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The mRNA 3′ poly(A) tail plays a critical role in regulating both mRNA translation and turnover. It is bound by the
cytoplasmic poly(A) binding protein (PABPC), an evolutionarily conserved protein that can interact with translation
factors andmRNAdecaymachineries to regulate gene expression.Mammalian PABPC1, the prototypical PABPC, is
expressed in most tissues and interacts with eukaryotic translation initiation factor 4G (eIF4G) to stimulate
translation in specific contexts. In this study, we uncovered a new mammalian PABPC, which we named neural
PABP (neuPABP), as it is predominantly expressed in the brain. neuPABP maintains a unique architecture as
compared with other PABPCs, containing only two RNA recognition motifs (RRMs) and maintaining a unique
N-terminal domain of unknown function. neuPABP expression is activated in neurons as they mature during syn-
aptogenesis, where neuPABP localizes to the soma and postsynaptic densities. neuPABP interacts with the non-
coding RNA BC1, as well as mRNAs coding for ribosomal and mitochondrial proteins. However, in contrast to
PABPC1, neuPABP does not associate with actively translating mRNAs in the brain. In keeping with this, we show
that neuPABP has evolved such that it does not bind eIF4G and as a result fails to support protein synthesis in vitro.
Taken together, these results indicate thatmammals have expanded their PABPC repertoire in the brain and propose
that neuPABP may support the translational repression of select mRNAs.
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Almost all eukaryotic mRNAs contain both a 5′ m7G
“cap” structure and 3′ poly(A) tail, cis-acting elements
that can play an important role in regulating both
mRNA translation and turnover (Gallie 1991; Tarun and
Sachs 1995). The mRNA 5′ cap helps recruit eukaryotic
translation initiation factor 4F (eIF4F), a protein complex
that contains the cap binding protein eIF4E, the scaffold
protein eIF4G, and the ATP-dependent DEAD-box heli-
case protein eIF4A (Grifo et al. 1983; Pelletier et al.
2015). eIF4G physically interacts with another translation
initiation factor, eIF3 (LeFebvre et al. 2006), which inter-
faces with the smaller 40S ribosomal subunit for transla-
tion initiation (Fraser et al. 2004). In addition to these
eIFs, translation initiation can also be stimulated by the
cytoplasmic poly(A) binding protein (PABPC), which

binds to the 3′ poly(A) tail and is highly conserved among
eukaryotes (Tarun et al. 1997; Wei et al. 1998; Kahvejian
et al. 2005).

PABPC contains four RNA recognition motifs (RRMs),
a proline-rich linker domain, and a C-terminal mademoi-
selle (MLLE) domain (Fig. 1A; Gorgoni and Gray 2004).
RRM1 and RRM2 preferably bind poly(A) sequences,
while RRM3 and RRM4 bind both poly(A) and A/U-rich
sequences equally well (Kühn and Pieler 1996; Khanam
et al. 2006). A single PABPC covers∼30As (Baer and Korn-
berg 1983; Kühn and Pieler 1996), and multiple PABPC
molecules can oligomerize on poly(A) sequences via inter-
actions between the linker domain of one PABPC and
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RRM1 of an adjacent molecule (Schäfer et al. 2019).
PABPC RRM2 can directly bind eIF4G (Safaee et al.
2012), an interaction that stimulates mRNA translation
in vitro and in Xenopus oocytes (Wakiyama et al. 2000;
Kahvejian et al. 2005), contexts where mRNA poly(A)
tail length correlates with translational efficiency (Ima-
taka et al. 1998; Wakiyama et al. 2000; Kahvejian et al.
2005). Notwithstanding that PABPC stimulates mRNA
translation in certain systems (Wakiyama et al. 2000;
Xiang and Bartel 2021), recent reports have suggested
that PABPC plays a negligible role in enhancing the trans-
lation efficiency of the transcriptome in postembryonic
mammalian cell lines (Xiang and Bartel 2021; Kajjo et al.
2022).
The PABPC MLLE domain acts as a platform that

directly interacts with a number of PABPC-interacting pro-
teins. These include poly(A) binding protein-interacting
proteins (PAIPs) 1 and 2 and eukaryotic release factor 3

(eRF3) (Hoshino et al. 1999; Khaleghpour et al. 2001a;
Roy et al. 2002), which regulate mRNA translation. The
PABPCMLLE domain also interfaces with several proteins
that regulatemRNAdecay, including the PAN3 subunit of
the PAN2–PAN3 deadenylase complex, which trims ex-
cessively long poly(A) tails to the length of 25–40 nt (Schä-
fer et al. 2019), as well as proteins that recruit the CCR4–
NOT deadenylase complex (e.g., Tob proteins and the
miRNA-associated protein GW182/TNRC6) (Okochi
et al. 2005; Fabian et al. 2011; Huntzinger et al. 2013; Jonas
and Izaurralde 2015; Chen et al. 2020). PABPC has been
shown to promote poly(A) tail trimming by the CCR4–
NOT complex but prevents premature 3′ terminal uridyla-
tion (Yi et al. 2018) and blocks deadenylation-independent
decay of normally stable transcripts (Kajjo et al. 2022).
While yeast code for only a single PABPC, Pab1, higher

metazoans contain genes that encode for several PABPC
paralogs with similar architectures (Gorgoni and Gray
2004). These additional PABPCs display tissue- and tem-
poral-specific expression patterns, including testis-specif-
ic PABPC (tPABP or PABPC3), which is expressed in round
spermatids (Feral et al. 2001), and embryonic PABP
(ePABP), which is expressed in oocytes and early embryos
but is not expressed in adult tissues (Voeltz et al. 2001;
Seli et al. 2005). Here we report the identification of a
new mammalian PABPC that we termed neural PABP
(neuPABP). neuPABP is coded for by the X-linked
Pabpc1-like gene (Pabpc1l2) and displays a neural-specific
expression pattern. neuPABP is detectable in the post-
natal brain, and its expression in neurons increases during
neuronal maturation. neuPABP is a bona fide PABPC that
localizes to postsynaptic densities and has a unique archi-
tecture as compared with PABPC1, containing only two
RRMs aswell as a uniqueN-terminal domain of unknown
function. neuPABP interacts with the neuron-specific
noncoding RNA BC1 and is enriched on mRNAs coding
for ribosomal and mitochondrial proteins. Interestingly,
in contrast to PABPC1, neuPABP-associated mRNAs are
translationally dormant. In keeping with this, neuPABP
has undergone evolutionary selection such that it cannot
interact with eIF4G, which in turn prevents it from stim-
ulating mRNA translation in vitro.

Results

Pabpc1l2 is predominantly expressed in neural tissues

The human X chromosome contains a two-copy ampli-
conic Pabp-like gene, Pabpc1-like 2 (Pabc1l2a/b), with
both copies lacking introns and being >99% identical to
each other at the nucleotide level (Fig. 1B). Pabc1l2a/b is
conserved among mammals (Mueller et al. 2013) and is
predicted to code for a truncated open reading frame as
compared with PABPC1, containing only the first two
RRMs (Fig. 1A; Supplemental Fig. S1). To assess Pabpc1l2
expression in adult mice, we isolated total RNA from
adult mouse tissues and carried out semiquantitative
RT-PCR and RT-qPCR reactions using Pabpc1l2-specific
primers. We observed Pabpc1l2 mRNA expression in
mouse brain tissues (e.g., the cortex and hippocampus)

A
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Figure 1. PABPC1L2 (neuPABP) displays a neural-specific ex-
pression pattern. (A) Schematic representation of PABPC1 and
PABPC1L2 domain organization. (B) Schematic diagram of a hu-
man X chromosome showing the position of the Pabpc1l2 ampli-
conic gene. (C ) Semiquantitative RT-PCR analysis of Pabpc1l2
and Actin mRNAs from multiple adult mouse tissues (C57BL/
6J; age: 5 mo). (D) Western blotting of PABPC1, neuPABP,
GAPDH, and Actin on lysates prepared from select adult mouse
tissues (C57BL/6J; age: 5 mo).
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but could not detect its expression in any other somatic
tissues (Fig. 1C; Supplemental Fig. S2). In keeping with
this, Pabpc1l2 gene expression was consistently detected
in the postnatal brain of P7 and 10-wkmice in neural cells
as assessed by single-cell RNA sequencing analyses. The
detection rate was higher in neurons, lower in glial cells
(oligodendroglial cells and astrocytes), and negligible in
microglia and other nonneural cell types (Supplemental
Figs. S3, S4). We also analyzed Pabpc1l2 gene expression
across human tissues using publicly available data from
the National Institutes of Health’s Genotype–Tissue Ex-
pression Project (The GTEx Consortium 2013). In keeping
with data acquired from mouse tissues, Pabpc1l2 mRNA
was also primarily detected in human brain tissues (Sup-
plemental Fig. S5).

While mouse Pabpc1l2 is predicted to code for a protein
that contains only two RRMs and is classified by the Na-
tional Center for Biotechnology Information as a putative
pseudogene (NM_001384267.1), the predicted amino acid
sequence across these motifs is highly conserved in
PABPC1L2 homologs, sharing a high degree of identity
and homologywith the first twoRRMsof PABPC1 (Supple-
mental Fig. S1). This suggests that as opposed to Pabpc1l2
being a pseudogene, there has been evolutionary pressure
on it to maintain an open reading frame. To determine
whether Pabpc1l2 is expressed at the protein level, we gen-
erated a polyclonal antibody that recognizes a peptide cor-
responding to the predicted mouse PABPC1L2 C terminus
(ERGAWARQSTSADFKDFD), a unique sequence that is
not present in other proteins, including other PABPCs
(Supplemental Fig. S1). To evaluate the specificity of our
antibody, we transiently transfectedHeLa cells with a plas-
mid coding for PABPC1L2 and carried outWestern blotting
on lysates (Supplemental Fig. S6A). Importantly, our anti-
body identified ectopic PABPC1L2 in transfected cell ly-
sates, but no corresponding band was observed in lysates
derived from nontransfected cells. In keeping with
Pabpc1l2 mRNA expression patterns, Western blotting
analysis of mouse tissues using our antibody only detected
a protein in neural tissues (Fig. 1D; Supplemental Figs. S6B,
S7). In contrast, PABPC1 was detected in all somatic tis-
sues, albeit at different levels of expression (Fig. 1D).
Thus, these data suggest that PABPC1L2 displays a neu-
ral-specific expression pattern; hence, we termed it neural
PABP (neuPABP).

neuPABP contains a unique N-terminal domain
of unknown function

Mouse Pabpc1l2 mRNA is predicted to contain a 301-nt
5′ UTR and an open reading frame (ORF) encoding a short
protein (229 amino acids): neuPABP. However, endo-
genous neuPABP migrates at a higher position on
SDS-PAGE (∼48 kDa) than what would be predicted by
its ORF. Using 5′RACE, we verified that the predicted
Pabpc1l2 mRNA 5′ terminus is accurate (Supplemental
Fig. S8). While it is possible that neuPABP maintains
post-translational modifications that may alter its molec-
ular weight, another explanation for this discrepancy is
that the predicted ORF encoding neuPABP is incomplete.

Thus, we set out to verify the sequence of full-length neu-
PABP. To this end, endogenous neuPABP was immuno-
precipitated from adult mouse cortex lysate and
subjected to mass spectrometry analysis to determine
whether neuPABP peptide coverage extends beyond its
predicted N and C termini. While we were unable to
detect additional peptides C-terminal to the neuPABP
stop codon, our analysis identified significant peptide cov-
erage corresponding to the Pabpc1l2 mRNA 5′ UTR that
is in-frame with the predicted neuPABP open reading
frame (Supplemental Fig. S9). This additional N-terminal
sequence suggests that mouse neuPABP is 312 amino ac-
ids in length with a short (24-amino-acid) conserved
N-terminal domain of unknown function (DUF) com-
prised almost exclusively of valine, glutamate, and ala-
nine amino acids (Fig. 2A). This region has no initiator
ATG codon; however, GTG at positions 53–55 (Supple-
mental Fig. S9) would code for theN-terminal valine iden-
tified by mass spectrometry analysis. Moreover, the
sequence flanking this codon (gcggcgaccGUGgcg) is very
similar to the Kozak consensus sequence for non-AUG
initiators (gccgcca/gcc(non-AUG)ga/cu) (Boeck and Kola-
kofsky 1994; Grünert and Jackson 1994). To test this, a
modified neuPABP ORF, along with all 5′-terminal nucle-
otides, was fused to a C-terminal V5 tag and subsequently
transfected into HeLa cells (Fig. 2B). Western blotting
with a V5 antibody demonstrated that this construct pro-
duced an ∼48-kDa protein, similar to the size of endoge-
nous neuPABP (Fig. 2C). Moreover, mutating the
initiatorGTG in our construct toATGgenerated a protein
of similar size. This is in contrast to a construct with the
predicted neuPABP ORF, which generated a significantly
smaller protein (∼28 kDa). Collectively, these data indi-
cate that Pabpc1l2 encodes a GUG-initiated ORF and
that neuPABP contains a unique N-terminal domain
that is not found in other PABPCs.

neuPABP is a bona fide PABP that is expressed during
neuronal maturation

neuPABP is predicted to contain two RRMs thatmaintain
a high degree of identity to RRM1 and RRM2 of PABPC1
(Supplemental Fig. S1). To determine whether neuPABP
can bind to RNA, we purified recombinant GST-tagged
neuPABP and carried out an in vitro selection—called
RNAcompete (Ray et al. 2013)—by incubating GST-neu-
PABP with a complex collection of short RNAs. RNA-
compete analysis identified AAAAAA as the consensus
binding motif for neuPABP, indicating that neuPABP is
a true poly(A) binding protein (Fig. 3A; Supplemental Ta-
ble S1). To determine the affinity of neuPABP for poly(A)
RNA, we purified recombinant PABPC1 and neuPABP
(Fig. 3B) and carried out electrophoretic mobility shift as-
says using a 32P-end-labeled (A)25 oligoribonucleotide (Fig.
3C). In keeping with the RNAcompete data, we observed
that neuPABP bound (A)25 RNAwith an affinity similar to
that of PABPC1. Moreover, a secondary shift in neuPABP
binding suggests that two neuPABP proteins can bind 25
As, as compared with PABPC1, where only a single
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protein can bind (Baer and Kornberg 1983; Kühn and Pieler
1996).
Nuclear/cytoplasmic fractionation experiments on ly-

sates derived from adult cortex tissue indicate that like
PABPC1, neuPABP is a cytoplasmic PABP (Fig. 4A). We
next set out to determine the temporal expression of neu-
PABP during mouse brain development. To this end, we
isolated the brains of mice at ages E13, E16, and E18 as
well as several postnatal ages. Lysates generated from iso-
lated tissues were then resolved by SDS-PAGE and ana-
lyzed using antibodies against PABPC1, neuPABP, actin,
and β-tubulin III (controls) (Fig. 4B). Strikingly, we ob-
served that PABPC1 and neuPABP displayed opposing
temporal expression patterns during brain development.
PABPC1 was highly expressed in embryonic tissues, but
its levels were significantly lower in postnatal brain tis-
sues. In contrast, neuPABP was barely detectable in em-
bryonic brain tissue. However, its expression steadily
increased during postnatal brain development, reaching
a maximum at around P17 and remaining at this level
into adulthood (Fig. 4B). Interestingly, this period of ex-
pression coincided with synaptogenesis, where synapses
are formed between neurons, which is one of the key
events that takes place in rodents during the first few post-
natal weeks of life (Li et al. 2010). To determine whether
neuPABP displays a similar expression pattern during
neuronal maturation, we isolated mouse primary cortical
neurons from P0 pups and cultured them to promote their
maturation in vitro. Lysateswere then generated from cul-
tured neurons and resolved by SDS-PAGE. Similar towhat
we observed over the course of mouse brain development,
neuPABP levels were barely detectable in newly cultured
neurons. However, neuPABP expression rapidly increased
over time, with its expression pattern overlapping with
that of the synaptic marker PSD-95 (Fig. 4C). Moreover,

neuPABP levels in mature neurons approached those of
PABPC1 as assessed by Western blots using recombinant
protein ladders for direct comparisons (Supplemental Fig.
S10). Interestingly, while neuPABP was easily detected in
mature neurons, we could not detect neuPABP expression
in two neuroblastoma cell lines (SH-SY5Y and Neuro2a)
even after differentiating them into neuronal-like cells
(data not shown). In keeping with its expression during
synaptogenesis, we also detected the subcellular localiza-
tion of neuPABP in synaptosomes following synaptosome
fractionation of the mouse cortex. neuPABP was detected
by Western blotting in the PSD-95-enriched postsynaptic
density (PSD) fraction (Fig. 4D), whereas neuPABP was
barely detectable in the non-PSD fraction, which was en-
riched in synaptophysin. This is in contrast to PABPC1,
which was equally detectable in both PSD and non-PSD
fractions. In keeping with these data, proteomic analyses
of isolated human neural tissues identified neuPABP pep-
tides in synaptosomes and postsynaptic densities (Föck-
ing et al. 2016; Hesse et al. 2019). Taken together, these
data indicate that neuPABP is a bona fide poly(A) binding
protein whose expression coincides with synaptogenesis.

neuPABP interacts with BC1 RNA and select
nontranslating mRNAs

As our data indicate that neuPABP can bind poly(A) RNA
with similar affinity to PABPC1, we next wished to deter-
mine whether neuPABP is associated with actively trans-
lating mRNAs. To this end, we isolated polysome profile
fractions derived from P9 mouse cortex lysate (Fig. 5A)
and assessed the distributions of PABPC1 and neuPABP
byWestern blotting (Fig. 5B). Consistent with many stud-
ies, we observed PABPC1 throughout the polysome gradi-
ent, including in heavy polysome fractions that contain

A

B C

Figure 2. neuPABP is a GUG-initiated pro-
tein with a misannotatedN-terminal exten-
sion. (A) Schematic diagram of the predicted
and revised neuPABP open reading frame,
along with the predicted AUG and validated
GUG initiator codons, respectively. The N-
terminal region (highlighted in orange) cor-
responds to the domain of unknown func-
tion (DUF) that is predicted to be
conserved between human, mouse, and rat
neuPABP. (B) Schematic diagram of mouse
neuPABP expression constructs containing
C-terminal V5 tags. (C ) Western blot analy-
sis of HeLa cells transfected with plasmids
encoding V5-tagged predicted neuPABP or
containing the Pabpc1l2 5′ UTR containing
the GTG codon or ATG codon.
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highly translatedmRNAs (Tcherkezian et al. 2014; Fonse-
ca et al. 2015). In stark contrast, the vast majority of neu-
PABP did not sediment in heavy polysome fractions.
Instead, neuPABP sedimented in early fractions, including
those that contain free ribonucleoprotein (RNP) complex-
es, with a small amount of neuPABP in fractions that con-
tain 40S subunits (Fig. 5B). These data suggest that unlike
PABPC1, neuPABP is not associated with actively trans-
lating mRNAs.

We next set out to identify RNAs associated with neu-
PABP by carrying out RNA immunoprecipitation sequenc-
ing (RIP-seq). Briefly, neuPABP-interacting RNAs were
immunopurified with anti-neuPABP antibody from adult
mouse hippocampal lysates in three biological replicates
and sent for deep sequencing to identify neuPABP-enriched
RNAs (Fig. 5C-E; Supplemental Table S2). Themost highly
enrichedRNAassociatedwith neuPABPwasBC1 (brain cy-
toplasmic 1) (Fig. 5D), a neuron-specific noncoding RNA
that contains an internal stretch of adenosines (Supplemen-
tal Fig. S11A; Martignetti and Brosius 1995; Rozhdestven-
sky et al. 2001). BC1 has been reported to play a role in

translational repression and, like neuPABP, also sediments
in early polysome gradient fractions containing free RNP
complexes (Supplemental Fig. S11B–D; Wang et al. 2002;
Zalfa et al. 2003). To verify that neuPABP can interact
with BC1 RNA, HeLa cells were transfected with plasmids
encoding V5-tagged neuPABP or V5-tagged PABPC1 and a
plasmid that expresses the BC1 RNA. Ectopic PABPC1
and neuPABP, which were expressed at similar levels,
were immunoprecipitated with V5 antibody, and BC1
RNA association was assessed by RT-qPCR (Supplemental
Fig. S11E,F). We also tested whether V5-tagged neuPABP
could interact with BC200 RNA, a primate- and neuron-
specific noncoding RNA that also contains a stretch of in-
ternal adenosines and is expressed in HeLa cells (Supple-
mental Fig. S11A; Martignetti and Brosius 1993; Tiedge
et al. 1993; Shin et al. 2017). While neither V5-neuPABP
nor V5-PABPC1 coprecipitated a histone mRNA (1H4H)
lacking a poly(A) tail (control), BC1 and BC200 RNAs
were equally enriched with both poly(A) binding proteins
(Supplemental Fig. S11E,F). In addition to interacting with
BC1, our gene set enrichment analyses of neuPABP-

A

B C

Figure 3. neuPABP specificity for poly(A)
RNA. (A) Summary of RNAcompete experi-
ments for GST-neuPABP. The sequence logo
of the neuPABP RNA binding motif is shown,
alongwith a scatter plot displaying theZ scores
and motifs for the two halves of the RNA pool
(set A and set B). (B) Recombinant PABPC1
and neuPABP were analyzed by SDS-PAGE
and Coomassie blue staining. (C ) High-affinity
binding of neuPABP to oligo(A) RNA. EMSA
was carried out as described in the Materials
and Methods. A constant amount of 32P-oligo
(A)25 RNAwas incubatedwith specific concen-
trations of neuPABP or PABPC1. The KD value
of∼50 nMwas calculated from three biological
experiments for both PABPC1 and neuPABP.
Recombinant GST (control) did not lead to a
gel shift of radiolabeled oligo.
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interacting RNAs displayed an enrichment ofmRNAs cod-
ing for ribosomal proteins and proteins withmitochondrial
functions (Fig. 5D,E), which were subsequently validated
by RT-qPCR analysis from hippocampal lysates (Fig. 5F).
These included ribosomal protein-encoding mRNAs
(RPS29 and RPS14) and mitochondrial protein-encoding
mRNAs (ATP5J2 andNDUFA2). In contrast, othermRNAs
coding for neuron-specific proteins (MAP2, PSD-95, and β-
tubulin III) displayed significantly lower enrichment with
neuPABP.
As our data show that neuPABP sediments in early RNP

fractions that contain untranslated RNAs, we next set out
to determine whether neuPABP directly binds the identi-
fied target RNAs in RNP fractions. As native RNA–protein
interactions can be preserved by cross-linking, we formal-
dehyde-cross-linked adult mouse cortex tissue prior to gen-
erating lysates and carrying out polysome profiling. Early
RNP fractions were isolated from polysome gradients
(Figs. 6A,B) and immunoprecipitated with IgG (control) or
neuPABP antibody to isolate neuPABP-associated RNAs
(Fig. 6C). Importantly, while early RNP fractions contained
both neuPABP and PABPC1, PABPC1 did not coprecipitate
with neuPABP (Fig. 6C). Nevertheless, BC1 and mRNAs

coding for ribosomal and mitochondrial proteins were en-
riched with neuPABP as assessed by RT-qPCR analyses
(Fig. 6D). In contrast, neuPABP pulled down significantly
lower levels of two mRNAs coding for neuronal-specific
proteins (PSD-95 and MAP2) and failed to interact with a
mitochondrially encodedND1mRNA (control). Taken to-
gether, these data indicate that neuPABP interacts with
BC1 noncoding RNA and select translationally suppressed
mRNA populations.

neuPABP has lost its ability to interact with eIF4G
and represses mRNA translation in vitro

Our data suggest that neuPABP associates with an abun-
dant noncoding RNA, BC1, as well as specific mRNAs
that are translationally dormant. We therefore next as-
sessed the impact of neuPABP on protein synthesis using
a Krebs cell-free in vitro translation (IVT) system. This sys-
tem was used previously to biochemically determine that
PABPC1 can function as a translation factor (Kahvejian
et al. 2005). To this end, we generated recombinant gluta-
thione S-transferase (GST)-tagged neuPABP (Fig. 7A) and
added it to our IVT system. In contrast to recombinant
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Figure 4. neuPABP is expressed during
neuronal maturation. (A) Subcellular frac-
tionation of an adult mouse brain cortex
(C57BL/6J; age: 2mo) shows cytoplasmic lo-
calization of both neuPABP and PABPC1.
GAPDH and hnRNPA1 were used as mark-
ers for cytoplasmic and nuclear fractions,
respectively. (B) Western blot analysis of
PABPC1, neuPABP, Actin, and β-tubulin
III on lysates prepared from mouse brain
cortices isolated at different stages of em-
bryonic and postnatal development. (C )
Western blot analysis of neuPABP, PSD-
95, and β-tubulin III on lysates prepared
frommouse primary cortical neurons. Neu-
rons were isolated from P0 pups and cul-
tured for defined days in vitro (DIV). (D)
Western blot analysis of subcellular frac-
tions of an adult mouse cortex (C57BL/6J;
age: 6 mo) prepared by synaptosome frac-
tionation. Lysates were probed with the
postsynaptic (PSD) marker PSD-95 and the
presynaptic marker synaptophysin (Syn),
as well as neuPABP, PABPC1, and GAPDH.
Cortex homogenates (H) were generated,
and supernatant (S2) and the crude synapto-
somal pellet (P2) were acquired after high-
speed centrifugation of the S1 supernatant.
The crude synaptosomal fraction was fur-
ther fractionated into a Triton X-100-solu-
ble non-PSD fraction (extrasynaptic) and a
Triton X-100-insoluble PSD-containing
fraction (synaptic).
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glutathione S-transferase (GST), which did not affect pro-
tein synthesis, GST-tagged neuPABP inhibited the expres-
sion of a firefly luciferase (FL)-encoding polyadenylated
mRNA in a dose-dependent manner (Fig. 7B). In contrast,
addition of neuPABP had no observable impact on the ex-
pression of an unadenylated FL reporter mRNA (Supple-
mental Fig. S12A). We also assessed the impact of
neuPABP onmRNA translation in a SH-SY5Y neuroblasto-
ma cell line using a bicistronic reporter in which transla-
tion initiation of the first open reading frame (Renilla
luciferase) is cap-dependent, while cap-independent trans-
lation of the second open reading frame (firefly luciferase)
ismediated by the hepatitisC virus internal ribosome entry
site (IRES) (Supplemental Fig. S12B). Ectopic expression of
FLAG-tagged neuPABP inhibited cap-dependent transla-
tion in a dose-dependent manner while having no observ-
able impact on the translation of the HCV IRES-driven
open reading frame (Supplemental Fig. S12C,D).Collective-
ly, these data suggest that neuPABP can repress cap-depen-
dent translation of polyadenylated mRNAs.

PABPC1 stimulates mRNA translation by directly bind-
ing to eIF4G via RRM2 (Kahvejian et al. 2005; Safaee et al.
2012). neuPABP also contains RRM2 yet paradoxically re-
presses protein synthesis in vitro. To test whether neuPABP
can bind eIF4G, HeLa cells were transfected with plasmids
encoding V5-tagged neuPABP, wild-type PABPC1, or a
PABPC1 mutant (M161A) that disrupts its interaction
with eIF4G (control) (Kahvejian et al. 2005). V5-PABPC1WT,
V5-PABPC1M161A, and V5-neuPABP were affinity-purified
with V5 antibody, and coimmunoprecipitating proteins
were resolved by SDS-PAGE followed by Western blotting
(Fig. 7C). As expected, V5-PABPC1WT coprecipitated both
eIF4G and PAIP2, whereas V5-PABPC1M161A failed to effi-
ciently interactwith eIF4G.As neuPABP lacks aC-terminal
MLLE domain, it was not surprising that it did not interact
with PAIP2, which uses this domain to interact with
PABPC1 (Khaleghpour et al. 2001a). However, even though
neuPABP contains RRM2, it failed to associate with eIF4G.
To determine whether neuPABP can directly contact
eIF4G, we performed in vitro pull-down assays using a
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Figure 5. neuPABP localizes with early
RNP fractions on polysome gradients and in-
teracts with specific RNAs. (A) Polysome
profile traces of lysates prepared frommouse
cortices (C57BL/6J; age: P9). (B) Lysates were
fractionated by sucrose gradient centrifuga-
tion. Fractions were subsequently collected,
TCA-precipitated, and resolved by SDS-
PAGE, and Western blotting was subse-
quently performed using antibodies against
neuPABP, PABPC1, and a ribosomal protein
marker (RPS6). (C ) Immunoprecipitation of
neuPABP fromanadultmousehippocampus
(C57BL/6J; age: 6 mo). Immunoprecipitated
complexes were subjected to SDS-PAGE,
and Western blotting was performed using
anti-neuPABP and anti-GAPDH antibodies.
neuPABP-enriched RNAs were isolated us-
ingRNApurificationkit (Qiagen) and identi-
fied by RNA-seq. (D) Volcano scatter plot
showing most significantly enriched RNAs
with neuPABP (threshold set at log2 FC≥
1.5 and P-value set at <1×10−20). BC1 RNA
and mRNAs encoding ribosomal proteins
(red) and nuclear-encoded mitochondrial
proteins (blue) were enriched. (E) Top Wiki-
pathway (WP) and associated gene ontology
(GO) terms (cellular component) signifi-
cantly enriched among proteins coded for
by neuPABP-enriched mRNAs (FC≥2).
The number above each column represents
the number of genes associated with its cor-
responding term. (F ) RT-qPCR analyses of
neuPABP-enriched transcripts identified by
RNA-seq. neuPABP was immunoprecipitat-
ed from adultmouse hippocampi (C57BL/6J;
age: 6 mo), and associated RNAs were Tri-
zol-extracted. Error bars represent SEM
from biological replicates (n=3). Data points
for biological replicates are shown as solid
circles. Data were normalized to an in vitro
transcribed RLuc spiked-in RNA.
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recombinant GST-tagged fragment of eIF4G (amino acids
41–244) that directly binds PABPC1 (Kahvejian et al.
2005), as well as maltose-binding protein (MBP)-fused neu-
PABP or a PABPC1 fragment containing RRM1 and
RRM2 (Fig. 7D). In keeping with previous reports, GST-
eIF4G41–244 efficiently boundMBP-PABPC1RRM1+2. Howev-
er, MBP-neuPABP failed to bind to this eIF4G fragment.
PABPC1 uses several amino acids in RRM2 to directly

contact eIF4G (Fig. 8A; Safaee et al. 2012). While neuPABP
also containsRRM2 and binds poly(A) RNA, a comparative
sequence analysis of the neuPABPRRM2 revealed noncon-
servative substitutions in two of the amino acids that
PABPC1 uses to interact with eIF4G. In addition, while
neuPABP maintains a methionine corresponding to M161
in PABPC1, it also contains an adjacent phenylalanine sub-
stitution. To determine whether neuPABP fails to bind
eIF4G due to substitutions in these key amino acids, we
mutated these corresponding amino acids in tandem in
MBP-neuPABP to those in PABPC1 (MBP-neuPABPMUT

[Ile221Thr, Phe265Leu, and Tyr268Asp]). While GST-
eIF4G41–244 did not interact with MBP-neuPABPWT, it effi-
ciently bound MBP-neuPABPMUT (Fig. 8B). Moreover,
while GST-neuPABPWT repressed protein synthesis in vi-
tro, GST-neuPABPMUT incubated in Krebs extract did not
(Fig. 8C,D). Taken together, these data suggest that neu-

PABP does not supportmRNA translation due to its inabil-
ity to interact with eIF4G.

Discussion

We have identified a tissue-specific mammalian poly(A)
binding protein, neuPABP, which is expressed in the brain
and whose levels rapidly increase in neurons as they ma-
ture. neuPABP is homologous to the first two RRMs of
PABPC1 but lacks RRM3, RRM4, the linker region, and
the MLLE domain. In addition, neuPABP contains a
unique N-terminal extension not seen in other PABPCs,
the function of which is not known. As expected from se-
quence homology, neuPABP binds to poly(A) RNA but
cannot bind PAIP2. Moreover, neuPABP has evolved to
maintain amino acid substitutions in RRM2 that prevent
it from interactingwith eIF4G and stimulating translation
in vitro. In accordance with these observations, polysome
profiling and RNA sequencing data indicate that neu-
PABP associates with the neuron-specific noncoding
RNA BC1, as well as select mRNAs that are translation-
ally dormant.
While PABPCs are evolutionarily conserved from yeast

to humans, higher-order metazoans have acquired several
additional PABPC genes that often display tissue- and
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Figure 6. neuPABP associates with untranslated
mRNAs present in early RNP fraction. Cortices of
adult mice (C57BL/6J; age: 6 mo) were triturated and
formaldehyde-cross-linked. Lysates were prepared
and fractionated by sucrose gradient centrifugation.
(A) Ribosome traces of lysates prepared from formalde-
hyde-cross-linked adultmouse cortices (C57BL/6J; age:
6 mo). (B) Free RNP fractions (depleted of ribosomal
subunits) were collected from the polysome gradient
and resolved by SDS-PAGE, and Western blotting was
performed using antibodies against RPS6, neuPABP,
PABPC1, and GAPDH. (C ) Immunoprecipitation of
neuPABP from free RNP fractions fromB. Immunopre-
cipitated complexes were resolved by SDS-PAGE, and
Western blotting was performed using antibodies
against neuPABP, PABPC1, and GAPDH. (D) RT-
qPCR analysis of neuPABP-associated RNAs isolated
fromC. Error bars represent SEM from biological repli-
cates (n= 3), which are shown as solid circles. A mito-
chondrial mRNA (mt.ND1) was used as a negative
control. Data were normalized to an in vitro tran-
scribed RLuc spiked-in RNA.
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temporal-specific expression patterns (Gorgoni and Gray
2004). These include a testis-specific PABP (tPABP) that
is expressed in round spermatids (Feral et al. 2001); induc-

ible PABP (iPABP, also known as PABPC4), which has
been reported to be expressed in activated T-cells (Yang
et al. 1995); ovary-specific PABP (PABPC5) (Blanco et al.
2001); and embryonic PABP (ePABP), which is expressed
in oocytes and early embryos (Seli et al. 2005). neuPABP
therefore represents a new PABPC that mammals have
added to their genetic repertoire. Like other newly ac-
quired PABPCs during metazoan evolution, neuPABP
also displays a unique temporal- and tissue-specific ex-
pression pattern. neuPABP is barely detectable in embry-
onic brain tissues but becomes robustly expressed in the
postnatal brain. In contrast, PABPC1 levels are signifi-
cantly lower in the postnatal brain as compared with
PABPC1 levels in the embryonic brain. This is reminis-
cent of ePABP, which is expressed in early embryos and
oocytes when PABPC1 is barely detectable (Voeltz et al.
2001; Cosson et al. 2002). Cytoplasmic PABPs, including
PABPC1 and yeast Pab1, multimerize on mRNA poly(A)
tails through PABPC–PABPC oligomerization (Yao et al.
2007; Schäfer et al. 2019). Specifically, the linker region
between RRM4 and the C-terminalMLLE plays an impor-
tant role in this process by contacting RRM1 of an adja-
cent PABPC on the poly(A) tail (Baer and Kornberg 1980;
Deo et al. 1999; Sawazaki et al. 2018; Schäfer et al.
2019). neuPABP lacks the PABPC1 linker stretch but
does contain a unique N-terminal extension that is not
present in canonical PABPCs. Together, this unique archi-
tecture may prevent neuPABP from multimerizing with
other canonical PABPCs on mRNA poly(A) tails. In keep-
ing with this, our data suggest that neuPABP and PABPC1
do not concurrently bind target RNAs. Nevertheless,
more research is required to test this hypothesis and deter-
mine the function of the conserved N-terminal DUF.

Many factors that regulate mRNA stability directly in-
teract with the PABPC1 C-terminalMLLE domain. These
include the PAN3 subunit of the PAN2–PAN3 deadeny-
lase complex (Schäfer et al. 2019) as well as Tob and
GW182, both of which recruit the CCR4–NOT deadeny-
lase complex to targeted mRNAs (Okochi et al. 2005; Fa-
bian et al. 2011; Huntzinger et al. 2013; Jonas and
Izaurralde 2015; Chen et al. 2020). In contrast to PABPC1,
neuPABP lacks a MLLE domain. This may prevent neu-
PABP from recruiting mRNA decay factors to neuPABP-
interacting RNAs (Fig. 9). PABPC1 also uses its MLLE
domain to interact with PAIP2, which when bound pre-
vents PABPC1 from binding to RNA (Khaleghpour et al.
2001a,b). Interestingly, PAIP2 has been reported to regu-
late synaptic plasticity by binding to PABPC1 to inhibit
protein synthesis (Khoutorsky et al. 2013). PAIP2 is then
degraded following activity-dependent stimulation,
whichmay allow PABPC1 to stimulate translation (Khou-
torsky et al. 2013). As neuPABP does not interact with
PAIP2 (Fig. 7C), this may allow it to bind RNAs even
when PAIP2 levels are elevated.

PABPC1 can stimulate translation via its contact with
eIF4G (Kahvejian et al. 2005; Safaee et al. 2012). While
our data suggest that neuPABP is a bona fide PABPC, it
does not stimulate translation and may even function as
a translational repressor. This is based on the observations
that (1) neuPABPhas evolved such that it does not interact
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Figure 7. neuPABP represses translation in vitro and does not in-
teract with eIF4G. (A) Recombinant GST and GST-tagged neu-
PABP were prepared and then analyzed by SDS-PAGE and
Coomassie blue staining. (B) Capped poly(A)+ luciferase reporter
RNA was incubated in Krebs-2 extract. Reactions were supple-
mentedwith either buffer alone (control), recombinant GST-neu-
PABP, or GST alone, as indicated. Normalized luciferase activity
was measured relative to control. Error bars represent SEM from
biological replicates (n =3). A two-tailed Student’s t-test (equal
variance) was conducted (vs. control) to assess significance. (∗∗)
P-values <0.003 were calculated in GST-neuPABP treatment
groups. (C ) Immunoprecipitation of V5-tagged neuPABP,
PABPC1WT, or PABPC1M161A from HeLa cells. Immunoprecipi-
tated complexes were subjected to SDS-PAGE, and Western
blot analysis was performed using anti-V5, anti-eIF4G, anti-
PAIP2, and anti-GAPDH antibodies. (D) Recombinant glutathi-
one-S-transferase (GST) orGST-tagged eIF4G41–244 was incubated
with maltose-binding protein (MBP)-tagged PABPC1RRM1+2 or
neuPABP. Precipitated proteins were separated by SDS-PAGE
and visualized by Coomassie blue staining.
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with eIF4G and as a result represses mRNA translation in
vitro, (2) neuPABP-associated mRNAs are not associated
with polysomes, and (3) neuPABP and PABPC1 do not
co-occupy neuPABP-interacting mRNAs. neuPABP may
associate with mRNAs that are already translationally re-
pressed or potentially help maintain these mRNAs in a
translationally repressed state by binding to their poly
(A) tails and not supporting PABPC–eIF4G contact. Nev-
ertheless, the exact role of neuPABP when bound to these
RNAs remains to be established.
In synaptic compartments, mRNAs are actively trans-

lated and contribute to synaptic plasticity (Hafner et al.
2019; Biever et al. 2020). Many studies have reported
that ribosomal protein-coding mRNAs localize into
dendrites, and their local translation in neurites play an
important role in ribosome recycling and repair indepen-
dent of canonical ribosome biogenesis in the nucleolus
and cytoplasm (Gumy et al. 2011; Cajigas et al. 2012;Mid-
dleton et al. 2019; Biever et al. 2020; Fusco et al. 2021; Pe-
rez et al. 2021). Similarly, nuclear-encoded mitochondrial
protein-coding mRNAs are also localized into axons and
presynaptic terminals and are locally translated to provide

proteins for healthy mitochondrial function (Kaplan et al.
2009). We show that neuPABP localizes to dendritic post-
synaptic compartments and associates with a subpopula-
tion of ribosomal and mitochondrial protein-coding
mRNAs in their untranslated state. It is possible that neu-
PABP plays an active role in maintaining these mRNAs
and in alleviating their translation repression in a con-
text-dependent manner after stimulation.
Brain cytoplasmic (BC) RNAs are neuronal-specific

RNAs that localize to synapses and have been reported to
control local protein synthesis by acting as translational re-
pressors (Tiedge et al. 1991; Wang et al. 2002; Zalfa et al.
2003; Cristofanilli et al. 2006; Robeck et al. 2016). BC
RNAs in rodents (BC1) and primates (BC200) maintain in-
ternal stretches of adenosines that have been previously re-
ported to interact with PABPC1 (Muddashetty et al. 2002).
We show here that neuPABP interacts with BC1 RNA in
vivo and both BC RNAs in vitro. As levels of both BC1
and neuPABP increase during neuronal maturation and
mouse brain development (Supplemental Fig. S13; Musli-
mov et al. 1998), it is possible that neuPABP binding to
BC1 ensures that PABPC1 is not completely sequestered
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Figure 8. neuPABP has been selected to
not bind eIF4G. (A) Schematic diagrams of
PABPC1 and neuPABP domain organiza-
tion, along with a comparative sequence
analysis of human (Hs) and mouse (Mm)
PABPC1 with human, mouse, and bat (Pk)
neuPABP RRM2. Amino acids that play a
role in PABPC1 binding to eIF4G are denot-
ed by a green dot. Corresponding amino ac-
ids or those in proximity to eIF4G-
intearcting residues are red. (B) Recombi-
nant glutathione-S-transferase (GST)-tagged
eIF4G41–244was incubatedwithmaltose-bind-
ing protein (MBP)-tagged PABPC1RRM1+2,
neuPABPWT, or neuPABPMUT (Ile221Thr,
Phe265Leu, and Tyr268Asp). Precipitated
proteins were separated by SDS-PAGE and
visualized by Coomassie staining. (C ) Re-
combinant GST, GST-tagged neuPABPWT,
and neuPABPMUT proteins were analyzed
by SDS-PAGE and Coomassie blue staining.
(D) Capped poly(A)+ luciferase reporter RNA
was incubated in Krebs-2 extract. Reactions
were supplemented with either recombi-
nant GST, GST-neuPABPWT, or GST-
neuPABPMUT, as indicated. Normalized lu-
ciferase activity was measured relative to
buffer alone (control). Error bars represent
SEM from biological replicates (n= 3). A
two-tailed Student t-test (equal variance)
was conducted (vs. GST) to access signifi-
cance. (∗∗) P-value <0.004 was calculated in
GST-neuPABPWT treatment.
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by this highly abundant noncoding RNA, thus allowing
PABPC1 to focus on interacting with themRNA transcrip-
tome. Knocking out BC1 in amousemodel has been report-
ed to lead to cognitive dysfunction and epileptogenic
susceptibility (Zhong et al. 2009; Briz et al. 2017). Thus,
it will be interesting to determine whether neuPABP plays
a role in supporting BC1 functionality.

Materials and methods

Details of the reagents used in this study are shown in Supple-
mental Table S3.

Antibodies

Antibodies were purchased from Abcam (PABPC1, hnRNPA1,
PSD-95, RPS6, and synaptophysin), Cell Signaling Technologies
(PABPC1, V5, eIF4G, and β-Actin), BioLegend (β3tubulin), Invitro-
gen (V5 tag), Santa Cruz Biotechnology (GAPDH), and Sigma-Al-
drich (PAIP2 and FLAG). A peptide encompassing the C-terminal
end of mouse neuPABP (ERGAWARQSTSADFKDFD), which is
not conserved in othermammalian PABPC proteins, was injected
into rabbits for neuPABP antibody production (Thermo Fisher).

DNA constructs, cell lines, and primary cultures

Bacterial expression vectors N-terminal GST-tagged neuPABP and
eIF4G (41–244) expression clones were generated by cloning into
pGEX-6P1 plasmid (Addgene). neuPABP and eIF4G (41–244) cod-
ing sequences were PCR-amplified; restriction-digested with en-
zymes BamHI, and SalI for neuPABP and with NotI and SalI for
eIF4G (41–244); and ligated in-frame with the N-terminal GST
tag in pGEX-6P1 plasmid. N-terminal His-tagged PABPC1-ex-
pressing pET-28b-PABPC1 plasmid was a gift fromDr. Sonenberg
at McGill University. N-terminal malE-tagged neuPABP and
PABPC1 (RRM1+2) expression clones were generated by cloning

into pMAL-c5X plasmid (NEB) using restriction enzyme sites
NotI and SacI. neuPABP andPABPC1(RRM1+2) coding sequences
were PCR-amplified, restriction-digested with enzymes NotI and
SacI, and ligated in-framewith theN-terminalmalE tag in pMAL-
c5X plasmid.

Mammalian expression vectors C-terminal V5-tagged neuPABP
and PABPC1 expression clones were generated by gateway clon-
ing (ThermoFisher). Coding sequenceswere PCR-amplified using
gene-specific gateway primers that contained flanking attB sites
for recombination with attP sites in the donor pDONR221 plas-
mid to generate entry clones with attL sites. Furthermore, neu-
PABP and PABPC1 expression clones were generated by
recombining the attL sites in the pDONR221-neuPABP and
PABPC1 entry clones and the attR sites in the pLEX-307 destina-
tion vector (Addgene). The lncRNA BC1 gene sequence was
cloned into PLKO.1-puro vector (Sigma). The BC1 gene sequence
was PCR-amplified using primers containing restriction enzyme
sites for EcoRI and XmaI, restriction-digested, and ligated into
PLKO.1-puro plasmid that was digested with EcoRI and AgeI
(BshTI). The bicistronic luciferase reporter systemwas a generous
gift from Dr. Jerry Pelletier. The N-terminal FLAG-tagged neu-
PABP construct was generated by cloning the coding sequence
into pBABE-puro vector (Addgene) using restriction enzyme sites
BamHI and SalI.

Cell lines Human epithelial carcinoma HeLa cells, human em-
bryonic kidney (HEK) 293T cells, and human neuroblastoma
SH-SY5Y cells were purchased fromATCC. Cell lines weremain-
tained in Dulbecco’s modified Eagle’s medium (DMEM) or
DMEM/F12 (for SH-SY5Y cells) supplementedwith 10% fetal bo-
vine serum, 50 U/mL penicillin, and 50 μg/mL streptomycin.

Primary neuronal cultures Mouse primary cortical neuron cultures
were prepared from P0 pup cortices. Mouse pups were collected
soon after birth and decapitated according to animal-handling
protocol. Brains were immediately harvested into cold Dulbec-
co’s modified Eagle’s medium–F12 media (DMEM/F12), and the

Figure 9. Model for the biological role of
neuPABP. (Panel i) neuPABP binds to BC1
RNA and select translationally dormant
mRNAs that may be transported to postsyn-
aptic compartments. As neuPABP also lacks
the PABPC1 MLLE domain, it may protect
mRNAs from mRNA decay factors that
can interact with this domain, including
the PAN2–PAN3 complex and Tob, which
interacts with the CCR4–NOT deadenylase
complex. (Panel ii) It is possible that in spe-
cific contexts (depicted as a question mark),
PABPC1 may displace neuPABP from
mRNA poly(A) tails, bind eIF4G, and stimu-
late their mRNA translation.
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cerebellum and olfactory bulbs were removed. Cortices were
gently triturated in prewarmedDMEM/F12medium by pipetting
with a Pasteur pipette to get homogenous cell suspension and
centrifuged at 700 rpm for 2 min. Only half of the supernatant
was removed from the top, replaced with PPD saline (0.1% papa-
in, 0.01% deoxyribonuclease-I, 0.1% neutral protease-dispase-II,
10 mM MgCl2 in HBSS [without Ca2+ and Mg2+]), mixed with a
Pasteur pipette, and incubated for 30min at 37°C, pipetting gent-
ly every 10min. Cells were centrifuged at 800 rpm for 10 min, re-
suspended in DNase-I saline (0.1% deoxyribonuclease-I in
DMEM), and incubated for 15 min at 37°C. Cells were then col-
lected by centrifugation at 800 rpm for 10 min, resuspended in
complete neuronal medium (neurobasal medium containing 1×
B27 supplement, 2 mM L-glutamine, 0.5× pen/strep), and plated
on poly-L-lysine-coated culture flasks. Seventy-two hours after
plating, 3 µM Ara-C (arabinosylcytosine) drug was added to con-
trol glial cell overgrowth. Sterile conditions were maintained
throughout the procedure.

5′RACE (rapid amplification of cDNA ends)

RNAswere isolated frommouse primary neuronal cultures at 7 d
in vitro using Trizol reagent. RNAs were dephosphorylated using
FastAP (alkaline phosphatase) kit (Thermo Fisher) and decapped
using RppH (RNA 5′ pyrophosphohydrolase) kit (NEB). RNA
adapter (5′-GCUGAUGGCGAUGAAUGAACACUGCGUUUG-
CUGGCUUUGAUGAAA-3′) was ligated to 5′ monophosphate
ends of the decapped RNAs by using T4 RNA ligase 1 (NEB).
RNAs were reverse-transcribed using random hexamer priming
and an AffinityScript kit (Agilent). PCR amplification using
KAPA HotStart kit (Millipore Sigma) was carried out using an
adapter-specific forward primer (5′-GCTGATGGCGATGAAT-
GAACACTG-3′) and a pabpc1l2 sequence-specific reverse primer
(5′-CACCGGTTGCTGGTAGTTGA-3′). A fraction of PCR reac-
tion was further amplified using adapter-specific forward and
pabpc1l2 sequence-specific reverse gateway primers containing
attB sites (5′-GGGGACAAGTTTGTACAAAAAAGCAGGC-
TACCGCTGATGGCGATGAATGAACACTG-3′ and 5′-GGGG
ACCACTTTGTACAAGAAAGCTGGGTCCCAGGCTGGCCT
CCTCAA-3′, respectively) and cloned into a gateway donor plas-
mid, pDONR221 (Thermo Fisher). Plasmid constructs were se-
quenced to identify the pabpc1l2 mRNA 5′ end.

Recombinant protein purification

GST-tagged recombinant proteins were expressed in Rosetta-2
(DE3) Escherichia coli cells (Millipore) and purified by using glu-
tathione agarose resin (Thermo Fisher). GST cleavage was per-
formed using HRV-3C protease (Thermo Fisher). His-tagged
recombinant proteins were purified by using Ni-NTA beads (Qia-
gen). MBP-tagged recombinant proteins were purified by using
amylose resin (NEB).

GST pull-down assays

GST or GST-eIF4G (1–244) recombinant bait proteins (200 pmol)
were allowed to bind to 25 µL of packed glutathione beads in bind-
ing buffer (50mMTris, 150mMNaCl, 0.5%NP-40, 5% glycerol,
1.5 mM DTT) for 2 h at 4°C with gentle rotation. MBP-tagged
neuPABP or PABPC1 (RRM1+2) prey proteins (160 pmol) were
then added, and the reactions were incubated overnight at 4°C
with gentle rotation. Beads were washed to remove unbound pro-
teins, boiled in Laemmli buffer to release the bound proteins, and
resolved on an SDS-PAGE gel. Resolved proteins were visualized
by Coomassie blue staining.

RNAcompete

RNA pool generation, RNAcompete pull-down assays, and mi-
croarray hybridizations were performed as previously described
(Ray et al. 2009, 2013, 2017). Briefly, RNAcompete experiments
used defined RNA pools that were generated from 244,000 Agi-
lent custom DNA microarrays. Pool design was based on a de
Bruijn sequence of order 11 that was subsequently modified to
minimize secondary structure in the designed sequences and
minimize intramolecular RNA cross-hybridization. After these
modifications, not every 11-mer was represented, but each 9-
mer was represented at least 16 times. To facilitate internal
data comparisons, the pool was split computationally into two
sets: set A and set B. Each set contained at least 155 copies of
all 7-mers except GCTCTTC and CGAGAAG, which were re-
moved because they corresponded to the SapI/BspQI restriction
site used during DNA template pool generation. A φ2.5 bacterio-
phage T7 promoter initiatingwith an AGA or AGG sequencewas
added at the beginning of each probe sequence in the DNA tem-
plate pool to enable RNA synthesis. The final RNA pool consist-
ed of 241,399 individual sequences up to 41 nt in length (Ray et al.
2013). The microarray design is detailed in Ray et al. (2013) and
can be ordered from Agilent Technologies using AMADID
024519. In RNAcompete assays, 20 pmol of GST-tagged neu-
PABP and 1.5 nmol of RNA pool were incubated for 30 min at
4°C in 1 mL of binding buffer (20 mM HEPES at pH 7.8, 80 mM
KCl, 20 mM NaCl, 10% glycerol, 2 mM DTT, 0.1 mg/mL BSA)
containing 20 µL of glutathione Sepharose 4B beads (GE Health-
care) prewashed three times in binding buffer and subsequently
washed four times for 2minwith binding buffer at 4°C.One-sided
Z scores were calculated for the motifs as described previously
(Ray et al. 2013).

Electrophoretic mobility shift assay

RNAoligo(A)25 (150 pmol) was 5′ end-radiolabeledwith 10 µCi of
[γ32-P]-ATP (Perkin Elmer) using the enzyme T4 polynucleotide
kinase (Thermo Fisher) for 1 h at 37°C. The end-labeled oligoribo-
nucleotide was diluted to 2 pmol/µL with double-distilled water
and column-purified (Roche), and 2 pmol of RNA oligonucleotide
was used for each EMSA reaction. RNA–protein EMSA binding
reactions as well as protein dilutionsweremade in standard phos-
phate-buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM Na2-
HPO4, 1.8 mM KH2PO4) supplemented with 160 ng/mL double-
stranded DNA and 40 U/mL RNase inhibitor (Promega). Radiola-
beled RNA oligonucleotide (2 pmol per reaction) was mixed with
different amounts of recombinant protein (neuPABP or PABPC1)
in a final reaction volume of 20 µL and incubated for 1 h at 30°C.
Binding reactions were supplemented with glycerol containing
bromophenol blue dye (to 5%glycerol concentration) and electro-
phoresed on a 10% (w/w) nondenaturing polyacrylamide/bis-ac-
rylamide gel at 29:1 in Tris-borate-EDTA running buffer at 120
V for 60–120min on ice. Gels were analyzed using a PhosphorIm-
ager (GE Healthcare). Free RNA as well as gel-shifted RNA bands
were quantified for each gel lane by ImageJ. The fraction of bound
RNA in each lane was calculated by using the expression bound/
(bound+unbound). The dissociation constant (KD) values were
calculated by GraphPad Prism as the protein concentration (in
nanomolar) at which only 50% of free RNA remained unbound.

In vitro translation experiments

Krebs-2 cell-free lysates were prepared as described previously for
in vitro translation experiments (Svitkin and Agol 1978; Svitkin
and Sonenberg 2004). Capped poly(A)+ and poly(A)− luciferase
RNAs were incubated in Krebs-2 extract, in vitro translation
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reactions were incubated for 1 h at 30°C, and translation output
from the reporter mRNAs was accessed by a luciferase assay
(Promega).

Tissue expression analysis

Western blotting Adult mice (C57BL/6J; age 5 mo) were sacrificed
according to the animal euthanization protocol, different tissues
were dissected out including different brain regions, and lysates
were prepared in a lysis buffer (50 mM Tris-HCl at pH 7.5, 150
mMNaCl, 0.5%NP-40, 2mMEDTA, 1mMDTT).Western blot-
ting was performed to assess the expression of neuPABP PABPC1
and other proteins.

RT-PCR and RT-qPCR analyses Adult mice (C57BL/6J; age 5 mo)
were sacrificed according to the animal euthanization protocol.
Different tissues/brain regions were dissected out, and total
RNAwas isolated using Trizol reagent. RNAs were reverse-tran-
scribed (Thermo Fisher), and semiquantitative PCR and qPCR
analyses were performed to assess the differential expression of
pabpc1l2 among mouse tissues.

Single-nucleus RNA-seq data processing

The 10xmultiome RNA+ATAC data for healthymouse cortices
at postnatal time points P7 and 10 wk were obtained from
GSE199885. Sequencing reads were reprocessed to allow the
quantification of Pabpc1l2, as the genomic annotations for Pabp-
c1l2a/b were absent in the mm10 reference genome build used in
the original report (Khazaei et al. 2023). A custom reference was
built, adding the coordinates for Pabpc1l2b (chromosome X:
103,013,563–103,016,208) to the gene annotation. In addition,
since there was high homology in Pabpc1l2a/b genes resulting
inmultimapping reads, the sequence forPabpc1l2a (chromosome
X: 103,064,742–103,067,538) was masked using bedtools mask-
fasta. Thus, the expression of the two Pabpc1l2a/b geneswas pro-
filed as a single feature (Pabpc1l2) in downstream analysis, and no
attempt was made to distinguish expression of Pabpc1l2a and
Pabpc1l2b separately. Sequencing reads were then aligned and
demultiplexed using CellRanger-arc v2.0.0 (10x Genomics) using
this modified mm10 reference genome build coupled with the
modified Ensembl 98 gene annotation. Quality control (QC) and
data processing steps were performed using Signac v1.3.0 (Stuart
et al. 2021) and Seurat v4.0.0 (Hao et al. 2021) as described in the
original report (Khazaei et al. 2023). Briefly, QCmetrics for RNA
andATACmodalities were jointly used to filter cells. In the RNA
modality, cells were filtered on the number of genes, unique mo-
lecular identifiers (UMIs), and mitochondrial content. In the
ATAC modality, cells were filtered on the number of peaks de-
tected, transcription start site enrichment, and nucleosome sig-
nal. Next, RNA libraries were scaled to 10,000 UMIs per cell
and log-normalized, and UMI counts and mitochondrial content
were regressed out. Ten-week samples were integrated by merg-
ing the samples without batch correction, followed by scaling
and normalization. Dimensionality reduction was performed us-
ing PCA on the top 2000most variable features. The first 25 prin-
cipal components were used as input for projection into two
dimensions (uniform manifold approximation and projection)
(McInnes et al. 2020) and for clustering (shared nearest-neighbor
algorithm) (Hao et al. 2021). Doublets were identified using
scDblFinder (Germain et al. 2021) with the recommended clus-
ter-based approach, and subsequently the doublets were filtered.
Last, annotations of cell types was performed using four machine
learning-based prediction methods (SciBet, SingleCellNet, Sin-
gleR, and Support Vector Machines) (Aran et al. 2019; Tan and

Cahan 2019; Li et al. 2020). For this, two murine brain cell type
atlases were used. Nonneuronal cell types were annotated using
a developmental murine atlas (Jessa et al. 2019), and cells predict-
ed as neurons were subsequently annotated using amore detailed
neuronal-enriched atlas (Yao et al. 2021). A consensus cell type
annotationwas assignedwhen at least twomethods agreed. Final-
ly, cell type labels were aggregated into broad cell type classes.

Subcellular fractionation

Whole-cell, cytoplasmic, and nuclear fractions The protocol for cell
fractionation of mouse brain cortices (C57BL/6J; age: 2 mo) was
adapted and optimized froma previously published study describ-
ing a rapid and efficient method to subfractionate human cell
lines (Suzuki et al. 2010). Briefly, an adult mouse was euthanized
according to animal-handling protocols, the brain was dissected
out, and the cerebellum and olfactory bulbs were removed. The
brain hemispheres were separated, and the cerebral cortex was
dissected out from one hemisphere. The cortex tissue was tritu-
rated in phosphate-buffered saline (PBS) by pipetting and centri-
fuged at 200g for 3 min. The pellet was again triturated in PBS
and incubated for 3min on ice to allow the tissue chunks to settle
down. Cell suspension was obtained from the top by avoiding the
tissue chunks. A part of this cell suspensionwas then centrifuged
at 2500g for 3 min. The cell pellet thus obtained was triturated in
lysis buffer (0.1% NP-40 in PBS) by pipetting six to seven times
using a p1000 micropipette. One-third of this homogenous cell
suspensionwas kept as the “whole-cell fraction,” and the remain-
ing homogenatewas pipetted threemore times and centrifuged at
7000g for 30 sec. One-half of the supernatant was kept as the “cy-
toplasmic fraction,” while the remaining supernatant was dis-
carded. The pellet was again triturated in the lysis buffer by
pipetting five times and centrifuged at 7000g for 30 sec, and the
supernatant was discarded. The residual pellet was kept as the
“nuclear fraction.” Laemmli buffer containing benzonase (Milli-
pore) was added to each collected fraction, andWestern blot anal-
ysis was performed for nuclear and cytosolic proteins.

Crude synaptosome preparation Subcellular fractionation of adult
mouse brain cortices (C57BL/6J; age: 6 mo) was carried out using
a protocol adapted from Qiu et al. (2013), Briz et al. (2017), and
Wang et al. (2018). Briefly, an adult mouse brain was dissected
out, and the cerebellum and olfactory bulbs were removed. The
cortex tissue was homogenized in homogenization buffer (320
mM sucrose, 5 mM HEPES-NaOH at pH 7.4, 2 mg/mL BSA, 1
mM EDTA) by 15 strokes using a Dounce homogenizer to obtain
brain homogenate fraction (H), which was centrifuged at 1000g
for 10 min at 4°C to obtain supernatant S1. The S1 supernatant
was centrifuged at 14,000g for 20min at 4°C to obtain the cytosol-
ic supernatant S2 fraction, and a crude synaptosome-containing
pellet P2 fraction. We further fractionated the crude synapto-
somes into a Triton X-100 detergent-soluble “non-PSD” fraction
and a detergent-insoluble “PSD-enriched” fraction. The P2 frac-
tion was resuspended once in resuspension buffer (5 mM
HEPES-NaOH at pH 7.4, 1 mM EDTA) and centrifuged at
14,000g for 15 min at 4°C. The washed pellet thus obtained was
resuspended in buffer A (5 mM HEPES-NaOH at pH 7.4, 100
mM NaCl, 0.5% Triton X-100), rotated for 15 min at 4°C, and
centrifuged at 14,000g for 15 min at 4°C to obtain a Triton X-
100-soluble “non-PSD” fraction as the supernatant. The remain-
ing pellet was resuspended in buffer B (5mMHEPESNaOH at pH
7.4, 0.15 mM NaCl, 1% Triton X-100, 1% SDS, 1% deoxycholic
acid, 1 mM DTT), rotated for 75 min at 4°C, and centrifuged at
14,000g for 15 min at 4°C to obtain a Triton X-100-insoluble
“PSD-enriched” fraction as the supernatant. The brain
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homogenate, cytosolic, and crude synaptosomal fractions were
lysed completely by supplementing with RIPA buffer (10 mM
Tris-HCl at pH 8.0, 140 mM NaCl, 1% Triton X-100, 0.1%
deoxycholic acid, 0.1% SDS, 1 mM EDTA). The buffers used in
crude synaptosomal preparation were supplemented with prote-
ase inhibitor cocktail and 1 mM phenylmethylsulfonyl fluoride
(PMSF).

Mass spectrometry analysis

Anadultmouse brain (C57BL/6J; age: 2mo)was dissected out, the
cerebellum and olfactory bulbs were removed, and the cerebral
cortex was isolated. Briefly, fresh cortex tissue was triturated in
cold phosphate-buffered saline by pipetting and centrifuged at
200g for 3 min. The tissue pellet was lysed in a lysis buffer (50
mM Tris-HCl at pH 7.5, 150 mM NaCl, 0.5% NP-40, 2 mM
EDTA, 1 mM DTT) and centrifuged at 20,000g for 15 min at 4°
C to obtain the lysate. The tissue lysatewas clarifiedwith Protein
G agarose beads (Millipore), and total protein was quantified and
immunoprecipitated with neuPABP antibody. Protein complexes
were eluted with neuPABP-specific peptide (ERGAWARQST-
SADFKDFD) and resolved by SDS-PAGE.Gelswere subsequently
stainedwith colloidal stain, and neuPABP proteinwas excised, di-
gested with trypsin or subtilisin, and analyzed by the Lady Davis
Institute Proteomics Centre (Montreal, Canada).

Polysome profiling

A mouse brain (C57BL/6J; P9 mouse pup) was dissected out, and
the cerebellum and olfactory bulbs were removed. The remaining
brain tissue was triturated by pipetting in dissection buffer (10
mMHEPES-NaOHat pH7.5, 0.1mg/mLcycloheximide) and cen-
trifuged at 300g for 3min. The tissue pelletwas lysed in polysome
lysis buffer (10 mM HEPES-NaOH at pH 7.5, 150 mM NaCl, 5
mMMgCl2, 0.5mMDTT, 1%NP-40, 0.1mg/mL cycloheximide)
and centrifuged twice at 20,000g for 10 minat 4°C. Lysates were
loaded onto a 5%–50% linear sucrose gradient and centrifuged
at 130,000g for 2 h at 4°C. Four to 16 gradient fractions were col-
lected as described previously (Gandin et al. 2014), and proteins
were TCA-precipitated from each fraction and dissolved in
Laemmli buffer to perform Western blot analysis.
For lncRNA BC1, polysome fractionation was done from adult

mice (C57BL/6J; age: 3 mo). RNA from each polysome gradient
fraction was Trizol-extracted and reverse-transcribed, and semi-
quantitative-PCR analysis was carried out on lncRNA BC1 and
Actin. In parallel, qPCR analysis was carried out on lncRNA
BC1, and data were normalized to the total cortex RNA (input)
to calculate the percent distribution across fractions.

RIP RNA sequencing (RIP-seq)

Mouse hippocampi (C57BL/6J; age: 6 mo; Pabpc1l2+/+ and
Pabpc1l2−/−) were dissected out and flash-frozen on dry ice. Tis-
suewas lysed in a lysis buffer (50mMTris-HCl at pH 7.5, 150mM
NaCl, 0.5%NP-40, 2 mM EDTA, 1 mMDTT) and centrifuged at
20,000g for 15min at 4°C to obtain the lysate. Tissue lysates were
clarified with Protein G agarose beads (Millipore), total proteins
were quantified, and immunoprecipitation was carried out by
first incubating with neuPABP antibody, followed by a pull-
down of immunoprecipitants with Protein-G agarose beads. Im-
munoprecipitation of neuPABP was confirmed by Western blot-
ting. neuPABP-bound RNAs were extracted directly from the
beads by using an RNA purification kit (Qiagen). Biological trip-
licate libraries were prepared from immunoprecipitated RNAs.
RNAwas depleted of ribosomal RNA, and libraries were prepared

using the KAPA stranded RNA-seq kit with RiboErase (Roche).
Sequencing reactions were carried out by paired-end 150-bp se-
quencing on a NextSeq500 platform (Genomics Platform at the
Institute for Research in Immunology and Cancer, Montreal). Se-
quenceswere trimmed for sequencing adapters and low-quality 3′

bases using Trimmomatic version 0.35 (Bolger et al. 2014) and
aligned to the reference mouse genome version GRCm38 (gene
annotation from Gencode version M25, based on Ensembl 100)
using STAR version 2.7.1a (Wang et al. 2013). Gene expressions
were obtained as read count directly from STAR as well as com-
puted using RSEM (Li andDewey 2011) in order to obtain normal-
ized gene- and transcript-level expression in TPM values for
stranded RNA libraries. DEseq2 version 1.22.2 was then used to
normalize gene read counts (Love et al. 2014).

Volcano plot and gene ontology analysis Volcano plot was generated
using a list of transcripts with fold change≥ 1.10 (∼2200 tran-
scripts that had P-value < 0.05). A log2FC≥1.5 cutoff was further
used in the volcano plot to highlight highly enriched transcripts.
Gene set enrichment analyses for Wikipathway (WP) terms en-
riched among neuPABP-enriched transcripts (FC≥2) were per-
formed using the g:Profiler online platform (Raudvere et al. 2019).

RNA immunoprecipitation with V5 antibody

HeLa cells were cotransfected with V5-tagged neuPABP- or
PABPC1-expressing constructs and a lncRNA BC1-expressing
plasmid. Forty-eight hours after transfection, lysates were pre-
pared in a lysis buffer (50 mM Tris-HCl at pH 7.5, 150 mM
NaCl, 0.5%NP-40, 2 mM EDTA, 1 mMDTT) and precleared us-
ing Protein-G agarose beads (Millipore). Lysates were incubated
with rabbit antibodies IgG (control) or V5 tag antibody (Cell Sig-
naling Technologies), followed by a pull-down of immunoprecipi-
tants with Protein-G agarose beads. Immunoprecipitation of
V5-tagged proteins was confirmed byWestern blotting. Coimmu-
noprecipitated RNA was extracted using Trizol reagent and re-
verse-transcribed. qPCR analysis was carried out to assess fold
enrichments (vs. IgG control) of lncRNAs BC1 and BC200 with
V5-tagged proteins. A nonpolyadenylated histone (1H4H)
mRNA was used as a negative control.

Formaldehyde-cross-linked RNA immunoprecipitation

Formaldehyde cross-linking of mouse cortices Brain cortices of adult
mice (C57BL/6J; age: 6mo) were dissected out and gently triturat-
ed in dissection buffer (Hank’s balanced salt solution containing
10mMHEPES at pH 7.5) and spun at 1000g to collect the triturat-
ed tissue as a pellet. The pellet was then gently resuspended in
dissection buffer containing 0.1% formaldehyde and incubated
for 10 min at room temperature. Formaldehyde was quenched
by adding glycine to a final concentration of 200 mM for 5 min.
The tissue suspension was chilled on ice and pelleted by spinning
at 1000g. The tissue pellet was washed twice (without resuspend-
ing) with dissection buffer containing glycine at a final concentra-
tion of 200 mM.

Tissue lysis and polysome RNP fractionation The cross-linked tissue
pelletwas lysed in polysome lysis buffer (10mMHEPES-NaOHat
pH 7.5, 150 mM NaCl, 5 mM MgCl2, 0.5 mM DTT, 1% NP-40,
0.1 mg/mL cycloheximide) and centrifuged twice at 20,000g for
10 min at 4°C. Lysates were loaded on a 5%–50% linear sucrose
gradient and centrifuged at 130,000g for 2 h at 4°C. Gradient frac-
tions (1 and 2) corresponding to the RNP fraction were collected
and combined. Proteins from a part of the RNP fraction were
TCA-precipitated and dissolved in Laemmli buffer to perform
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Western blot analysis to assess the depletion of ribosomal sub-
units in comparison with the total cortex lysate (marker: RPS6).

Cross-link RNP RNA immunoprecipitation The RNP fraction was
diluted 1:2 in RIPA buffer (25 mM Tris-HCl at pH 7.5, 150 mM
NaCl, 2 mM EDTA, 1% NP-40, 0.1% SDS, 0.1% sodium deoxy-
cholate, 1 mM DTT), and immunoprecipitation was carried out
by first incubating with antibodies IgG (control) or neuPABP, fol-
lowed by a pull-down of immunoprecipitants with Protein-G aga-
rose beads (Millipore). Immunoprecipitation of neuPABP was
confirmed by Western blotting. Coimmunoprecipitated RNAs
were eluted from the beads in elution buffer (50 mM Tris-HCl
at pH 8.0, 2 mM EDTA, 1% SDS, 10 mM DTT) containing 100
U/mL Proteinase-K (NEB). Reverse cross-linking was performed
on a thermomixer at 1200 rpm, for 30 min at 60°C and for 15
min at 70°C. Eluted RNAs were further isolated using Trizol re-
agent (Thermo Fisher). qPCR analysis was carried out to assess
fold enrichments (vs. IgG control) of lncRNA BC1 and other neu-
PABP target and nontargetmRNAs. Amitochondrial genome-en-
coded mRNA (mt.ND1) was used as a control to negate postlysis
reassociation artifacts.

Bicistronic luciferase assay

SH-SY5Y cells were cotransfected with the bicistronic luciferase
reporter and N-terminally FLAG-tagged neuPABP construct or a
plasmid expressing GFP (control). Twenty-four hours after trans-
fection, cells were collected and lysed in passive lysis buffer
(Promega), and RL and FL activities weremeasured using dual-lu-
ciferase assay (Promega). In parallel, the expression of FLAG-
tagged proteins was validated by Western blot analyses. RL to
FL ratios were calculated and plotted as normalized luciferase ac-
tivity. A GFP-expressing construct was used as a control for nor-
malization. Experiments were conducted in biological replicates
(n =4).

Statistics

All experimentswere carried out at least in triplicates. Graphs for
in vitro translation assays were generated using GraphPad Prism
software and Excel. Means and standard error of the mean (SEM)
from biological replicates (n=3) were calculated. For in vitro and
in cellulo translation assays, a two-tailed Student’s t-test (equal
variance) was carried out to assess the significance of the data
in Excel. Statistical significances are as follows: P >0.05 (n.s.),
P <0.05 (∗), P<0.01 (∗∗), and P <0.001 (∗∗∗).
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