A). To determine the effect of m°A sites within the
3'UTRs of Camk2a, Map2 and Shankl on mRNA local-
ization, we generated two versions of the reporter mRNA
for each 3’UTR: one in which the wild-type sequence was
used (WT) and another in which all m°A sites were mu-
tated to G to preclude methylation (m°A mutant) (Fig-
ure 4B; Supplementary Table S7). MeRIP-RT-qPCR was
used to confirm that A-to-G mutation reduced m®A levels
in regions surrounding m®A sites in each reporter (Supple-
mentary Figure S4A and B). As controls, we also gener-
ated reporter mRNAs for three transcripts (Actb, Bdnf and
Homerl) which contain m°A sites, but which did not show
Mettl3-dependent changes in localization (Figure 3B).

We next expressed each individual reporter mRNA in
cultured hippocampal neurons. After 7 days, neurons were
fixed and subjected to smFISH targeting the Dendra2 CDS,
and both the absolute number and the percentage of mR-
NAs localized to neurites was determined as above (Figure
4C and D; Supplementary Figure S4C and D). We found
that the different WT 3'UTRs conferred variable levels of
neurite localization, from as low as 12% (Shank1) to as high
as 36% (Camk2a) (Figure 4D). We then analyzed whether
mutation of m°A sites altered reporter mRNA localization.
For Camk2a and Map2, we found that 3'UTR m°A muta-
tion led to a decrease in reporter localization to neurites
(Figure 4C and D). Interestingly, mutation of m®A sites
within the Shankl 3'UTR failed to alter reporter mRNA
localization (Figure 4D). It is possible that m°A residues
within other regions of Shankl mediate the altered local-
ization that we observed after Mett/3 depletion (Fig. 3F).
Indeed, Shankl contains m°A sites within both the Y UTR
and CDS in addition to the 3UTR (6,7,22,24,25). Addi-
tionally, the Shank! 3'UTR sequence generally drove the lo-
calization of the reporter mRNA to neurites less efficiently
than the others we tested, again suggesting that elements
outside of the 3’UTR may also contribute to neurite lo-
calization (Figure 4D). Importantly, none of the control
3'UTRs we tested showed evidence for m® A-dependent neu-
rite localization, which is consistent with our data from
Mettl3 KO neurons. Together, these results indicate that
3'UTR m°A sites can directly contribute to the localization
of mRNAs to neurites.

mPA is abundant in neurite-enriched mRNAs

To gain further insights into the role of m°A in RNA local-
ization, we next sought to measure the methylation levels
of transcripts localized to distinct neuronal compartments.
This has traditionally been difficult to do, since the require-
ment of most m®A mapping methods for high amounts of
input RNA precludes the profiling of low-input samples
such as those obtained from neurites. To overcome this is-
sue, we employed DART-seq, an approach recently devel-
oped by our laboratory which enables transcriptome-wide
m°A mapping from ultra-low amounts of input RNA (35).
DART-seq utilizes a fusion protein consisting of the m°A-
binding YTH domain tethered to the cytidine deaminase,
APOBECI, to direct C-to-U (C2U) editing at cytidines that
invariably follow m°A sites. C2U editing events and C2U
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editing rates (%C2U) can then be used to identify and quan-
tify m®A transcriptome-wide (35).

We extracted neurite and soma RNA from hippocampal
neurons and subjected each fraction to in vitro DART-seq.
In parallel, we performed the same experiment using neu-
rite and soma RNA from Mett/3 KO neurons. We then used
Bullseye, a computational pipeline we recently developed
for DART-seq analysis (44), to identify C2U editing events
that occur in WT RNA samples but are depleted in Mett/3
KO samples (Figure 5A; Supplementary Figure SSA). We
employed additional filters to include only the sites found
in multiple biological replicates and within the m®A consen-
sus sequence (RAC), which resulted in a list of 18 231 m°A
sites in 5643 RNAs (Supplementary Table S5). These sites
showed the characteristic stop codon-proximal distribution
previously reported for m® A and were found in many RNAs
that encode proteins with known synaptic function and neu-
rite localization (Figure 5B; Supplementary Figure S5B).
We also observed a high degree of overlap between methy-
lated RNAs identified by DART-seq and those identified by
MeRIP-seq (6), indicating the accuracy of the DART-seq
approach (Supplementary Figure S5C).

We next used Bullseye to identify differentially methy-
lated sites and RNAs in the soma and neurite fractions. To
do this, we examined C2U editing rates (%C2U), which cor-

relate with m°®A abundance (35,44). We found that average
%C2U values were generally higher for transcripts isolated
from neurites compared to those from the soma (Figure
5C), and a large proportion of RNAs had clevated levels
of methylation in neurites compared to the soma (Figure
5D). In fact, we identified a total of 1366 RNAs with in-
creased m®A (higher %C2U) in neurites and only 136 RNAs
with increased m°A in the soma (Figure 5D and E; Supple-
mentary Figure S5D; Supplementary Table S5). All of these
transcripts were detected in both the soma and neurites,
suggesting that the methylation differences were not due to
RNA enrichment in one fraction over the other, but instead
reflect compartment-specific m°A signatures. Additionally,
consistent with what we observed when analyzing MeRIP-
seq data (Figure 3C), we found that RNAs with a greater
number of m°A sites were more likely to have reduced neu-
rite enrichment in Mett[3 KO cells (Supplementary Figure
SSE). We also found that RNAs exhibiting increased edit-
ing in neurites were enriched for genes with known synap-
tic localization and function (Supplementary Figure SSE).
Interestingly, the Camk2a and Map2 mRNAs were edited
at significantly higher levels in neurites compared to the
soma (Figure 5D and E), which is consistent with a role
of m°A in promoting the localization of these transcript to
neurites.
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To determine whether m°A sites in distinct regions of an
mRNA are associated with subcellular mRNA localization,
we examined the distribution of m°A within mRNAs from
the soma and neurites. We found that m®A sites in neurite-
enriched mRNAs were more biased toward the 3'UTR
compared to non-enriched or soma-enriched mRNAs (Fig-
ure 5F). The 3UTR bias of m®A in neurite-enriched mR-
NAs was also observed when examining MeRIP-seq (6,22)
and m®A-CLIP (24) datasets (Figure 5F). Interestingly, cis-
acting elements contributing to mRNA localization are
most often found in 3’UTRs (3,80,81). Thus, the observed
enrichment of m®A within the 3'UTRs of neurite-localized
transcripts may reflect m®A acting as an additional cis-
acting element capable of promoting the localization of
some mRNAs to neurites. Altogether, our data suggest that
a subset of methylated mRNAs contains elevated levels of
mPA in neurites and that m°A sites are abundant within
3'UTRs of neurite-enriched transcripts.

YTHDF proteins regulate the neurite localization of Camk2a
and Map2 mRNAs

We next sought to understand the mechanism through
which m®A controls mRNA localization in neurons. The
functional roles of m°A in mRNA are largely mediated by

mC®A reader proteins (12). The most well-studied readers
are the YTHDF proteins, which bind directly to m®A via
their conserved YTH domain. There are three YTHDF pro-
teins (YTHDF1,2, and 3), all of which are localized pri-
marily to the cytoplasm (14,87-89). In non-neuronal cells,
YTHDF proteins have been shown to influence the subcel-
lular localization of mRNAs, including their recruitment
to P-bodies and stress granules (14,17,21). Within neurons,
these proteins are abundant within dendrites and synapses
(22). Therefore, the YTHDF proteins are well-positioned to
mediate m®A-dependent mRNA localization in neurons.
To determine whether YTHDF proteins are involved
in m°®A-dependent mRNA localization, we used the
BoxB/AN-based system (90) to individually tether each
of the YTHDF proteins to the 3’UTR of a Dendra2-
encoding reporter mRNA in cultured hippocampal neu-
rons (Figure 6A). As a negative control, we also gener-
ated a similar reporter using the MS2/MCP system (91,92)
to tether stdMCP-stdEGFP to the Dendra2 3'UTR (Fig-
ure 6A). Overexpression of YTHDFI1-,2-, or 3-AN fu-
sion proteins together with Dendra2-5xBoxB mRNA en-
abled robust recruitment of the YTHDF proteins to the
Dendra2 mRNA as measured by RNA immunoprecipita-
tion (RIP)-RT-qPCR (Supplementary Figure S6A and B).
This interaction was not observed when YTHDF1-, 2- or
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Figure 6. m®A reader proteins YTHDF2 and YTHDF3 regulate mRNA localization to neurites. (A) Schematic representation of mRNA tethering exper-
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two-way Wilcoxon-test corrected for multiple comparison was used to test significance: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. See also
Supplementary Figure S6.

3-AN was co-expressed with Dendra2-6xMS2 mRNA, in-
dicating the specificity of the tethering system (Supplemen-
tary Figure S6B). We then expressed YTHDF1-, 2- or 3-
AN together with Dendra2-5xBoxB mRNA in hippocam-
pal neurons and detected Dendra2 mRNA molecules by
smFISH (Figure 6B, Supplementary Figure S6C). Teth-
ering of YTHDF1 or YTHDF3, but not YTHDF2, led
to an increase in reporter mRNA expression when com-
pared to tethering of stdMCP-stdEGFP or to the unteth-
ered reporter mRNA alone (Supplementary Figure S6D).
Additionally, tethering of any of the three YTHDF pro-
teins led to a small but significant increase in the per-
centage of mRNAs localization to neurites (median 4 SD,

stdMCP: 19.9 + 5.2%, YTHDF1: 33.2 + 13.7%, YTHDF2:
27.1 £ 11.2%, YTHDF3: 24.2 + 13.0%) (Figure 6C;
Supplementary Figure SOE). These results suggest that
YTHDFT1, 2 and 3 are individually capable of promoting
neuritic mRNA localization.

We next asked whether endogenous YTHDF proteins in
neurons promote the localization of mRNAs to neurites.
To this end, we knocked down each Y7hdf mRNA in cul-
tured hippocampal neurons using lentiviral-mediated deliv-
ery of shRNAs together with CFP to identify transduced
neurons. Expression of YTHDF shRNAs led to robust and
specific loss of each individual YTHDF protein (Figure 6D
and Supplementary Figure S6F). We then used smFISH



to assess the subcellular localization of the Camk2a and
Map?2 transcripts, both of which we had found to exhibit
m®A-dependent neurite enrichment (Figure 3E and F; Fig-
ure 5C). Interestingly, we found that depletion of YTHDF2
and YTHDF3, but not YTHDF1, caused a reduction in
Camk2a and Map?2 localization to neurites, despite the fact
that all three proteins bound to the Camk2a and Map?2 tran-
scripts in hippocampal neurons (Figure 6E and F; Supple-
mentary Figure S6G and H).

YTHDF1 had the most robust impact on reporter
mRNA localization in tethering experiments (Figure 6C).
We therefore wondered whether the lack of effect of
YTHDFI1 on Camk2a and Map2 localization was due
to functional compensation by YTHDF2/3, as has been
demonstrated for all three YTHDF proteins in other con-
texts (15,16,93). However, we did not observe an increase
in YTHDF2 or YTHDEF3 levels following YTHDF1 de-
pletion (Figure 6D). Moreover, double knockdown of
YTHDF1/2 or YTHDF1/3 did not exacerbate the effects
of YTHDF2 or YTHDF3 depletion on mRNA localization
(Supplementary Figure S61). However, double knockdown
of YTHDF2/3 caused a more robust decrease in mRNA lo-
calization to neurites than knockdown of either YTHDF2
or YTHDEF3 alone, an effect which was not further en-
hanced by triple knockdown of YTHDF1/2/3 (Supplemen-
tary Figure S61). Together, these data suggest a unique role
for YTHF2 and YTHDF3, but not YTHFI, in mediating
the neurite localization of Camk2a and Map2 mRNAs.

YTHDF proteins bind to overlapping and distinct transcripts
in hippocampal neurons

To better understand how YTHDF proteins interact with
RNAs in hippocampal neurons, we performed RIP-seq to
uncover the target transcripts of endogenous YTHDF1, 2
and 3 transcriptome-wide (Supplementary Figure S7A).
Consistent with the known role of these proteins as
mPA readers, we found a high degree of overlap between
YTHDF target RNAs and methylated transcripts identi-
fied by MeRIP-seq (6) and DART-seq (Figure 7A), and
we observed a positive correlation between the number of
MeRIP-seq peaks (6) and the enrichment of RNAs in each
RIP sample relative to input (Figure 7B). Additionally,
RNA targets of all three YTHDF proteins shared similar
GO category associations, which included those related to
synapse function and localization and chromatin remodel-
ing (Supplementary Figure S7B).

We found that most of the RNAs bound by any individ-
ual YTHDF protein were also bound by at least one other
YTHDF protein, and that nearly 40% of all bound tran-
scripts were common targets of all three YTHDF proteins
(Figure 7C). The finding that all three YTHDF proteins
share many common target RNAs in neurons is similar to
what has been reported in other cell types (15). However,
we also identified hundreds of RNAs that were enriched
exclusively in YTHDF1, 2 or 3 RIP datasets, suggesting
that a subset of RNAs may be bound uniquely by specific
YTHDF proteins (Figure 7C; Supplementary Figure S7C-
F; Supplementary Table S6).

We next examined whether the target RNAs of YTHDF
proteins exhibit m°A-dependent neurite enrichment.
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Nearly 20% of neurite-enriched RNAs were bound by
YTHDF proteins (Supplementary Figure S7G), and the
target RNAs of all three YTHDF proteins were more
likely to exhibit reduced neurite enrichment in Mettl3
KO neurons compared to non-target RNAs (Figure 7D).
Interestingly, the transcripts that were uniquely bound
by each individual YTHDF protein showed similar levels
of overlap with neurite-enriched RNAs (Supplementary
Figure S7G), as well as with RNAs exhibiting reduced
neurite enrichment in Mett/3 KO neurons (Supplementary
Figure S7H), suggesting that no single YTHDF protein
binds preferentially to transcripts destined for neurites.

Altogether, these data demonstrate that YTHDF pro-
teins share many common RNA targets in hippocampal
neurons, but that individual YTHDF proteins also bind
to some transcripts uniquely. Moreover, YTHDF proteins
bind to a subset of neurite-enriched RNAs, many of which
encode proteins important for synaptic function. Collec-
tively, our data support a model in which m®A influences
the localization of a subset of neuronal mRNAs to neurites
(Figure 7E). We find that for the Camk2a and Map2 mR-
NAs, this effect is mediated by the YTHDF2 and YTHDF3
reader proteins. However, it is also likely that YTHDF1 fa-
cilitates the localization of other RNAs to neurites based on
its ability to direct neurite localization in tethering experi-
ments. Given the emerging roles of YTHDF proteins and
mCA in neurodevelopment and learning and memory, our
findings suggest that m®A-mediated subcellular mRNA lo-
calization may be an important mechanism through which
the epitranscriptome impacts brain function.

DISCUSSION

Neurons possess a complex architecture which often in-
cludes an elaborate dendritic tree and a long axon that can
extend hundreds of microns from the cell body. The sens-
ing and processing of signaling events at these distal loca-
tions requires rapid responses to ensure the maintenance
and strengthening of synaptic connections. Such responses
are mediated by a host of intricate regulatory mechanisms
which collectively enable the local translation of mRNAS re-
siding in remote locations such as synapses and the growth
cone. A critical component of this complex regulatory pro-
cess is the transport of select mRNAs to distal neuronal
compartments. Several sequence motifs and structural ele-
ments within mRNAs have been implicated in mRNA local-
ization, but the full complement of cis-acting elements that
control this process is far from being elucidated. Here, we
identify adenosine methylation as an additional layer of reg-
ulation which influences the subcellular localization of neu-
ronal mRNAs. Our studies uncover hundreds of neuronal
transcripts whose targeting to neurites is altered following
knockout of the m®A methyltransferase METTL3, and we
provide the first direct demonstration that m°®A residues
within the 3’UTR promote the neuritic localization of a
subset of neuronal transcripts.

mCA provides a versatile mechanism for regulating the
subcellular localization of a transcript of interest within
the cell. Since most, if not all, mRNAs contain the core
mPA consensus (RAC) within their sequence, virtually any
mRNA is susceptible to m®A methylation. Furthermore,
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subsets of m®A sites appear to be targeted by m®A demethy-
lating enzymes, and this mechanism has been proposed
to mediate dynamic regulation of m®A within the brain
(7,94-98). However, we did not observe widespread KCI-
dependent changes in mRNA localization, suggesting that
activity-dependent m®A changes may not lead to a substan-
tial increase in mRNA localization to neurites. Rather, we
find that the effects of m®A on mRNA localization are more
likely to impact mRNA localization at steady-state.

Our analysis of m°A from soma and neurite compart-
ments of hippocampal neurons revealed 1,144 RNAs con-
taining elevated m®A levels in the neurite-enriched fraction.
However, our data from Mett/3 KO neurons indicate that
not all methylated mRNAs exhibit m®A-dependent neurite
localization, and loss of m®A does not result in the complete
removal of any transcript from neurites. This is consistent
with previous studies indicating that nearly all m®A sites are
sub-stoichiometric, with many present at relatively low lev-

els (44,99,100). Thus, it is likely that m®A is just one of many
factors that controls the subcellular localization of neuronal
transcripts.

Two mRNAs that we focused on specifically in this study
were Map2 and Camk2a, both of which encode proteins
that play important roles in synaptic plasticity and mainte-
nance (82-85). We find that these transcripts localize to neu-
rites in a Mett/3-dependent manner, and we identify individ-
ual m°A sites within the 3'UTRs of these transcripts that are
required for localization. Previous studies have identified
3’'UTR elements in both these mRNAs that promote their
dendritic localization (85,101-105). Although it is possible
that m%A residues within these elements may contribute to
localization, none of the m°A sites that we mutated in our
studies were within these regions. Therefore, our results sug-
gest that m®A contributes to localization independently of
these other dendritic targeting elements. Future studies dis-
secting the unique contributions of 3’'UTR sequence ele-



ments, structural features, and m°A sites to mRNA local-
ization will help illuminate the degree to which these cis-
acting factors enhance localization and whether they work
in a coordinated fashion in the recruitment of trans-acting
factors. Additionally, localization elements have been iden-
tified in 5UTRs and CDSs (62,106-109), which are also
susceptible to methylation, so it will be interesting to explore
whether m°A outside of the 3'UTR contributes to transcript
localization. Indeed, the Shankl 3’UTR did not respond in
our m®A mutant reporter assay, so it is possible that m°A
residues within the SUTR or CDS of this transcript may
contribute to the effects on ShankI localization that we ob-
served following MettI3 depletion.

Our experiments using both tethering assays and knock-
down of endogenous proteins have provided mechanistic in-
sights into how m®A controls mRNA localization in neu-
rons. We find that the m®A reader proteins YTHDF2 and
YTHDEF3 contribute to endogenous Map2 and Camk2a
neurite localization in cultured neurons and that their bind-
ing to a reporter mRNA 3'UTR can induce its localization
to neurites. In contrast, depletion of YTHDF1 does not im-
pact the neurite localization of Map2 and Camk2a, despite
the fact that tethering of YTHDF1 to a reporter mRNA en-
ables its neurite localization. Our data show that YTHDF1
binds to Map2 and Camk2a in neurons, so the lack of ef-
fect of YTHDFI1 on the localization of these transcripts
is unlikely to be due to reduced recognition of these mR-
NAs. Indeed, transcriptome-wide, we observe that all three
YTHDF proteins share many common target RNAs in neu-
rons. One possibility is that YTHDF1 acts downstream of
YTHDF2 and YTHDF3 to control the local translation of
methylated mRNAs in neurons. Consistent with this idea,
YTHDFI1 contributes to activity-dependent translation in
hippocampal neurons (25) and is required for the transla-
tion, but not the localization, of the Apc mRNA in dendrites
(22). Of course, it remains possible that YTHDF1 does con-
tribute to mRNA localization in neurons but that it only
carries out this function for a subset of its target mRNAs.

Surprisingly, we did not observe an effect of loss of Mett/3
on target mRNA stability (Supplementary Figure S3E), in
contrast to the known role of m°A and YTHDF proteins
on mRNA destabilization in other cell types (14-16,93). In
fact, we observed an increase in mRNA abundance when
tethering YTHDF1 or YTHDFS3 to a reporter mRNA. It
is notable that previous studies investigating m®A in the
brain have failed to find a positive correlation between the
loss of Mettl3 (110), Mettll4 (111), or YTHDF1 (25) and
changes in the abundance of methylated mRNAs. It is pos-
sible that YTHDF proteins play an additional role in neu-
rons to promote the long-distance transport of target mR-
NAs, instead of inducing degradation. This is an attrac-
tive model, given that distally-localized mRNAs within the
brain have longer half-lives than non-localized transcripts
(57), presumably because they must be stabilized in order
to travel long distances. Consistent with thisidea, YTHDF2
has been identified as one of 65 proteins enriched in Stau2-
containing RNA transport granules (112). Therefore, it is
possible that YTHDF2 recruits m®A-containing mRNAs
to RNA transport granules, enabling these transcripts to be
selectively trafficked to distal compartments (Figure 7E). It
will be interesting to explore this possibility in future stud-
ies and to determine whether YTHDF3 operates through
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a similar mechanism. Indeed, all three YTHDF proteins
contain low-complexity regions which facilitate their asso-
ciation with RNA granule structures, such as P-bodies and
stress granules (14,17,21).

In addition to the YTHDF proteins, other RBPs may
mediate m®A-dependent mRNA localization in neurons.
For instance, FMRP and MARTA1 promote dendritic
localization of the Camk2a and Map2 mRNAs, respec-
tively (70,113). It was recently proposed that FMRP and
the MARTA1 homolog KHSRP preferentially bind m°A-
containing RNA (19,114). However, these proteins bind to
many sequences outside of the canonical m* A DRACH mo-
tif (63,115,116), and the increased affinity of FMRP for
methylated RNA over unmethylated RNA is small (~2.5-
fold or even negligible for some sequences (19,117)). In
contrast, the YTHDF m°A reader proteins show a much
greater preferential binding to m®A-containing RNA over
unmodified RNA (10- to 100-fold) (14,118,119). However,
it is certainly possible that other m°A readers may be medi-
ating m®A-dependent RNA localization, and ultimately the
roles of distinct readers are likely to be transcript-specific.

The delivery of select transcripts to distal neuronal com-
partments enables the local protein synthesis events which
contribute to synaptic strengthening. Our data indicate
a transcript-specific role for m°A in controlling mRNA
localization, but the impact of m°A on local transla-
tion is currently unknown. Previous studies have linked
mPA to translation control through multiple mechanisms
(25,87,120,121), and studies in dorsal root ganglion neu-
rons have shown a specific role for m®A residues within the
Gap43 mRNA in regulating its local translation in response
to growth factors (97). Future studies using global m®A de-
pletion will likely shed more light on the scope of this effect
and whether m°®A is a widely used mechanism for the regula-
tion of local protein synthesis in neurons. Additionally, both
Map?2 and Camk2a undergo local translation in dendrites
to promote long-term potentiation and synaptic plasticity
(82-85). It will therefore be interesting to explore whether
reduced dendritic localization of their mRNAs contributes
to the defects in synapse morphology and function observed
when m°A readers, writers, or erasers are depleted from hip-
pocampal neurons (7,22,25,110).
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