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SUMMARY
For cells to perform their biological functions, they need to adopt specific shapes and form functionally
distinct subcellular compartments. This is achieved in part via an asymmetric distribution of mRNAs within
cells. Currently, the main model of mRNA localization involves specific sequences called ‘‘zipcodes’’ that
direct mRNAs to their proper locations. However, while thousands of mRNAs localize within cells, only a
few zipcodes have been identified, suggesting that additional mechanisms contribute to localization. Here,
we assess the role of mRNA stability in localization by combining the isolation of the soma and neurites of
mouse primary cortical and mESC-derived neurons, SLAM-seq, m6A-RIP-seq, the perturbation of mRNA
destabilization mechanisms, and the analysis of multiple mRNA localization datasets. We show that deple-
tion of mRNA destabilization elements, such as m6A, AU-rich elements, and suboptimal codons, functions
as amechanism thatmediates the localization of mRNAs associatedwith housekeeping functions to neurites
in several types of neurons.
INTRODUCTION

Neurons are highly polarized cells consisting of a cell body

(soma) and cell extensions (neurites). This structure and the

different functions of these compartments depend on the asym-

metric subcellular localization of specific mRNAs (reviewed in

von K€ugelgen et al.1 and Glock et al.2). Localizing mRNAs allows

neurons to regulate gene expression locally and respond quickly

to local stimuli. This plays a crucial role in axon guidance and

synaptic plasticity, forming the basis for learning and memory.

In the early 1990s, it was proposed that localized mRNAs carry

specific cis-acting elements (zipcodes) in their 30 UTRs.3 RNA-

binding proteins (RBPs) bind to zipcodes in mRNAs and connect

them to the localization machinery. While transcriptome-wide

studies identified hundreds to thousands of localized mRNAs,

only a few zipcodes have been characterized.4–22 The difficulty

of identifying such sequences is perplexing and suggests that

additional mechanisms could be involved in mRNA localization.

One conceivable contributor is mRNA stability—molecules

that degrade quickly in soma are less likely to reach the cell pe-

riphery. Here, we analyzed the contribution of mRNA stability to

mRNA localization in neurons. We performed a transcriptome-

wide quantification of mRNA degradation rates in subcellular

neuronal compartments and demonstrated that the average
Molecular Cell 83, 2709–2725, Au
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mRNA half-life in neurites is higher than that in soma. We

explored four determinants of mRNA stability: m6A (N6-methyla-

denosine) modifications, AU-rich elements (AREs), 50 terminal

oligopyrimidine (50TOP) tracts, and codon optimality. The effects

ofm6A are exerted bym6A reader YTH-domain-containing family

proteins (YTHDF) that recognize modified mRNAs and recruit

deadenylases.23,24 AREs can be bound by multiple proteins

that either destabilize (AUF1, TTP, BRF1, TIA-1, TIAR, and

KSRP) or stabilize (ELAVL) mRNAs (reviewed in Garcı́a-Mauriño

et al.25). 50TOP tracts are stabilizing elements found in the 50

UTRs of translation-related transcripts.26 mRNA stability is also

regulated by coding sequences: mRNAs with optimal codons

not only are translated more efficiently but are also more stable

than mRNAs with suboptimal codons.27–31 We found that neu-

rite-localized mRNAs have fewer destabilization elements and

are associated with housekeeping functions. Our integrative

analysis of multiple datasets pertaining to neuronal mRNA local-

ization showed that this phenomenon is conserved across

neuronal cell types.

To validate the causal nature of this association, we carried out

experiments modulating mRNA stability in primary cortical and

mouse embryonic stem cell (mESC)-derived neurons. Indeed,

this revealed that longer mRNA half-lives are not only necessary

but also sufficient for mRNA localization. When we rendered
gust 3, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 2709
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. mRNAs in neurites are more stable than those in soma of primary cortical and mESC-derived neurons

(A) Schematic representation of spatial SLAM-seq. Neurons, grown on microporous membranes, were pre-labeled with s4U and chased by unmodified uridine

(U), and neurites and soma were isolated at different timepoints for RNA-seq libraries preparation. T to C conversions, resulting from the incorporated s4U, were

used to measure mRNA half-lives (HLs).

(B) mRNAs in neurites are more stable than those in soma cytoplasm and nucleus. The density plots show the distributions of half-lives (x axis) in the indicated

compartments. p values were calculated using Welch test.

(C) The same transcripts are on averagemore stable in neurites than in soma. Histogram showing the differences in the half-lives of the same transcripts between

the subcellular compartments of PCNs.

(legend continued on next page)
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unstable transcripts more stable, by interfering with the deade-

nylation and m6A machinery, their localization was shifted to-

ward neurites. Conversely, altering the stable neurite-localized

Rps18 mRNA by introducing ARE both lowered its stability and

disrupted its localization to neurites. The depletion of mRNA-sta-

bilizing proteins ELAVL and LARP1 also interfered with localiza-

tion to neurites. A parallel reporter assay with an ORFeome li-

brary showed that mRNAs with optimal codons show more

substantial enrichment in neurites than mRNAs with suboptimal

codons. Finally, we showed that perturbing the stability and

localization of housekeeping transcripts interferes with local

translation and neuronal activity. We propose that differential

mRNA stability makes an important contribution to shaping the

neurite-localized transcriptome, particularly for mRNAs associ-

ated with housekeeping tasks, by favoring the localization of

the bulk stable mRNAs to neurites.

RESULTS

mRNA stability as a predictor of mRNA localization to
neurites
To evaluate the role of differential stability in mRNAs localization

in neurons, we compared mRNA half-lives in subcellular com-

partments of primary cortical neurons (PCNs). We cultured neu-

rons on a microporous membrane in a way that soma stayed on

the top and neurites extended through the pores to the bottom

(spatial transcriptomics6,14,32,33; Figure 1A). Soma and neurites

were isolated from different membrane sides. To eliminate nu-

clear mRNAs’ contribution to estimating mRNA half-lives, we

further separated soma into nuclear and cytoplasmic fractions

using stepwise lysis and centrifugation.

To measure half-lives, we performed thiol(SH)-linked alkyl-

ation for metabolic sequencing (SLAM-seq35; Tables S1 and

S2; Figures S1A–S1C). While nuclear export influences nuclear

mRNA half-life calculations, mRNA loss in soma and neurites is

mainly due to degradation. Our analysis showed an increase in

average mRNA half-life from nucleus (Figure 1B, apparent half-

life 3.1 h) to soma cytoplasm (3.7 h) and further to neurites

(4.8 h). Strikingly, the largest difference in half-lives (1.1 h) was

between neurites and soma cytoplasm. Considering that enrich-

ment implies an active localization, we also analyzed the half-

lives of mRNAs significantly enriched in neurites versus soma

and vice versa (>1.5-fold). Neurite-enriched transcripts were,

on average, 1.9 hours more stable than soma-enriched tran-

scripts (5.6 versus 3.7 h). We refer to these transcripts as

neurite-localized and soma-localized transcripts. Analysis of

neurites and soma from mESC-derived neurons similarly

showed higher neuritic mRNA stability (Figures 1B, S1A, and
(D) Higher overall mRNA stability favors localization to neurites. Transcripts strati

neuronal localization in PCNs (x axis). p value was computed with Pearson corre

(E) Modeled distribution of mRNA transcripts along neurite (x axis) relative to their

shown above themodeled distribution. The color scale reflects the probability of tr

life of transcripts localized to neurites (green) and soma or soma cytoplasm (blue

(F) Histogram showing the probabilities of neurite- (green) and soma-cytoplasm-lo

model presented in (E). Red line corresponds to 50% probability. p value was c

localize are plotted below the histogram.

(G) Gene ontology (GO) terms overrepresentation analysis of stable neurite-l

p value < 0.05; top 10% most stable mRNAs). See Table S3 for the full list of en
S1B), indicating that this is a shared feature among different

neuronal types.

The difference in average half-lives between subcellular com-

partments can be explained by (1) neurite-localized transcripts

having longer half-lives in neurites than in soma and (2) tran-

scripts with overall higher stability tending to localize to neurites.

Examining the first mechanism, we found that the same tran-

scripts were, on average, more stable in neurites than in soma

(Figures 1C and S1D). To analyze the second possibility, we

measured half-lives in whole PCNs and grouped mRNAs based

on these half-lives. Strikingly, the top 10% of stable transcripts

(with half-life above 5.7 h) were mostly neurite enriched

(Figures 1D and S1E). Curiously, this half-life is close to the

mean half-life of neurite-localized mRNAs (5.6 h), hinting at a

possible threshold for neurite localization. This analysis showed

that both mechanisms contribute to differences in mRNA stabil-

ity between subcellular compartments and that overall mRNA

stability is a good predictor of mRNA localization.

We hypothesized that high stability is a prerequisite formRNAs

to reach distant locations. Using the computational framework

created by Fonkeu et al.,34 we modeled the probability of

mRNA localization to neurites based on the half-lives of mRNAs.

As all transcripts are produced in the nucleus, the likelihood of

them reaching neurites increases with their half-lives, making it

higher for more stable neurite-localized mRNAs (Figure 1E,

green) than for soma-localized mRNAs (blue). Indeed, most neu-

rite-localized transcripts (Figure 1F, green) have over a 50%

chance (red line) of reaching a distance R100 mM; for soma-

localized transcripts, this proportion is 2.5-fold lower (blue).

To functionally characterize stable neurite-localized transcrip-

tome, we performed gene ontology (GO) term enrichment anal-

ysis. Intriguingly, we found that these transcripts are associated

with translation, cellular respiration, and synapse organization

(Figure 1G; Table S3). These data suggest that high mRNA sta-

bility might be crucial in localizing the bulk of mRNAswith house-

keeping functions to neurites.

Destabilization of 50TOP transcripts encoding ribosomal
proteins interferes with their localization to neurites,
local translation, and neuronal activity
Although our analysis linkedmRNA stability and localization, it did

not answer the question of whether differential stability causes

mRNA localization. To establish a causal link, we decided to

destabilize neurite-localized mRNAs and analyze how their local-

ization changes. As many stable neurite-localized mRNAs were

associated with protein synthesis (e.g., ribosomal protein [RP]-

encoding transcripts, Figure 1G), we sought to selectively desta-

bilize these transcripts. The stability of RP transcripts was shown
fied by the percentiles of overall half-lives (y axis) are plotted as boxes against

lation test.

half-lives (y axis). A scheme illustrating the parameters included in the model is

anscripts reaching a given distance.34 Horizontal lines represent themean half-

).

calized transcripts (blue) to reach the distanceR100 mm in PCNs, based on the

alculated using Welch test. Numbers of transcripts with >50% probability to

ocalized transcripts in PCNs (log2FC neurites vs. soma cytoplasm > 0.58,

riched GO terms.
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to be maintained through the binding of LARP1 protein to 50TOP
tracts in these mRNAs.26 We, therefore, analyzed how the desta-

bilization of such RP-5ʹTOP mRNAs through LARP1 depletion

would affect their localization. We isolated soma cytoplasm and

neurites from PCNs in which Larp1 had been depleted and neu-

rons transduced with the scrambled short hairpin RNA (shRNA,

negative control). We then analyzed the isolated compartments

by RNA sequencing (RNA-seq) and reverse-transcription (RT)-

qPCR. Consistent with our initial analysis (Figure 1G), RP-5ʹTOP
mRNAs localized to neurites in control neurons (Figure 2A).

Furthermore, Larp1 depletion led to the downregulation of RP-

5ʹTOP transcripts (Figures 2B and 2C; Table S4). Curiously, this

downregulation effect was more profound in neurites (Figure 2C,

green) than in soma (blue), and the localization of RP-5ʹTOP tran-

scripts shifted toward soma (Figure 2D).

Previous studies showed that RPs are translated in neurites

(reviewed in von K€ugelgen et al.1) and incorporate into local ribo-

somes to maintain their functionality.36,37 Therefore, we tested

whether defects in the localization of RP-5ʹTOP mRNAs would

affect local translation in neurites. We visualized the translation

of b-actin mRNA, which is one of the most abundant mRNAs

translated in neurites and is essential for neurite outgrowth and

navigation.38 We used the puromycin labeling with a proximity

ligation (puro-PLA) assay,39 which relies on the puromycin-

tagging of newly synthesized proteins. Our results demonstrated

that the depletion of Larp1 in PCNs significantly decreased the

translation of b-actin mRNA in neurites compared with control

neurons (Figure 2E).

Local translation is critical for neuronal activity, so we used a

microelectrode array (MEA) to measure the effects of Larp1

depletion on the mean firing rate (MFR), which reports the

average number of spikes, or action potentials, per time and

serves as an indicator of spontaneous neuronal activity.40 As ex-

pected, MFR was significantly decreased in Larp1-depleted

neurons (Figure 2F). Spikes are organized in bursts, in

which they occur at a high frequency followed by a period

of quiescence before the next burst occurs. In accordance

with decreased MFR, Larp1-depleted neurons showed less

numerous and shorter-lasting bursts (Figure 2F). Therefore, our

findings suggest that the LARP1-mediated stabilization of RP-

5ʹTOP transcripts is crucial for their localization to neurites, local

translation, and regulation of neuronal activity.

Global mRNA stabilization promotes localization to
neurites
Next, we aimed to perturb unstable somatic mRNAs and inves-

tigate how this would impact their localization. To interfere with

global mRNA degradation, we expressed a catalytic mutant of

deadenylase CAF1 that functions as a dominant negative form

(dnCAF1) and slows down mRNA deadenylation.41 Indeed,

SLAM-seq (Tables S1 and S2) demonstrated a notable increase

in the average mRNA half-life from 3.7 h in control GFP-express-

ing PCNs (Figure 3A, gray) to 5.5 h in dnCAF1-expressing PCNs

(red). RT-qPCR verified dnCAF1’s impact on the stability of

selected polyadenylated mRNAs, with non-polyadenylated his-

tone mRNAs remaining unaffected (Figure 3B).

We then modeled how these changes in half-lives contribute

to mRNA localization. Upon the functional depletion of CAF1,
2712 Molecular Cell 83, 2709–2725, August 3, 2023
the number of stable transcripts predicted to have a high proba-

bility (>50%) of reaching neurites (Figure 1F, half-life above 5.6 h)

significantly increased (Figure 3C, transcripts to the right of the

green line). To experimentally test whether the overall RNA abun-

dance in neurites is indeed affected, we measured the amounts

of RNA obtainable from neurites of dnCAF1- and GFP-express-

ing PCNs. dnCAF1 expression led to a 90% increase in the total

amount of RNA recovered from neurites (Figure 3D, green bar).

This suggests that the stabilization of transcripts is enough to

promote their localization to neurites.

To analyze which specific transcripts were affected the most

by dnCAF1, we performed RNA-seq of isolated neurites and

soma cytoplasm from dnCAF1 and GFP neurons (Tables S1

and S4; Figure S1A). We first tested whether dnCAF1 preferen-

tially stabilizes mRNAs that carry specific destabilization ele-

ments. For that, we divided the mRNAs into groups based on

the occurrence of various destabilizing elements—m6A modifi-

cations, AREs, suboptimal codons, and 30 UTRs length25,27,42

(Figure S2A, shades of red)—and analyzed the stability of these

groups in dnCAF1- and GFP-expressing neurons. As expected,

mRNAs enriched in destabilizing elements (dark red) had lower

half-lives than mRNAs from which such elements were depleted

(light red). Curiously, this negative correlation between destabi-

lizing elements and half-lives was preserved in dnCAF1 neurons,

indicating that dnCAF1 affects mRNAs globally and does not

preferentially stabilize transcripts enriched in destabilization

elements.

We, therefore, decided to analyze how changes in localization

dependonchanges inmRNAstability, irrespectiveof thepresence

of destabilization sequences.We split mRNAs by the percentile of

their stabilization in dnCAF1-expressing neurons, from the least to

the most stabilized (Figures 3E and S2B, shades of red), and

analyzed how their enrichment in neurites changes. As expected,

changes in localization correlated with the extent of mRNA stabi-

lization, and the effect wasmore substantial for mRNAs stabilized

above 5.6 h (mean half-life of neurite-localizedmRNAs, Figure 3E)

than for the less stable transcripts (Figure S2B).

The overall impact on mRNA localization according to RNA-

seq was moderate, likely due to the global effect of dnCAF1 on

mRNA stability and the inadequacy of omics approaches in

analyzing such global changes in gene expression.43 To over-

come this challenge, we chose to disrupt specific degradation

mechanisms in our further experiments.

Low m6A levels are a hallmark of neurite-
localized mRNAs
Post-transcriptional modification m6A is one of the destabilizing

elements (reviewed in Meyer et al.42) that we found enriched in

unstable mRNAs (Figure S2A). Furthermore, we observed that

mRNAs are, on average, more stable in neurites than in soma

(Figures 1C and S1D), although they contain the same sequence.

We considered that the enrichment of m6A in somatically local-

ized transcripts might contribute to these differential mRNA

half-lives between soma and neurites.

To explore this option, we carried out a transcriptome-wide

quantification of m6A levels in mESC-derived neurons using

m6A-RNA-immunoprecipitation (RIP; Figure S3A; Table S5). For

optimization and details of m6A analysis, see Figures S3B–S3H.
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Figure 2. Depletion of Larp1 in PCNs destabilizes 50TOP mRNAs, re-shapes their localization, and decreases neuritic translation and

neuronal activity

(A) 50TOP-containing mRNAs encoding ribosomal proteins (50TOP-RPs) localize to neurites. Boxplots showing the localization (x axis) of 50TOP-RPs (red) and all

other transcripts (gray).

(B) RT-qPCR showing the efficiency of Larp1 depletion and resulting changes in the levels of selected 50TOP-RP transcripts in soma (blue) and neurites (green).

The difference in the expression levels (DDCt) of the indicated transcripts between Larp1-depleted and control samples is plotted on y axis. Gapdh was used for

normalization. Error bars represent SD of four biological replicates. p values were calculated by two-sided t test.

(C) Larp1 depletion downregulates 50TOP-RPs. Boxplots showing changes in the levels of 50TOP-RP (red) and all other transcripts (gray) between Larp1-depleted

and control PCNs in soma cytoplasm (right) or neurites (left). p values were calculated using Welch test.

(D) Larp1 depletion shifts the localization of 50TOP-RPmRNAs toward soma. Boxplots showing changes inmRNA localization between shLarp1 and control PCNs

(y axis) for 50TOP-RP (red) or all other transcripts (gray). p values were calculated with Welch test.

(E) Larp1 depletion downregulates b-actin translation in neurites. Representative b-actin-puro-PLA images of Larp1-depleted and control PCNs (left) and the

quantification of puro-PLA signal (right). b-actin-puro-PLA: yellow; MAP2: magenta; scale bars: 5 mm. Circled are b-actin-puro-PLA spots used for quantification.

Quantification: violin plots showing b-actin-puro-PLA signal normalized per area in neurites of Larp1-depleted (red) and control (gray) PCNs. Individual datapoints

correspond to single neurites (n[shLarp1] = 38; n[scrambled] = 42). p value was calculated using t test.

(F) Larp1 depletion decreases neuronal activity. Top: boxplots showing mean firing rates (MFRs, y axis) for Larp1-depleted (red) and control (gray) PCNs at

different time points. The data were collected from 5 wells per sample. p value was computed with permutation test. Bottom: representative raster plots illus-

trating firing patterns for Larp1-depleted and control PCNs at DIV21 across 16 electrodes. Each black line represents a detected spike. Blue lines represent single

channel burst—a collection of at least 5 spikes, each separated by an inter-spike interval of no more than 100 ms.
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Figure 3. Alleviation of CAF1 function stabilizes mRNAs and promotes mRNA localization to neurites

(A) dnCAF1 expression leads to overall mRNA stabilization. Histogram showing the distribution of half-lives (x axis), measured by SLAM-seq, in neurons ex-

pressing dnCAF1 (red) or GFP (gray, negative control). p value was computed by Welch test.

(B) Changes in the levels of selected transcripts upon dnCAF1 expression were validated by RT-qPCR. Non-polyadenylated ribosomal 18S rRNA was used as a

reference. Histone mRNAs serve as negative controls. Error bars represent SD for biological triplicates. p values were computed by two-sided t test.

(C) dnCAF1 expression increases the number of transcripts with a higher probability to reach far into neurites. Modeled distribution of mRNA transcripts (y axis)

along neurite (x axis) for control GFP- (top) and dnCAF1- (bottom) expressing neurons. The color scale reflects the probability of transcripts to reach a given

distance in neurite.34 Green line corresponds to 5.6 h, which is the mean half-life of neurite-localized mRNAs.

(D) dnCAF1 expression increases the amount of RNA recovered from neurites. Amounts of RNA (y axis) in neurites (green) in GFP- and dnCAF1-expressing PCNs

(x axis) in absolute numbers, and percentages of the whole are reported on the plot. p value was calculated using Wilcoxon test.

(E) Changes in mRNA localization upon dnCAF1 expression correlate with the extent of mRNA stabilization. Transcripts stratified by the percentiles of their

stabilization in dnCAF1-expressing neurons (y axis) are plotted as boxes against changes in localization between dnCAF1- and GFP-expressing PCNs (x axis).

Transcripts stabilized above the mean half-life of neurite-localized mRNAs (5.6 h) were included in the analysis; see Figure S2B for transcripts with a final half-life

below 5.6 h. Boxes are colored by the degree of stabilization. p value was computed with Pearson correlation test.
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Given the established role of m6A in triggering mRNA decay (re-

viewed in Meyer et al.42), we compared mRNA stability with

mRNAmethylation levels (Figure 4A). As expected, highly methyl-

ated transcripts had lower half-lives than those methylated at

lower levels.

Next, we compared the distribution of differentially methylated

transcripts between neurites and soma. Strikingly, we found that

transcripts with low levels of methylation, which are more stable,

are enriched in neurites, whereas highlymethylated unstable tran-

scripts are enriched in soma (Figure 4B). m6A dot blot performed

on RNA isolated from soma and neurites confirmed that the over-

all methylation levels in neurites are lower those than in soma (Fig-

ure 4C). Our analysis suggests that the localization process sorts

out heterogeneous pools of mRNAs with m6A motifs: stable un-

methylated molecules localize to neurites, and unstable methyl-

ated molecules stay in soma (Figures S4A and S4B).

To explore how general this phenomenon is, we analyzed

multiple datasets pertaining to neuronal mRNA localization

from a wide range of neuronal cell types and separation

techniques4,7,8,10–14,44 (Figure 4D; Table S4). We relied on an
2714 Molecular Cell 83, 2709–2725, August 3, 2023
integrative analysis of these datasets generated using the

same pipeline in a recent study.1 In addition, we generated a

‘‘consensus’’ localization dataset, based on localization pat-

terns conserved across 12 datasets that had been analyzed

(see Figure 4D legend for details). To define m6A-enriched tran-

scripts, we compared m6A-RIP-seq data from mouse

brain,44,45 synaptosomes isolated from forebrain,44 and

mESC-derived neurons (Figure S4C; Table S5). Notably, at

least half of the m6A peaks observed in different datasets over-

lapped, and m6A levels showed a high correlation between

different neuronal datasets (Figures S4D and S4E). These

data suggest that the mechanism responsible for depositing

m6A is conserved between different types of neurons. We

next compared the fractions of m6A-enriched mRNAs among

transcripts localized to neurites (Figure 4D, green) and soma

(blue) for multiple RNA localization datasets. Strikingly, we

observed a consistent depletion of m6A-enriched transcripts

from neurites across all localization datasets. This analysis

points to a role of m6A in the subcellular localization across

multiple neuronal types.
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Alleviation of m6A-dependent mRNA degradation shifts
methylated transcripts toward neurites and affects
neuronal activity
We next tested whether the alleviation of m6A-mediated degra-

dation affects methylated transcript localization. To achieve

this, we transduced PCNs with shRNAs targeting Ythdf readers,

which mediate the degradation of mRNAs bearing m6A.24 As an

alternative method to alleviate m6A-mediated mRNA degrada-

tion, we depleted the component of m6A writer complex that de-

posits m6A, METTL3 methyltransferase,46 using shRNA and a

small molecule inhibitor STM2457.47 We evaluated depletion ef-

ficiency using RT-qPCR (Figure 4E).

We next isolated soma and neurites from Ythdf- and Mettl3-

depleted neurons and used RNA-seq to analyze the effects of

these depletions on mRNA stabilization and localization

(Tables S1 and S4). As expected, Ythdf and Mettl3 depletions

led to an upregulation of highlymethylated transcripts (Figure 4F,

magenta) compared with those methylated at low levels (cyan).

Consistently, m6A-enriched mRNAs were overrepresented

among transcripts upregulated upon Ythdf andMettl3 depletions

(Figure S5A, magenta). Most importantly, both depletions

affected mRNA localization. Indeed, upon the depletion of the

m6A machinery, m6A-enriched transcripts (Figure 4G, magenta)

shifted their localization toward neurites, as opposed to m6A-

depleted transcripts (cyan) and the remaining transcripts

(gray). In addition, transcripts upregulated upon Ythdf andMettl3

depletions shifted their localization toward neurites (Figure S5B,

red), whereas those that were downregulated (gray) shifted their

localization toward soma. These analyses point to a role for m6A-

mediated mRNA stability in shaping local transcriptomes.

Our initial GO terms analysis showed that stable neurite-local-

ized transcripts are associated with translation and synapse or-

ganization (Figure 1G). We, therefore, decided to analyze

whether interfering with m6A-mediated destabilization affects

the localization of these transcripts. Curiously, Ythdf depletion

increased the levels of transcripts linked with synapse organiza-

tion and translation in neurites and led to their stronger enrich-
Figure 4. m6A is depleted fromneurite-localizedmRNAs acrossmultiple

PCNs re-shapes mRNA localization

(A) m6A levels inversely correlate with mRNA stability. m6A enrichment in m6A-RIP

their half-lives. p values were computed with Pearson correlation test.

(B) m6A levels inversely correlate with mRNA localization to neurites. Histograms s

enriched (magenta) and m6A-depleted (cyan), as defined in Figure S3C. p value

(C) m6A dot blot on RNA isolated from neurites and soma.

(D) m6A-enriched transcripts are preferentially localized to soma across multiple

localized in the ‘‘consensus’’ dataset (13) if it was localized to neurites in more than

define soma-localized transcripts in the consensus dataset. The barplots represe

soma-localized transcripts (blue). p values were computed with c2-test.

(E) RT-qPCR showing the efficiency of Ythdf and Mettl3 depletions. The differen

samples is plotted on y axis. Gapdh was used for normalization. Error bars repre

(F) Knockdown of Ythdf orMettl3 preferentially upregulates m6A-enriched mRNAs

depleted and control neurons (y axis) for m6A-enriched (magenta), m6A-depleted t

(G) Ythdf or Mettl3 knockdowns shift localization of m6A-enriched mRNAs toward

Mettl3-depleted and control neurons (y axis) for transcripts grouped according t

(H) Ythdf depletion increases the levels of transcripts that belong to synapse- and

terms derived from overlapping neurite-enriched GO terms (Figure 1G; Table S3)

the abundance (x axis) of transcripts belonging to specified GO terms (y axis) in

change in localization upon Yhdf depletion (x axis) for the same groups of transc

(I) Ythdf depletion increases the neuronal activity of PCNs. Data are presented a
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ment in neurites (Figure 4H). As these transcripts are critical for

neuronal activity, we evaluated the effect of Ythdf depletion on

the electrical activity of neurons. Ythdf-depleted neurons had a

significantly higher MFR and more and longer-lasting bursts

than control neurons (Figure 4I), suggesting a role for m6A and

mRNA stability in regulating neuronal activity.

Depletion of destabilizing AREs mediates mRNA
localization to neurites
Next, we analyzed the role of another group of destabilizing ele-

ments—AREs—in mRNA localization. As expected, transcripts

enriched in AREs were unstable (Figure S2A; Table S6). Unstable

mRNAs also have longer 30 UTRs because they tend to harbor

more destabilizing motifs, including AREs. To uncouple the ef-

fects of 30 UTR length and AREs, we grouped transcripts accord-

ing to their 30 UTR length and showed that mRNAs with fewer

AREs were more stable than those with more AREs across all

30 UTR lengths (Figure S6A).

We next examined the occurrence of AREs in neurite- and

soma-localized mRNAs across mRNA localization datasets

(see Figure 4D for annotation). Strikingly, we observed a consis-

tent depletion of AREs from neurite-enriched mRNAs (Figure 5A,

green) compared with soma-enriched mRNAs (blue). In the

consensus dataset, the average soma-localized mRNA con-

tained 9.2 AREs, whereas the average neurite-localized mRNA

contained only 2.5 AREs. This analysis demonstrates a link be-

tween the number of AREs in mRNAs and their subcellular local-

izations across multiple types of neurons.

To establish a causative link between ARE-mediated degrada-

tion and mRNA localization, we tested whether the selective

destabilization of a specific neurite-localized transcript with

ARE would interfere with its localization. We chose an mRNA en-

coding the RP 18S (RPS18), which localizes to neurites in multi-

ple types of neurons.1 We used CRISPR-Cas949 to insert ARE

into the endogenous Rps18 locus of mESCs (Figure 5B,

Rps18ARE). We next separated mESC-derived neurons on sub-

cellular compartments and measured the levels of Rps18ARE
neuronal localization datasets, and the alleviation ofm6Apathway in

-seq (Sysy antibody, y axis) plotted for transcripts split into groups according to

howing enrichment in neurites vs. soma (x axis) for two sets of transcripts: m6A-

was computed with Welch test.

neuronal datasets, annotated on the left. A transcript was considered neurite

3 datasets and to soma in less than 2 datasets; similar criteria were applied to

nt the fraction of m6A-enriched transcripts (y axis) among neurite- (green) and

ce in Ythdf or Mettl3 expression levels (DDCt) between depleted and control

sent SD for biological triplicates. p values were computed by two-sided t test.

. Boxplots showing average changes in mRNA levels between Ythdf- orMettl3-

ranscripts (cyan), and the rest (gray). p values were computed usingWelch test.

neurites. Boxplots showing changes in mRNA localization between Ythdf- or

o their methylation status. p values were computed using Welch test.

translation-related GO terms and their enrichment in neurites. Plotted are GO

with shYthdf/scrambled differential expression data (F). Left: boxplots showing

Ythdf-depleted (red) and control neurons (gray). Right: boxplots showing the

ripts.

s in Figure 2F. Raster plots show neuronal activity at DIV18.
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Rps18WT

Rps18ARE

Figure 5. AREs are depleted from neurite-localized transcripts across multiple types of neurons and disrupt localization to neurites

(A) Boxplots showing the average number of AREs in 30 UTRs of neurite- (green) and soma- (blue) localized transcripts across multiple RNA localization datasets,

as annotated in Figure 4D. p values were computed with Wilcoxon test.

(B) Scheme showing the introduction of ARE into the endogenous Rps18 locus of mESC (Rps18ARE). Isogenic line without ARE was generated for a negative

control (Rps18WT).

(C and D) Introduction of ARE leads to the destabilization of Rps18 mRNA (C) and disrupts its neuritic localization (D). Neurites and soma of Rps18WT and

Rps18ARE inmESC-derived neurons were isolated, and the levels ofRps18were evaluated by RT-qPCRwith two pairs of primers (Rps18-1 andRps18-2). y axis in

(C) shows differences in expression levels (DDCt) between Rps18WT and Rps18ARE in neurites (green) and soma (blue), and y axis in (D) shows differences in

expression levels (DDCt) between soma and neurites for Rps18WT (gray) and Rps18ARE (red).Gapdhwas used for normalization. p values were computed by two-

sided t test. Error bars show SD of biological duplicates.

(legend continued on next page)
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and Rps18WT by RT-qPCR. Curiously, the introduction of ARE

reduced the levels of Rps18 in neurites (Figure 5C, green) and

disrupted its localization to neurites (Figure 5D, red).

To specifically target the stability of ARE-containing mRNAs,

we depleted neuronal ELAVLs (nELAVLs) in PCNs. While AREs

are known as destabilizing elements, the binding of ELAVLs sta-

bilizes ARE-containing mRNAs by preventing their association

with destabilizing RBPs (reviewed in Mirisis et al.50). We

confirmed the depletion of nElavl by RT-qPCR (Figure 5E) and

found that mRNAs downregulated upon the depletion of nElavl

(Figure 5F, red; Table S4) were enriched in AREs (Figure 5G).

As expected from transcripts stabilized by nELAVLs, these

mRNAs also showed higher initial stability than an average tran-

script with a similar number of AREs (Figure S6B). Consistent

with our expectations, transcripts carrying a higher number of

nELAVL crosslinking and immunoprecipitation (CLIP) sites48 ex-

hibited stronger downregulation following nELAVL knockdown,

particularly in neurites (Figures S6C and S6D). Most importantly,

these destabilized nELAVL-bound transcripts shifted toward

soma upon nElavl depletion (Figure 5H), indicating that nELAVLs

play an important role in the localization of ARE-containing

mRNAs to neurites.

To investigate the biological implications of nELAVL-mediated

mRNA localization, we analyzed the GO terms of nELAVL tar-

gets. We found that these targets were related to synaptic func-

tions (Figure 5I). Since these targets are essential for neuronal

activity, we measured how nElavl depletion impacted electrical

activity. nElavl-depleted neurons had significantly lower MFR

and exhibited fewer and shorter-lasting bursts (Figure 5J). These

findings suggest that nELAVL-mediatedmRNA localization plays

a role in regulating neuronal activity.

Having optimal codons regulates mRNA localization
As mRNA stability is regulated not only by 30 UTRs but also by

codon optimality, we decided to analyze whether this feature

also contributes tomRNA localization. First, we observed the ex-

pected correlation between codon optimality andmRNA stability

(Figure 6A; Table S7). Next, we compared the degree of codon

optimality in neurite-localized mRNAs with that of soma-local-

ized mRNAs across multiple mRNA localization datasets (see

Figure 4D for annotation). Strikingly, we observed that neurite-

localized transcripts (Figure 6B, green) have higher codon opti-

mality than soma-localized transcripts (blue) in many types of

neurons.

To distinguish the contribution of codon optimality from that of

30 UTRs, we drew on the ORFeome collection. We transduced
(E) RT-qPCR showing the efficiency of nElavl depletion in PCNs. The data are from

depleted and control samples are plotted on y axis. Gapdh was used for normaliz

two-sided t test.

(F) Identification of mRNAs stabilized by nELAVL in PCNs. RNA-seq data are pre

control samples (y axis) plotted against log-transformed mean counts (x ax

p values < 0.05).

(G) AREs are enriched in transcripts downregulated upon nElavl depletion. Boxplo

nElavl depletion (red) and all other transcripts (gray). p value was computed with

(H) nELAVL targets shift their localization to soma upon nElavl depletion. Boxplot

sites48 and downregulated by nElavl depletion (red) and all other transcripts (gra

(I) GO terms overrepresentation analysis of transcripts downregulated by nElavl

(J) nElavl depletion decreases neuronal activity. Data presentation and control ar
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ORFeome library into PCNs and performed ORFeome-targeted

RNA-seq on isolated soma and neurites to identify differentially

localized open reading frames (ORFs) (Figure 6C). mRNAs with

the most optimal codons (Figure 6D, green: top 10%) were

shifted to neurites, as opposed to mRNAs carrying suboptimal

codons (blue: bottom 10%). These analyses show that multiple

mechanisms that regulate mRNA stability are linked to subcellu-

lar mRNA localization.

Interplay of multiple destabilizing elements in the
localization of housekeeping transcripts
The fate of a transcript is determined by a combination of multi-

ple regulatory elements carried by mRNAs. We thus decided to

examine whether distinct destabilizing elements tend to regulate

similar pools of mRNAs or different ones. Strikingly, we observed

that the presence of destabilizing m6As correlated with that of

AREs in mRNA (Figure 7A). Moreover, the presence of both ele-

ments correlated with the appearance of destabilizing subopti-

mal codons (Figure 7A). Thus, our data suggest that unstable

mRNAs tend to contain multiple types of destabilizing elements.

To better understand how specific destabilizing elements

affect mRNA half-lives, we conducted random forest modeling.

We found that m6A had the strongest negative impact on

mRNA stability, followed by 30 UTR length and AREs, which

had moderate destabilizing effects, whereas optimal codons

had a moderate stabilizing effect (Figure 7B). We then looked

at how these factors, along with mRNA half-lives, affected

mRNA localization (Figure 7C). We found that mRNA half-lives

had the greatest impact on localization. In terms of individual de-

stabilizing features, m6A and 30 UTR length exhibited the stron-

gest impact on mRNA localization, whereas AREs and codon

optimality contributed moderately to the effect.

Next, we performed a GO term analysis on mRNAs predicted

to localize to neurites (log2FC > 0.58). We found that these tran-

scripts were associated with translation, cellular respiration, and

synaptic activity (Figure 7D), which is in line with our earlier

finding that this group of transcripts is enriched in neurites (Fig-

ure 1G). This shows that mRNA stability can be a useful predictor

of the localization of housekeeping transcripts to neurites.

DISCUSSION

There is mounting evidence that a significant proportion of

mRNAs undergo localization to specific subcellular compart-

ments to fulfill diverse functions. This is particularly relevant

for neurons, whose architecture poses unique challenges
Mendonsa et al.33 The differences in nElavl expression levels (DDCt) between

ation. Error bars show SD of biological triplicates. p values were computed by

sented as log-transformed mRNA fold changes between nElavl-depleted and

is). Red: mRNAs downregulated upon nElavl depletion (log2FC < �0.58,

ts showing the number of AREs per 30 UTR for transcripts downregulated upon

Wilcoxon test.

s showing changes in localization (x axis) for transcripts carrying nELAVL CLIP

y). p value was computed with Wilcoxon test.

depletion.

e the same as in Figure 2F.
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Figure 6. Optimal codons are enriched in neurite-localized mRNAs across multiple types of neurons and stimulate localization to neurites

(A) Codon optimality correlates with mRNA stability in primary cortical and mESC-derived neurons. Correlation between codon optimality, measured as gene-

wise tRNA adaptation index (tAI, y axis), and half-lives (x axis). Transcripts are split into groups according to their half-lives. p values were computed with Pearson

correlation test.

(B) Optimal codons are associated with localization to neurites acrossmultiple neuronal datasets. Boxplots showing codon optimality (y axis) for neurite-localized

transcripts (green), soma-localized transcripts (blue), and transcripts that do not show significant enrichment in subcellular compartments (gray). See Figure 4D

for dataset annotation. p values were calculated with Welch test.

(C) Scheme illustrating the parallel reporter assay with ORFeome library to test the role of ORFs, without the contribution of UTRs, in mRNA localization.

(D) Optimal codons direct mRNA localization to the neurites of PCNs. Cumulative distribution function (CDF) showing the fractions of mRNAswith optimal codons

(green, top 10% of RNAs with highest tAI), suboptimal codons (blue, bottom 10% of RNAs with lowest tAI), and the entire ORFeome (gray, y axis), plotted against

neurites vs. soma enrichment (x axis). p value was calculated using Kolmogorov-Smirnov test.
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for cellular functions. In vertebrates, axons can reach a meter in

length, and dendrites may stretch hundreds of micrometers from

a soma that is typically 10–25 mm in diameter.51 Estimated
velocities of mRNA transport and the diffusion coefficients

(10�3–1.0 mm/s and�10�3 mm2/s, correspondingly52,53) suggest

that mRNA localization to neurites may take hours. With an
Molecular Cell 83, 2709–2725, August 3, 2023 2719
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Figure 7. Interplay of multiple destabilizing elements in mRNA localization

(A) Correlation between the presence of multiple types of destabilizing elements in mRNAs. The numbers and color scale represent Pearson correlation co-

efficients between the indicated features.

(B and C) Importance of different features for mRNA half-lives (B) and localization (C) in PCNs, estimated with random forest modeling. Scatterplots show

correlation of actual (y axis) and predicted (x axis) half-lives (B) and localization events (C). Barplots below the scatterplots indicate importance of indicated

parameters (y axis).

(D) Transcripts predicted to localize to neurites are associated with translation, cellular respiration and synaptic structure. GO terms overrepresentation analysis

for transcripts predicted to be neurite localized in (C).

(legend continued on next page)
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estimated velocity of nonspecific RNA transport at 5.8 3

10�3 mm/s,53 it takes an mRNA � 4.8 h to reach a distance of

100 mm, which aligns with our measurements of the mean half-

lives in neurites, � 4.8 h (Figure 1B). Similar time estimates

were obtained in mRNA labeling54 and modeling experiments.34

The long time required for mRNA localization, compared with

typical mRNA lifespans, suggests that mRNA stability should

play a crucial role in this process. Here, we examined several

major factors playing a role in mRNA lifespans to determine (1)

whether they can be correlated with mRNA localization, and (2)

whether altering features related to mRNA lifespans shifts the

distribution of mRNAs. Our SLAM-seq analysis of isolated sub-

cellular compartments showed that mRNAs are more stable in

neurites than in soma (Figure 1B). Most strikingly, we found

that the mRNA half-lives in whole PCNs and depletion of desta-

bilization elements can be used to predict mRNA localization

(Figure 7B).

Models of active transport suggest that transcripts should

have specific sequences that mediate their localization, i.e.,

zipcodes. However, only a few such sequences have been

described. So far, this has been attributed to a possible involve-

ment of multiple sequences andmechanisms. Although this may

well be the case, less attention has been paid to the role ofmRNA

stability. It is possible that stable mRNAs with housekeeping

functions localize to neurites through a less selective mecha-

nism, simply because they withstand degradation. We found

that such housekeeping transcripts required for translation are

enriched among stable neurite-localized mRNAs (Figure 1G;

Table S3). Additionally, destabilizing these transcripts via Larp1

depletion led to a disruption of their neurite localization, contrib-

uting to a reduction in neuritic translation and a subsequent

decrease in neuronal activity (Figures 2E and 2F). The role of

LARP1 in the localization of RP transcripts in epithelial and neu-

roblastoma cells was also reported recently.55 These findings

support the roles of stable RP and other housekeeping tran-

scripts in maintaining functional neurites and highlight the impor-

tance of their proper localization for neuronal function.

Our work suggests that differential mRNA stability is causative

in asymmetric mRNA localization. We perturbed several mRNA

decay mechanisms and examined the changes in mRNA locali-

zation. Consistent with the proposed model, stabilizing specific

mRNAs reinforced their localization to neurites, whereas desta-

bilizing them disrupted it (Figures 2, 3, 4, 5, and 6). Our experi-

ments to abrogate various destabilization mechanisms show

that high mRNA stability is not only necessary but is also, per

se, sufficient to localize mRNA to distant parts of the cell and

re-shape the local neurite-localized transcriptome (Figure 7E).

As in the case of zipcodes, differential mRNA stability is mainly

defined by the cis-acting elements in mRNAs. The critical differ-

ence between the two mechanisms is that the first requires the

presence of specific sequences—zipcodes. In contrast, the sec-

ond primarily relies on the absence of destabilizing elements

from mRNAs (Figures 4 and 5).
(E) Scheme illustrating the role of mRNA stability in mRNA localization in neuron

mRNAs, and mRNA stability in whole neurons can be used as a predictor of m

deadenylase CAF1 (purple circle) or m6A pathway (YTHDF m6A readers, gray ova

stabilization and localization of stabilized mRNAs to neurites.
An interesting outcome of our analysis was that unstable

mRNAs often contain multiple types of destabilization ele-

ments (Figure 7A). This may be a way of ensuring the system’s

robustness, by introducing redundant methods of regulating

mRNA stability, or the combination of different degradation el-

ements may boost mRNA instability. To our knowledge, this is

the first demonstration of an interplay between different

destabilization mechanisms in the regulation of similar

mRNA pools.

Likely, stability goes hand-in-hand with localization mecha-

nisms related to zipcodes. The first described zipcode was a

54-nt element in b-actin 30 UTR,56 bound by the zipcode-binding

protein 1 (ZBP1).57–59 A recent report by Huang et al.60 suggests

ZBP1’s role in stabilizing m6A-containing mRNAs, hinting at a

potential interplay between these mechanisms and the possibil-

ity that some zipcodes may function—at least in part—by stabi-

lizing their mRNA substrates.

The means by which stable mRNAs are transported over long

distances remain uncertain. In long and thin neurites, diffusion

alone is insufficient to deliver mRNAs over hundreds of micro-

meters (Figure S7). A conventional model suggests that RBPs

specifically recognize zipcodes in mRNA and link them to mo-

tor proteins for transport.3 However, recent studies point to a

more complex process involving higher-order messenger ribo-

nucleoprotein (mRNP) transport granules comprising multiple

mRNAs and RBPs co-transported with a limited number of mo-

tor proteins (reviewed in Tauber et al.61 and Kato et al.62).

These data suggest that mRNA recruitment to localization ma-

chinery may be less specific than current models propose it to

be. Further experiments are required to understand these less

specific transport mechanisms; whatever they may be, mRNA

half-lives play a crucial role in their efficiency.

To summarize, we demonstrate that neurite-localized mRNAs

are particularly stable, primarily due to a depletion of mRNA-de-

stabilizing elements, such asm6A, ARE, and suboptimal codons.

We show that modulating mRNA stability re-shapes the local

transcriptome causatively and suggest that it serves as a mech-

anism for the localization of stable housekeeping mRNAs to

neurites.

Limitations of the study
The study’s strength and limitation both stem from its focus on

the global effects of perturbations in mRNA stability on mRNA

localization. Although depleting mRNA decay factors enables

the assessment of transcriptome-wide changes in mRNA stabil-

ity, we also recognize the unavoidable secondary effects that

could potentially have a bearing on mRNA localization. To miti-

gate this limitation, we interfered with different components of

mRNA stabilization and degradation machinery. By doing so,

we minimized the likelihood of common confounding factors

and ensured a consistent correlation between mRNA stability

and localization across multiple conditions. Furthermore, our

conclusion regarding the role of mRNA stability in localization
s. Neurite-localized mRNAs are on average more stable than soma-localized

RNA localization. mRNA stabilization, through alleviation of the function of

l; METTL3 writer that deposits m6A, red star), leads to broad or specific mRNA
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is also supported by experiments that targeted a specific endog-

enous transcript (Figures 5B–5D) and used reporter constructs

(Figure 6).
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-m6A-antibody Abcam 151230; RRID:AB_2753144

anti-m6A-antibody Synaptic Systems 202003; RRID:AB_2279214

anti-actin-ß-antibody Cell Signaling 8457; RRID:AB_10950489

anti-puromycin-antibody KeraFast EQ0001; RRID:AB_2620162

anti-MAP2-antibody Novus NB300-213; RRID:AB_350528

Alexa-fluor-488 goat anti-chicken IgG Life Technologies A-11039; RRID:AB_2534096

Bacterial and virus strains

Stbl3 competent cells (for lentiviral vectors) Home-made N/A

XL1-blue competent cells Home-made N/A

Chemicals, peptides, and recombinant proteins

Lenti-X concentrator Takara Bio 631232

TRIFast peqGOLD 30-2030

Protein-G-Dynabeads ThermoFisher 1004D

m6A –nucleoside Sigma M2780

m6A –nucleoside Santa Cruz sc-215524

GlycoBlue ThermoFisher AM9516

ERCC RNA spike-ins Life Technologies 4456740

RQ1 DNase I Promega M6101

Superscript IV Reverse Transcriptase Life Technologies 18090010

Shrimp Alkaline Phosphatase (rSAP) NEB M0371S

Exonuclease I NEB M0293S

T7 RNA Polymerase, HC (200U/ul) ThermoFisher EP0113

RNasin Plus RNase Inhibitor Promega N2615

SUPERase In Rnase Inhibitor Life Technologies AM2694

RNase I (cloned) Life Technologies AM2295

Agencourt AMPure XP Beckman Coulter A63881

Agencourt RNAClean XP Beckman Coulter A63987

Blasticidin S (solution) InvivoGen ANT-BL-1

Millicell Hanging Cell Culture Insert, PET 1um, 6well Millipore MCRP06H48

Puromycin ready made solution Sigma P6920

Critical commercial assays

Plasmid Miniprep DNA Purification Kit Roboklon E3500-02

GeneJet PCR Purification Kit ThermoFisher K0702

GeneJet Gel Extraction Kit ThermoFisher K0692

Rneasy Plus Universial Midikit Quiagen 73442

Rneasy Spin Colums Quiagen 74104

RNA Clean and Concentrator Zymo Research R1015

Directzol RNA Microprep Zymo Research R2061

Directzol RNA Miniprep Zymo Research R2051

Qubit RNA HS Assay Kit Life Technologies Q32852

NE-PER Nuclear and Cytoplasmic Extraction Kit ThermoFisher 78833

Qubit RNA HS Assay Kit Life Technologies Q32852

Qubit dsDNA HS Assay kit Life Technologies Q32854
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REAGENT or RESOURCE SOURCE IDENTIFIER

HS RNA ScreenTape and Reagents Agilent 5067-5579 and 5067-5580

HS D1000 ScreenTape and Reagents Agilent 5067-5584 and 5067-5585

Bioanalyzer RNA Pico Kit Agilent 5067-1513

Bioanalyzer HS DNA Kit Agilent 5067-4626

TranscriptAid T7 High Yield Transcription Kit ThermoFisher K0441

Maxima first strand cDNA synthesis kit ThermoFisher K1642

sensiFAST SYBR no ROX qPCR kit Bioline 98020

NEBNext High-Fidelity 2xPCR Master Mix NEB M0541S

SLAMseq Kinetics kit Lexogen 062.24

QuantSeq 3’mRN-Seq Library prep kit Lexogen 016.24

TrueSeq stranded mRNA library prep kit Illumina RS-122-2102

TrueSeq stranded total RNA library prep kit Illumina RS-122-2201

Ribo-Zero Magnetic Gold Kit Illumina 191845

Ribo-Zero Plus rRNA Depletion Kit Illumina 20037135

Qubit RNA HS Assay Kit Life Technologies Q32852

Duolink detection reagents Far Red Sigma DUO92013

PLA probe anti-mouse minus Sigma DUO92004

PLA probe anti-rabbit plus Sigma DUO92002

Duolink In Situ mounting medium Sigma DUO82040

Deposited data

m6A RIP-seq This study Annotare: E-MTAB-9542

SLAM-seq of subcellular neuronal compartments

(neurites, soma)

This study Annotare: E-MTAB-9400

SLAM-seq of subcellular neuronal compartments

(neurites, soma cytoplasm, nuclei)

This study Annotare: E-MTAB-12888

RNA-seq of primary cortical neurons expressing

dnCAF1 and GFP (neurites, soma)

This study Annotare: E-MTAB-11572

RNA-seq of primary cortical neurons expressing

dnCAF1 and GFP (neurites, soma cytoplasm, nuclei)

This study Annotare: E-MTAB-12887

SLAM-seq of primary cortical neurons expressing

dnCAF1 and GFP

This study Annotare: E-MTAB-11575

RNA-seq of primary cortical neurons depleted of

Ythdf1,2,3 (neurites, soma)

This study Annotare: E-MTAB-11569

RNA-seq of primary cortical neurons depleted of

Mettl3 (neurites, soma)

This study Annotare: E-MTAB-11570

RNA-seq of ORFeome library in primary cortical

neurons (neurites, soma)

This study Annotare: E-MTAB-11571

RNA-seq of primary cortical neurons depleted of

Larp1 (neurites, soma cytoplasm, nuclei)

This study Annotare: E-MTAB-12886

Unprocessed images (Figure2E, Puro-PLA and

Figure4C, dot blot)

This study Mendeley Data: https://doi.org/10.17632/

6xrsy4s3zx.1,

Figshare data: https://doi.org/10.6084/

m9.figshare.22317703

Experimental models: Cell lines

293T (for lentivirus production) MDC N/A

ASCL1-mESC Zappulo et al.14 N/A

ASCL1-mESC (Rps18ARE) This study N/A

ASCL1-mESC (Rps18WT) This study N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J MDC mouse facility N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

MCh4515, ORFeome_T7-PCR-fw, (NNNNNN is UMI),

GCCGGTAATACGACTCACTATAGGGNNNNNNGT

ACAAAAAAGCAGGCTCC

This study N/A

MCh4514, ORFeome_1st_strand primer, GTACAAG

AAAGCTGGGTC

This study N/A

MCh4461, human ORFeome-for, cgtgcctgagagcg

cagtcgagaaaccggtGTACAAAAAAGCAGGCTCC

This study N/A

MCh4462, human ORFeome-rev, ttgattatcgataa

gcttgatatcgaattcGTACAAGAAAGCTGGGTC

This study N/A

MCh2694, IVT_T7_Rluc-for, TAATACGACTCACT

ATAGGGATGGCTTCCAAGGTGTACGACC

This study N/A

MCh2651, IVT_Rluc-rev, CTGCTCGTTCTTCA

GCACGCGCTCC

This study N/A

MCh4645, MfeI-Caf1-rev, tatataCAATTGttatgac

tgcttgttggcttcctc

This study N/A

MCh3965, AgeI-Flag-Caf1-for, tatataaccggtcac

catggctgattacaaggatcacgacgg

This study N/A

MCh4382, RPS18_Cterm-sgRNA-1-fw,

caccgTGGACTGTGCAGCCTGATT

This study N/A

MCh4383, RPS18_Cterm-sgRNA-1-rev,

aaacAATCAGGCTGCACAGTCCAc

This study N/A

qPCR primers This study see Table S8

shRNA sequences This study see Table S8

Recombinant DNA

pLenti-Synapsin-hChR2(H134R)-EYFP-WPRE Zhang et al.63 Addgene: 20945

pLKO.1-puro Moffat et al.64 Addgene: 10879

pMD2.G Addgene Addgene: 12259

psPax2 Addgene Addgene: 12260

pX330-U6-Chimeric_BB-CBh-hSpCas9 Cong et al.65 Addgene: 42230

pSR-HA-Caf1 mut Zheng et al.41 N/A

pRL-3Xb Pillai et al.66 N/A

pLenti_hSynapsin_GFP Mendonsa et al.33 N/A

pLKO.puro_shRNA_scrambled This study N/A

pLenti_hSynapsin_Caf1dn This study N/A

pLKO.puro_shRNA1-Mettl3 This study N/A

pLKO.puro_shRNA2-Mettl3 This study N/A

pLKO.puro_shRNA1-Ythdf2 This study N/A

pLKO.puro_shRNA2-Ythdf2 This study N/A

pLKO.puro_shRNA1-Ythdf2 This study N/A

pLKO.puro_shRNA1-Ythdf3 This study N/A

pLKO.puro_shRNA2-Ythdf3 This study N/A

pLKO.puro_shRNA-Elavl2 This study N/A

pLKO.puro_shRNA-Elavl3 This study N/A

pLKO.puro_shRNA-Elavl4 This study N/A

pLKO.puro_shRNA1_Larp1 This study N/A

pLKO.puro_shRNA2_Larp1 This study N/A

pX330-U6-Chimeric_BB-CBh-hSpCas9-p2a-hygro This study N/A

pX330-U6-sgRNA-Rps18-Chimeric_BB-CBh-

hSpCas9-p2a-hygro

This study N/A

HDR-Rps18-p2a-blast This study N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

HDR-Rps18-p2a-blast-ARE This study N/A

Software and algorithms

PiGx RNA-seq pipeline version 0.0.3; Wurmus et al.67 http://bioinformatics.mdc-berlin.de/pigx_docs/

pigx-rna-seq.html

SLAM-seq data processing and miscellaneous

scripts

This study GiHub: https://github.com/melonheader/HLEB;

https://github.com/melonheader/stability—figures;

https://github.com/chekula/mRNAStability-m6A,

Zenodo: https://doi.org/10.5281/zenodo.8042333,

https://doi.org/10.5281/zenodo.8042339,

https://doi.org/10.5281/zenodo.8042349,

https://doi.org/10.5281/zenodo.8042212,

https://doi.org/10.5281/zenodo.8042546

ENSEMBL biomaRt Cunningham et al.68 https://www.ensembl.org i biomart

DESeq2 Love et al.69 https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

exomePeak Meng et al.70 https://www.bioconductor.org/packages//

2.13/bioc/html/exomePeak.html

STAR Dobin et al.71 https://github.com/alexdobin/STAR

Bowtie2 Langmead and Salzberg72 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

Trim galore Felix Krueger https://www.bioinformatics.babraham.ac.uk/

projects/trim_galore/

FastQC Simon Andrews https://www.bioinformatics.babraham.ac.uk/

projects/fastqc/

Cutadapt Martin73 https://cutadapt.readthedocs.io/en/stable/

Bedtools Quinlan and Hall74 https://bedtools.readthedocs.io/en/latest/

HOMER Heinz et al.75 http://homer.ucsd.edu/homer/

Puro-PLA image analysis This study GitHub: https://github.com/LauraBreimann/

neuron_Puro-PLA_quantification

Zenodo: https://doi.org/10.5281/zenodo.8045072
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Marina

Chekulaeva (marina.chekulaeva@mdc-berlin.de).

Materials availability
All unique reagents generated in this study are available from the lead contact without restriction or with a materials transfer

agreement.

Data and code availability
d The NGS data generated as a part of this study are deposited at ArrayExpress/Annotare: E-MTAB-9542, E-MTAB-9400, E-

MTAB-11569, E-MTAB-11570, E-MTAB-11571, E-MTAB-11572, E-MTAB-11575, E-MTAB-12886, E-MTAB-12887,

E-MTAB-12888. All imaging data have been deposited to Mendeley Data. All data are publicly available as of the date of pub-

lication. Accession numbers and DOI are listed in the key resources table.

d All custom code has been deposited to GitHub and Zenodo. DOI are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Primary cortical neurons were isolated from P0 pups (C57B/6) and cultured as previously described.76 mESCs with doxycycline-

inducible ASCL1-cassette (ASCL1-mESC) were cultured and differentiated as described previously.6,14,32
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293T cells, used for lentiviral production, were grown in Dulbecco’s modified Eagle’s medium with GlutaMAX� supplement

(DMEM+ GlutaMAX, GIBCO) with 10% FBS.

METHOD DETAILS

Primary cortical neuron culture, mESC-derived neuron culture and separation on subcellular compartments
Mouse primary cortical neurons and mouse embryonic stem cells with doxycycline-inducible ASCL1-cassette (ASCL1-mESC) were

cultured, differentiated, and separated on soma and neurites as described previously.6,14,32 Separation of soma on nuclear and cyto-

plasmic fractions was performed using NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo 78833) following manufacturer’s

instructions. Primary cortical neuronswere prepared fromP0mouse pups (C57B/6), and cultured as previously described.76 For neu-

rite/soma separation, 106 primary neurons were plated per a Millicell cell culture insert (6-well, Millipore MCRP06H48), coated with

poly-D-Lysine and laminin. Infection with lentiviral particles was done between DIV4 and DIV6 and cells were harvested 72 hours later

(DIV8-DIV10). In case ofMettl3 depletion, neurons infected with shRNAs targetingMettl3 were additionally treated with the METLL3

inhibitor STM2457 (at 3mM final concentration) for 48 hours, while neurons infected with scrambled control shRNAs were treated

with DMSO.

Lentiviral particle production and transduction
HEK293T cells, used for lentiviral production, were grown in Dulbecco’s modified Eagle’s medium with GlutaMAX� supplement

(DMEM+ GlutaMAX, GIBCO) with 10% FBS. Lentiviral particles were produced as described,6 using 10 mg of a plasmid mix at a ratio

of 1:1:2 (envelope (pMD2.G), packaging (psPax2) and respective transfer plasmid) and 40 ml of PEI (1 mg/ml) per 10 cm. The medium

was exchanged to culture mediumw/o FBS the next day. Lentiviral particles were harvested 96 hours post-transfection and concen-

trated using Lenti-X concentrator (631232 Takara Bio) to a final volume of 200 ml. 20-30 ml of concentrated virus was added per 106

primary cortical neurons growing on a Millicell cell insert (6-well, Millipore MCRP06H48).

Axion Multielectrode Array (MEA)
Primary cortical neurons were seeded onto poly-L-Lysine/Laminin-coated 24-well MEA plates (M384-tMEA-24W Axion BioSystems)

at densities of 80,000-100,000 cells/well. Cells were plated in 500ul of astrocyte-conditioned primary cortical neuron media (Neuro-

basal A, 1x B27, 1x Glutamax, 0.1% Penicillin/Streptomycin). On DIV 5, cells were transduced with 5ul of shRNA virus. Half media

changes with astrocyte-conditioned BrainPhys media (BrainPhys, 1x B27, 1x Glutamax, 0.1% Penicillin/Streptomycin) were done

every 3-4 days from DIV 7 onwards. On DIV 7, 11, 14, 18, and 21, the MEA plate was loaded in the Axion Maestro Pro MEA reader,

and spontaneous electrical activity was recorded by the AxIS 2.0 software for 5 min at a constant temperature of 37 �Cwith 5%CO2.

Spike events were detected using an adaptive spike detection threshold of 6 SD for each electrode with 1 s binning. These standard

settings were maintained for all Axion MEA recordings and analysis. Data were exported with AxIS Navigator (Axion) using default

settings and with in-house script. Weighted mean firing rate, also known as the mean firing rate for active electrodes within a

well, was used as an estimate of spontaneous neuronal activity. To assess differences in mean firing rates between conditions, a

permutation test was conducted following77 in the followingmanner: for each permutation dataset, the labels of eachwell (Scrambled

control vs shRNA knockdown) were randomly shuffled 5000 times. Then, a Mann-Whitney U (MWU) test was performed for each of

the 5000 datasets to compare the distributions in outcome between the groups and generate a p-value. The permutation p-value for

the MWU test was obtained by calculating the proportion of permuted data MWU p-values that were less than or equal to the MWU

p-value from the original unpermuted dataset.

RNA extraction
For RT-qPCR and RNA-seq experiments, RNA was isolated with either TRIzol (Life Technologies 15596018), TRIFast (peqGOLD 30-

2030) or Directzol RNA Micro or Mini Prep Kits (Zymo Research R2061). Total RNA for m6A-RIP and dot blot experiments was ex-

tracted using the RNeasy Plus Universal Midikit (Qiagen 73442) according to manufacturer instructions.

RT-qPCR
50-100 ng RNAwas treated with RQ1DNase I (PromegaM6101) for 30min at 37�C, reverse-transcribed using theMaxima first strand

cDNA synthesis kit (Thermo Fisher K1642), and quantified by qPCR with sensiFAST SYBR No ROX qPCR kit (Bioline 98020), using

primers listed in Table S8. Relative expression levels were calculated using the DDCt method with either Gapdh or 18S rRNA as a

reference.

For Figure S3B, first a standard curve was generated by qPCR analysis of a dilution series using in vitro transcribed Rluc (ranging

from 0.00286 pg to 286 pg) spiked into 100 ng total RNA. The standard curve was used to calculate the amounts of Rluc in input,

flowthrough and eluate samples.

RNA-seq library preparation
Libraries were prepared in biological triplicates, using 100 ng total RNAmixedwith ERCCRNA spike-ins (Thermo 4456740) according

to the manufacturer’s recommendations, unless otherwise stated. Based on the spike-ins, we estimate that �4% of mRNA per
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primary cortical neuron is contained in neurites, and the rest – in soma. mRNA-seq libraries from soma and neurite samples were

prepared with TrueSeq strandedmRNA library preparation kit (Illumina 2002059) according to themanufacturer’s recommendations.

m6A-RIP-seq libraries were prepared using the TrueSeq stranded total RNA library prep kit (Illumina RS-122-2201). For conventional

m6A-RIP, where the RNA had been fragmented prior to IP, the fragmentation step of the library preparation protocol was omitted.

SLAM-seq libraries were prepared from 70-200 ng of input RNA using QuantSeq 3’ mRNA-Seq Library Prep Kit (REV) for Illumina

(Lexogen 016.24) or TruSeq stranded mRNA library preparation kit (Illumina 2002059).

Library size was controlled with Bioanalyzer HS DNA Kit (Agilent 5067-4626) or Tapestation HS D1000 Reagents (Agilent 5067-

5585). Libraries were pooled and sequenced on Illumina NextSeq 500 or NovaSeq 6000 system with a single-end 75- or

150-cycle run.

SLAM-seq
Primary cortical or mESC-derived neurons were grown in the presence of 200nM 4-thiouridine (s4U) for 24 hours, then s4U was re-

placed with an excess (20mM) of unmodified uridine (U) and RNA was isolated at the indicated time points, where 0 hours is the time

of s4U withdrawal. Isolated RNA was subjected to alkylation using SLAMseq Kinetics kit (Lexogen 062.24) according to the manu-

facturer’s recommendations. Libraries were prepared from 70-200 ng of input RNA using QuantSeq 3’ mRNA-Seq Library Prep Kit

(REV) for Illumina (Lexogen 016.24) or TruSeq stranded mRNA library preparation kit (Illumina 2002059).

Lentiviral ORFeome library preparation and ORF-targeted RNA-seq
To prepare lentiviral ORFeome library, human ORFs were PCR-amplified using HIP Gateway221 library as a template and oligos

MCh4461 and MCh4462 as primers (oligos listed in key resources table). The resulting PCR fragments were cloned via Gibson as-

sembly into AgeI/EcoRI-cut lentiviral vector downstream of synapsin promoter (Addgene #20945). The resulting library was used to

produce lentivirus and infect primary cortical neurons, grown on amicroporous filter. RNA isolated from neurites and soma was used

for ORF-targeted RNA-seq. To recover ORFs for library preparation, we first produced cDNA utilizing oligos complementary to the 3’

and 5’ flanking sites. The resulting cDNA was transcribed into RNA, which then served as an input into library preparation.

In more detail, 400 ng total RNA, isolated from soma and neurites of primary cortical neurons, was depleted of rRNA using Ribo-

Zero Plus rRNA Depletion Kit (Illumina 20037135) and then reverse transcribed using Superscript IV (Life Technologies 1890010) and

oligo MCh4514 as a primer, according to manufacturer’s recommendations. RNA was removed with RNase I (Life Technologies

AM2295). For second strand synthesis we employed 3 cycles of a PCR using NEBNext High-Fidelity 2xPCR Mix (NEB M0541S)

and oligos MCh4514 and MCh4515 as primers, followed by a clean-up step with Agencourt AMPure XP (Bechman Coulter

A63881). The cDNA served as a template for in vitro transcription with T7 RNA polymerase (ThermoFisher EP0113). Reactions con-

tained SUPERaseIn RNase Inhibitor (Life Technologies AM2694). Residual DNA was removed with ExoI (NEB M0293S) and rSap

(NEB M0371S), and the RNA was purified with Agencourt RNAClean XP beads (Beckman Coulter A63987) and subjected to

TrueSeq stranded mRNA library preparation (Illumina RS-122-2102).

m6A-RIP
m6A-RIP was performed with two different m6A-specific antibodies (Abcam 151230 and SySy 202003) according to the previously

described protocol,78 with some modifications. m6A-RIP was performed in triplicates and using input of 10 mg total RNA, 5 pg of

spike-in, 50 ml Protein-G-Dynabeads (ThermoFisher 1004D) and either 15 mg of Abcam antibody or 8.5 mg of SySy antibody. For frag-

mented m6A-RIP, 15 mg of total input RNA, 75 ml dynabeads and 13 mg SySy antibody was used.

For each m6A-RIP, Dynabeads were washed twice with ice-cold IP buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 5 mM

EDTA) and then incubated with the respective m6A-specific antibody in 1ml IP buffer with gentle rotation overnight at 4�C. The
next day the beads were washed once with 1ml ice-cold IP buffer. Input RNA was heated for 2 min at 80�C and immediately chilled

on ice for 5 min. The RNA was added to the antibody-bound beads in a total volume of 1ml IP buffer including 10 ml RNasin (Promega

N2615) and rotated for 3 hours at 4�C. The beads were then collected on a magnet for 1 min and the supernatant was carefully

removed and collected in a separate tube (= flowthrough fraction). Subsequently, a series of washing steps with several washing

buffers was performed. For each washing step, the beads were resuspended in 1 ml buffer and incubated for 3 min at room temper-

ature with gentle shaking, followed by collection of the beads on a magnet for 1 min. The beads were washed twice in 1ml IP buffer,

once in 1 ml low salt buffer (0.25x SSPE, 1mM EDTA, 0.05% Tween, 37.5 mM NaCl), once in 1ml high salt buffer (0.25x SSPE, 1mM

EDTA, 0.05% Tween, 137.5 mMNaCl) and twice in 1ml TE (10mM TRIS, 1mM EDTA, pH 8.0) containing 0.05% Tween. Following the

wash steps the RNA was eluted by incubation for 1 hour at room temperature in 200 ml elution buffer containing 3 mg/ml m6A-nucle-

oside (Sigma M2780 or Santa Cruz sc-215524). The elution step was repeated once. The two eluates were pooled and the RNA was

extracted using Phenol/Chloroform/Isoamylalcohol. The RNA was precipitated overnight at -20�C with 1/10 volume of 3M sodium

acetate pH 5.2, 2.5 volumes of 100% EtOH and 2 ml GlycoBlue (ThermoFisher AM9516) as coprecipitant. After precipitation the

RNA was washed twice with 0.5 ml ice-cold 70% EtOH, air-dried and resuspended in 20 ml water. RNA concentration was measured

using Qubit.
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Fragmentation
For conventional m6A-RIP, RNA was fragmented prior to IP. Fragmentation was performed using RNA Fragmentation Reagents

(ThermoFisher AM8740) according to the manufacturer’s protocol. Fragmented RNA was cleaned up using Zymo RNA Clean and

Concentrator columns (Zymo Research R1015), RNA concentration was measured by Qubit and fragment size was analysed using

Bioanalyzer.

Generation of spike-in controls
Spike-in controls were generated using the TranscriptAid T7 High Yield Transcription Kit (ThermoFisher K0441) according to the

manufacturer’s instructions using 1 mg of purified PCR product as template. Transcripts were analysed by agarose gel electropho-

resis and purified using RNeasy spin columns (Quiagen 74104). Each spike-in control was generated as unmodified and m6A-modi-

fied transcript. To generate m6A-modified transcripts, in vitro transcription was performed in the presence of 5 mM ATP and 5 mM

m6A-ATP. The resulting m6A-containing transcripts were subjected to m6A-RNA-IP (using 10 mg in vitro transcribed RNA, 20 ml

Dynabeads and 5 mg of Abcam antibody) as described above and further used as m6A spike-in.

Cloning
The plasmids generated in this study are described in the key resources table. pLKO.puro_shRNA plasmids were generated by an-

nealing oligos (listed in Table S8) into AgeI/EcoRI-cut pLKO.1-puro (Addgene #10879). To generate pLenti-hSynapsin-dnCAF1,

dnCAF1 was PCR-amplified with oligos MCh3965 and MCh4645 from pSR-HA-CAF1mut plasmid41 (a kind gift of Ann-Bin Shyu),

digested with AgeI and MfeI and cloned into AgeI/EcoRI-cut lentiviral vector downstream of synapsin promoter (Addgene

##20945). To generate sgRNA plasmid targeting Rps18 locus, p2a-hygro region was cloned into EcoRI-cut pX330-U6-Chimeric-

BB-CBh-hSpCas9 (Addgene #42230) downstream of Cas9, to produce pX330-U6-Chimeric-BB-CBh-hSpCas9-p2a-hygro. The

latter was digested with BbsI and used as backbone for cloning Rps18-targeting sgRNA sequence, produced by annealing oligos

MCh4382 and MCh4383 (listed in key resources table). HDR-Rps18-p2a-blast was generated by PCR amplification of left (LA)

and right (RA) homology arms (corresponding to Rps18CDSand 3’UTR genomic regions) frommouse gDNA and sequentially cloning

them between SacI and AgeI (LA) and NotI and KpnI (RA) into pC2aN-blast. In the resulting plasmid, blasticidine CDS is fused with

Rps18 CDS via p2a site. To generate HDR-Rps18-p2a-blast-ARE, oligos corresponding to c-fos ARE were annealed and cloned into

NotI-cut HDR-Rps18-p2a-blast.

Generation and culture of stable ASCL1-mESC lines
The plasmids used for generation of stable lines are listed in the key resources table. To incorporate ARE in the 3’ UTR of the endog-

enous Rps18 locus, the parental ASCL1-mESC line14 was co-transfected with HDR-Rps18-p2a-blast-ARE (the homology directed

repair template plasmid containing blasticidin resistance coding sequence fused at the C-terminus of RPS18 via p2a, followed by

ARE from c-fos and flanked with� 1 kb homology arms corresponding to Rps18 gene) and the plasmid encoding Cas9 and sgRNAs

targeting the 3’ region of Rps18 coding sequence. Cells with stable insertion were selected on blasticidin (3 mg/ml for a week) and

used to generatemonoclonal lines. Monoclonal lines were screened by PCR using primers paring within blasticidin and outside of the

homology arms (oligos listed Table S8).

m6A dot blot
For m6A dot blot, indicated amount of RNA was pipetted on a nitrocellulose membrane fixed between the plates of a dot blot appa-

ratus and UV-crosslinked twice with 1200 uJ (auto crosslink mode). The membrane was washed in PBST (PBS, 0.1% tween-20),

blocked in PBST with 5% non-fat milk for 30 min and probed with anti-m6A antibody 1:1000 (Synaptic Systems 202111) in PBST

with 5% non-fat milk.

Puro-PLA and immunostaining
Detection of newly synthesized proteins by Puro-PLA was performed on mouse PCNs cultured on 15-mm glass coverslips as

described previously.39 Briefly, PCNs were infected with 8 ml concentrated lentiviral particles (shRNA against Larp1 or non-targeting

control shRNA) on DIV3. OnDIV10, neuronswere incubatedwith 1mg/ml puromycin for 15min, washed quickly in PBS and fixedwith

4% PFA in PBS for 10 min at RT. Cells were washed twice in PBS and permeabilized with 0.2% Triton X-100 in PBS for 10 min at RT.

Puro-PLA was performed using Duolink reagent, antibodies a-actin-ß (1/50) and a-puromycin (1/200) and rabbit PLAplus and mouse

PLAminus probes according to manufacturer’s recommendations except that antibody dilution solution was replaced by 5 % BSA in

PBS. Neurons were immunostained with a-MAP2 (1/500) and a-chicken-alexa 488 (1/1000) and mounted in Duolink in situ mounting

medium. Images were acquired using a 40x oil objective on a Leica SP8 FALCON confocal microscope. Z-stacks (0.3 mm) were cho-

sen to span the entire volume of the neurite but not the entire soma.

Puro-PLA image analysis
The image analysis pipeline is adapted from the previous work33 with the following adaptations. Max projections of the Map2-alexa

488 images and the Puro-PLA images were generated using a Fiji (ImageJ) macro.79 Masks for the neurites were created using

ilastik80 and Fiji andweremodified to represent 70 mmof themain neurites starting from the soma. The Puro-PLA spotswere detected
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and quantified in 2D max projections of the images using the RS-FISH Fiji plugin.81 The detections were subsequently filtered using

the 70 mm neurite masks using the RS-FISH mask filtering tool. The Puro-PLA detections were normalized by area using the 70 mm

neurite masks. The pipeline, including all Fiji macros, can be found at: https://github.com/LauraBreimann/neuron_

Puro-PLA_quantification.

Genomes and annotations
mm10,GRCm38.p6 assembly of themouse genome and hg38, GRCh38.p12 assembly of the human genomewere downloaded from

the ENSEMBL archive (archive.ensembl.org/index.html). These genome assemblies were used with ENSEMBL v96 and v97 tran-

script annotation releases respectively. For the analysis of the SLAM-seq experiment (See STAR Methods) on mESC-derived neu-

rons a custom transcript annotation only of 3’ UTRs of the transcripts was generated from the mouse ENSEMBL v96 annotation.

Throughout the paper, all analysis was done using GRCm38 assembly unless specified otherwise. Mapping statistics for all analyzed

experiments are summarized in Table S1.

SLAM-seq analysis
Read mapping

To estimate mRNA half-lives we followed a published SLAM-seq protocol.35 Raw reads recorded in fastq files were first checked for

quality and trimmed using TrimGalore (https://github.com/FelixKrueger/TrimGalore) and then mapped to the mouse genome using

STAR version 2.7.1a [23104886] with the following parameters changed from default:

–outFilterMultimapNmax 20

–outFilterMismatchNmax 20

–outSAMattributes AS NH HI nM NM MD

–seedSearchStartLmax 30

T-to-C conversion rates and half-life estimation

We counted T-to-C conversions in the created BAM files of SLAM-seq of whole neurons using a custom python script and calculated

T/C fractions as FTC = #tc
#tt+#tc. Genomic positions with >80% T-to-C conversions and at least 3 reads coverage were filtered as po-

tential SNP positions and excluded from FTC calculation as were reads with mapping quality < 20. FTC values were calculated for

Ensembl canonical transcripts where annotated and for the longest annotated transcript otherwise. We filtered for transcripts with at

least 50 reads coverage at all timepoints (0, 4, 8 and 16 hours after labeling) and calculated half-lives by fitting a simple exponential

decaymodel to FTC values that were normalize to the 1st timepoint: FTCnorm � et3� k where t is time and k is the decay rate constant.

The data was fitted using the nlsLM() function from the R minpack.lm package in Rstudio v2022.07.2 and half-live estimates were

derived as hl = ln ð2Þ
k . Efron’s pseudo-R2 values were calculated as 1 � rss

tss where rss is the sum of the squared model residuals

and tss is the total variability in the dependent variable.

Half-life values per gene were averaged over three replicates per condition. We also calculated a filtered version that averaged only

over data from those replicates where the calculated pseudo-R2 values were >0.95 (providing evidence for good model fits) and

considered those values as ‘stringently’ filtered where at least 2 replicates remained after filtering and where the standard deviation

of the considered half-life values was < 1.

Scripts used to process SLAM-seq of subcellular compartments from bam files to half-life estimation can be found at GitHub

(https://github.com/melonheader/HLEB).

m6A-RIP-seq analysis
Read mapping

m6A-RIP-seq datasets generated in the current study and previously published44,45 were analyzed in the sameway. Fastq files for the

published experiments were downloaded from the Sequence Read Archive (SRA) by the following Bioproject accessions

PRJNA388019, PRJNA454046 [https://www.ncbi.nlm.nih.gov/sra]. Raw reads from the fastq files were first checked for quality

and trimmed using TrimGalore and then mapped to the mouse genome using STAR version 2.7.1a [23104886] with default param-

eters. PRJNA388019 experiment was done using the IonTorrent sequencing machine, therefore a different set of adapter sequences

has been used for the trimming:

Ion Torrent Ion A Adapter (CCATCTCATCCCTGCGTGTCTCCGACTCAG)

Ion Torrent Ion P1 Adapter (CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGAT)

m6A peak calling

For the identification of the m6A peaks in the fragmented m6A-RIP experiments we used R package exomePeak with default set-

tings.70 Intersection of peaks detected in different datasets was done using bedtools intersect from the BEDTools utilities suit.74

DRACH motif identification

Weperformed de novomotif search in the regions of identifiedm6A peaks using HOMER v4.11.1 software utility findMotifsGenome.pl75

with the following parameters:

findMotifsGenome.pl <m6A peaks.bed> <mm10 genome fasta> <output directory> -mask -len 5,6,7,8 -p 4 -dumpFasta
Molecular Cell 83, 2709–2725.e1–e10, August 3, 2023 e8

https://github.com/LauraBreimann/neuron_Puro-PLA_quantification
https://github.com/LauraBreimann/neuron_Puro-PLA_quantification
http://archive.ensembl.org/index.html
https://github.com/FelixKrueger/TrimGalore
https://github.com/melonheader/HLEB
https://www.ncbi.nlm.nih.gov/sra


ll
OPEN ACCESS Article
De novo motif search was done in the peaks identified in fragmented m6A-RIP-seq with Synaptic Systems antibody. Then, we

checked the distribution of the identified motif around the summits of peaks identified by both of the antibodies separately using

the HOMER utility annotatePeaks.pl with the following parameters:

annotatePeaks.pl <m6A peaks.bed> <mm10 genome fasta> -size 400 -hist 5 -m <sysy_drach.motif>

m6A enrichment analysis

Differential m6A enrichment of transcripts was estimated using differential expression (DE) with the R package DESeq2.69 For the

unfragmented m6A-RIP-seq experiments, DE was performed between eluate and flowthrough fractions. Transcripts were consid-

ered differentially methylated under the following cutoffs: log2FoldChange > 1 or < -1, average log2 expression > 5.5 (log2baseMean

from DESeq2) and p-value < 0.05. For fragmentedm6A-RIP-seq experiments, DE was done between eluate and input fractions using

the same cutoffs as reported above. These data are summarized in Table S5.

AU-rich elements quantification
The coordinates of 3’UTRs per transcript were extracted from the GTF annotation and transformed into BED format. The resulting

BED file was used as an input to bedtools getfasta command line utility74 together with mouse genome fasta file as follows:

bedtools getfasta -fi <genome fasta> -bed <input.bed file> -name+ -tab -s

AREs were then counted in the acquired 3’UTR sequences with a regular expression (?=(AT{3,5}A)) using stri_match_all_regex

from R package stringi. The resulting count table is summarized in Table S6.

The resulting counts per transcripts were then summarized per gene as weighted mean over all isoforms of a gene with the isoform

expression levels, which were estimated by Salmon, as weights. The resulting table with ARE count per gene is provided in Table S6.

Neuronal localization datasets
To verify the localization of neuronal transcriptome, we referred to the recent comparative analysis of neuronal mRNA localization

datasets.1 Namely, from the latter study we have acquired a table that contained for each analyzed dataset columns showing an

average gene expression count (baseMean from DESeq2), log2FoldChange between neurites and soma, and the p-value corre-

sponding to the comparison (Table S3). In total, we have used 12 neuronal localization datasets in this study. Localization of the tran-

scripts was defined by the following cutoffs: log2FoldChange > 0.58 (neurite-localized) or < -0.58 (soma-localized), log-transformed

(log10) average expression across compartments > 1.1, and p-value < 0.05.

RNA-seq analysis (dnCAF1 and WT neurons)
First, the raw reads from fastq files were trimmed and filtered using trim galore with the following command:

trim_galore -q 20 –stringency 4 –length 15 –fastqc –gzip -o <output_directory> <input.fastq.gz>

Then, we mapped the trimmed reads to the laboratory-made collection of non-coding RNAs from the mouse genome using

bowtie272:

bowtie2 -p <threads> -x <non_codingRNA_indexbt2> –no-unal –un-gz <output_trimmed_filtered.fq.gz> <input_trimmed.fq.gz> -S

<output_aligned.sam>

Reads unaligned to the non-coding collection were written to the fastq files and then mapped to the mouse genome using STAR

version 2.7.1a with the following parameters changed from default:

–outFilterScoreMinOverLread 0 –outFilterMatchNminOverLread 0 –outFilterMatchNmin 10.

Gene expression was quantified from the bam files containingmapped reads using the R implementation of the Subread tool (Rsu-

bread version 1.34.782). Differential expression between subcellular compartments inWT andCAF1mutant cells was estimated using

the R package DEseq2. Transcripts were defined as up- and down-regulated or neurite- and soma-localized with the following cut-

offs unless stated otherwise:

neurite-localized: log2FoldChange > 0.58, average log2 expression > 5.5 (log2baseMean from DESeq2) and p-value < 0.05; soma-

localized: log2FoldChange < -0.58, average log2 expression > 5.5 (log2baseMean from DESeq2) and p-value < 0.05.

Random forest modeling
Weutilized an Rpackage called "ranger" (https://github.com/imbs-hl/ranger83 to forecast half-lives and localization.We built amodel

based on data from the PCN three-compartment separation experiment to predict either half-lives or mRNA localization (neurites/

cytoplasm log2FC). The dataset was divided randomly into training (70%) and testing (30%) sections. The predictors used for

mRNA half-lives were m6A enrichment (Sysy, unfragmented), 3’UTR length, ARE count in 3’UTR, and codon optimality; the same

features and mRNA half-lives were used as predictors for localization. The resulting models were applied to predict mRNA half-lives

and localization in the test dataset, and to determine the Rsquared and Pearson correlation coefficient between the predicted and

observed values.
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Codon optimality data
To compare the optimality of codon composition between coding sequences of mRNA transcripts we used the dataset of gene tRNA

adaptation indices (tAI) precomputed for the mouse genome from the web database http://stadium.pmrc.re.kr/84 tAI metric corre-

sponds to the geometric mean of the relative optimality of codons in the coding sequence of a given mRNA.

QUANTIFICATION AND STATISTICAL ANALYSIS

P-values were corrected for multiple testing using Benjamini-Hochberg method (FDR). Details of exact statistical analyses, pack-

ages, tests, and other procedures used can be found in the main text, figure legends, and STAR Methods.
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