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Abstract RNA molecules are localized to specific subcellular regions through interactions
between RNA regulatory elements and RNA binding proteins (RBPs). Generally, our knowledge

of the mechanistic details behind the localization of a given RNA is restricted to a particular cell
type. Here, we show that RNA/RBP interactions that regulate RNA localization in one cell type
predictably regulate localization in other cell types with vastly different morphologies. To determine
transcriptome-wide RNA spatial distributions across the apicobasal axis of human intestinal epithe-
lial cells, we used our recently developed RNA proximity labeling technique, Halo-seq. We found
that mRNAs encoding ribosomal proteins (RP mRNAs) were strongly localized to the basal pole of
these cells. Using reporter transcripts and single-molecule RNA FISH, we found that pyrimidine-rich
motifs in the 5' UTRs of RP mRNAs were sufficient to drive basal RNA localization. Interestingly, the
same motifs were also sufficient to drive RNA localization to the neurites of mouse neuronal cells. In
both cell types, the regulatory activity of this motif was dependent on it being in the 5' UTR of the
transcript, was abolished upon perturbation of the RNA-binding protein LARP1, and was reduced
upon inhibition of kinesin-1. To extend these findings, we compared subcellular RNAseq data from
neuronal and epithelial cells. We found that the basal compartment of epithelial cells and the projec-
tions of neuronal cells were enriched for highly similar sets of RNAs, indicating that broadly similar
mechanisms may be transporting RNAs to these morphologically distinct locations. These findings
identify the first RNA element known to regulate RNA localization across the apicobasal axis of
epithelial cells, establish LARP1 as an RNA localization regulator, and demonstrate that RNA localiza-
tion mechanisms cut across cell morphologies.

Editor's evaluation

In this valuable work, the authors used a combination of RNA-seq-based approaches and reporter
mRNAs coupled to RNA imaging, to provide solid evidence that mRNAs with specific elements
(TOP, GA, and NET1 3'UTR) localize asymmetrically across species and cell types and that this is
likely mediated by conserved RBPs and via direct transport mechanisms preferentially involving
kinesin motors. The work will be of interest to the cell biology community focused on mRNA
localization.

Introduction

The post-transcriptional regulation of RNA allows for the fine tuning of the expression of genetic infor-
mation. These post-transcriptional processes, including alternative splicing, translational regulation,
RNA decay, and subcellular RNA localization, are often regulated by RNA binding proteins (RBPs)
that exert their function upon their RNA targets by recognizing and binding specific sequence motifs.
Because the binding of RNA by RBPs is largely governed by specific sequence-based interactions,
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elLife digest The information required to build a specific protein is encoded into molecules of
RNA which are often trafficked to precise locations in a cell. These journeys require a complex molec-
ular machinery to be assembled and set in motion so that the RNA can be transported along dynamic
‘roads’ called microtubules. The details of this mechanism are known only for a handful of RNAs in
a few cell types; for example, scientists have uncovered the signals presiding over the shuttling of
certain RNAs to the axon, the long and thin projection that a neuron uses to communicate. Yet these
RNAs are also present in cells that lack axons. Whether the molecular processes which preside over
RNA movement apply across cell types has so far remained unclear.

To investigate this question, Goering et al. tracked the location of RNA molecules in two types of
polarized mouse cells: neurons which feature an axon, and ‘epithelial’ cells which line the intestine.
The experiments revealed that the signals sending RNAs to the axons also directed the molecules
towards the bottom pole of epithelial cells. In both cases, the RNAs travelled towards the extremity
of the growing, “plus” end of the microtubules.

Overall, this work suggests that RNA transport mechanisms should not be thought of as leading
to a particular location in the cell; instead, they may be following more generalisable instructions.
This knowledge could allow scientists to predict where a particular RNA will be sent across cell types
based on data from one cell population. It could also aid the development of synthetic RNAs that
target specific parts of the cell, offering greater control over their actions.

RBPs often bind similar RNA targets across cell types. Therefore, RBPs often exert their regulatory
function upon the same RNA targets, regardless of cellular context (Matia-Gonzalez et al., 2015; Van
Nostrand et al., 2020).

Many RBPs are ubiquitously expressed across tissues and generally elicit the same post-
transcriptional regulatory behaviors on their target RNAs in many cell types (Gerstberger et al.,
2014). The subcellular localization of an RNA, though, is at least conceptually tightly linked to cell
morphology. If the interaction between an RBP and an RNA sequence in neurons results in a tran-
script’s localization to axons, where will the same transcript localize in a cell type that doesn’t have
axons yet nevertheless expresses the same regulatory RBP? (Figure 1A) Can we define spatial equiv-
alents for RNA destinations across cells with vastly different morphologies?

For a given RNA, much of what is known about the regulation of its localization, especially in terms
of sequence motifs and the RBPs that bind them, has been elucidated in a single cell type. Many
examples of the molecular rules that govern RNA transport to neuronal projections (Arora et al.,
2022a; Goering et al., 2020; Von Kiigelgen et al., 2021; Mikl et al., 2022; Zappulo et al., 2017) or
across the posterior/anterior axis of Drosophila embryos Ephrussi and Lehmann, 1992; Hachet and
Ephrussi, 2004, Jambor et al., 2015; Lécuyer et al., 2007, Lipshitz and Smibert, 2000 have been
defined. However, how these RBPs and RNA elements would regulate RNA localization in cell types or
morphologies outside of those that they were discovered in is generally unknown.

RNA localization is widely studied in neuronal models as their long projections are amenable
to both microscopy and subcellular fractionation. Hundreds of RNAs are actively transported into
neuronal projections (Cajigas et al., 2012; Gumy et al., 2011; Taliaferro et al., 2016; Zappulo et al.,
2017, Zivraj et al., 2010). Many of these RNAs are not neuron specific and are expressed widely
throughout many other tissues (Von Kiigelgen and Chekulaeva, 2020, Zappulo et al., 2017). Again,
whether these RNA are localized in other cell types is largely unknown.

Intestinal enterocytes line the intestine as a single-cell monolayer. Enterocytes are polarized across
their apicobasal axis with specialized regions that perform specific functions (Klunder et al., 2017).
The apical regions of enterocytes are responsible for nutrient absorption from the gut. whereas the
basal regions export processed nutrients to the lymph and bloodstream (Chen et al., 2018; Goodman,
2010). Many proteins and RNAs are asymmetrically localized across the apicobasal axis to aid in these
spatially distinct functions, but little is known about the RNA elements and RBPs that regulate a tran-
script’s location within epithelial cells (Moor et al., 2017, Ryder and Lerit, 2018).

Using transcriptome-wide assays, we reveal that the neurites of neurons and the basal pole of
epithelial cells are enriched for similar RNAs. We further find that specific RNA regulatory elements
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Figure 1. Halo-seq enriches cytoplasmic localized RNA molecules in C2bbel monolayers. (A) RNA regulatory processes are generally driven through
the interaction of an RBP and an RNA sequence element. Because RBPs are often widely expressed, many of these processes (exemplified here by RNA
decay) operate across cellular contexts. The orange RBP binds a particular sequence within a transcript to promote its degradation in both cell types.
However, because RNA localization is intimately linked with cell morphology, if an RBP/RNA interaction promotes RNA localization in one cell type, how
the same interaction would affect RNA localization in another cell type is unclear. (B) Overview of the Halo-seq method. A HaloTag is genetically fused
to a protein with specific localization. DBF-conjugated Halo ligands are specifically recruited to the Halo fusion proteins due to their high affinity and
covalent binding to HaloTag protein domains. When exposed to green light, DBF produces oxygen radicals that, in combination with propargylamine,
alkynylate DBF-proximal RNAs. ‘Click’ chemistry covalently attaches biotin moieties to alkynylated RNAs in vitro, facilitating their enrichment via

Figure 1 continued on next page
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Figure 1 continued

streptavidin pulldown, thereby enriching localized RNAs for high-throughput sequencing. (C) HaloTag protein fusions to P65 are localized to the
cytoplasm. HaloTag fusions are visualized in fixed cells through the addition of a Halo ligand fluorophore shown in red. DAPI stain marks the nuclei in
blue. Profile lines across the XY image demonstrate exclusion of Halo signal from the nucleus and in the XZ-projected image demonstrate no apical

or basal bias. Images are an average projection through the XZ axis of approximately 50 cells. (D) Equation for Cytoplasmic Bias. Cytoplasmic RNA
localization is calculated with a metric termed Cytoplasmic Bias as the log, of a transcript's abundance in the streptavidin enriched fraction divided by
its abundance in the input total RNA. (E) Genes with differing Cytoplasmic Bias following Halo-seq RNA labeling using the cytoplasmic-Halo fusion. FDR
calculated by DESeq?2 (F) Cytoplasmic Bias for defined classes of RNAs. p-Values were calculated using a Wilcoxon rank-sum test. (G) Cytoplasmic Bias
for unspliced, intron-containing pre-mRNAs and spliced mature mRNAs. Cytoplasmic Bias was calculated for the spliced and unspliced isoform of each
transcript. p-Values were calculated using a Wilcoxon rank-sum test. ns (not significant) represents p>0.05, * p<0.05, ** p<0.01, *** p<0.001 and ****
represents p<0.0001.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Figure supplement 1. Schematic of Lox cassette knock-in to the AAVS1 safe harbor locus.

Figure supplement 2. PCR amplification of knock-in junctions.

Figure supplement 2—source data 1. 1% Agarose gel of PCR products using primers flanking the AAVS1 insertion site for the LoxP cassette.

Figure supplement 3. Schematic of cre-mediated cassette switching.

Figure supplement 4. SDS-PAGE gel of doxycycline-induced cytoplasmic-Halo construct (95 kDa) visualized with Halo ligand fluorophore in red (JF646).

Figure supplement 4—source data 1. GoPAGE Bis-Tris Precast Gel, 4-12% with Halo Ligand JFé46 visualizing Halo tagged proteins in doxycycline
induced cell lysates.

Figure supplement 4—source data 2. GoPAGE Bis-Tris Precast Gel, 4-12% with coomassie visualizing total protein extracted from the halo tag
expressing cell lysates.

Figure supplement 5. Fusing Cy3-Azide fluorophores to alkynylated biomolecules using Click chemistry allows for visualization of labeled molecules in
fixed cells.

Figure supplement 6. In vitro biotinylation of alkynyklated RNA labeled from cytoplasmic-Halo expressing cells is dependent on DBF addition as
visualized by streptavidin-HRP on an RNA dot blot.

Figure supplement 6—source data 1. RNA is spotted and crosslinked onto an Amersham Hybond-N +western blotting membrane.
Figure supplement 6—source data 2. RNA is spotted and crosslinked onto an Amersham Hybond-N +western blotting membrane.
Figure supplement 7. Percent enriched RNA after streptavidin pull-down of cytoplasmic-Halo-labeled RNAs.

Figure supplement 8. Principal component analysis of gene expression values from Halo-seq in cytoplasmic-Halo cells.

and RBPs that regulate RNA localization in one cell type can predictably do so in other cell types with
very different morphologies as well as in different species. These results hint at conserved mechanisms
of RNA localization and potentially a predictable, underlying code for RNA localization compatible
with vastly different subcellular locations and cellular morphologies.

Results
Halo-seq allows for isolation of spatially distinct RNA populations from
C2bbe1 monolayers
C2bbeT1 cells, a subclone of the human CaCo-2 cell line, recapitulate human intestinal enterocytes by
spontaneously creating polarized monolayers with differentiated brush-borders in culture (Peterson
and Mooseker, 1992). For easy genetic manipulation, we created a C2bbe1 cell line with a blasticidin
resistance gene surrounded by loxP recombination sites in the AAVS1 safe harbor locus. This system
allows for the controlled insertion of doxycycline-inducible transgenes using cre recombinase (Khan-
delia et al., 2011). This knock-in cell line was created with CRISPR/Cas9, an sgRNA targeting the
AAVS1 locus, and a homologous repair donor plasmid containing the loxP cassette (Figure 1—figure
supplement 1). Following selection with blasticidin, integration of the cassette was confirmed by
PCR (Figure 1—figure supplement 2). This cell line is amenable to quick and efficient cre-mediated
cassette switching allowing for stable doxycycline-inducible expression of any RNA or protein of
interest (Figure 1—figure supplement 3).

We used our recently developed proximity labeling technique Halo-seq (Engel et al., 2021; Lo
et al., 2022) to assay RNA localization across the apicobasal axis of C2bbe1 monolayers (Figure 1B).
Halo-seq relies on the expression of a Halo-tagged protein with specific localization to a subcellular

Goering et al. eLife 2023;12:€80040. DOI: https://doi.org/10.7554/eLife.80040 4 of 39


https://doi.org/10.7554/eLife.80040

e Llfe Research article

Chromosomes and Gene Expression | Genetics and Genomics

compartment of interest. HaloTags are small protein domains that covalently bind to small molecules
known as Halo ligands (Los et al., 2008). Through conjugation to a Halo ligand backbone, the photo-
activatable singlet oxygen generator dibromofluorescein (DBF) can be specifically recruited to the
Halo-tagged protein and therefore share the same subcellular distribution as the fusion protein.

When exposed to green light, DBF generates oxygen radicals that are restricted to a radius of
approximately 100 nm around the Halo fusion protein (Jin et al., 1995; Li et al., 2018). RNA bases
within this cloud are oxidized by the radicals, making them susceptible to nucleophilic attack by prop-
argylamine, a cell permeable alkyne (Li et al., 2018). Halo-fusion-proximal RNAs are therefore selec-
tively alkynylated in situ.

Following total RNA isolation, alkynylated transcripts are biotinylated using Cu(l)-catalyzed azide-
alkyne cycloaddition (CuACC) ‘Click’ chemistry with biotin azide (Hein et al., 2008). Halo-proximal
transcripts are therefore selectively biotinylated by this reaction allowing for purification of localized
RNAs from total RNA via streptavidin pulldowns. By comparing the abundances of transcripts in total
RNA and streptavidin-purified RNA samples using high-throughput sequencing, transcripts that were
Halo-proximal can be identified.

To first assay the efficiency with which Halo-seq can enrich localized RNAs in C2bbe1 monolayers,
we targeted the cytoplasmic compartment for analysis with Halo-seq. Because differences between
the cytoplasmic and nuclear transcriptomes are well characterized (Engel et al., 2021; Zaghlool
et al.,, 2021), we reasoned that this would provide a good benchmark of the technique in C2bbe1
monolayers. We fused a HaloTag domain to a cytoplasmically restricted NF-kappa B subunit, P65.
This doxycycline-inducible transgene was integrated into the genome of C2bbe1 cells using cre/loxP
recombination. The doxycycline-inducible expression and size of the cytoplasmic-Halo fusion were
confirmed by gel electrophoresis with fluorescent Halo ligands (Figure 1—figure supplement 4).
We also confirmed the cytoplasmic localization of the Halo fusion protein in situ using fluorescent
Halo ligands (Figure 1C). We then visualized the site-specific alkynylation of biomolecules following
DBF-mediated oxidation by performing azide-alkyne cycloaddition in situ with Cy3-conjugated azides.
The presence of Cy3 labeled molecules required the addition of DBF, indicating that the observed
alkynylation was due to the Halo-seq procedure (Figure 1—figure supplement 5). These experiments
revealed that both the cytoplasmic-Halo fusion and the molecules it labeled were restricted to the
cytoplasm, indicating that the DBF-mediated labeling was spatially specific.

To determine if we could biotinylate alkynated RNA, we performed Halo-seq in differentiated
C2bbe1 monolayers expressing the cytoplasmic-Halo. Following in-cell alkynylation and in vitro Click-
mediated biotinylation, we visualized biotinylated RNA using RNA dot blots with streptavidin-HRP.
We observed strong RNA biotinylation signal that was dependent upon the addition of DBF to cells
(Figure 1—figure supplement 6). We then incubated biotinylated RNA samples from DBF-treated
and untreated cells with streptavidin-coated beads. For three DBF-treated samples, we recovered an
average of 1.6% of the total RNA sample from the streptavidin-coated beads. In contrast, we only
recovered an average of 0.05% of the total RNA sample from DBF-untreated samples, further illus-
trating that RNA biotinylation requires DBF treatment (Figure 1—figure supplement 7).

We then created rRNA-depleted RNAseq libraries from three streptavidin input and enriched RNA
samples from DBF-treated cells. Following high-throughput sequencing, we quantified transcript and
gene abundances in each sample using salmon and tximport (Patro et al., 2017, Soneson et al.,
2015). As expected, samples separated primarily by fraction (input vs. streptavidin pulldown) in a
principal component analysis (PCA) plot of transcript expression profiles (Figure 1—figure supple-
ment 8).

To quantify cytoplasmic RNA localization, we created a metric called cytoplasmic bias (CB), which
we defined as the log, of a transcript’s abundance in the streptavidin-pulldown samples compared
to its abundance in the input RNA samples (Figure 1D). We used DESeq?2 to identify genes that
were significantly enriched in streptavidin-pulldown samples compared to input samples (Love et al.,
2014). These represent genes whose transcripts were enriched in the cytoplasm. Using this approach,
1192 genes were identified as significantly cytoplasmically enriched (FDR < 0.01) while 715 genes
were significantly depleted and therefore likely enriched in the nucleus (Figure 1E, Supplementary
file 1).

We then looked at CB values for IncRNAs specifically. As a class, these transcripts are known to be
enriched in the nucleus (Lubelsky and Ulitsky, 2018; Shukla et al., 2018), and therefore should be
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depleted from the streptavidin-pulldown samples. As expected, IncRNA transcripts had significantly
lower CB values, indicating that Halo-seq was faithfully reporting on RNA localization in C2bbe1 cells
(Figure 1F). Additionally, we used a custom salmon index to simultaneously quantify intron-containing
and fully spliced versions of every transcript. Spliced transcripts are exported to the cytoplasm while
intron-containing transcripts are often restricted to the nucleus (Luo and Reed, 1999). Further vali-
dating Halo-seq, we observed that intron-containing pre-mRNA transcripts generally had negative
CB values, indicating their nuclear enrichment. Conversely, intron-lacking, mature transcripts of the
same genes had positive CB values, indicating their cytoplasmic enrichment (Figure 1G). These results
provided confidence that Halo-seq identifies localized RNAs in C2bbe1 monolayers.

Halo-seq identifies RNAs differentially localized across the apicobasal
axis of C2bbe1 monolayers

To identify RNAs localized across the apicobasal axis of enterocytes, we first needed to ensure that
we could establish polarized monolayers of C2bbe1 cells. We plated C2bbe1 cells on porous tran-
swell inserts at high confluency and allowed spontaneous differentiation to occur for 7 days (Masuda
et al.,, 2011; Peterson and Mooseker, 1992). This produced highly polarized monolayers with the
expected spatially distinct localization of the polarity protein markers Ezrin and the sodium-potassium
pump across the apicobasal axis, suggesting mature enterocyte-like organization (Figure 2—figure
supplement 1).

To interrogate apicobasal RNA localization using Halo-seq, we created HaloTag fusion proteins that
specifically localized to either the apical or basal poles of differentiated cells. In intestinal epithelial
cells, podocalyxin-like protein 1 (PODXL) is apically localized while a subunit of the sodium-potassium
pump (ATP1A1) is basally localized (Deborde et al., 2008; Meder et al., 2005). Using these membrane
proteins, we created transgenes where HaloTags were fused to their N-termini such that the HaloTag
domain was inside the cell. These doxycycline-inducible transgenes were integrated into the C2bbe1
genome using the cre/loxP strategy described in Figure 1—figure supplement 3.

We confirmed doxycycline-inducible expression of the full-length HaloTag fusion proteins using
gel electrophoresis and fluorescent Halo ligands (Figure 2—figure supplement 2). The subcellular
localization of both HaloTag fusions was then assessed using fluorescent Halo ligands. The PODXL
fusion (henceforth referred to as apical-Halo) was restricted to the apical region of cells while the
ATP1A1 fusion (henceforth referred to as basal-Halo) was restricted to the basal pole (Figure 2A-B).
To assess the localization of alkynylated molecules produced by the Halo-seq protocol with these
fusions, we visualized alkynylated molecules using in situ Click chemistry with a fluorescent azide
as in Figure 1—figure supplement 5. We found that in cells expressing apical-Halo, alkynylated
molecules were concentrated toward the apical poles of cells. Conversely, in cells expressing Basal-
Halo, alkynylated molecules were concentrated toward the basal pole. In both cases, alkynylation was
dependent upon the addition of DBF to cells (Figure 2—figure supplements 3 and 4). These results
indicate that Halo-seq can spatially specifically alkynylate biomolecules across the apicobasal axis in
epithelial monolayers, giving us confidence in the ability of Halo-seq to isolate RNA molecules that
were localized to the apical and basal poles of epithelial cells.

We then confirmed the ability of the apical-Halo and basal-Halo fusions to facilitate RNA biotinyla-
tion using RNA dot blots (Figure 2—figure supplement 5) and purified the resulting products using
streptavidin-coated beads. The apical-Halo and basal-Halo fusion proteins produced less biotinylated
RNA than the cytoplasmic-Halo fusion. However, for both the apical and basal fusions, we recovered
significantly more RNA following streptavidin pulldown from cells treated with DBF than from control
untreated cells (Figure 2—figure supplement 6), further indicating the ability of these Halo fusions to
mediate selective RNA biotinylation.

We isolated apically and basally localized RNA by performing Halo-seq in triplicate with apical-
Halo and basal-Halo. We then quantified the resulting RNA samples using high-throughput
sequencing of rRNA-depleted RNAseq libraries, calculating transcript and gene abundances
using salmon and tximport (Patro et al., 2017, Soneson et al., 2015). Sequencing replicates of
all Halo-seq samples first separate by genotype (PC1xPC2) then by fraction (PC2xPC3) in a PCA
of gene expression profiles (Figure 2—figure supplement 7). To identify RNAs that were differ-
entially localized across the apicobasal axis, we calculated an apical bias (AB) value for each gene.
We defined this metric as the log, ratio of a gene’s abundance in the apical-Halo pulldown samples
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Figure 2. Halo-seq enriches RNAs at the apical and basal poles of enterocyte monolayers. (A) HaloTag protein fusions to PODXL and (B) ATP1A1

are localized to the apical and basal compartments respectively. HaloTag domains are visualized in fixed cells through the addition of a Halo ligand
fluorophore shown in magenta (apical) and cyan (basal). DAPI stain marks the nuclei in blue. Profile lines across the XZ image demonstrate their apical
or basal bias. Images are an average projection through the XZ axis of approximately 30 cells. (C) Equation for Apical Bias. RNA localization across
the apicobasal axis is calculated with a metric termed Apical Bias as the log, of a transcript’s abundance in the apical enriched RNA fraction divided
by its abundance in the basal enriched fraction. (D) Genes with differing Apical Bias following Halo-seq RNA labeling using the apical and basal-Halo
fusions. FDR values calculated by DESeq?2. (E) Enriched gene ontology (GO) terms associated with proteins encoded by RNAs identified as localized
to the apical or basal pole of enterocytes. FDR calculated by topGO. (F) DESeg2-calculated normalized counts of candidate apical (COL12A1) and
basal (SERPINF2) localized RNAs in the apical and basal enriched sequencing samples. p-Values calculated by DESeq2. (G) smFISH puncta position in
Z. Firefly luciferase RNA included as a non-localized control. p-Values were calculated using a Wilcoxon rank-sum test. ns (not significant) represents

p>0.05, * p<0.05, ** p<0.01, *** p<0.001 and **** represents p<0.0001.

Figure 2 continued on next page
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Figure 2 continued
The online version of this article includes the following source data and figure supplement(s) for figure 2:

Figure supplement 1. C2bbel1 monolayers differentiated for 7 days on transwell inserts are highly polarized as demonstrated by immunofluorescence
for Ezrin (apical) and NaK-ATPase (Basal) endogenous polarity protein markers.

Figure supplement 2. SDS-PAGE gel of doxycycline-induced apical-Halo and basal-Halo constructs (95 and 150 kDa respectively) visualized with Halo
ligand fluorophore in red (JF 646).

Figure supplement 2—source data 1. GoPAGE Bis-Tris Precast Gel, 4-12% with Halo Ligand JFé46 visualizing Halo-tagged proteins in doxycycline
induced cell lysates.

Figure supplement 2—source data 2. GoPAGE Bis-Tris Precast Gel, 4-12% with coomassie visualizing total protein extracted from the halo tag
expressing cell lysates.

Figure supplement 3. Cy3-Azide fluorophores attached to alkynylated biomolecules by Click chemistry visualize labeled molecules in fixed cells.
Figure supplement 4. Cy3-Azide fluorophores attached to alkynylated biomolecules by Click chemistry visualize labeled molecules in situ.

Figure supplement 5. in vitro biotinylation of RNA labeled in apical-Halo and basal-Halo expressing cells is dependent on DBF addition as visualized
by streptavidin-HRP on an RNA dot blot.

Figure supplement 5—source data 1. RNA is spotted and crosslinked onto an Amersham Hybond-N +western blotting membrane.

Figure supplement 5—source data 2. RNA is spotted and crosslinked onto an Amersham Hybond-N +western blotting membrane.

Figure supplement 6. Percent enriched RNA after streptavidin pull-down of Apical-Halo and Basal-Halo-labeled RNAs.

Figure supplement 7. Principal component analysis of gene expression values from the cytoplasmic-Halo, apical-Halo, and basal-Halo experiments.
Figure supplement 8. Mitochondria are visualized with both MitoView Green and immunofluorescence for TOM20 protein in fixed cells.

Figure supplement 9. Direct comparison of Halo-seq calculated Apical Bias in Human C2bbe1 monolayers and Laser Capture Microdissection (LCM)
calculated Apical Bias in adult Mouse enterocytes (Moor et al., 2017).

Figure supplement 10. Representative smFISH images in fixed cells.
Figure supplement 11. Number of smFISH puncta per cell.
Figure supplement 12. Transcripts per million for each candidate localized RNA in each sequenced input sample (n=9).

Figure supplement 13. Cumulative distribution of smFISH spots across their position in Z as calculated by FISH-quant.

compared to its abundance in the basal-Halo pulldown samples (Figure 2C, Supplementary file
1). Genes with positive AB values are therefore apically-enriched while those with negative AB
values are basally-enriched. AB values and their associated p values were calculated using DESeq2
(Love et al., 2014). With this approach, transcripts from 1053 genes were found to be significantly
apically localized (FDR < 0.05) while transcripts from 1200 genes were significantly basally localized
(Figure 2D). These results suggest that many RNAs are asymmetrically distributed across the apico-
basal axis in epithelial cells.

To preliminarily characterize the apical and basal transcriptomes, we used TopGO (Alexa, 2010) to
identify enriched gene ontology (GO) terms associated with the proteins encoded by RNAs localized
to each compartment (Figure 2E). The term ‘trans-membrane transport’ was significantly associated
with RNAs localized to both compartments (p<0.05), consistent with the fact that both the apical and
basal membranes of enterocytes play major roles in nutrient import and export (Kiela and Ghishan,
2016; Snoeck et al., 2005). Unique GO terms associated with apically localized RNAs included ‘cell
junctions’ including apical tight junctions, and ‘microvillus membrane’ which is exclusively associated
with enterocyte apical membrane (Crawley et al., 2014; Sluysmans et al., 2017). Proteins encoded
by basally localized RNAs were enriched (p<0.05) for functions associated with cell adhesion and inte-
grin binding, both of which are important for basal membrane anchoring to the extracellular matrix
(Yurchenco, 2011).

RNAs from nuclear-encoded mitochondrial proteins were also found to be basally enriched. Because
these RNAs are often localized to mitochondria due to their translation on the mitochondrial surface
(Corral-Debrinski et al., 2000; Williams et al., 2014), this would imply that mitochondria themselves
may also be basally localized in C2bbe1 monolayers. To test this, we visualized mitochondria using
both immunofluorescence and a mitochondrial-specific dye, mitoView. Both methods indicated that
the localization of mitochondria was, in fact, basally biased (Figure 2—figure supplement 8). These
results gave us confidence in the reliability of the Halo-seq quantifications.
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Halo-seq results are consistent with previous RNA localization datasets
in polarized enterocytes

A previous study used laser capture microdissection (LCM) and RNAseq to assess RNA localization
across the apicobasal axis in adult mouse intestine tissue slices (Moor et al., 2017). In this study, RNA
samples from apical and basal LCM slices were compared to define RNAs differentially distributed
across the apicobasal axis of these cells. To assess the quality of our Halo-seq data, we compared our
AB values to those defined in this dataset. Using the mouse intestine data, we calculated AB values
for all genes and compared them to Halo-seq derived AB values of their human orthologs. We found
a modest (R=0.08), yet positive and significant (p=0.003) correlation between these two datasets
(Figure 2—figure supplement 9). This correlation overcomes differences in samples (cultured cells vs.
tissue), methodology (Halo-seq vs. LCM), and species (human vs. mouse). We found this correlation to
be encouraging and further suggestive of the ability of Halo-seq to faithfully report on RNA localiza-
tion across the apicobasal axis in epithelial cells.

Validation of Halo-seq results using single-molecule RNA FISH

To experimentally validate Halo-seq's ability to identify transcripts differentially localized across the
apicobasal axis, we performed single molecule fluorescent in situ hybridization (smFISH) to visualize
endogenous transcripts within C2bbe1 monolayers (Tsanov et al., 2016). We selected one transcript
with a positive AB value, COL12A1, and one transcript with a negative AB value, SERPINF2, for valida-
tion (Figure 2F, Figure 2—figure supplement 10). Spots corresponding to RNA molecules in smFISH
images were detected using FISH-quant (Mueller et al., 2013; Tsanov et al., 2016), and the 3D coor-
dinates of each spot were identified. This allowed calculation of the position of each transcript’s posi-
tion along the image’s Z axis, which corresponds to the cell’s apicobasal axis. When analyzing smFISH
images for each endogenous transcript, we ensured that the number of spots detected per cell was
proportional to the expression levels of the transcript as calculated by RNAseq (Figure 2—figure
supplements 11 and 12), suggesting that each custom designed smFISH probe set (Tsanov et al.,
2016) was faithfully detecting its cognate transcript. By comparing to the localization of an exogenous
transcript encoding Firefly luciferase as a nonlocalized control, we found that COL12A1 transcripts
were significantly apically localized while SERPINF2 transcripts were basally localized (Figure 2G,
Figure 2—figure supplement 13). These results are consistent with their AB values as determined by
Halo-seq, giving us additional confidence in the reliability of the Halo-seq dataset.

Pyrimidine-rich motifs in 5' UTRs are sufficient to drive RNA transcripts
to the basal pole of epithelial monolayers

Using our Halo-seq derived dataset of RNAs localized across the apicobasal axis of enterocytes, we
observed that mRNAs encoding ribosomal proteins (RP mRNAs) were, as a class, strongly basally
localized (Figure 3A). This is consistent with previous observations made in adult mouse intestines
(Moor et al., 2017), as well as with a LCM-based study of RNA localization in Drosophila follicular
epithelial cells (Cassella and Ephrussi, 2022, Figure 3—figure supplement 1), further suggesting
that our model and technique are faithfully recapitulating phenomena that occur in vivo. While RP
mRNAs are known to be basally localized in epithelial cells (Cassella and Ephrussi, 2022; Moor et al.,
2017), the mechanisms underlying this localization are unknown.

Essentially all RP mRNAs share a highly conserved, pyrimidine-rich sequence motif in their 5' UTR
sometimes called a 5' TOP (terminal oligopyrimidine) motif that likely regulates their translation (lade-
vaia et al., 2008; Lahr et al., 2017; Yoshihama et al., 2002). Given that RP mRNAs were strongly
basally localized in epithelial cells, we hypothesized that 5' TOP motifs may be regulating their local-
ization. Similar 5' UTR motifs called pyrimidine-rich translational elements (PRTEs) have additionally
been found to regulate the translation of some non-RP mRNAs (Hsieh et al., 2012). We found that
PRTE-containing RNAs were also basally enriched, suggesting that like 5' TOP motifs, PRTEs may
also be regulating RNA localization (Figure 3A). Although there is some inconsistency in the litera-
ture, in general, 5' TOP motifs are defined as being located immediately next to the 5' cap (Berman
et al., 2021) while PRTEs can be more generally localized anywhere within the 5' UTR. There are
conflicting reports as to whether the proximity of a pyrimidine-rich motif to the 5' cap affects its func-
tion (Al-Ashtal et al., 2021; Hong et al., 2017, Lahr et al., 2017).
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Figure 3. Ribosomal protein mRNAs are localized in a PRRE-dependent manner in multiple cell types. (A) Apical Bias for ribosomal protein (RP)

genes and PRTE-containing genes as compared to all genes. P-values were calculated using a Wilcoxon rank-sum test. (B) Apical Bias for transcripts
containing pyrimidine-rich 5' UTR elements as a function of the position of the element within the 5" UTR. Dotted lines represent medians for each
class. (C) Localization of endogenous RPL7 and RPS28 transcripts in C2bbe1 monolayers as determined by smFISH. Values represent the average
position per cell. Numbers of cells interrogated for each transcript are indicated. (D) Schematic of ribosomal protein PRRE reporter constructs. Mutant
versions were created by swapping each pyrimidine for a purine. Motifs were inserted roughly 90 nucleotides downstream of the transcription start site.
(E) Representative images of smFISH spots for each PRRE reporter construct. RNA signal shown in red while DAPI stains mark the nuclei blue. Images
are a max projection through the XZ axis of roughly 20 cells. (F) smFISH puncta position in Z normalized to median untagged Firefly luciferase transcript
position. P-values were calculated using a Wilcoxon rank-sum test. Values represent the average position per cell. Numbers of cells interrogated for
each construct are indicated. (G) Schematic of neuronal subcellular fractionation and localized RNA isolation. (H) Equation for Neuronal Localization
Ratio. Neuronal RNA localization is calculated with a metric termed Neuronal Localization Ratio as the log, of a transcript's abundance in the neurite
fraction divided by its abundance in the soma fraction. (I) Neuronal Localization Ratio (LR) for ribosomal protein genes and PRTE-containing genes as
compared to all genes. p-Values were calculated using a Wilcoxon rank-sum test. (J) Neurite localization ratio for transcripts containing pyrimidine-rich
5'UTR elements as a function of the position of the element within the 5" UTR. Dotted lines represent medians for each class. (K) Neurite-enrichment
of endogenous Rpl7 and Rps28 transcripts as quantified by RT-gPCR following neuronal fractionation. Endogenous gene expression normalized to

Figure 3 continued on next page
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the endogenous RNA Tsc1. (L) Representative images of smFISH for each PRRE reporter construct. Images are a max projection through the XY axis

of a single neurite positioned with the soma to the left. RNA signal shown in yellow while cell outlines marked by GFP signal shown as magenta.

(M) Number of smFISH puncta in neurites normalized to soma. For all panels, p-values were calculated using a Wilcoxon rank-sum test. Numbers of cells
interrogated for each construct are indicated. ns (not significant) represents p>0.05, * p<0.05, ** p<0.01, *** p<0.001 and **** represents p<0.0001.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Localization of ribosomal protein mRNAs across the apicobasal axis of adult mouse enterocytes (Moor et al., 2017), the
apicobasal axis of Drosophila follicular cells (Cassella and Ephrussi, 2022) and in migrating cell projections (Dermit et al., 2020) according to various

sequencing experiments.

Figure supplement 2. Genes with differing Apical Bias with candidate RP mRNAs highlighted.

Figure supplement 3. Representative smFISH images for endogenous RPL7 and RPS28 transcripts in an orthogonal, XZ projection of roughly 20 cells.

Figure supplement 4. Transcript abundance per cell for endogenous RPL7 and RPS28 transcripts as measured by smFISH.

Figure supplement 5. Transcript abundance per cell for PRRE-containing reporters in C2bbe1 cells as measured by smFISH.

Figure supplement 6. PRRE reporter transcript localization in HCA-7 monolayers.

Figure supplement 7. Transcript abundance per cell for PRRE-containing reporters in HCA7 cells as measured by smFISH.

Figure supplement 8. PRRE reporter construct localization in MDCK monolayers.

Figure supplement 9. Transcript abundance per cell for PRRE-containing reporters in MDCK cells as measured by smFISH.

Figure supplement 10. Neuronal localization ratio of all genes with candidate RP mRNAs highlighted.

Figure supplement 11. Human and mouse 5' UTR alignments for RPL7 and RPS28.

Figure supplement 12. Total smFISH reporter construct puncta detected in neurites and soma by FISH-quant.

Figure supplement 13. Enrichment of PRRE-containing reporter transcripts in neurite RNA fractions as determined by RT-gqPCR.

To determine if the location of pyrimidine-rich elements within 5' UTRs of mRNAs was connected
to RNA localization, we defined the presence and location of pyrimidine-rich elements within all RP
and PRTE-containing mRNAs (see Methods). If a UTR contained multiple pyrimidine-rich elements, we
used the position of the most 5' element. We observed no difference in basal localization between
RNAs that contained 5' TOP motifs immediately adjacent to the 5' cap and those that contained PRTE
elements further downstream in the 5" UTR (Figure 3B). From this, we conclude that there is no rela-
tionship between the localization of an RNA and the position of pyrimidine-rich elements within its
5' UTR. Therefore, we will refer to these elements as pyrimidine-rich regulatory elements (PRREs) as
(1) their position within 5" UTRs seems unimportant and (2) they may regulate more than translation.

Although the above analyses showed a relationship between PRREs and RNA localization, they
do not demonstrate causality. To directly test the ability of PRREs to regulate RNA localization, we
selected two RP mRNAs, RPL7 and RPS28, that were basally localized in the Halo-seq data (Figure 3—
figure supplement 2) and validated their localization using smFISH (Figure 3C, Figure 3—figure
supplements 3 and 4, Supplementary file 2). We then placed their entire 5' UTRs in front of the open
reading frame (ORF) of Firefly luciferase to create two reporter transcripts such that the PRREs in these
transcripts were approximately 90 nt from the 5' cap (Figure 3D). As negative controls, we created
similar reporter RNAs containing mutated PRREs such that every pyrimidine within the motif was
replaced with a purine (Figure 3D). We determined the localization of these reporter RNAs in C2bbe1
intestinal epithelial monolayers using smFISH probes designed to target the Firefly luciferase ORF.

On its own, the Firefly luciferase transcript is an exogenous, non-localized RNA. We found that addi-
tion of the PRREs from both RPL7 and RPS28 were sufficient to drive the Firefly luciferase transcript
to the basal compartment. Mutated PRREs were not able to drive basal localization (Figure 3E). We
then quantified the localization of each PRRE reporter’s transcripts and found that PRRE-containing
reporter transcripts were significantly localized to the basal pole of the cells (p<0.01, Wilcoxon rank
sum test) while those containing mutant PRREs were not (Figure 3F). To our knowledge, this is the first
identified RNA element that is sufficient to drive RNAs to the basal pole of epithelial cells.

5' TOP motifs have been previously shown to negatively regulate RNA stability (Fonseca et al.,
2015). Consistent with this, mutant PRRE reporter transcripts were more abundant than their wild-
type counterparts (Figure 3—figure supplement 5). It should be noted again, though, that in these
reporters the PRREs are located well into the 5' UTR, further demonstrating that they need not be
immediately adjacent to the 5' cap to exert their potential regulatory ability.
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To more broadly assess the ability of the PRRE motif to regulate RNA localization in intestinal
epithelial cells, we investigated the localization of our reporter constructs in a different human intes-
tinal enterocyte cell line, HCA-7 cells. HCA-7 cells create monolayers that are more colon-like than
the enterocyte-like C2bbe1 monolayers (Kirkland, 1985). Reporter constructs were integrated into
HCA-7 lox cells via cre-lox recombination. We again found that PRRE motifs from RPL7 and RPS28
were both sufficient for basal RNA localization in HCA-7 monolayers while mutated PRRE motifs were
not (Figure 3—figure supplement 6). Also, as in the C2bbe1 monolayers, PRRE motifs were associ-
ated with decreased transcript abundance compared to their mutated counterparts (Figure 3—figure
supplement 7).

To test the ability of PRRE motifs to regulate RNA localization in epithelial cells generally, we
integrated our human PRRE reporter constructs into MDCK cells through cre-mediated recombi-
nation. MDCK cells are epithelial cells derived from canine kidneys and have been used to study
polarity across the apicobasal axis (Balcarova-Stinder et al., 1984). As before, we found that PRRE-
containing reporter RNAs were strongly basally localized while mutant PRRE motifs were not able
to drive basal RNA localization (Figure 3—figure supplement 8) and that PRREs were associated
with decreased transcript abundance (Figure 3—figure supplement 9). PRRE motifs are therefore
able to promote basal RNA localization in a variety of epithelial cell types across multiple mammalian
species. Furthermore, elements derived from human transcripts are able to regulate RNA localization
in canine-derived cells.

PRRE motifs regulate RNA localization in morphologically dissimilar cell
types

RP mRNAs have been found to be localized to cellular projections made by neurons and migrating
cancer cells (Dermit et al., 2020, Shigeoka et al., 2019; Taliaferro et al., 2016; Figure 3—figure
supplement 1). These observations were made by sequencing RNA fractions collected following
mechanical fractionation using microporous membranes where small projections grow through pores
restricting cell bodies on top of the membrane (Figure 3G). In these experiments, RNA localization
can be described as a localization ratio (LR) comparing the log, abundance of a transcript in projection
or neurite fraction to its abundance in the soma or cell body fraction (Figure 3H). To identify RNAs
robustly localized into neurites, we combined published datasets from over 30 unique experiments
where neuronal cells were subjected to mechanical fractionation. This dataset included neuronal
samples spanning a range of neuronal cell types from cultured cell lines to primary cortical neurons
(Goering et al., 2020, Taliaferro et al., 2016). For each neuronal sample, we calculated an LR value
for each gene in each sample. These were then Z-normalized within a sample, and the gene's LRz
value was defined as the gene’s median normalized LR value across all samples. Genes with positive
LRz values therefore have RNAs that are neurite-enriched while genes with negative LRz values have
RNAs that are cell body enriched. Using this dataset, we confirmed that RP mRNAs are efficiently
localized to neurites across dozens of experiments (Figure 3I).

As in the epithelial cells, RNAs previously defined as having a pyrimidine-rich translation element
(PRTE) (Hsieh et al., 2012) were also neurite-enriched, and the location of pyrimidine-rich elements
with 5'UTRs was not correlated with RNA localization (Figure 3J). This again indicates that PRREs can
likely regulate RNA localization in neurons independent of their proximity to the 5' cap.

Although RP mRNAs are enriched in neuronal projections, the RNA sequences within the RP
mRNAs that regulate this localization are unknown. We reasoned that because PRRE motifs are highly
conserved and had the ability to regulate RNA localization in epithelial cells that perhaps they may
similarly be able to drive RNA transcripts to neurites. Endogenous mouse Rpl7 and Rps28 transcripts
were found to be localized to neurites in the transcriptome-wide subcellular fractionation datasets
(Figure 3—figure supplement 10) and by RT-gPCR of CAD cell body and neurite RNA samples
(Figure 3K). The PRRE motifs of these mouse RNAs differ from their human orthologs by only a few
nucleotides (Figure 3—figure supplement 11).

To test if PRRE elements are sufficient for neurite localization, we integrated and expressed our
human PRRE reporter RNAs derived from human RPL7 and RPS28 in CAD mouse neuronal cells.
Using smFISH, we found that reporters with wildtype PRRE motifs were efficiently localized to neurites
while reporters that contained mutated PRRE motifs or lacked PRRE motifs were not (Figure 3L). We
quantified the smFISH data by comparing the number of RNA puncta in the neurite to the number
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of puncta in the soma for each reporter. We found that PRRE-containing reporters were significantly
more enriched in neurites than reporters that contained mutated PRRE motifs (p<0.001, Wilcoxon
rank-sum test) (Figure 3M). This effect was driven by a neurite-specific increase in transcript abun-
dance and not due to any cell-wide RNA expression changes (Figure 3—figure supplement 12).

We then confirmed this result using an orthologous technique. We mechanically fractionated
reporter-expressing CAD cells into cell body and neurite fractions and quantified reporter RNA in
both fractions using qRT-PCR. Consistent with the smFISH results, we found that PRRE-containing
reporter RNAs were neurite-enriched while RNAs containing mutated PRREs were significantly less
enriched (Figure 3—figure supplement 13).

Human PRRE motifs are therefore sufficient for neurite localization in mouse neuronal cells,
suggesting that PRRE-mediated RNA localization mechanisms are conserved across species. Further,
given that PRRE motifs regulate RNA localization in intestinal epithelial cells, neuronal cells, and
migrating cancer cells (Dermit et al., 2020; Figure 3F and M, Figure 3—figure supplement 1),
these results demonstrate that PRRE-mediated RNA localization mechanisms are conserved across
cell types with vastly different morphologies.

Neurite localization driven by PRRE motifs is Larp1 dependent

We next sought to identify RBPs that are required for PRRE-mediated RNA transport in neuronal
cells. Multiple members of the highly conserved La superfamily of RBPs (also known as La Related
Proteins or LARPs) regulate multiple aspects of RNA metabolism in a variety of cell types (Deragon,
2020; Dock-Bregeon et al., 2021). Two of these, Ssb and Larp1, have been previously found to bind
pyrimidine-rich motifs within 5' UTRs (Dermit et al., 2020; Lahr et al., 2015; Maraia et al., 2017).
Given this, we assayed the requirement of Larp family members for PRRE-mediated RNA localization
in CAD cells by performing a targeted RNAI screen and monitoring the localization of our PRRE-
containing reporters. Importantly, although Larpé is required for endogenous RP mRNA transport in
migrating cancer cell projections (Dermit et al., 2020), it is not expressed in CAD cells and therefore
was not included in the screen.

We knocked down Larp family members Ssb, Larp1, Larp4, and Larp7 using siRNA transfection.
Knockdown efficiencies assayed by qPCR (Figure 4—figure supplement 1) and immunoblotting
(Figure 4A) were between 80% and 95% for each Larp protein assayed. We hypothesized that if a
Larp RBP was responsible for PRRE-mediated RNA localization to neurites, we would see a decrease
in the neurite localization of PRRE-containing reporters when expression of the Larp RBP was reduced.
Following the depletion of Larp1, we observed that wildtype PRRE-containing reporters were signifi-
cantly less neurite-enriched, demonstrating that Larp1 is required for their efficient transport. This
effect was PRRE-specific as the localization of mutant PRRE-containing reporters was unaffected
(Figure 4B-C). Larp1 was the only assayed RBP that was required for PRRE-mediated localization
as knockdown of the other Larp family members did not consistently affect the localization of wild-
type PRRE reporters (Figure 4—figure supplement 2). Larp1 therefore mediates PRRE localization to
neurites, and this function is not shared with other Larp family members.

Larp1 depletion reduces number and length of neurites

During our Larp depletion experiments, we observed that the loss of Larp1 resulted in CAD cells
with defects in neurite outgrowth (Figure 4—figure supplement 3). Specifically, the loss of Larp1
expression reduced both the number of cells producing neurites (Figure 4—figure supplement 4)
and shortened overall neurite length (Figure 4—figure supplement 5). Larp1 was the only tested
Larp protein for which this effect was observed. The depletion of other Larp proteins increased the
number of cells producing neurites (Figure 4—figure supplement 4), and in the case of Larp4, also
increased overall neurite length (Figure 4—figure supplement 5). Larp1 is therefore both required
for transport of PRRE-containing transcripts to neurites and required for proper neurite outgrowth.
However, because many Larp proteins, including Larp1, are implicated in a wide range of RNA regu-
latory modes, we cannot directly ascribe this neurite phenotype to the loss of RP mRNA localization.

Basal localization of PRRE motifs in epithelial cells is LARP1 dependent
Following our knockdown experiments in mouse neuronal cells, we suspected that the pyrimidine-
binding protein LARP1 may be responsible for the basal localization of PRRE-containing RNAs in
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Figure 4. PRRE localization is mediated by LARP1 in enterocyte monolayers and neurons. (A) Immunoblot for Larp1 and Actb showing knockdown of
Larp1 protein in neuronal cells when treated with Larp1 siRNAs as compared to a negative control (NC) siRNA. (B) Representative images of smFISH
for each wildtype PRRE reporter construct treated with Larp1 siRNAs or NC siRNAs. Images are a max projection through the XY axis of a single neurite
positioned with the soma to the left. RNA signal shown in yellow while cell outlines marked by GFP signal shown as magenta. (C) Number of smFISH

Figure 4 continued on next page
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Figure 4 continued

reporter transcript puncta in neurites normalized to soma. p-Values were calculated using a Wilcoxon rank-sum test. Numbers of cells interrogated

for each construct are indicated. (D) Immunoblot for LARPT and ACTB showing knockout and doxycycline-induced rescue of LARP1 levels in C2bbe1
LARP1 knockout cells. (E) Representative images of smFISH for each wildtype PRRE reporter construct. RNA signal shown in red while DAPI marks the
nuclei in blue. Images are a max projection through the XZ axis of many cells. (F) smFISH puncta position in Z of the indicated Firefly luciferase reporters
normalized to median untagged Firefly luciferase transcript position. p-Values were calculated using a Wilcoxon rank-sum test. Values represent the
average value per cell. Numbers of cells interrogated for each construct are indicated. (G) smFISH puncta position in Z of the indicated endogenous
transcripts normalized to median untagged Firefly luciferase transcript position. Vp-alues were calculated using a Wilcoxon rank-sum test. Values
represent the average value per cell. Numbers of cells interrogated for each transcript are indicated. ns (not significant) represents p>0.05, * p<0.05, **
p<0.01, *** p<0.001 and **** represents p<0.0001.

The online version of this article includes the following source data and figure supplement(s) for figure 4:

Source data 1. Protein lysates from siRNA treated CAD cells were ran on a GoPAGE Bis-Tris Precast Gel, 4-12% before being transferred to a PVDF
membrane via the iBlot dry transfer device.

Source data 2. The ladder from the same blot was imaged.

Source data 3. Protein lysates from siRNA-treated CAD cells were ran on a GoPAGE Bis-Tris Precast Gel, 4-12% before being transferred to a PVDF
membrane via the iBlot dry transfer device.

Source data 4. The ladder from the same blot was imaged.

Source data 5. Protein lysates from C2bbe1 LARP1 Knockout cells rescued with doxycycline-inducible cDNAs were ran on a GoPAGE Bis-Tris Precast
Gel, 4-12% before being transferred to a PYDF membrane via the iBlot dry transfer device.

Source data 6. Protein lysates from C2bbe1 LARP1 Knockout cells rescued with doxycycline-inducible cDNAs were ran on a GoPAGE Bis-Tris Precast
Gel, 4-12% before being transferred to a PYDF membrane via the iBlot dry transfer device.

Source data 7. The ladder from the same blot was imaged.

Figure supplement 1. Percent knockdown of Larp RNAs by targeting and negative control siRNAs as measured by gPCR normalized to HPRT.

Figure supplement 2. Reporter localization in neurons treated with different Larp siRNAs.

Figure supplement 3. Representative brightfield images of Larp1 and negative control siRNA-treated differentiated CAD cells.

Figure supplement 4. Proportion of cells with or without defined neurites when treated with different Larp siRNAs.

Figure supplement 5. Neurite length of multiple Larp siRNA-treated cells normalized to negative control (NC) siRNA-treated cells.

Figure supplement 6. LARP1 CRISPR/Cas9 knockout Strategy.

Figure supplement 7. PCR amplification of the locus using primers that flank both gRNA cut sites shows loss of the sequence between exons 2 and 19.

Figure supplement 7—source data 1. 1% Agarose gel of PCR products using primers flanking Exon2 of LARP1 as well as the complete deletion of
LARP1 by CRISPR/Cas? targeting gRNAs in Exon2 and 19.

Figure supplement 8. Relative expression of LARP1 rescue lines as normalized to HPRT then normalized to wildtype C2bbe1 LAR