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ABSTRACT

Poly(A) tail length is regulated in both the nucleus and cytoplasm. One factor that controls polyadenylation in the cyto-
plasm is CPEB1, an RNA binding protein that associates with specific mRNA 3′′′′′UTR sequences to tether enzymes that
add and remove poly(A). Two of these enzymes, the noncanonical poly(A) polymerases GLD2 (TENT2, PAPD4, Wispy)
and GLD4 (TENT4B, PAPD5, TRF4, TUT3), interact with CPEB1 to extend poly(A). To identify additional RNA binding pro-
teins that might anchor GLD4 to RNA, we expressed double tagged GLD4 in U87MG cells, which was used for sequential
immunoprecipitation and elution followed by mass spectrometry. We identified several RNA binding proteins that copre-
cipitatedwithGLD4, amongwhichwas FMRP. To assess whether FMRP regulates polyadenylation, weperformed TAIL-seq
fromWT and FMRP-deficient HEK293 cells. Surprisingly, loss of FMRP resulted in an overall increase in poly(A), which was
also observed for several specific mRNAs. Conversely, loss of CPEB1 elicited an expected decrease in poly(A), which was
examined in cultured neurons. We also examined polyadenylation in wild type (WT) and FMRP-deficient mouse brain cor-
tex by direct RNA nanopore sequencing, which identified RNAswith both increased and decreased poly(A). Our data show
that FMRP has a role in mediating poly(A) tail length, which adds to its repertoire of RNA regulation.
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INTRODUCTION

Poly(A) tail length exerts amajor influence on gene expres-
sion by regulating mRNA export, translation, and stability
(Jalkanen et al. 2014). Poly(A) is modulated in both the nu-
cleus and cytoplasm by poly(A) polymerases, deadenylat-
ing enzymes, and RNA binding proteins (Ivshina et al.
2014; Yu and Kim 2020). One family of RNA binding pro-
teins that determine transcript-specific cytoplasmic poly-
adenylation are the CPEBs (cytoplasmic polyadenylation
element binding proteins). CPEB1, for example, binds
the 3′UTR cytoplasmic polyadenylation element (CPE) as
well as enzymes that lengthen and shorten poly(A) in oo-
cytes (Barnard et al. 2004; Kim and Richter 2006), neurons
(Huang et al. 2002; Udagawa et al. 2012), primary cells
(Burns and Richter 2008; Burns et al. 2011), and established
cell lines (Novoa et al. 2010). Two CPEB1-associated non-

canonical poly(A) polymerases that promote polyadenyla-
tion are GLD2 (TENT2, PAPD4, Wispy) and GLD4
(TENT4B, PAPD5, TRF4, TUT3) (Barnard et al. 2004;
Burns et al. 2011). Other members of the CPEB family of
RNA binding proteins, CPEB2, CPEB3, and CPEB4 also
promote polyadenylation (Pavlopoulos et al. 2011; Chen
et al. 2018; Parras et al. 2018), although it is not clearwheth-
er they tether GLD2 or GLD4 to RNA.

To identify additional RNA binding proteins that might
anchor GLD2 or GLD4 to RNA, we double-tagged these
enzymes and expressed them in U87MG cells; GLD2 was
unstable and not suitable for further analysis. GLD4 levels,
however, were sufficient for two rounds of immunoprecip-
itation and elution followed by mass spectrometry. Com-
pared to mock immunoprecipitation with IgG, we
identified 37 RNA binding proteins that coprecipitated
with GLD4. One of these proteins is FMRP, the product of
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the Fragile X Syndrome gene FMR1.
FMRPmost frequently binds coding re-
gions of mRNAs but 5′ and 3′UTRs as
well (Darnell et al. 2011; Maurin et al.
2018; Li et al. 2020a). Through its asso-
ciation with coding sequences, FMRP
is thought to inhibit translation by im-
peding ribosome translocation (Dar-
nell et al. 2011; Udagawa et al. 2013;
Shah et al. 2020; Richter and Zhao
2021). The association of FMRP with
3′UTRs has been linked to RNA locali-
zation (Goering et al. 2020), and trans-
lational repression through complex
interactions with miRNAs, AGO2, and
the RNAbinding proteinMOV10 (Ken-
ny et al. 2014). Here, we use TAIL-seq
(Chang et al. 2014) from HEK cells to
demonstrate that FMRPmostly inhibits
polyadenylation. In contrast, direct
RNAsequencingofmousebrain cortex
indicates that FMRP both inhibits and
activates polyadenylation, Moreover,
in contrast to FMRP, we show that
CPEB1 promotes polyadenylation, as
expected. Our results suggest that
FMRP regulates poly(A) tail length,
which may have implications for the
pathophysiology of Fragile X syn-
drome (Hagerman et al. 2017; Richter
and Zhao 2021). These observations
may also explain, at least in part, the
fact that in mice, CPEB1 ablation “res-
cues” a number of Fragile X-like phe-
notypes in Fmr1 knockout (KO) mice
(Udagawa et al. 2013). For example, protein synthesis in
the Fmr1 KO mouse hippocampus is abnormally high, but
in Fmr1/CPEB1 double KO mice, protein synthesis is re-
duced to normal levels. Going further, one form of synaptic
plasticity, metabotropic glutamate receptor-mediated long
term depression (mGluR-LTD), is exaggerated in Fmr1 KO
hippocampus but is rescued to normal in Fmr1/CPEB1 dou-
ble KOmice. Although there is a link between the rescue of
Fragile X-like phenotypes in Fmr1/CPEB1 double KO mice
and ribosome translocation (Udagawa et al. 2013), poly(A)
tail length regulation may also be involved. Perhaps these
two molecular mechanisms may be linked as well.

RESULTS

GLD4-interacting proteins

We hypothesized that GLD4 would be tethered to mRNA
3′UTRs by RNA binding proteins, which would regulate
polyadenylation, possibly of specific mRNAs (Fig. 1A). To

identify GLD4 interacting proteins, we expressed this en-
zyme, which was tagged with 3XFLAG and MYC epitopes
at each end, in U87MG cells, followed by immunoprecipi-
tation with FLAG antibody, elution with FLAG peptide, im-
munoprecipitation with MYC antibody, elution with SDS-
containing sample buffer, and mass spectrometry (Fig.
1B; Supplemental Fig. 1A; Supplemental Table 1). There
were 95 coprecipitating proteins in the GLD4-specific elu-
ate, 49 of which have RNA or ribosome associations (Fig.
1C). Thirty-seven of these are related to RNAbinding activ-
ity, several of which are cytoplasmic RNA binding proteins
(Supplemental Fig. 1B). Four of these proteins, FMRP,
FXR1, SERBP1, and G3BP1 coprecipitated with GLD4 in
the absence or presence of RNase A (Fig. 1C).

FMRP control of polyadenylation

We were particularly intrigued by the coprecipitation of
GLD4 with FMRP, which regulates translation at the elon-
gation step by stalling ribosome translocation (Darnell

B
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FIGURE 1. Identification of GLD4-interacting proteins. (A) At top is a diagram of RNA binding
proteins (RBPs) that might tether GLD4 to 3′UTRs of RNAs. (B) Flow diagram to identify GLD4-
associated proteins. U87MG cells were transduced with inducible pTRIPZ lentivirus expressing
3XFLAG-GLD4-myc, and the expression was induced with 1 µg/mL doxycycline for 48 h, fol-
lowed by sequential FLAG immunoprecipitation, elution, MYC immunoprecipitation, elution,
and mass spectrometry. The western at bottom shows amount of of tagged GLD4 present at
each step. (C ) Relative to an empty vector control (i.e., RFP), there were 95 GLD4-specific
coprecipitating proteins, 37 of which were identified as RNA binding proteins by a gene ontol-
ogy (GO) analysis. The western blots at bottom show coprecipitation of FMRP, FXR1, SERBP1,
and G3BP1 with GLD4 in the absence or presence of RNase A. GAPDH and HuR as well as
coprecipitation with nonspecific IgG serve as controls.
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et al. 2011; Udagawa et al. 2013; Shah et al. 2020), at ini-
tiation by association with cap-binding factors (Napoli
et al. 2008), and through interactions with miRNAs/AGO
on mRNA 3′UTRs (Kenny et al. 2014). Based on its interac-
tion of GLD4, we surmised that FMRP would also regulate
polyadenylation, possibly as an activator as we hypothe-
sized that it would anchor the enzyme to RNA 3′UTRs
much like CPEB1. To assess this, we isolated RNA from
HEK293 cells transfected with siRNA against FMR1, which
reduced FMRP by 70% relative to a nontargeting (NT)
siRNA (Fig. 2A), and generated TAIL-seq libraries as pre-
sented in Chang et al. (2014) (Supplemental Table 2). Fig-
ure 2B shows the overall distribution of poly(A) tails on
RNAs from control (nonspecific siRNA) compared to
FMRP-deficient. Control cells had a peak poly(A) tail size
of ∼105 nt while FMRP-deficient cells had a peak poly(A)
tail size of ∼120 nt, a surprising increase and not the ex-
pected decrease. The fraction of sequence tags under
each condition was similar (Fig. 2C). A scatter plot of the
same TAIL-seq data shows that >100 specific RNAs under-
went poly(A) lengthening upon FMRP deficiency (Fig. 2D),
but only five underwent significant decreases in poly(A).
Figure 2E shows a box plot of the differences in poly(A) be-
tween the two replicates—in both cases, FMRP deficiency
resulted in an overall increase in mean poly(A) tail length.
Figure 2F shows cumulative poly(A) plots of two specific
RNAs TMEM209 and PCBP2, upon depletion of FMRP
(siFMR1) relative to a nontargeting control (siNT). We vali-

dated the poly(A) tail size changes of these specific mRNAs
by a PCR-basted RNA ligation poly(A) test (RL-PAT). siRNA
for FMR1 induced a size shift in the PCR products of both
RNAs (performed in triplicate), but when the poly(A) tails
were removed by prior treatment with oligo(dT) and RNase
H, there was no size change in the RT-PCR products (Fig.
2G). Therefore, the depletion of FMRP leads to increased
poly(A) on specific mRNAs.

We determined whether the RNA substrates, which have
elongated poly(A) tails upon FMRP depletion, are the same
as those that have shortened poly(A) tails when GLD4 is de-
pleted (Shin et al. 2017). Figure 2H shows that surprisingly,
there are only two RNAswhose poly(A) tail length is regulat-
ed in opposite directions by these two proteins. However,
we note that polyadenylation in GLD4-depleted cells was
estimated by binding RNAs to poly(U) agarose beads fol-
lowed by washing at 50°C and elution at 65°C. This thermal
elution procedure, while not suitable for precise poly(A)
lengthdetermination, is nonetheless adequate for assessing
the general changes in tail growth or removal (McFleder
et al. 2017). These data indicate that although GLD4 and
FMRP associate with one another, their respective activities
to regulate poly(A) are not mutually dependent.

To assess whether RNAs whose poly(A) tail lengths are
lengthened upon Fmr1 depletion are bound by FMRP, we
first determinedwhether there is overlapbetween these tran-
scripts and those that were identified by FMRP PAR-CLIP in
HEKcells (Ascanoet al. 2012). Supplemental Figure2Ashows
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FIGURE 2. FMRP control of polyadenylation in HEK cells. (A) siRNA depletion of FMR1 RNA (left, RT-PCR) and FMRP protein (right, western blot
analysis). siNT refers to a nontargeting siRNA. (B) Distribution of poly(A) tail lengths of RNAs versus fraction of genes in FMRP-deficient HEK cells
as determined by TAIL-seq. (C ) Distribution of poly(A) tail length versus fraction of sequence tags in FMRP-deficient HEK cells. (D) Scatter plot of
median poly(A) length of RNAs from FMRP-depleted versus control (nontargeting siRNA). Log2 fold change of the ratio of siFMRP/siNT >1, >0.5,
or <0.5 is indicated. (E) Box plot of mean poly(A) tail length in individual replicates of TAIL-seq from FMRP-depleted (FM1 and FM2) control siRNA
(NT1 and NT2) (Wilcoxon rank sum test after Bonferroni correction method). (F ) Cumulative poly(A) plots of two RNAs (TMEM209 and PCBP2)
following FMRP depletion (FM2). P values are from Kolmogorov–Smirnov test. (G) PAT assays for poly(A) tail length for TMEM209 and PCBP2
RNAs. Some samples were treated with oligo (dT) and RNase H to remove poly(A) prior to the PAT assay. (H) Venn diagram for RNAs whose
poly(A) tails are regulated by FMRP (this study) or GLD4 (Shin et al. 2017).
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that there is a small but statistically significant (P<0.0001)
overlap between these two data sets. We also performed
FMRP RNA immunoprecipitation (RIP) for the top eight
RNAs whose polyadenylation is lengthened by Fmr1
depletion (Supplemental Fig. 2B–D).Only two of these (crea-
tine kinase B, CKB; ATP citrate lyase, ACLY) were coimmuno-
precipitated with FMRP relative to a background control
(nonspecific IgG). Both of these RNAs, as well as HSP90,
which coimmunoprecipitated with FMRP but whose poly(A)
tail was unaffected by Fmr1 depletion, are on the FMRP
CLIP list (Supplemental Fig. 2C; Darnell et al. 2011). Six
other RNAs whose poly(A) tails were regulated by FMRP
were not coprecipitated with FMRP above background
(Supplemental Fig. 2D). Finally, we performed a HOMER
analysis for sequence motifs that might be enriched in the
3′UTRs of mRNAs whose poly(A) tails were lengthened by
Fmr1depletion.Considering the top100RNAs in this catego-
ry,Supplemental Figure3showsanumberofenrichedmotifs,
some of which resemble previously described FMRP binding
motifs (Anderson et al. 2016; Liu et al. 2018). However, a fur-
ther mutatational analysis is required to determine whether
these motifs are FMRP tethering sites for polyadenylation.

Direct RNA sequencing in Fmr1-deficient mouse
cortex

Determination of poly(A) tail size by TAIL-seq relies on an
algorithm that accurately reads long polymeric T stretches
that is often unreliable with conventional base calling soft-
ware (Chang et al. 2014). Direct RNA sequencing by nano-
pore technology (Garalde et al. 2018) reads long poly(A)
stretches with reasonably high fidelity (Bilska et al. 2020;
Depledge and Wilson 2020; Li et al. 2020b) and does
not require PCR amplification, which can be biased to short-
er RNAs. Consequently, we performed direct RNA se-
quencing to assess poly(A) tail length from the brain
cortex of WT and Fmr1 knockout (KO) mice (all in biologic
triplicates). With an average of 3.3 million reads per brain
cortex sample, we detected 30,975 transcripts in common
between WT and KO samples originating from 15,126
genes. In addition, 292 genes are expressed exclusively in
the Fmr1 KO cortex while 861 genes that are present in
the WT cortex are not detected in the KO. Nevertheless,
most of these unique transcripts are expressed at very low
levels (typically <1 rpm) (Supplemental Table 3). Next, we
analyzed all the reads using Nanopolish, an algorithm that
estimates tail length basedon the low-variance ionic current
that is registered as themRNA tail passes through the nano-
pore (Workman et al. 2019). Poly(A) tail lengths transcrip-
tome-wide were similar between the two genotypes and
ranged from a minimum of 3 to a maximum of ∼1700 ade-
nylate residues. The vast majority of transcripts showedpoly
(A) tail lengths that ranged from 50–150 adenylate residues
andpeaked at around80 residues (Fig. 3A). Using a cutoff of
P<0.05, we detected 1409 isoforms that showed differen-

tial genotype-specific poly(A) length changes. Of these,
more than half exhibited an average change in tail length
that exceeded 20 residues. In contrast, tail lengths of mito-
chondrial RNAs as well as the vast majority of transcripts
were unchanged between the two conditions (Fig. 3D;
Supplemental Table 3). Within the set of differentially poly-
adenylated transcripts, 179 RNAs had longer poly(A) tails in
the Fmr1 KO cortex (maximal increase, 135 residues), while
558 RNAs had shorter poly(A) in the Fmr1 KO cortex (max-
imal decrease averaged 138 residues) (Fig. 3B,C;
Supplemental Table 3). Figure 3D shows violin plots for sev-
eral RNAs demonstrating increased or decreased poly(A) in
the Fmr1 KO cortex relative to WT. The poly(A) tails of sev-
eral mitochondrial RNAs are the same irrespective of geno-
type. Figure 3E shows a Gene Ontology (GO) analysis of
RNAs with altered poly(A), which encode molecules in-
volved in neural function (sensory perception, nervous sys-
tem), RNA regulation (splicing complex, mRNA
stabilization), and other activities. Finally, we also found
that the levels of ∼100 RNAs were altered, either up or
down, by at least 2.5-fold in Fmr1 KO cortex relative to
WT (Fig. 3F; Supplemental Fig. 4). There was no overlap
with the RNAs that had altered levels with those that had
a change in poly(A) tail length (Supplemental Fig. 4).
These data demonstrate that in the mouse cortex, FMRP
regulates bidirectional poly(A) tail length.

CPEB1 regulation of polyadenylation

To assess whole transcriptome changes in polyadenylation
by another RNA binding protein, we performed TAIL-seq
fromCPEB1-deficientmouse hippocampal neurons. As ex-
pected, CPEB1 deficiency induced an overall shortening of
poly(A) (Fig. 4A; Supplemental Table 4) with a similar frac-
tionof sequence tags (Fig. 4B). Boxplots of replicate exper-
iments in Figure 4C show that CPEB1 deficiency caused an
overall poly(A) reduction of about 25 nt. The scatter plot in
Figure 4D demonstrates that 462 RNAs underwent poly(A)
shortening in CPEB1-deficient neurons. A motif analysis of
the RNAs that underwent poly(A) shortening in CPEB1-de-
ficient neurons shows a few diverse sequences including a
U-rich CPE- like element (boxed), which is the binding site
for CPEB1. One RNA that displayed prominent poly(A)
shorteninguponCPEB1deficiency is SPARC (secretedpro-
tein, acidic and rich in cysteine), fromamean length of∼145
nt to amean lengthof∼85 nt (Fig. 4F). Poly(A) shorteningof
Sparc RNA was validated in an RL-PAT assay performed in
biologic triplicate (Fig. 4G). These data demonstrate that
in contrast to FMRP, CPEB1 almost exclusively promotes
general as well as mRNA-specific poly(A) elongation.

DISCUSSION

CPEB1 is the prototypical RNA binding protein that anchors
noncanonical poly(A) polymerases to the 3′UTRs to facilitate

Polyadenylation control by FMRP and CPEB1
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cytoplasmic polyadenylation. In our quest to identify addi-
tional RNA binding proteins with a similar activity to
CPEB1, we performed double-tag GLD4 pulldowns and
mass spectrometry, which identified 27 RNA binding pro-
teins. Nearly half of these proteins are nucleus-cytoplasm
shuttling proteins, including FMRP and its paralog FXR1.
These results led us to consider whether these two proteins
regulate polyadenylation, particularly FMRP because its ab-
sence results in the Fragile X Syndrome, a neurodevelop-
mental disorder that is the most common inherited form of
intellectual impairment. The syndrome is also characterized
by speech and developmental delays, perseveration, and
autism (Hagerman et al. 2017; Richter and Zhao 2021).
FMRP is encoded by FMR1, which in humans, typically har-
bors∼50or fewerCGG triplets in the 5′UTR.However, when
these triplets expand to 200 or more, FMR1 is methylated
and transcriptionally silenced; thus, loss of FMRP drives
the disorder. Although FMRP interacts predominantly with
coding regions of mRNAs, it also associates with 3′-UTRs
(Darnell et al. 2011; Maurin et al. 2018; Li et al. 2020a),
suggesting that it could, like CPEB1, tether noncanonical
poly(A) polymerases to regulate polyadenylation.

In HEK293 cells, depletion of FMRP elicits poly(A) elon-
gation for most mRNAs, not an expected shortening that
occurs when CPEB1 is depleted (Tay and Richter 2001).
This observation suggests that FMRP does notmerely teth-
er a constitutively active poly(A) polymerase to RNA

3′UTRs, which is the case for CPEB1. In contrast, FMRP
may interfere with the activity of a polymerase directly
through protein–protein interactions, or indirectly by alter-
ing the activity or expression of other proteins that in turn
modulate polyadenylation activity. Because FMRP and
GLD4 do not regulate the poly(A) tails of the same RNAs,
FMRP likely binds other poly(A) polymerases. In any event,
the regulation of poly(A) tail length by FMRP represents a
previously little known function of the protein.

In contrast to HEK293 cells, the situation in the mouse
brain cortex is more complex in that FMRP inhibits and pro-
motes polyadenylation of specific RNAs. There are several
differences in methodologies as well as cell and tissue
type that may explain this apparent discrepancy. TAIL-seq,
which was used to assess poly(A) in FMRP-depleted
HEK293 cells and direct RNA sequencing with a nanopore
platform, which was used to determine poly(A) in Fmr1
KO mouse brain cortex, use widely divergent technologies
and base calling software. These two approaches would
likely account for at least some of the inconsistencies in
poly(A) length determination. Probably more important,
however, are the different cells/tissues that were used for
the analysis. Rapidly dividing transformed HEK293 cells in
culture are substantially different than mouse brain cortex
containing many cell types that divide slowly if at all. In ad-
dition, each cell/tissue type has a different repertoire of fac-
tors that may be dysregulated upon FMRP depletion that in
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FIGURE 3. Determination of poly(A) tail length in Fmr1 KO cortex by direct RNA sequencing using a nanopore platform. (A) Distribution of poly
(A) tail lengths of RNAs inWT and Fmr1 KO brain cortex as a fraction of total reads excludingmitochondrial RNAs. (B) Volcano plot showing RNAs
that undergo poly(A) tail size changes in WT compared to Fmr1 KO brain cortex. In red, transcripts that show differential poly(A) tail lengths of at
least 20 residues (P<0.05; two tailed t-test). (C ) Distribution of poly(A) tail lengths of differentially polyadenylated transcripts (n=736) versus frac-
tion of total reads in WT and Fmr1 KO cortex. (D) Violin plots with box plot for top differential poly(A) transcripts with P<0.05 (two tailed t-test) as
in B; reads for each transcript were pooled for the two genotypes. (E) Gene Ontology (GO) term analysis of RNAs that undergo poly(A) tail size
changes in Fmr1 KO cortext compared to WT. (F ) Volcano plot of RNAs that have altered expression levels in Fmr1 KO cortext compared to WT.
For all comparisons, 2 WT and 3 Fmr1 KO cortexes were analyzed.
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turn affects poly(A). For example, the poly(A) binding pro-
tein Pab1c is down-regulated in Fmr1 KO brain cortex
(Supplemental Fig. 2B) but not in FMRP-depletedHEK cells.
Motif analysis identified PABPC1motifs are significantly en-
riched onmRNA3'UTRswith longer poly(A) tails in Fmr1-de-
pleted HEK cells (Supplemental Fig. 3A). This protein might
stabilize poly(A) on some mRNAs, and its loss would be ex-
pected to allow exonuclease activity to shorten the tails.
Loss of FMRP from the cortex altered the expression of

only a small set ofmRNAs above or belowa 2.5-fold thresh-
old. Themost highly affected genewas Transthyretin (TTR),
which was also found to be also maximally affected upon
human FMR1 overexpression in a transgenic mouse model
(Fernández et al. 2012). In the Fmr1 KO cortex,∼1400 tran-
scripts underwent significant changes in poly(A) tail length
and, as expected, most had shorter tails. This shortening
did not correlate with mRNA expression because loss
of FMRP affected the levels of only a small set of mRNAs
(±2.5-fold) (Fig. 3). Interestingly, for transcripts where the
poly(A) shortening exceeded 20 residues, steady state tail
lengths in WT cortex averaged ∼160–200 residues com-
pared to the global average of ∼80 Å residues. Thus,
mRNAs with longer tails at steady state may be targets of
FMRP regulation as the average tail length of these tran-
scripts dropped to ∼100 residues in the Fmr1 KO cortex.
Depletion of CPEB1 from Fmr1 KOmice rescues several

pathological phenotypes associated with Fragile X

Syndrome such as memory impairment, synapse number,
and synaptic plasticity (Udagawa et al. 2013). The underly-
ing molecular mechanism(s) of this rescue is not clear, al-
though the transit rates of ribosomes may be involved
(Udagawa et al. 2013). The results presented here suggest
that poly(A) tail length, at least in principle, could be in-
volved in the rescue. Although poly(A) tail length can regu-
late the rate of translation initiation, it is unclear to what
extent it may influence polypeptide elongation (i.e., rate
of ribosome translocation). It is possible these two events
are linked, although detailed quantitative measurements
would be required to determine whether this is the case.
Even so, it is unlikely any one molecular mechanism is re-
sponsible for ameliorating Fragile X syndrome in mice es-
pecially given that 15 genetic or pharmacologic rescue
paradigms have been published (Richter et al. 2015).
Finally, there are 11 terminal nucleotidyl transferase

families encoded by the human genome (Liudkovska and
Dziembowski 2020; Yu and Kim 2020) and probably at
least 1542 RNA binding proteins (Gerstberger et al.
2014). Although not all TENTs catalyze polyadenylation
(some promote polyuridylation), their association with dif-
ferent combinations of RNA binding proteins suggests an
enormous complexity of polynucleotide addition tomRNA
3′ ends. These post-transcriptional modifications may in-
fluence mRNA translation and turnover as well as subcellu-
lar localization. Moreover, cell- or tissue-specific signaling
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FIGURE 4. TAIL-seq analysis of poly(A) tail length in cultured neurons depleted of CPEB1. (A) Distribution of poly(A) tail lengths of RNAs versus
fraction of genes in CPEB1-deficient rat hippocampal neurons as determined by TAIL-seq. (B) Distribution of poly(A) tail length versus fraction of
sequence tags in CPEB1-deficient hippocampal neurons. (C ) Box plots of median poly(A) tail distribution in biologic replicates of CPEB1-deficient
neurons (CPEB1) compared to a nonspecific siRNA control (NS1NS2) (Wilcoxon rank sum test after Bonferroni correctionmethod). (D) Scatter plot
of poly(A) tail lengths in CPEB1-depleted neurons. (E) Motif analysis of RNAs whose poly(A) tails were shortened following CPEB1 depletion. The
boxed motif contains the putative binding site for CPEB1. (F ) Distribution of poly(A) of SPARC RNA in CPEB1-deficient neurons. (G) PAT assay of
SPARC RNA performed in biologic triplicate from CPEB1-deficient neurons.
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events could result in changes in polyadenylation, For ex-
ample, cell surface receptor signaling induces CPEB1
phosphorylation that in turn promotes polyadenylation
(Mendez et al. 2000). FMRP also undergoes receptor sig-
naling-induced phosphorylation, but in this case, causes
its destruction (Huang et al. 2015), which would in turn pro-
duce alterations in polyadenylation similar to an Fmr1 KO
mouse. Therefore, RNA binding proteins in combination
with TENTs have the potential to greatly regulate gene ex-
pression in time and space.

MATERIALS AND METHODS

Tagged GLD4 immunoprecipitation and mass
spectrometry

3XFLAG-GLD4-myc sequence was subcloned from p3xFLAG-
myc CMV26 GLD4 (Burns et al. 2011) and inserted into pTRIPZ
vector using AgeI and XhoI sites. U87MG cells were transduced
with inducible pTRIPZ lentivirus expressing RFP (control) or
3XFLAG-GLD4-myc, and the expression was induced with 1 µg/
mL doxycycline for 48 h. Freshly lysed cells were incubated with
FLAG antibody conjugated Dynabeads G (Life Technologies),
washed and eluted with 3X FLAG peptides (Sigma) followed by
a second round of coimmunoprecipitation with myc antibody
conjugatedDynabeads (NEB). Affinity purified protein complexes
were electrophoresed a short distance into a nondenaturing gel.
After in-gel digest, the peptides were run on the QExactive
(Thermo Scientific) LC–MS/MS at the proteomics and mass spec-
trometry facility at the University of Massachusetts Medical
School. Data were analyzed with an intensity-based absolute
quantification method, and differential protein abundance was
calculated as fold change relative to the control using Scaffold
software (Proteome Software).

Cell and neuronal culture

U87MG human glioblastoma cells (a gift of Dr. Alonzo Ross,
University ofMassachusettsMedical School) andHEK293T human
embryonic kidney cells (ATCC) were cultured in DMEM supple-
mentedwith 10%FBS and 1% antibiotic/antimycotic compounds.
Cell transfection was performed with Lipofectamine 2000
(Invitrogen) for U87MG cells and calcium phosphate precipitation
forHEK293 cells. The cultureof primary hippocampal neuronswas
performed as described (Huang and Richter 2007) in neurobasal
media (Invitrogen) containing B27 supplement (B27 media) and
glutamine (1 µg/mL).

siRNA and shRNA depletions

Cellswere transfectedwith siRNAsbyDharmafect1 and typically in-
cubated72–96h.Oligonucleotide siRNAsequenceswere: siFMR1,
5′-GCACUAAGUUGUCUCUGAU-3′; siFXR1, 5′-CGAGCUGAGUG
AUUGGUCA-3′; siAUF1, 5′-GAUUGACGCCAGUAAGAAC-3′.
siGLD4wasON-TARGETplus SMARTpool siRNA fromDharmacon.
Lentiviral shRNAs targeting CPEB are described elsewhere (Uda-
gawa et al. 2012). The culture of primary hippocampal neurons

was performed as described (Huang and Richter 2007) in neuro-
basal media (Invitrogen) containing B27 supplement (B27 media)
and glutamine (1 µg/mL). After 14d, hippocampal neuronswere in-
fectedwith lentivirus expressing shRNA against CPEB and nonspe-
cific shRNA as a control. All oligonucleotide seqences are provided
in the Supplemental Information except GLD4 and CPEB1, which
were ON-TARGET plus SMARTpool siRNAs from Dharmacon.

Coimmunoprecipitation

Cells were cotransfected with cDNAs encoding FLAG-GLD4 and/
or GFP-CPEB1. Twenty-four hours later, the cells were lysed with
lysis buffer (25 mM Hepes pH 7.4, 150 mM NaCl, 0.5% Triton
X-100, 10% glycerol, 1 mM DTT, 1 mM MgCl2) supplemented
with protease (Roche) and phosphatase (Calbiochem) inhibitors.
Cell lysates were subjected to coimmunoprecipitation either
with or without RNase A (50 µg/mL, Sigma-Aldrich) overnight at
4°C, and the eluate was used for western blot analysis to confirm
the interaction.

For other experiments, HEK cells were washed 100 µg/mL cy-
cloheximide (CHX) containing phosphate-buffered saline (PBS)
and then lysed in lysis buffer [20 mM Tris-HCl pH 7.5, 5 mM
MgCl2, 100mMKCl, 1 mMDTT, 100 µg/mL CHX, EDTA-free pro-
tease inhibitor complex, 1% Triton X-100(v/v)]. The lysates were
pipetted and titurated through a 25G needle. The lysates were
centrifuged at 4°C for 10 min at 14,000g. The supernatant was
precleared with Dynabeads Protein G (Invitrogen) and incubated
with FMRP antibody (Abcam, ab17722), and normal rabbit IgG as
a negative control. The Dynabeads were added to RNA–protein–
antibody complexes and the RNA–protein complexes were elut-
ed with TRIzol. FMRP coimmunoprecipitated RNAs were mea-
sured by RT-qPCR with GAPDH as the RNA standard.

Western blotting

Immunoblotting was performed with antibodies against FLAG
(Sigma), GAPDH (Cell Signaling), GFP (Abcam), FMRP (Abcam),
SYMPLEKIN (BD), eIF4E (BD), AUF1 (a gift of Dr. Gary Brewer,
Rutgers University), FXR1 (Bethyl), SERBP1 (Bethyl), G3BP1
(Bethyl), and HuR (Bethyl). Band intensity was quantified using
ImageJ densitometry software.

TAIL-seq

The culture of primary hippocampal neurons was performed as
described (Huang and Richter 2007) in neurobasal media
(Invitrogen) containing B27 supplement (B27 media) and gluta-
mine (1 µg/mL). After 14 d, hippocampal neurons were infected
with lentivirus expressing shRNA against CPEB and nonspecific
shRNA as a control. After 4 d of infection, cells were harvested
and total RNA was extracted. TAIL-seq libraries were prepared,
sequenced and analyzed as described (Chang et al. 2014). All
TAIL-seq data were assessed in biologic duplicate.

PAT assays

RNA ligation-mediated polyadenylation assays (RL-PAT) were
performed as described elsewhere (Yamagishi et al. 2016). In
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brief, 2–10 µg of total RNA was ligated to 5′ phosphorylated an-
chor primer by T4 RNA ligase 1 (NEB). The ligated RNAs were
used for a reverse transcriptase reaction using anti-anchor primer
and Superscript III. A total of 1–2 µL of cDNAs were amplified us-
ing a gene-specific forward primer and a universal anchor anti-
sense reverse primer. PCR products were separated in 2%
agarose gel to detect poly(A) tail length. All the oligonucleotide
sequences used for RL-PAT assay are in Supplemental File 2.

Motif enrichment analysis

The top 100 RNAs whose poly(A) tails were regulated upon Fmr1
depletion as assessed by TAIL-seq were analyzed using HOMER
motif analysis (http://homer.ucsd.edu/homer/motif/). The
3′-UTR sequences and coding sequences for these RNAswere ex-
tracted and deposited into a fasta format using ENSEMBL
BioMart (https://m.ensembl.org/info/data/biomart/index.html).
Coding sequences were used as background for the comparison.

Nanopore direct RNA sequencing and sequencing
and analysis

RNA was sequenced directly using a Nanopore PromethION in-
strument. Poly(A) RNA was isolated from mouse brain cortex
(WT and Fmr1 KO, both C57BL/6J) using µMACS mRNA
Isolation kit (130-075-101). Five hundred nanograms was used
for library preparation for direct RNA sequencing with SQK-
RNA002 kit (Oxford Nanopore). Sequencing was performed
using PromethION with the FLO_PRO002 flow cell (Oxford
Nanopore). Base calling of the Fast5 data outputs from
PromethIONwas performed using Guppy (v4.0.11) and then con-
verted into Fastq files. Reads were aligned to the referencemouse
transcriptome mm10 (Ensembl) using Minimap2 (v2.17) with the
following flags: “-ax map-ont -N 100”, and only primary align-
ments were kept. Sorting and indexing of reads were performed
using Samtools (v1.9). Poly(A) length estimation was performed
using Nanopolish (v0.13.2) using the default setting. Transcripts
with less than 10 reads per condition were filtered out. t-tests
were used on average poly(A) length in each sample to identify
statistically significant genotype-dependent poly(A) length
changes of at least 20 residues (P<0.05). Isoform quantification
was performed using Salmon (v1.5.2) in alignment-based mode
and differential isoform expression was performed using
DESEQ2. Nanopore sequencing was performed with biologic
triplicates.

DATA DEPOSITION

The Gene Expression Omnibus (GEO) accession number for the
data reported in this paper is GSE 188840.
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Supplemental material is available for this article.
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What are the major results described in your paper
and how do they impact this branch of the field?

FMRP (fragile X mental retardation protein) is an RNA binding pro-
tein essential for normal cognitive development. My colleagues at
UMass Med School found it interacts with the cytoplasmic poly(A)
polymerase GLD4. Loss of FMRP in HEK293 cells in their experi-
ments led to overall poly(A) lengthening. Using direct RNA nano-
pore sequencing to quantify tail length, my analysis showed that in
the cortex of FMRP knockout mice, mRNAs had both longer and
shorter tails, suggesting that FMRP has an additional previously
unappreciated role in poly(A) tail dynamics.

What led you to study RNA or this aspect of RNA science?

While working on circadian transcriptomes in collaboration with
the lab of Dr. Yutaka Suzuki, I realized that direct RNA sequencing
could fairly accurately determine poly(A) tail length in intact
mRNAs without any processing. Therefore, we approached the
Richter lab to use the FMRP study as a test bed.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

FMRP knockdown experiments in HEK cells revealed that the pro-
tein primarily played a role in poly(A) tail lengthening (using TAIL-
seq, an alternative method for tail length determination).

Surprisingly, in the mouse cortex, FMRP deletion revealed a regu-
latory role in tail length determination, with some mRNAs gaining
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ademia, with an incredible amount of knowledge generated by re-
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changed my view of science, and my career plans with it.

From these experiences, I feel I want to follow the path of science
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freedom that a PhD offers, to develop my critical thinking skills in
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have a more direct and concrete impact on people’s lives by put-
ting these skills to use in R&D.

I feel that I have taken full advantage of the scientific freedom that
an academic environment offers to grow and mature as a scientist.
I am now turning to the second stage of my career plan: apply
these skills to the benefit of the community. In this regard, I think
nanopore tech will serve this purpose greatly as I would like to find
game-changing applications.

What were the strongest aspects of your collaboration
as co-first authors?

Each one of us brought a different set of skills to interrogate the
same scientific problem, and the net result is that we have identi-
fied a previously unknown regulatory role for FMRP. This publica-
tion for me is the best illustration of how collaboration takes
science up to the next level. Each of us had an area of expertise
that allowed us to work efficiently on the problem, and we
were helped along by experience of the conductors, Dr.
Padmanabhan and Dr. Richter.
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