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SUMMARY

Spatial restriction of mRNA to distinct subcellular
locations enables local regulation and synthesis
of proteins. However, the organizing principles of
mRNA localization remain poorly understood. Here
we analyzed subcellular transcriptomes of neural
projections and soma of primary mouse cortical
neurons and two neuronal cell lines and found that
alternative last exons (ALEs) often confer isoform-
specific localization. Surprisingly, gene-distal ALE
isoforms were four times more often localized to neu-
rites than gene-proximal isoforms. Localized iso-
forms were induced during neuronal differentiation
and enriched for motifs associated with muscle-
blind-like (Mbnl) family RNA-binding proteins. Deple-
tion of Mbnl1 and/or Mbnl2 reduced localization of
hundreds of transcripts, implicating Mbnls in locali-
zation of mRNAs to neurites. We provide evidence
supporting a model in which the linkage between
genomic position of ALEs and subcellular localiza-
tion enables coordinated induction of localization-
competent mRNA isoforms through a post-transcrip-
tional regulatory program that is induced during
differentiation and reversed in cellular reprogram-
ming and cancer.

INTRODUCTION

Patterns of protein localization contribute to the specialized
functions of cellular compartments and are often driven by local-
ization of the corresponding mMRNA. RNA localization is quite
widespread, with up to 70% of mRNAs nonuniformly localized
in Drosophila embryos and similar localizations observed for
the encoded proteins (Lécuyer et al., 2007). In mammalian cells,
mRNAs encoding proteins of different functional classes have
distinct patterns of localization (Wang et al., 2012). Proper
germ cell formation in the fly embryo relies in part on the high

P

G} CrossMark

concentration of Oskar protein at the anterior end, which is
achieved through the localization of oskar mRNA (Ephrussi
et al.,, 1991). Mammalian fibroblasts use enrichment of B-actin
mRNA at the leading edges of lamellipodia for directed cell
motility (Mili et al., 2008), and many neuronal messages are en-
riched in neurites (axons, dendrites, and their precursors),
including mRNAs important for proper response to stimuli
(Leung et al., 2006).

Polarized cells often receive different stimuli from the apical
and basal surfaces and must direct their responses to the appro-
priate cellular location. In some cases, signaling to up- or down-
regulate translation of specific mRNAs in the vicinity of the
stimulus may produce a rapid and robust response (Buxbaum
et al.,, 2014). Mis-regulation of RNA localization in neurons is
associated with many neurological diseases, including spino-
muscular atrophy (SMA) and amyotrophic lateral sclerosis
(ALS) (Paushkin et al., 2002; Tolino et al., 2012).

In a handful of well-studied cases, localization is known to
involve specific RNA-binding proteins (RBPs) that associate
with mRNAs, motor proteins that transport mRNA along the
cytoskeleton, and adaptor proteins that link RBP to motor pro-
tein (Martin and Ephrussi, 2009). The RBPs that target messages
for localization usually associate with RNA based on the pres-
ence of linear sequence motifs or RNA secondary structures
(Ghosh et al., 2012; Ross et al., 1997). However, the extent to
which they regulate localization transcriptome-wide is often un-
known. Known RNA elements associated with RNA localization
are often found in the 3’ UTRs of messages (Andreassi and
Riccio, 2009).

Thousands of mammalian genes generate mRNA isoforms
differing in their 3’ UTRs. Alternative 3’ UTR isoforms are highly
conserved between human and mouse, contain many regulatory
elements, and have been implicated in a variety of cellular pro-
cesses (Miura et al., 2013). Generally, expression of isoforms
with shorter 3’ UTRs is associated with rapidly proliferating cells
(Mayr and Bartel, 2009; Sandberg et al., 2008), while expression
of longer 3' UTR isoforms increases during development, with
brain and muscle tending to express messages with the longest
3’ UTRs (Ji et al., 2009; Ramskold et al., 2009; Ulitsky et al.,
2012). While specific alternative 3' UTRs can have large effects
on transcript stability and protein production (Mayr and Bartel,
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2009; Sandberg et al., 2008; Yang et al., 2003), a recent genome-
wide analysis found that most alternative 3’ UTRs have little or no
effect on either mRNA stability or translation (Spies et al., 2013),
raising questions about why alternative 3' UTRs are so abundant
and conserved.

Because of the importance of mRNA localization in neurons
and the large physical distances involved, we chose to study
mRNA localization in neuronal cells. Although hundreds of
mRNAs are known to be enriched in neurites (Cajigas et al.,
2012; Gumy et al., 2011; Minis et al., 2014; Taylor et al., 2009),
the RNA features required for localization remain largely un-
known. We sought to determine RNA sequences and associated
trans-factors that regulate mRNA localization in neuronal sys-
tems. We used differential enrichment of mRNA isoforms in the
transcriptomes of soma and neurite to identify RNA regions
and motifs associated with localization. Our results implicate
proteins of the muscleblind (Mbnl) family in localization of hun-
dreds of mMRNA isoforms in neurons, and they uncover a surpris-
ing connection between relative genomic position and subcellu-
lar localization for a major class of alternative 3’ UTR isoforms.

RESULTS

Similar Global Patterns of mRNA Localization in CAD,
N2A, and Primary Neuronal Cells

To identify RNA transcripts enriched in neuronal projections, we
mechanically fractionated mouse neuronal cells using porous
membranes that allow projection growth through the membrane
(Poon et al., 2006). To increase the robustness of our results, we
used two different cell lines as follows: N2A, a brain-derived neu-
roblastoma line; and CAD, a brain-derived catecholaminergic
neuronal line. In addition, primary cortical neurons from embry-
onic day (E)18.5 mouse embryos were analyzed using the
same approach (Figures 1A and 1B; Figures S1A-S1C). RNA
from both fractions was isolated and subjected to strand-spe-
cific polyA-selected paired-end RNA sequencing (RNA-seq)
analysis. For each gene, a localization ratio (LR) was defined
as the ratio of expression (measured by fragments per kilobase
of mRNA per million mapped reads [FPKM]) in the neurite frac-
tion divided by expression in the soma fraction. Thus, genes
with log(LR) > 0 are enriched in neurites and those with log(LR) <
0 are enriched in soma. The LR values of genes were highly
concordant between the two cell lines (Rspearman = 0.89, p <
2.2 x 107 '®) (Figure 1C; Figure S1D). The LR values in these lines
also were correlated with those in primary cortical neurons
(Rspearman = 0.38, p < 2.2 x 10~ '9) (Figure S1E) and with those
from a similar fractionation of primary mouse dorsal root ganglia
(DRG) (Rspearman = 0-38, p< 2.2 x 107 ') (Figure S1F; Minis et al.,
2014), suggesting that these cell lines capture general features of
the neuronal RNA localization program.

The localized genes identified here were consistent with
previous studies. Several genes with known projection-enriched
RNA localization patterns, including B-actin (Actb), neurogranin
(Nrgn), and Ranbp1, were identified as neurite-enriched in both
CAD and N2A cells (Figure S1G and references in figure legend).
Overall, of our stringent group of 778 genes enriched in neurites
of both CAD and N2A cells, 537 overlapped with a set of ~4,000
genes identified as enriched in the peripheral axons of mouse
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DRG (p = 2 x 10~**, binomial test) (Minis et al., 2014), and 86
were shared with a set of ~300 genes enriched in the axons of
rat cortical neurons (p = 8 x 10~'®, binomial test) (Taylor et al.,
2009). Messages localized to projections of both cell lines and
primary cortical neurons preferentially encoded ribosomal and
mitochondrial proteins, consistent with previous reports (Gumy
et al., 2011; Moccia et al., 2003; Figures S1H and S1l).
Conversely, transcripts localized to the soma fraction were en-
riched for genes with nuclear functions (Figure STH).

Distal Alternative Last Exons Are Strongly Associated
with RNA Localization

We reasoned that if a pair of transcript isoforms differ in their
extent of localization to neurites, the RNA elements driving this
difference should be located in the segment(s) that differ be-
tween the isoforms (Figure 1D). We therefore sought to identify
pairs of alternative mRNA isoforms that differed in their localiza-
tion, using the MISO software for statistical analysis of RNA-seq
data (Supplemental Experimental Procedures). We focused on
four of the most common types of alternative isoforms in mam-
mals as follows: alternative first exons (AFEs), alternative last
exons (ALEs), skipped exons (SEs), and consecutive polyadeny-
lation sites (PASs) or tandem 3’ UTRs (tandem UTR) (other types
of isoforms are shown in Figure S2). To assess isoform-specific
localization, we compared percentage spliced in PS| or W values
between compartments. PSI is defined as the fraction of a
gene’s transcripts that contain the longer (inclusion) isoform for
SEs and tandem UTRs and as the fraction of transcripts that
contain the gene-distal alternative exon for AFEs and ALEs
(Figure 1E).

Differential localization was assessed based on differences in
PSI between neurite and soma, defined as AW = W o yrite — ¥somas
for over 40,000 alternative isoform pairs derived from a previous
RNA-seq analysis of mouse tissues (Merkin et al., 2012). Thus,
enrichment of the distal or inclusion isoform (blue) in neurites
yields a positive AW, while enrichment of the proximal or exclu-
sion isoform (red) yields a negative AW. By focusing on relative
abundance of isoforms, this approach controls for gene-level
contributions to localization. As seen for LRs, we observed
good agreement between AW values measured in CAD and
N2A cells, both in the identities of genes and isoforms exhibiting
differential isoform enrichment (p < 2.2 x 10~'®, binomial test)
(Figure S1J) and also in the relative magnitude of enrichment
(Rspearman = 0.74) (Figure S1K; Table S1). Additionally, we
observed reasonable agreement in AW values between the
cultured cell lines and primary cortical neurons (Rspearman =
0.35) (Figure S1L; Table S1) for isoform pairs expressed in both
cell lines and primary neurons, further supporting the utility of
these cell lines as a model for neuronal RNA localization.

Previously, differential localization of alternative mRNA iso-
forms has been observed in a few cases (An et al., 2008; Buckley
etal., 2011; Harrison et al., 2014; Whittaker et al., 1999). Here we
observed hundreds of isoform pairs with significant differences
in ¥ between projection and soma, using statistical criteria
similar to those used previously for comparisons between cell
states or types (Experimental Procedures; Figure 1E). Thus,
differential localization of alternative mRNA isoforms is a rela-
tively common phenomenon. Using more stringent criteria, we
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Figure 1. Cellular Fractionation and Sequencing Reveals mRNA Isoforms Associated with Neurite Localization

(A) Cells are grown on top of porous membranes, allowing growth of neurites through the pores, enabling fractionation.

(B) Soma and neurite lysates from primary cortical neurons were immunoblotted for B-actin, a marker of both soma and neurite, and histone H3, a marker of soma.
(C) LRs in two cell lines. Differentially enriched genes in both cell lines are shown in blue.
(
(

D) Schematic shows differential isoform enrichment.

E) The fraction of the expressed alternative isoform pairs that were significantly differentially enriched between soma and neurite fractions for different classes of
alternative isoforms. At left, the inclusion isoform is pictured in blue and the exclusion isoform is pictured in red.
(F) Distribution of AW values of different isoform classes. Boxes indicate 25™ and 75™ percentiles and lines indicate fifth and 95" percentiles.

See also Figure S1 and Table S1.

identified a confident set of 195 localized ALEs and 96 localized
tandem UTRs (Figure S10). Of the isoform types analyzed, ALEs
and tandem 3’ UTRs had the highest absolute and relative
numbers of differentially localized pairs in both cell types (Fig-
ure 1E; Figure S10). This trend persisted even when controlling
for the increased statistical power for analysis of ALE and tan-
dem UTR isoforms that results from the relatively large sizes of
3’ UTRs (Figures S1TM and S1N). The individual ALE pairs that
were localized were highly similar between CAD and N2A cells
(Rspearman = 0.74) and moderately similar between CAD and pri-
mary neurons (Rspearman = 0.35) (Figures S1K and S1L).

The biases toward ribosomal and mitochondrial func-
tions observed when analyzing gene-level LRs were not
observed among genes containing neurite-localized distal

ALEs, perhaps because ribosomal and mitochondrial genes
rarely contain ALEs. Inspection of the list of genes with neu-
rite-distal ALEs revealed several genes encoding neurotrans-
mitter receptors, ion channels, and trafficking proteins, but
no strong gene ontology biases, indicating that this set of
genes is quite diverse.

Previously, localization determinants have been identified in
both UTRs and coding regions, but more commonly in 3’ UTRs
(Andreassi and Riccio, 2009). Since ALEs and tandem UTRs pre-
dominantly alter 3' UTRs, this analysis provides evidence for a
predominant and general role of 3' UTRs in determining message
localization. This observation may help to explain the wide-
spread presence and conservation of alternative 3' UTR iso-
forms, despite recent evidence that these isoforms rarely impact

Molecular Cell 62, 821-833, March 17, 2016 ©2016 Elsevier Inc. 823
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Figure 2. 3' UTRs of Neurite-Distal ALE Isoforms Confer Neurite Localization

(A) The subcellular localization of RNA from a reporter gene (Figure S2E) containing the proximal (left) or distal (right) ALE from the indicated gene was monitored
using RNA FISH. The fluorescent protein product of the reporter is colored in green while probes against the RNA are shown in red.

(B) Quantification of FISH results. Values are the mean intensity across the projection in the red channel divided by the mean intensity in the green channel

(*p < 0.05 and **p < 0.01).

(C) gRT-PCR analysis of neurite versus soma expression of proximal and distal reporter genes (mean and SD of six replicates).

See also Figure S2.

mRNA stability or translation (Spies et al., 2013). For this reason,
we chose to focus here on the role of 3’ UTRs in neurite
localization.

In two previous examples of differential localization of alterna-
tive 3' UTR isoforms, the longer tandem UTR isoform was local-
ized to neurites (An et al., 2008; Harrison et al., 2014). Here we
observed similar numbers of tandem UTR pairs having the
shorter, proximal PAS isoform localized to neurites as of
pairs having the longer isoform localized (Figure 1F). However,
when analyzing ALEs in CAD cells, we observed a dramatic
bias: in 80% of pairs with significant differential localization,
the distal ALE isoform was localized to neural projections (p <
2.2 x 107'8 chi-square test) (Figure 1F). A trend of similar
magnitude in the same direction was observed in N2A cells
and in primary cortical neurons (Figure 1F; Figures S2A-S2C),
and also in mouse DRG (Minis et al., 2014), indicating that this
phenomenon occurs in peripheral neurons as well (Figure S2D).
Thus, isoform-level analysis of four different neuronal localization
systems revealed an unexpected connection between the sub-

824 Molecular Cell 62, 821-833, March 17, 2016 ©2016 Elsevier Inc.

cellular localization of ALE isoforms and the relative genomic po-
sition (distal versus proximal) of the alternative exons.

Alternative 3' UTRs Confer Neurite or Soma Localization

We hypothesized that the 3’ UTR portion of differentially local-
ized ALE isoforms confers mRNA localization. To test this hy-
pothesis, we fused UTRs from differentially localized distal and
proximal ALEs to reporter genes and expressed them in CAD
cells. RNA localization was monitored by RNA fluorescence
in situ hybridization (RNA FISH), using reporters that encoded
a fluorescent protein, providing a control for transfection and
expression efficiency (Figure S2E). For all three of the tested re-
porters, we observed robust localization of the distal ALE UTR
reporter to projections, with much less localized RNA detected
for the corresponding proximal ALE reporters (Figures 2A and
2B; Figure S2F). Similarly, when analyzing the relative abun-
dance of these constructs between soma and neurite fractions
using gRT-PCR, we found that RNA from the distal ALE
construct was consistently enriched in neurites relative to that



from the proximal ALE-containing construct (Figure 2C). There-
fore, we conclude that the 3' UTR portion of distal ALE isoforms
is often sufficient to confer localization of MRNA to projections.
We also considered whether differential stability of isoforms in
different cellular compartments might explain observed differ-
ences in mMRNA abundance between compartments. We moni-
tored changes in mRNA abundance following either inhibition
of transcription by treatment with actinomycin D (Figure S2G)
or physical separation of neurite from soma (Figure S2H), but
we did not observe differences in decay rates that could explain
differential abundance. Instead, differential abundance presum-
ably results from active trafficking of mRNAs to projections or
anchoring of messages by projection-specific proteins.

Localized Distal ALEs Possess Distinctive Properties

To help understand the determinants of localization, we exam-
ined properties of localized distal ALE UTRs as a class. We iden-
tified 421 distal ALE isoforms that were preferentially localized to
neurites, with criteria including A® > 0.1 in both CAD and N2A
cells (Table S2). The median ratio of W, ¢yrite/ Psoma fOr this set
was 1.3, with a range from 1.1 to more than 16. These isoforms
form a set of neurite-distal UTRs, with the corresponding prox-
imal ALE isoforms of these genes forming a set of soma-proximal
UTRs. Nonlocalized distal and proximal UTRs were defined from
ALE isoform pairs that did not differ significantly in localization
by the above criterion. We similarly defined classes of ALEs in
cortical neurons and DRG using AW values from the respective
cell types.

We considered a variety of mRNA features that might impact
localization. Neurite-distal UTRs identified in cultured and pri-
mary cortical neurons had median sizes of 461 and 429 bases,
respectively, substantially shorter than the other classes of
UTRs (Figure 3A, left; Figure S3A), but the opposite trend held
in DRG (Figure S3B), suggesting that there is not a simple rela-
tionship between 3’ UTR length and localization. Some known
localization elements involve RNA secondary structure (Martin
and Ephrussi, 2009), and we observed that neurite-distal UTRs
contained more conserved secondary structure on average,
based on folding of homologous sets of UTRs from mouse, hu-
man, rat, dog, and cow using the RNAalifold algorithm (Bernhart
etal., 2008; Figure 3A, middle; Figure S3C). Cis-acting regulatory
elements involved in mRNA localization are likely to be con-
served. Localized distal UTRs from the cell lines had higher
average conservation, based on PhastCons score (Siepel and
Haussler, 2005), throughout their length (Figure 3A, right),
consistent with increased abundance of conserved regulatory
elements in these UTRs. We also considered whether the
protein-coding capacity of ALEs might contribute to mRNA
localization. We observed no difference in the abundance of
mitochondrial and secretory pathway-targeting peptides (Ema-
nuelsson et al., 2007) among the four classes of isoforms defined
above (Figure S3D), providing no evidence that these peptide
motifs contribute to neurite localization. This observation is
consistent with our reporter assays showing that the 3’ UTR is
often sufficient to confer localization.

We next sought to understand the interaction between gene
and isoform expression and neuronal differentiation, since the
requirement for localization of mRNAs is expected to increase

as neurites grow during neuronal differentiation. By RNA-seq
analysis of CAD cells before and after inducing differentiation
by withdrawal of serum, we observed increased expression of
distal ALE isoforms. Dividing ALE isoforms based on their local-
ization properties as in Figure 3A, we observed preferential
expression of neurite-distal ALE isoforms upon differentiation,
with no trend observed for nonlocalized distal ALEs (Figure 3B).
The average expression level of genes containing neurite-distal
ALEs did not change (Figure S3E). Thus, our data support a
model in which preferential expression of localized mRNA iso-
forms during differentiation results primarily from shifts in relative
isoform abundance (changes in PSI, mediated by post-tran-
scriptional mechanisms) rather than gene expression changes.

We also examined RNA-seq data from the differentiation of
human neural precursor cells (NPCs) to neurons (Sauvageau
et al., 2013). We observed a significant trend for expression of
distal ALE isoforms, particularly early in the time course (Figures
S3F and S3G), suggesting that preferential expression of distal
ALE isoforms during neuronal differentiation is conserved across
species.

Muscleblind Proteins Promote Localization of mRNAs to
Neurites

To determine candidate RNA-binding factors involved in locali-
zation of mRNA isoforms, we searched for sequence motifs
that were both enriched in the UTRs of neurite-distal ALEs
compared to soma-proximal ALEs and conserved between
mouse and human (Figure 4A). We observed strong enrichment
(~1.4-fold to >2-fold) and strong sequence conservation of
several 6mers matching consensus binding motifs of the mu-
scleblind-like (Mbnl) family of RBPs and of a few other 6mers.
Furthermore, motifs containing the Mbnl family motif YGCU
(Y = C or U) were enriched in neurite-distal UTRs from both cell
lines, from primary cortical neurons, and from primary DRG cells
(Figure 4B; Figures S4A and S4B). Neurite-distal UTRs identified
in the cell lines and primary DRG also were enriched for in vivo
MBNL1-binding sites as identified in mouse brain by crosslink-
ing/immunoprecipitation sequencing (CLIP-seq) (Figure 4C; Fig-
ure S4C; Wang et al., 2012). The mouse genome expresses three
Mbnl genes, of which Mbn/1 and Mbnl2 are expressed in neu-
rons, as well as other cell and tissue types (Charizanis et al.,
2012; Suenaga et al., 2012). Mbnl family proteins are well estab-
lished as regulators of alternative splicing, and they also have
been implicated in the localization of integrin alpha3 mRNA to
adhesion plaques in cancer cell lines (Adereth et al., 2005) and
hundreds of MRNAs to membrane locations in mouse myoblasts
(Wang et al., 2012).

Because of the strong enrichment of associated motifs and
binding sites and previous reports implicating Mbnl proteins in
mRNA localization, we hypothesized that Mbnl proteins play a
major role in localization of mRNAs to neural projections. To
test this hypothesis, we depleted Mbnl1 and Mbnl2 simulta-
neously in CAD cells by RNAi, and we also dissected cortical
neurons from E18.5 Mbnl1 knockout (KO) and Mbn/2 KO mouse
embryos. Expressions of Mbnl1 and Mbnl2 were reduced by
~70% in CAD cells treated with small interfering RNAs (siRNAs)
relative to controls (Figure S4D). CAD cells or primary cortical
neurons were fractionated into soma and projection as before,
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as the mean PhastCons score for all base pairs within the UTR.

(B) Increased PSI values following differentiation of CAD cells indicate preferential
isoforms.

See also Figure S3 and Table S2.

and both fractions were subjected to RNA-seq, from which the
LR values of genes were measured. To assess the change in
localization, we defined the difference in log LRs, DLR =
l0g2(LRkg) — l0g2(LRcontro)- Thus, positive values of DLR indicate
increased neurite localization following knockdown and negative
values indicate decreased neurite localization. Comparing DLR
values, we found that a large subset of MRNAs that were neurite
localized in control cells became less neurite localized following
Mbnl knockdown (Figure 4D), suggesting that Mbnl proteins

826 Molecular Cell 62, 821-833, March 17, 2016 ©2016 Elsevier Inc.

accumulation of neurite-distal ALE isoforms, but not of nonlocalized distal ALE

contribute to neurite localization of many genes. By comparison,
the DLR values of nonlocalized genes were centered around
zero, indicating no systematic change in localization (Figure 4D).
Similarly, LR values for localized genes were significantly
decreased in cortical neurons from Mbnl/1 and Mbn/2 KO em-
bryos, while nonlocalized genes were not systematically affected
(Figures S4E and S4F).

Based on the RNA yields following fractionation of the two cell
lines, we estimate that ~99% of the total RNA within these cells
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Figure 4. Mbnl Motifs Are Enriched and Conserved within Localized Distal ALEs and Mbnl Promotes RNA Localization to Projections

(A) Enrichment of 6mers (hexanucleotides) between neurite-distal and soma-proximal UTRs and conservation of 6mers between mouse and human. Conser-
vation is measured by a Z score representing the number of SD above the mean conservation of 50 control 6mers matched for CpG and C + G% content, in
neurite-distal UTRs.

(B) Metagene analysis of Mbnl motif frequency across UTRs from indicated classes (excluding the last 50 nt to exclude PAS motifs). These classes correspond to
those defined in Figure 2.

(C) Relative CLIP-seq cluster densities in the UTRs of distal and proximal ALEs. Control UTRs consist of randomly sampled UTRs from all ALE events that were not
differentially localized. Error bars are the SE of random samplings of controls.

(D) Change in LR upon Mbnl knockdown for genes that were (blue) or were not (pink) localized in the control sample is shown.

(E) Mbnl motif frequency across 3’ UTRs of ALEs as a function of the change in localization of that ALE in cortical neurons from Mbnl1/Mbni2 DKO mice. ALEs were
classified by their AAW values as described in the Supplemental Experimental Procedures. Error bars represent +SEM.

See also Figure S4 and Table S3.

is contained within the soma fraction, while ~1% is contained
within projections (Figure S4G). The loss of neurite localization
of a transcript should, therefore, cause a large reduction in neu-
rite expression, but only a small increase in soma expression
relative to the larger pool of somal transcripts. Consistent with
this expectation, genes whose LR decreased following Mbnl1/

Mbnl2 knockdown had substantially reduced expression in pro-
jections (Figure S4l), but only slight increases in somal expres-
sion compared to nonlocalized genes (Figure S4H). These data
are consistent with Mbnl depletion exerting a primary effect on
mRNA levels in projections rather than affecting overall mRNA
expression levels.
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We also analyzed the relationship between the presence of
Mbnl motifs and change in RNA localization following Mbnl
depletion. To assess Mbnl-dependent changes in isoform local-
ization in wild-type (WT) versus Mbnl-depleted cells, we used
AAW, defined as an isoform pair’s AW value in Mbnl-depleted
cells minus its A® in WT cells. An isoform pair where the distal
isoform becomes less localized following Mbnl depletion will
exhibit a reduced AW in Mbnl-depleted versus WT cells and
therefore have AAW < 0. Thus, AAW represents the change in
differential localization following Mbnl depletion. For example,
consider the ALE pair in the gene Hsd17b4 in WT and
Mbni1~/=;Mbni2~'~ double KO (DKO) primary neurons. The
PSI values of this ALE pair in WT neurite and soma were 0.87
and 0.24, respectively, yielding a AW of 0.63, indicating preferen-
tial enrichment in neurites. Its PSI values in DKO neurite and
soma were 0.29 and 0.21, respectively, yielding a AW of 0.08.
The strength of neurite enrichment of the distal isoform has,
therefore, decreased dramatically, as reflected in its AAW value
of 0.08 — 0.63 = -0.55. The majority of ALE isoforms in CAD cells
had negative AAW values upon Mbnl depletion, consistent with
a role for Mbnls in promoting neurite localization of distal ALE
isoforms (Figure S4K). Furthermore, we observed a significant
correlation of ALE AAW values between Mbnl1 KO and Mbni2
KO cells, indicating that MBNL1 and MBNL2 may influence the
localization of overlapping sets of mMRNAs (and may partially
compensate for each other’s absence) (Goodwin et al., 2015;
Figure S4L).

Defining Mbnl-sensitive ALEs as those with a AAW value at
least one SD below the mean, we observed that the expression
of genes containing Mbnl-sensitive ALE isoforms was un-
changed following Mbnl depletion (Figure S4M), but that distal
ALE isoforms had large decreases in expression in projections
and small increases in the soma, paralleling the changes in LR
and soma and projection expression at the gene level (Fig-
ure S4N). Distal ALE isoforms that increased in inclusion during
differentiation of human NPCs to neurons (Figure S4K) also
were enriched for Mbnl motifs in their 3’ UTRs (Figure S4J), sug-
gesting that Mbnl proteins may play a role in RNA localization in
human neurons. Although Mbnl proteins recently were observed
to impact cleavage and polyadenylation (CPA) (Batra et al.,
2014), this activity would not affect the AW defined here, which
reflects differences in localization of isoforms rather than abso-
lute isoform abundance. Furthermore, although Mbnl is a known
splicing factor, we did not observe any splicing changes in
known localization factors.

Under our hypothesis that Mbnl proteins localize specific
mRNAs to neurites, there should be a relationship between the
number of Mbnl-binding motifs present in a transcript’s 3' UTR
and changes in localization following Mbnl depletion. Because
RNAI yields only a partial reduction in Mbnl1/Mbni2 levels
and Mbnl1 KO mice still express Mbnl2 (and vice versa), these
systems achieved ~50%-70% reduction in total levels of
MBNL1 + MBNL2 together. Therefore, we expected that tran-
scripts with modest numbers of MBNL sites and weaker binding
would be more susceptible to mis-localization after Mbnl deple-
tion than those with many sites, which might more effectively
compete for the reduced pool of Mbnl proteins. UTRs with low
Mbnl motif densities had the greatest decrease in localization
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following Mbnl1/Mbnl2 knockdown or KO, more so than UTRs
lacking Mbnl motifs or UTRs with higher Mbnl motif densities,
which were less sensitive to depletion (Figures S40-S4V). More-
over, this relationship between motif density and mis-localization
was true only for Mbnl motifs and not for motifs of 20 other RBPs
used as controls (Figures S4T-S4V, gray lines). When Mbnls
were completely depleted from cells through the use of DKO
cells, the UTRs that were most sensitive to Mbnl depletion
were most enriched for Mbnl motifs (Figure 4E). Together these
observations support a direct role for Mbnl proteins in promoting
mRNA localization to neurites.

ALE and Tandem UTR Isoforms Are Coordinately
Regulated in Diverse Cellular Contexts

Independent of the precise mechanism by which Mbnl proteins
direct mRNA localization, which remains to be worked out, the
larger puzzle presented by this study is why there should be a
relationship between the relative genomic position of ALEs and
the subcellular localization of the resulting mRNA isoform. A
mechanistic link seems unlikely, since the localization of mMRNAs
to neurites presumably occurs after nuclear RNA processing
and/or export. Instead, we hypothesize that this relationship
reflects a regulatory strategy, in which differentiating neurons
alter the RNA-processing machinery to preferentially produce
distal ALE isoforms in order to coordinately induce expression
of many neurite-localized mRNAs. This hypothesis makes spe-
cific predictions, including the following: (1) that distal ALE iso-
forms are systematically induced during cellular differentiation/
development generally (as seen in Figure 3B for neurite-distal
ALE isoforms in CAD cells); and (2) that there are post-transcrip-
tional regulatory programs or factors that preferentially promote
expression of distal versus proximal ALE isoforms (or of prox-
imal versus distal), enabling coordinated regulation in various
contexts.

To test the first of these predictions, we analyzed RNA-seq
data from five available developmental, differentiation, or re-
programming systems (Figure 5A). We observed strong biases
toward expression of distal ALE and distal tandem UTR iso-
forms, generally during neuronal differentiation of human NPCs
and of mouse CAD cells in vitro (Figure 5A). We also observed
similar trends during cardiac differentiation of mouse embryonic
stem cells (MESCs) in vitro and a strong bias toward distal ALEs,
but not tandem UTRs, during mouse cardiac ventricle develop-
ment in vivo. Previously, we have shown that Mbnl proteins
contribute to mRNA localization in myoblasts (Wang et al.,
2012). In the other direction, we observed a bias toward proximal
ALE isoform expression following the reprogramming of human
fibroblasts to induced pluripotent stem cells (iPSCs) (Figure 5A;
Gallego Romero et al., 2014). Thus, our first prediction, that distal
ALE expression should generally increase during cellular differ-
entiation, was borne out.

A trend toward expression of distal tandem UTR isoforms has
been observed previously in mouse myoblast differentiation and
during mouse embryonic development (Ji et al., 2009), and a
reverse trend toward expression of proximal tandem UTRs has
been observed in association with cellular proliferation, onco-
genic transformation, and reprogramming of iPSCs (Ji et al.,
2009; Mayr and Bartel, 2009; Sandberg et al., 2008). However,
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general trends in ALE isoform expression have not been as well
studied. To assess whether ALE isoform expression changes are
altered during the general de-differentiation that occurs in
cancer, we used available RNA-seq data to examine changes
in isoform expression in comparisons of liver cancer to matched
normal liver controls and lung cancer to matched normal lung.
These comparisons predominantly showed a trend toward
increased expression of proximal ALE and tandem UTR isoforms
in tumors relative to controls, in the great majority of tumors of
both types (Figure 5B). Together, these observations about iso-
form abundance suggest the existence of a general association
between differentiation and distal ALEs that is reversed in cancer
and other cases of de-differentiation.

Previous studies have suggested that a weakening of the ac-
tivity of intrinsic CPA machinery may underlie the shift toward
distal tandem UTR expression in differentiation (Ji et al., 2009),
as might be expected if CPA is controlled by kinetic competition
between PASs. Furthermore, induction of the expression of core
CPA factor Cstf2 (aka Cstf-64) promotes expression of the prox-
imal ALE isoform of IgM in a B cell line (Takagaki and Manley,
1998), and recent studies indicate that reduction in levels of U1
small nuclear ribonucleoprotein particle (snRNP) promotes prox-
imal PAS usage (Berg et al., 2012). More generally, ALE isoform
regulation could involve various post-transcriptional mecha-
nisms, since ALE choice entails the use of different 3’ splice sites
and different PASs (Di Giammartino et al., 2011).

To test the second prediction of our hypothesis, that there are
factors that preferentially promote (or inhibit) expression of distal
versus proximal ALE isoforms in bulk, we analyzed changes in
ALE and tandem UTR expression using RNA-seq data following
RNAI of dozens of RBPs, including a number of splicing and CPA
factors, which was conducted in human K562 erythroleukemia
cells as part of an Encyclopedia of DNA Elements (ENCODE)
Phase 3 project, and related data. This analysis identified candi-
date factors whose activity could contribute to systematic shifts
toward proximal or distal PAS in mammalian cells. The strongest
effect on tandem UTRs was observed for depletion of CPA factor
CFIM25, whose depletion resulted in a predominant shift toward
proximal PAS isoforms (as observed following knockdown in
glioblastoma cells [Masamha et al., 2014]) and also toward prox-
imal ALE isoforms. In the other direction, depletion of CPA factor
CSTF2T (a paralog of CSTF2 [Di Giammartino et al., 2011]) re-
sulted in a shift toward distal PAS isoforms for both tandem
UTRs and ALEs, and knockdowns of certain other RBPs also
triggered systematic shifts in one direction or the other. There-

fore, our prediction that there are factors that preferentially pro-
mote distal or proximal PAS isoforms of ALEs and tandem UTRs
in mammalian cells was confirmed, supporting our hypothesis
that the relative genomic position of ALEs that direct localization
enables their coordinate regulation.

Comparing across all of the RBPs, we observed a high corre-
lation between the effects on distal ALEs and the effects on distal
tandem UTRs (r = 0.54, p = 8.63 x 10~°), providing evidence of
co-regulation of these two classes of isoforms (Figure 5C; Li
et al., 2015). Consistent with this idea, the proportion of genes
with increased distal versus proximal ALE expression was
strongly positively correlated with the corresponding proportion
for tandem UTRs across the samples analyzed in Figures 5A and
5B (r=0.74), a tighter correlation than was observed for compar-
isons of other types of alternative isoforms (Figure 5D), suggest-
ing co-regulation of these two classes of 3' UTR isoforms.

DISCUSSION

Several previous studies have analyzed RNA localization at the
gene level, without regard for individual isoforms (Cajigas et al.,
2012; Gumy et al., 2011; Minis et al., 2014; Taylor et al., 2009).
Here we have assayed RNA localization at the isoform level,
identifying hundreds of alternative 3’ UTRs associated with
mRNA localization to neurites. This approach enabled us to
hone in on relevant transcript regions and to identify motifs asso-
ciated with localization, revealing that distal 3' UTR isoforms are
preferentially neurite localized. We also identified Mbnl proteins,
which are central to pathology of myotonic dystrophy (DM) (Lee
and Cooper, 2009), as regulators of RNA localization in neurons.
Inhibiting Mbnls alters localization of mRNAs encoding proteins
of neurological importance (Table S3), raising the possibility
that localization defects contribute to the various neurological
symptoms observed in DM.

Functions of 3' UTRs

States of higher cell proliferation and oncogenic transformation
are associated with increased expression of transcripts from up-
stream tandem PASs (Mayr and Bartel, 2009; Sandberg et al.,
2008). Conversely, a trend toward higher expression of tran-
scripts from distal tandem PASs has been observed during
cellular differentiation and development in a number of systems
(Ji et al., 2009; Miura et al., 2013). However, the functional con-
sequences of these shifts in 3’ UTR isoforms have remained
largely unclear, and a recent global assessment found that

Figure 5. ALE and Tandem UTR Isoforms Are Generally Coordinately Regulated

(A) For each row, the fraction of alternative isoform events that displayed an increase in relative abundance of the inclusion isoform in the differentiated or re-
programmed sample relative to its corresponding control was calculated. For each class of isoforms, red indicates a shift in the differentiated/reprogrammed
sample toward the proximal AFE, ALE, or tandem UTR isoform or toward exon skipping, while blue corresponds to a shift toward the distal AFE, ALE, or tandem
UTR isoform or exon inclusion. The number inside the boxes corresponds to the number of significantly changing alternative isoforms in each sample.

(B) As in (A), but comparing cancer samples to matched non-tumor controls. All samples significantly biased toward distal or proximal by chi-square test (p < 0.05)

except those marked NS.

(C) The fraction of tandem UTR and ALE events displaying shifts toward distal PASs following the knockdown of RBPs in K562 cells. Gene names with significant

shifts toward distal or proximal are shown in bold.

(D) Correlation and clustering of isoform types indicated in (A) and (B) are shown.
(E) Generally, development and differentiation result in a shift toward the inclusion of more distal ALEs. Conversely, becoming cancerous results in a shift toward

more proximal ALEs.
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most alternative 3" UTRs have little or no effect on either transla-
tion efficiency or mRNA stability (Spies et al., 2013).

Regulation and function of alternative 3" UTRs is likely to
impact a variety of cell types and states, including disease
states. For example, depletion of a specific factor, Cflm25, leads
to a pronounced shift toward proximal 3’ UTR isoform expres-
sion and an increase in cell proliferation and tumorigenicity in
glioblastoma cells (Masamha et al., 2014). Our data suggest
that the differences between alternative 3' UTR isoforms more
often involve altered MRNA localization. Beyond neuronal differ-
entiation, mMRNA localization is important in diverse mammalian
cell types (Mili et al., 2008; Wang et al., 2012). In some cases,
alternative 3' UTRs may impact protein localization independent
of mRNA localization (Berkovits and Mayr, 2015).

Genomic Organization of Localization-Inducing
Sequences

It has been recognized that the 5’ and 3’ ends of genes are often
variable (Davuluri et al., 2008; Proudfoot, 2011). In particular,
many mammalian gene families, such as protocadherins, cyto-
chrome p450s, and various receptor families, express two or
more AFEs from alternative promoters (Wu and Maniatis,
1999). In general, the literature has supported regulation of indi-
vidual alternative promoters by specific transcription factors
rather than coordinated directional shifts toward proximal or
distal promoter use. Nor have general trends in the functions of
proximal versus distal AFEs been observed. This situation con-
trasts with our findings on ALEs, where we observed wholesale
shifts toward distal ALE isoform expression during differentia-
tion, as well as a pattern in which distal ALE isoforms are prefer-
entially neurite localized. These trends suggest the existence of
mechanisms or factors that shift ALE choice in a coordinated,
directional fashion during differentiation or disease processes
(Figure 5E). Regulating ALE isoforms in bulk, e.g., via changes
in CPA activity, may allow cellular control of the localization prop-
erties of hundreds or thousands of transcripts by altering the ac-
tivity of a few post-transcriptional regulatory factors.

EXPERIMENTAL PROCEDURES

All experiments with mouse embryos were performed under protocols
approved by the MIT Committee on Animal Care and the University of Florida
Institutional Animal Care and Use Committee (IACUC).

Cell Culture and Fractionation

N2A cells were grown in standard DMEM (Gibco) supplemented with 10% fetal
bovine serum (FBS). CAD cells were grown in DMEM/F12 (Gibco) supple-
mented with 10% FBS. Primary cortical neurons were grown in Neurobasal
medium (Gibco) with B-27 supplements (Gibco). To fractionate, polyethylene
terephthalate membranes with 1-um pores (Millipore PIRP30R48) were treated
on their underside with 0.2% matrigel in DMEM for 30 min at 37°C. Then, 4 ml
media were placed in each well of a six-well plate and the membranes were
placed in the plate. Next, 2 ml confluent cells (~1 x 10° cells) were plated
on the top of the membrane and allowed to attach for 1 hr. For N2A and
CAD cells, the media below the membrane and on top of the cells were then
replaced with media lacking serum. The cells were incubated at 37°C for
24 hr (or 48 hr for primary neurons) until fractionation.

The media were removed and both sides of the membrane were rinsed with
PBS; 1 ml PBS was placed on the top of the membrane. Cell bodies were
scraped in the PBS from the top of the membrane using a cell scraper. The
membrane, still containing projections, was then cut out of its plastic housing

and incubated with RLT lysis buffer (QIAGEN) at 4°C for 15 min. Six mem-
branes in a six-well plate were combined and used as a single preparation.
RNA was purified from both fractions using a QIAGEN RNeasy Micro Kit. Typi-
cally, between 500 and 1,000 ng total RNA was collected from projection frac-
tions in a single preparation.

RNA-Seq

For the N2A and CAD cell fractionations, strand-specific, polyA-selected
libraries were constructed using the dUTP incorporation method and
sequenced on an lllumina HiSeq sequencer with paired-end 60-bp reads.
Each sample was fractionated, prepared, and sequenced in triplicate, yielding
approximately 35-50 million read pairs per replicate. For library preparation
and sequencing methods for the primary neuron samples, see the Supple-
mental Experimental Procedures. The ENCODE small hairpin RNA
(shRNA) knockdown RNA-seq experiments are available at https://www.
encodeproject.org.
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