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ABSTRACT Fragile X syndrome (FXS) caused by loss of fragile X mental retardation
protein (FMRP), is the most common cause of inherited intellectual disability. Numer-
ous studies show that FMRP is an RNA binding protein that regulates translation of
its binding targets and plays key roles in neuronal functions. However, the regula-
tory mechanism for FMRP expression is incompletely understood. Conflicting results
regarding internal ribosome entry site (IRES)-mediated fmr1 translation have been re-
ported. Here, we unambiguously demonstrate that the fmri gene, which encodes
FMRP, exploits both IRES-mediated translation and canonical cap-dependent transla-
tion. Furthermore, we find that heterogeneous nuclear ribonucleoprotein Q (hnRNP
Q) acts as an IRES-transacting factor (ITAF) for IRES-mediated fmr1 translation in neu-
rons. We also show that semaphorin 3A (Sema3A)-induced axonal growth cone col-
lapse is due to upregulation of hnRNP Q and subsequent IRES-mediated expression
of FMRP. These data elucidate the regulatory mechanism of FMRP expression and its
role in axonal growth cone collapse.
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ragile X syndrome (FXS) due to the absence of fragile X mental retardation protein

(FMRP) is the most common inherited neurological disorder that causes intellectual
disability, as well as autism (1-3). Healthy individuals have around 30 repeats of CGG in
the 5’ untranslated region (UTR) of the fragile X mental retardation 1 gene (fmrl);
however, patients with FXS have extensive expansion of the CGG repeats (>200
repeats), leading to hypermethylation (4-6). This results in transcriptional inhibition of
the fmr1 gene, which subsequently leads to an absence of FMRP. Functionally, FMRP is
an RNA binding protein that regulates the translation of its target mRNA and is
ubiquitously present in the brain (7-10). In fmr1 knockout (KO) mice and FXS patients,
an absence of FMRP impairs synaptic responses because its target mRNAs involved in
controlling synaptic functions or structure are abnormally translated (2, 11, 12). Thus, a
large number of studies have investigated the roles of FMRP in the brain; however, the
regulatory mechanism of FMRP expression itself has been mostly unexplored.

During the translation of mRNA transcripts, the existence of cap structure at the 5’
end is known to be very important in recruiting ribosomes. In the traditional cap-
dependent translation, the 40S ribosomal subunit is recruited to the 5’ cap structure of
mRNA. The 40S subunit scans down in a 5'-to-3’ direction until the start codon is
recognized, at which time the joining of large subunits (60S) occurs and protein
synthesis begins (13-15). Cap-independent translation may use an internal ribosome
entry site (IRES) to recruit ribosomes internally to the mRNA rather than at the 5’ end.
IRES-mediated translation does not require a 5’ cap structure (16-20). It has been
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reported that about 10% of the human 5’ UTR contains IRES elements (21), suggesting
that IRES-mediated translation plays key roles in protein synthesis.

As reported previously, these IRES elements are greatly affected by the presence of
certain RNA binding proteins, also known as IRES-transacting factors (ITAFs) (22, 23).
These ITAFs may enhance or suppress IRES-mediated translation through mechanisms
that still remain unclear. Heterogeneous nuclear ribonucleoproteins (hnRNPs) are a
group of RNA binding proteins that participate in fundamental cellular regulation,
including RNA metabolism. Many of these heterogeneous nuclear ribonucleoproteins
have also been found to function as ITAFs (20, 24-26). hnRNP Q, also known as
SYNCRIP, is an AU-rich RNA binding protein that has multiple functions in RNA
metabolism, such as pre-mRNA splicing, mRNA editing, and mRNA translation (27).
Many earlier reports also confirmed its role in regulating IRES-mediated translation of
cellular mRNA (24, 26, 28-32).

In neuron development, the axonal growth cone of a neuron travels over great
distances to form a connection with a target, such as a dendritic spine of another
neuron. In the midst of the process, the growth cone of a neuron can either collapse
or extend in response to axonal guidance cues (33, 34). This event of growth cone
collapse or extension is necessary in neuronal development, as it allows the neuron to
make a proper connection with the correct target. Semaphorins are a family of
membrane-bound proteins that function as axonal guidance cues in the brain (33,
35-37). More specifically, semaphorin 3A (Sema3A) is an axonal guidance protein that
induces growth cone collapse through its activity as a neuronal repellant.

The translational mechanism behind the translation of fmr7 mRNA became a
controversial issue recently. Two previous studies reported that fmr1 exploits IRES-
mediated translation (38, 39). Using bicistronic vectors, the authors found an element
that function as an IRES upstream of CGG repeats. On the other hand, another report
showed a conflicting result in which FMRP was expressed only in a cap-dependent
manner (40). The authors utilized hairpin insertion at the beginning of the 5’ UTR of
fmr1 mRNA to block the cap-dependent translation but were not able to detect any
sign of cap-independent translation. Here, we elucidate that fmr7 translation uses both
cap-dependent and cap-independent mechanisms. Furthermore, we identify an ITAF
for IRES-mediated fmr1 translation that plays a key role in Sema3A-induced axonal
growth cone collapse. Our work provides insights into the regulatory mechanism of
FMRP expression and its physiological contribution during axon development.

RESULTS

FMRP expression utilizes IRES-mediated translation. Previous reports showed
that the 5" UTR of human fmr1 contains a pyrimidine-rich region that is required for
IRES-mediated translation (38, 39); however, Ludwig et al. (40) also claimed that fmr1
translation does not utilize IRES-mediated translation and uses only a cap-dependent
ribosome scanning mechanism. To clarify this discrepancy and to test whether the fmr1
5’ UTR contains IRES activity, we constructed a bicistronic reporter system that can
distinguish cap-dependent expression (renilla luciferase [RLUC]) from cap-independent
expression (firefly luciferase [FLUC]) (30). The cytomegalovirus (CMV) promoter drives
the transcription of a transcript that encodes RLUC and FLUC; however, translation of
FLUC depends on the IRES activity of the sequences inserted upstream of the FLUC
coding region. The full-length 5’ UTR of the mouse fmr1 gene was inserted between the
stop codon of RLUC and the start codon of FLUC. The reverse form of the mouse fmr1
gene was used as a negative control, while the encephalomyocarditis virus (EMCV)
gene was used as a positive control (41). The result showed that the activity of FLUC,
which is normalized by the activity of RLUC, was significantly higher with the 5’ UTR of
fmr1 than with the reverse form of the 5" UTR of fmr1. Also, the activity of FLUC with
the 5" UTR of fmr1 showed strength similar to that of the activity of FLUC with the 5’
UTR of EMCV, which is known to have cap-independent translation (Fig. 1A). We also
confirmed this result with vectors that contained a simian virus 40 (SV40) promoter. The
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FIG 1 IRES-mediated fmr1 translation generates FMRP. (A) Neuro2A cells were transfected (24 h) with the following expression vector: pRF containing
a reverse form of the fmr1 5" UTR, the 5’ UTR of encephalomyocarditis virus (EMCV), and the 5" UTR of fmr1. With the lysate of transfected cells, firefly
and renilla luciferase activities were measured using dual-luciferase assays. The activity of FLUC was normalized by the activity of RLUC. The table
contains representative raw data that were obtained using a luminometer (MicroLumatPlus). *, P < 0.001; n = 5 independent experiments. The values
represent means and standard errors of the mean (SEM), and statistical significance was tested by one-way ANOVA followed by a Bonferroni post hoc
test. (B) Neuro2A cells were transfected with either a pRF expression vector that contained a reverse form of the fmr1 5’ UTR or the regular form of
the fmr1 5" UTR (24 h) after negative control (si-Con) or si-RPS25 transfection (24 h). Dual-luciferase analyses were performed, and cell lysates were
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result showed the highest activity of FLUC with the 5" UTR of fmr1 (see Fig. S1A in the
supplemental material).

To confirm whether the increase in the activity of FLUC with the 5" UTR of fmr7 was
due to the IRES, we measured the activity of FLUC with the 5’ UTR of fmr1 after
impairing IRES translation. RPS25 is an essential ribosomal protein that participates in
the IRES-mediated translation of both Saccharomyces cerevisiae and mammalian, but
not canonical, cap-dependent translation (42). By performing a knockdown of RPS25,
we were able to create an environment where IRES-mediated translation was impaired.
When we measured the activity of FLUC with the 5" UTR of fmr1 after the knockdown
of RPS25, the activity of FLUC was significantly reduced compared to that of the control
(Fig. 1B). This result may show the existence of an IRES in the 5" UTR of fmrl.

To confirm the cap independence of translation in the 5" UTR of fmr1, we used a
monocistronic vector with an ApppG analog. The 5" UTR of fmr1 was inserted between
the ApppG analog and the start codon of FLUC. When we measured the FLUC activity
of the mRNA transcript with the 5" UTR of fmr1 and the ApppG analog, the activity was
significantly higher than that of the mock vector (see Fig. S1B). Also, we compared the
FLUC activity of ApppG capped mRNA transcript with the 5" UTR of fmr1 to the FLUC
activity of m’GpppG mRNA transcript with the 5" UTR of fmr1, which represents total
translational activity. The FLUC activity of the ApppG capped mRNA transcript with the
5" UTR of fmr1 maintained about 30% of the FLUC activity of the m’GpppG capped
mRNA transcript (see Fig. S1Q).

In addition to IRES-mediated translation, synthesis of FLUC can be established by a
cryptic promoter or ribosome reinitiation. To exclude these possibilities, we deleted the
CMV promoter from one bicistronic reporter vector that contained the fmr7 5’ UTR
(ACMV_5'UTR) and inserted hairpin loops upstream of RLUC into another bicistronic
reporter vector (pHRF_5'UTR) (Fig. 1C). We first measured the RLUC value, which was
normalized by the B-galactosidase (B-Gal) level, to see the level of cap-dependent
translation. The result showed no difference between the control vector (pRF) and the
vector that contained the 5’ UTR of fmr1 (5’ UTR).The vector without a CMV promoter
(ACMV_5'UTR) expressed no RLUC. Next, to assess IRES-mediated translation, we
measured FLUC activity. A significantly higher level of FLUC activity was detected from
the vector containing the fmr1 5’ UTR than from the control (pRF) (Fig. 1C). Moreover,
the insertion of hairpin loops reduced the activities of RLUC but not the activities of
FLUC, which were generated by the fmr1 5" UTR. These data suggest that FLUC
activities were not driven by ribosome reinitiation but by the IRES element in the 5’ UTR
of fmr1. Although significantly reduced, FLUC activity without a CMV promoter was still
detected at about 25%, suggesting the presence of a cryptic promoter in the fmr1 5’
UTR (Fig. 1C). We repeated this experiment with the Cos-7 cell line, which is known to
contain low cryptic promoter activity (see Fig. S2A in the supplemental material) (43).
Even in the Cos-7 cell line, the activity of FLUC without a CMV promoter was still
detected at about 20% (see Fig. S2A). Through Northern blotting, we confirmed that
expected mRNA species of 3 plasmids (5" UTR, ACMV_5'UTR, and pHRF_5'UTR) were
detected as a clear band with the expected size, and the mRNA of ACMV_5'UTR was
smaller than the others, which indicated the activity of a cryptic promoter (see Fig. S2B).

FIG 1 Legend (Continued)

subjected to Western blotting, which was further analyzed using anti-RPS25 antibodies. GAPDH was used as a loading control. The table contains
representative raw data that were obtained using a luminometer (MicroLumatPlus). *, P < 0.05; n = 4 independent experiments. The values represent
means and SEM, and statistical significance was tested by two-way ANOVA followed by a Bonferroni post hoc test. (C) Dual-luciferase assays were
performed using cells that were transfected with pCMV-B-gal, pRF (the backbone of the bicistronic reporter system), pRF containing the 5" UTR of
fmr1 (5'UTR), pRF containing the 5" UTR but lacking a CMV promoter (ACMV_5"UTR), and pRF containing the 5’ UTR and hairpin structure upstream
of RLUC. FLUC and RLUC activities were normalized to the B-galactosidase activity. *, P < 0.001; n = 5 independent experiments. The values represent
means and SEM, and statistical significance was tested by one-way ANOVA followed by a Bonferroni post hoc test. (D) IRES activity was measured using
mRNA transcripts of reporters with deletions (A1-50, A1-65, A1-110, or A51-65) or mutations (MUT). The capped bicistronic mRNA reporters were
transfected into Neuro2A cells and incubated for 6 h. With the lysate of transfected cells, firefly and renilla luciferase activities were measured using
dual-luciferase assays. The table contains representative raw data that were obtained using a luminometer (MicroLumatPlus). The ratio for the reverse
form of the fmr1 5’ UTR vector was set to 1. m’G, 7-methyl-guanosine. **, P < 0.01; *, P < 0.05; n = 4 independent experiments. The values shown
are means and SEM, and statistical significance was tested by one-way ANOVA followed by a Bonferroni post hoc test.
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We also confirmed the location of this cryptic promoter by inserting serially deleted
constructs of the fmr1 5" UTR (A1-50, A1-65, and A1-110) between RLUC and FLUC in
a promoterless bicistronic plasmid (see Fig. S2C).

There was significant reduction in the FLUC activity of the fmr7 5’ UTR with A1-50
and with A1-65, which indicated the presence of a cryptic promoter in the sequence
from positions 1 to 65 (see Fig. S2C). Next, to identify the critical RNA domain for IRES
activity in the 5’ UTR of fmr1, we aligned sequences of the fmr1 5’ UTR to see if there
were any conserved sequences among different species (see Fig. S3A in the supple-
mental material). The sequence from positions 51 to 65 (>'TTTCGGTTTCACTTC®3) was
pyrimidine rich and well conserved among different species, which may illustrate its
importance as a critical RNA domain. To confirm the importance of the sequence, we
generated deletions (A1-50, A1-65, A1-110, and A51-65) and mutations (°>'AAAGCCAA
AGTGAAG®?) in the conserved pyrimidine-rich domain to purine rich (Fig. 1D). We then
in vitro transcribed these constructs, which were confirmed as homogeneous products
of the expected size (see Fig. S3B). Through mRNA transfection and luciferase assay, we
measured the activity of FLUC in different mRNA transcripts (Fig. 1D). The FLUC activity
of the fmr1 5’ UTR with deletions (A51-65) or mutations (MUT) in the pyrimidine-rich
domain was decreased significantly compared to that of the original the fmr1 5" UTR.
This may indicate that the conserved pyrimidine-rich sequences from positions 51 to 65
of the fmr1 5’ UTR are critical for the IRES activity of the fmr1 5" UTR. We also checked
whether the same pyrimidine sequences have any importance in the structure of the
fmr1 5’ UTR. We predicted the structure of the fmr1 5’ UTR, the structure of its deleted
form, and the structure of its mutated form using the mfold program (http://unafold
.rna.albany.edu/?q=mfold) (see Fig. S3C). We found that the 5" UTR of fmr1 showed a
region that contained two consecutive small loops next to a conserved pyrimidine-rich
domain. When the pyrimidine-rich sequence (positions 51 to 65) was either deleted or
mutated, the two small loops were lost from the structure (see Fig. S3C). This may
indicate the importance of pyrimidine-rich sequences to structure, but further studies
must be performed to confirm its effect on structure.

hnRNP Q binds to the fmr1 5’ UTR. ITAFs regulate IRES activity by controlling
ribosome recruitment to the IRES element. Since our previous work showed that hnRNP
Q plays a role as an ITAF for IRES-mediated translation of AANAT, periodl, and p53
(29-31), we tested if hnRNP Q also acts as an ITAF for IRES-mediated fmr1 translation.
Additionally, since polypyrimidine tract binding protein (PTB) has been proposed as a
possible ITAF for IRES-mediated fmr1 translation (38), we tested if PTB binds to the 5’
UTR of fmrl. To this end, we labeled the 5" UTR RNA of fmr1 with biotin, performed a
pulldown experiment using streptavidin beads, and then tested for the presence of
hnRNP Q and PTB in the pulled-down protein. As a negative control for hnRNP Q and
a positive control for PTB, we used the 5" UTR of cryl. A previous report showed that
the 5’ UTR of cryT strongly binds with PTB and weakly binds with hnRNP Q (44). Figure
2A shows that hnRNP Q indeed binds to the biotinylated 5’ UTR of fmr1. In the case of
PTB, it did not interact with the 5’ UTR of fmr1 but only with the 5" UTR of cry 1, which
suggests that PTB is not an ITAF for fmr1 translation (Fig. 2A).

Having demonstrated that hnRNP Q binds to the 5" UTR of fmr1, we next tested
whether the conserved pyrimidine nucleotides of fmr1 are important for this interac-
tion. We added the conserved pyrimidine nucleotides (>"UUUCGGUUUCACUUC®?) with-
out biotinylation to the assay mixture (nonbiotinylated nucleotides [nt] 51 to 65). We
found that the addition of nonbiotinylated nt 51 to 65 diminished the interaction
between the 5" UTR of fmr1 and hnRNP Q in a dose-dependent manner (Fig. 2B),
suggesting that the conserved pyrimidine tract likely mediates interaction between the
5" UTR of fmr1 and hnRNP Q. We also performed the same experiments with a mutated
form of conserved pyrimidine nucleotides (°"AAAGCCAAAGUGAAGS>). The interaction
between hnRNP Q and the 5’ UTR of fmr1 did not diminish even when the level of
mutated pyrimidine sequences was increased (see Fig. S4A in the supplemental ma-
terial). To further verify the importance of the pyrimidine tract, we generated glutathi-
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FIG 2 hnRNP Q is an ITAF required for IRES-mediated fmr1 translation. (A to D) A streptavidin-biotin RNA affinity purification assay with

Neuro2A cell extracts was used to examine if hnRNP Q binds to the biotinylated fmr1 5" UTR. Biotinylated RNAs were incubated (12 h) at 4°C
and pulled down using streptavidin. The pulled-down proteins were subjected to Western blotting. The asterisk indicates a nonspecific band.
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one S-transferase (GST)-tagged hnRNP Q (GST-hnRNP Q) and examined its ability to
interact with biotinylated pyrimidine nucleotides from the 5’ UTR of fmr1 (biotinylated
nt 51 to 65). Figure 2C shows that hnRNP Q can directly interact with the pyrimidine
nucleotides. Furthermore, we found that interaction between hnRNP Q and the 5" UTR
of fmr1 was diminished when the pyrimidine-rich region was either deleted (A51-65) or
mutated (Fig. 2D), confirming that the pyrimidine-rich region contributes to hnRNP Q
binding to the 5" UTR of fmr1 (Fig. 2D).

hnRNP Q regulates FMRP expression. Next, we examined if hnRNP Q regulates
IRES activity in the 5" UTR of fmrl. First, we reduced hnRNP Q using small interfering
RNA (siRNA) against hnRNP Q (si-hnRNP Q) in cells containing the bicistronic reporter
system. We found that hnRNP Q and FMRP were reduced but the amount of fmri
transcript was not altered (Fig. 2E and F). Interestingly, knockdown of hnRNP Q
significantly reduced the IRES activity of the fmr1 5 UTR (Fig. 2G; see Fig. S4B),
suggesting the necessity of hnRNP Q for IRES activity of the fmr1 5’ UTR. However, since
IRES activity was not completely eliminated in these cells, either a small amount of
hnRNP Q may be sufficient to activate IRES-mediated translation or other ITAFs may
exist. To clarify this question, we generated the Neuro2A cell line with knockout of
hnRNP Q using the CRISPR (clustered regularly interspaced short palindromic repeat)-
Cas9 system (Fig. 2H). This cell line with an edited genome showed complete eradica-
tion of hnRNP Q and significant reduction in FMRP levels (Fig. 21 and J). Since complete
deletion of hnRNP Q did not eliminate, but rather reduced, FMRP, this further suggests
that fmr1 contains a cryptic promoter and that the translation of fmr7 may be depen-
dent on another translation mechanism or other ITAFs. To examine the presence of
other ITAFs, we measured the IRES activity of the fmr7 5’ UTR in hnRNP Q knockout cells
using the bicistronic reporter system. We found that knockout of hnRNP Q reduced IRES
activity in the 5’ UTR of fmr1 (Fig. 2K; see Fig. S4C), indicating that hnRNP Q is not the
only ITAF required for fmr1 translation by the IRES mechanism. We then examined if
overexpression of hnRNP Q restores IRES-mediated fmr1 translation in hnRNP Q knock-
out cells (Fig. 2L). The knockout cell lines overexpressing GFP-hnRNP Q increased FMRP
expression, as well as IRES activity, in the fmr1 5" UTR (Fig. 2M and N; see Fig. S4Q). In
contrast, the mutated fm7 5’ UTR with a purine-rich domain instead of a pyrimidine-
dominant region (nt 51 to 65) still showed reduced IRES activity (Fig. 2N). Together,
these results confirm that hnRNP Q functions as an ITAF that is required for IRES-
mediated fmr1 translation.

FIG 2 Legend (Continued)

(A) The 5" UTR of cryT was used as a negative control for hnRNP Q and as a positive control for PTB. (B) Biotinylated fmr1 5" UTR was incubated
(12 h) at 4°C with cell lysates in the presence of 15 nonbiotinylated pyrimidine-rich nucleotides (>"UUUCGGUUUCACUUC®®) with different
concentrations (5 uM, 10 uM, and 15 uM) and pulled down with streptavidin. (C) Different amounts of 15 biotinylated pyrimidine-rich
nucleotides (5 uM, 10 uM, and 15 wM) were incubated (12 h) at 4°C with GST or GST-hnRNP Q. (D) Either biotinylated fmr1 5" UTR, biotinylated
fmr1 5" UTR with deletions (A51-65), or biotinylated fmr1 5’ UTR with mutations (Fig. 1D) was incubated (12 h) at 4°C with GST or GST-hnRNP
Q. (E) Neuro2A cells were transfected with either si-Con or si-hnRNP Q. The cell lysates were subjected to Western blotting, which was further
analyzed. GAPDH was used as a loading control. The level of FMRP was normalized to that of GAPDH. *, P < 0.05; n =5 independent
experiments. The values shown are means and SEM, and statistical significance was tested by t test. (F) Real-time quantitative PCR was
performed with cell lysates shown in panel E. The level of fmr1 mRNA transcript was normalized to that of TBP mRNA transcript. n = 3
independent experiments. The values shown are means and SEM, and statistical significance was tested by t test. ns, not significant. (G) A
dual-luciferase assay was performed with Neuro2A cells that were transfected with either pRF fmr1 5’ UTR or pRF fmr1 5’ UTR with mutations
(24 h) after si-Con or si-hnRNP Q transfection (24 h). The activity of FLUC was normalized by the activity of RLUC. *, P < 0.05; n = 5 independent
experiments. The values shown are means and SEM, and statistical significance was measured by two-way ANOVA followed by a Bonferroni
post hoc test. (H) CRISPR/Cas9 was used to knock out the hnRNP Q locus on mouse chromosome 9. Arrowheads show the expected cleavage
sites. (1) Cell lysates from the wild-type Neuro2A cell line and the hnRNP Q KO cell line were subjected to Western blotting. GAPDH was used
as a loading control. (J) Quantification data from panel I. *, P < 0.005; n = 3 independent experiments. The values shown are means and SEM,
and statistical significance was tested by t test. (K) A dual-luciferase assay was performed with both the Neuro2A cell line and the hnRNP Q
KO cell line, which were transfected with either pRF fmr1 5" UTR or pRF fmr1 5’ UTR with mutations (24 h). The activity of FLUC was normalized
by the activity of RLUC. *, P < 0.01; n = 3 independent experiments. The values shown are means and SEM, and statistical significance was
tested by two-way ANOVA followed by a Bonferroni post hoc test. (L) hnRNP Q KO cells were transfected with either GFP or GFP-hnRNP Q vector.
The cell lysates were subjected to Western blotting. GAPDH was used as a loading control. (M) Quantification data from panel L. *, P < 0.05;
n = 4 independent experiments. The values shown are means and SEM, and statistical significance was tested by t test. (N) A dual-luciferase
assay was performed with hnRNP Q KO cells that were transfected with either pRF fmr1 5" UTR or pRF fmr1 5" UTR with mutations (24 h) after
GFP or GFP-hnRNP Q transfection (24 h). The activity of FLUC was normalized by the activity of RLUC. *, P < 0.05; n = 4 independent
experiments. The values shown are means and SEM, and statistical significance was tested by two-way ANOVA followed by a Bonferroni post
hoc test.
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FMRP expression uses both cap-dependent and cap-independent translation.
We demonstrated that FMRP expression utilizes IRES-mediated translation, but there
was still a possibility that FMRP uses a cap-dependent expression mechanism (Fig. 2J).
Moreover, conflicting results were reported regarding the mechanism of fmr1 transla-
tion (39, 40). Thus, to investigate if FMRP expression also uses cap-dependent transla-
tion, we treated Neuro2A cells with an inhibitor of mTOR, RAD0O1. 4E-BP represses
mRNA translation, but phosphorylation of 4E-BP by mTOR dissociates 4E-BP from the
cap-binding complex to enable mRNA translation to occur (45). Thus, RAD0O1 treat-
ment prevents canonical cap-dependent translation through inhibition of mTOR, which
blocks phosphorylation of 4E-BPs (46). Neuro2A cells incubated with RAD001 showed
no change in FMRP expression, but there was a reduction in phosphorylation of 4E-BP
(Fig. 3A and B). Cycloheximide (CHX), which blocks translation elongation, reduced
FMRP but not phospho-4E-BP (Fig. 3A and B), since phospho-4E-BP is more stable than
FMRP during the period of CHX treatment. GAPDH (glyceraldehyde-3-phosphate de-
hydrogenase) was used as a loading control, because it has a long half-life. We also
reduced eukaryotic initiation factor 4E (elF-4E) by using siRNA. The cells containing
elF-4E siRNAs showed a decrease in p21 levels, which are known to depend on
elF-4E-dependent translation, but the FMRP level was not altered (Fig. 3C and D).
Together, these results support the idea that the 5" UTR of fmr1 has an IRES mechanism,
consistent with the results shown in Fig. 1 and 2. However, elF-4E siRNAs might not
have been fully effective in blocking cap-dependent translation, since a significant
amount of p21 was still expressed. To further confirm that fmr1 indeed uses both
cap-dependent and cap-independent translation, we then treated hnRNP Q knockout
cells with RAD001. hnRNP Q knockout cells treated with dimethyl sulfoxide (DMSO)
showed almost 50% reduction of the FMRP level, consistent with the result shown in
Fig. 2J. However, RAD0O1 treatment further decreased the FMRP level, suggesting that
FMRP expression is regulated by cap-dependent translation, as well (Fig. 3E and F). The
expression level of p21 showed no difference in DMSO-treated cells, while it showed a
reduction in RADOO1-treated cells (Fig. 3E and F).

Sema3A upregulates hnRNP Q, followed by IRES-mediated fmr1 translation.
Next, we set out to understand the physiological significance of hnRNP Q- and
IRES-mediated fmr1 translation. Knockout of fmr1 in primary hippocampal neurons had
been shown to diminish Sema3A-induced axonal growth cone collapse (36), but the
underlying mechanism was still incompletely understood. We proposed that Sema3A
(250 ng/ml; 30 min)-induced growth cone collapse was due to upregulation of hnRNP
Q, followed by IRES-mediated fmr1 translation in neurons (34). To test this hypothesis,
we first examined whether Sema3A treatment increases hnRNP Q synthesis in primary
hippocampal neurons. To this end, we used a fluorescent noncanonical amino acid-
tagging proximity ligation assay (FUNCAT-PLA) that enables visualization of newly
synthesized protein in situ. After treating neurons with Sema3A, newly synthesized
hnRNP Qs were detected by proximity ligation following coincident detection of hnRNP
Q antibody and biotin antibody in neurons that had taken up azidohomoalanine (AHA)
(Fig. 4A). AHA is an amino acid analog of methionine that can be labeled by biotin. No
newly synthesized hnRNP Q protein was detected in the control neurons containing
methionine instead of AHA or in neurons treated with anisomycin, a translation
inhibitor (Fig. 4A). These results show upregulation of the hnRNP Q level in hippocam-
pal primary neurons by Sema3A treatment. We then used the same method to detect
newly synthesized FMRP in neurons treated with Sema3A. FMRPs were clearly seen in
the primary neurons compared to the control and anisomycin-treated neurons (Fig. 4B).
Together, these results indicated that Sema3A treatment indeed increases expression
of hnRNP Q and FMRP in hippocampal primary neurons. We next examined whether
IRES-mediated fmr1 translation was responsible for the newly synthesized FMRP after
Sema3A treatment. To this end, we generated a modified bicistronic reporter system
that replaced RLUC and FLUC with mCherry and Flag, respectively. Then, the 5’ UTR of
fmr1 was inserted in front of Flag. Using FUNCAT-PLA, we detected the newly synthe-
sized Flag peptide only after treating neurons with Sema3A. The control and
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FIG 3 FMRP expression is significantly reduced in hnRNP Q knockout cells treated with RAD0O1. (A) Neuro2A cells
were treated with either dimethyl sulfoxide (DMSO), RAD0O01, or cycloheximide and incubated for 24 h. The lysates
from the cells were then subjected to Western blotting. GAPDH was used as a loading control. (B) Quantification
data from panel A produced with Prism from GraphPad. The protein level of FMRP was normalized by GAPDH. *,
P < 0.001; n = 4. The values shown are means and SEM and were tested for statistical significance by one-way
ANOVA followed by a Bonferroni post hoc test. (C) Neuro2A cells were transfected with either si-Con or si-elF-4E for
48 h. The lysates from the cells were used for Western blotting. GAPDH was used as a control. (D) Quantification
data from panel C obtained with Prism from GraphPad. The protein levels of FMRP and p-21 were normalized by
GAPDH. *, P < 0.05; ns, not significant; n = 4. The values shown are means and SEM and were tested for statistical
significance by t test. (E) Wild-type Neuro2A and hnRNP Q KO cell lines were treated with either DMSO or RAD001
for 24 h. The cells were harvested, and the lysates were subjected to Western blotting. GAPDH was used as a
loading control. (F) Quantification data from panel E obtained with Prism from GraphPad. The protein levels of
FMRP and p-21 were normalized by GAPDH. *, P < 0.05; **, P < 0.001; n = 4. The values shown are means and SEM
and were tested for statistical significance by one-way ANOVA followed by a Bonferroni post hoc test.

anisomycin-treated cells generated no newly synthesized Flag (Fig. 4C). When we
substituted the 5" UTR of fmr1 for the 5’ UTR of fmr1 with deletions (A51-65), no newly
synthesized Flag peptide was observed, even after treatment with Sema3A (see Fig. S5A
in the supplemental material). Together, these results indeed suggest that Sema3A
triggers IRES-mediated fmr1 translation in primary hippocampal neurons.

To further verify that Sema3A induces IRES activity in the fmr7 5" UTR, we trans-
fected a bicistronic reporter with RLUC/FLUC into Neuro2A cells and measured IRES
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FIG 4 Sema3A triggers new synthesis of hnRNP Q and FMRP in hippocampal primary neurons. (A) (Left) Newly synthesized hnRNP Q was detected using the
FUNCAT-PLA method. Hippocampal primary neurons treated with Sema3A (250 ng/ml; 30 min) were incubated with AHA, an amino acid analog of methionine
that enables labeling by biotin. Newly synthesized hnRNP Qs were detected by proximity ligation following coincident detection of hnRNP Q antibody and
biotin antibody. New synthesis of hnRNP Q in neurons was blocked with anisomycin (40 wM). Scale bar = 10 um. (Right) Quantification of hnRNP Q FUNCAT-PLA
signals with Sema3A normalized to vehicle in AHA labeling. n = 18 to 20 cells per condition from three different experiments. *, P < 0.01. The values shown
are means and SEM and were tested for statistical significance by t test. (B) (Left) The same method was applied to detect newly synthesized FMRP after Sema3A
treatment. New FMRP was clearly found in neurons treated with Sema3A (250 ng/ml; 30 min). Scale bar = 10 um. (Right) Analysis of FMRP FUNCAT-PLA signals
with Sema3A normalized to vehicle in AHA labeling. n = 18 to 20 cells per condition from three different experiments. *, P < 0.05. The values shown are means
and SEM and were tested for statistical significance by t test. (C) A modified bicistronic reporter in which RLUC and FLUC were replaced with mCherry and Flag,
as well as having the 5" UTR of fmr1 in front of Flag, was transfected into primary neurons. After Sema3A treatment (250 ng/ml; 30 min) as for panels A and
B, FUNCAT-PLA was applied to detect newly synthesized Flag peptide. Scale bar = 5 um. (D and E) The bicistronic reporter containing the 5’ UTR of fmr1 or
the 5" UTR of fmr1 with deletions (A51-65) was transfected into the Neuro2A cell line (D) or the hnRNP Q KO cell line (E). A dual-luciferase assay was performed
after Sema3A treatment (250 ng/ml; 1 h). The data were measured and analyzed by the same method as for Fig. 1A. *, P < 0.05; ns, not significant; n = 3
independent experiments. The values shown are means and SEM and were tested for statistical significance by two-way ANOVA followed by a Bonferroni post
hoc test.
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activity (47). Indeed, Sema3A treatment significantly increased IRES activity compared
to that of the control, while the 5 UTR of fmr1 with deletions (A51-65) showed no
difference (Fig. 4D; see Fig. S5B). Also, to examine whether hnRNP Q takes part in the
induction of IRES activity by Sema3A treatment, we repeated the same experiment with
the hnRNP Q KO cell line (Fig. 4E; see Fig. S5C). The increase of IRES activity by Sema3A
treatment seen in the Neuro2A cell line was not observable in the hnRNP Q KO cell line.
While the mechanism behind this process remains unknown, this may indicate the
importance of hnRNP Q in the induction of IRES activity of fmr1 by Sema3A.

hnRNP Q is important in Sema3A-induced axonal growth cone collapse. We
showed that Sema3A triggered new synthesis of hnRNP Q and FMRP in hippocampal
primary neurons (Fig. 4A and B). Furthermore, IRES-mediated fmrl translation in
primary neurons was activated by Sema3A treatment (Fig. 4C). Next, we wanted to
further investigate if Sema3A-induced axonal growth cone collapse is due to IRES-
mediated fmr1 translation. To this end, we first examined if hnRNP Q or fmr1 overex-
pression causes growth cone collapse. We found that primary neurons containing high
levels of hnRNP Q or FMRP produced growth cone collapse (Fig. 5A to D). Next, we
tested if fmr1 siRNA transfection into neurons rescues Sema3A-induced axonal growth
cone collapse. The knockdown of fmr1 was confirmed through measurement of the
intensity of the FMRP signal (see Fig. S5D). As expected, transfecting fmr1 siRNA into
neurons prevented axonal growth cone collapse when the neurons were treated with
Sema3A (Fig. 5E and F), which is consistent with reports showing that Sema3A-induced
growth cone collapse is diminished in fmr1 knockout primary neurons (36). Since we
showed that hnRNP Q is an ITAF for IRES-mediated fmr1 translation, we then asked if
Sema3A-induced growth cone collapse is attenuated by reducing hnRNP Q. In contrast
to control neurons with collapsed growth cones after Sema3A treatment, the amount
of axonal growth cone collapse in hnRNP Q siRNA-transfected neurons was significantly
attenuated (Fig. 5G and H). The knockdown of hnRNP Q was also confirmed through
measurement of the intensity of the hnRNP Q signal (see Fig. S5E). Together, these
results demonstrate that Sema3A-induced growth cone collapse is due to upregulation
of hnRNP Q, followed by IRES-mediated fmr1 translation.

DISCUSSION

As loss of FMRP causes FXS, the functions of the FMRP protein in neurons and the
transcriptional regulation of fmr1 have been intensively studied. However, the mech-
anisms regulating fmr1 translation are poorly understood. Two studies showed that
fmr1 utilizes IRES-mediated translation, while Ludwig et al. claimed that fmr7 uses only
a canonical cap-dependent translation mechanism (38-40). Ludwig et al. used hairpin-
forming nucleotides shown to prevent initiation of cap-dependent translation for their
study (14, 48). These nucleotides were introduced near the tip of the 5" UTR of fmr1, and
fmr1 translation was completely blocked. It was thus concluded that FMRP synthesis
utilizes mostly cap-dependent translation. However, it is plausible that the hairpin-
forming nucleotides inserted into the 5’ UTR of fmr1 might also interfere with ribosome
recruitment for cap-independent translation. Here, we discovered that hnRNP Q is an
ITAF for IRES-mediated fmr1 translation. When the cap-dependent translation mecha-
nism was inhibited by RAD001 or elF-4E siRNA, FMRP expression was not altered (Fig.
3A to D). However, if IRES-mediated fmr1 translation was prevented through deletion
of ITAF, FMRP expression dropped (Fig. 2 and J). When both cap-dependent and
IRES-mediated translations were inhibited at the same time, FMRP was further de-
creased (Fig. 3E and F). Altogether, it is plausible that fmr7 indeed uses both cap-
dependent and cap-independent translation.

Li et al. discussed Sema3A-induced axonal growth cone reduction in fmr1 knockout
hippocampal primary neurons, since Sema3A failed to increase elF-4E phosphorylation
(36). They also showed that fmr1 knockout neurons attenuated Sema3A-induced axonal
growth cone collapse. However, our results suggest that Sema3A-induced growth cone
collapse is mostly due to upregulation of hnRNP Q followed by FMRP increase.
Cap-dependent fmr1 translation through elF-4E phosphorylation makes a minimal
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FIG 5 Sema3A-induced axonal growth cone collapse is due to hnRNP Q expression. (A and B) Hippocampal primary neurons were
transfected with hnRNP Q overexpression (O/E) vector with mCherry at DIV1. Axonal growth cones collapse was detected with phalloidin
antibody at DIV3. Immunocytochemistry was performed with phalloidin antibody after the fixation of primary neurons. The images were
taken with an LSM780 confocal microscope. *, P < 0.0001; n = 47 (total number of axonal growth cones examined) from 3 independent
experiments. The values shown are means and SEM and were tested for statistical significance by t test. (C and D) Primary neurons were
transfected with FMRP overexpression vector with mCherry at DIV1. Axonal growth cone collapse was detected with phalloidin antibody
at DIV3. *, P<0.01; n = 50 (total number of axonal growth cones examined) from 3 independent experiments. The values shown are
means and SEM and were tested for statistical significance by t test. (E and F) Primary neurons were treated with Sema3A (250 ng/ml;
30 min) at DIV3 after the transfection of either si-Con or si-fmr1 at DIV1. Immunocytochemistry was performed with FMRP antibody after
the fixation of primary neurons. *, P < 0.05; n = 86 (total number of axonal growth cones examined) from 3 independent experiments.
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contribution, since hnRNP Q reduction fully prevented growth cone collapse caused by
Sema3A treatment. Also, blocking cap-dependent translation of fmr1 with RAD001 or
reduction of elF-4E alone did not alter FMRP expression, while reducing hnRNP Q
evidently decreased the amount of FMRP. Together, our results imply that IRES-
mediated fmr1 translation activated by hnRNP Q is responsible for Sema3A-induced
axonal growth cone collapse.

In summary, we demonstrated that fmr1 translation utilizes both cap-dependent
and IRES-mediated mechanisms. Furthermore, we found that hnRNP Q acts as an ITAF
for IRES-mediated fmr1 translation and that Sema3A induces new synthesis of hnRNP
Q and FMRP in hippocampal primary neurons. Finally, we showed that upregulation of
hnRNP Q, followed by FMRP synthesis, is the cause of Sema3A-induced axonal growth
cone collapse. As lack of FMRP generates fragile X syndrome and autism, our work on
the regulatory mechanism of FMRP synthesis may provide new insights into the
molecular and cellular mechanisms underlying such disorders.

MATERIALS AND METHODS

Animal care. Animals were used in accordance with protocols approved by the Animal Care and Use
Committees of Pohang University of Science and Technology and Ulsan National Institute of Science and
Technology. The C57BL/6 mouse strain was purchased from Hyochang Science.

Cell culture. Dulbecco’s modified Eagle’s medium (DMEM) (HyClone) with 10% fetal bovine serum
(FBS) (HyClone) and 1% penicillin-streptomycin (Welgene) was used to culture Neuro2A cells. For
transfection, Lipofectamine 2000 (Invitrogen) was used. Primary hippocampal neurons were dissected
from embryonic day 18 (E18) mouse embryos. Either 12-mm glass coverslips or 35-mm glass bottom
dishes (WillCo Wells) coated with poly-p-lysine (50 wg/ml; Sigma) were used to seed the neurons.
Neuro2A cells were treated with 20 nM RAD001 (159351-69-6; InvivoGen) or 100 ug/ml cycloheximide
and then harvested at the indicated times.

Plasmid construction. The 5" UTR of mouse fmr1 (NM_008031.2) (https://www.ncbi.nlm.nih.gov/
nuccore/NM_008031.2/) (AGGAGGCGCAGCGGAGCCCTTGGCCTCAGTCAGTCAGGCGCTGGGGAGCGTTTCG
GTTTCACTTCCGGTGAGGGGCCGCGCCTGAGAGGGCGGGCAGTGAAGCAAACGGACGGCGAGCGCGGGCGGT
GGCAGTGACGGCGGCGCCGCTGCCGGGGGGCGTGCGGTAACGCGGLCGGCGGCGGCGGCGGCGACGGLCGGLCT
GGGCCTCAAGCGCCTGCAGCCCACCTCCCGGAGGCGGGCTCCCGGCGCGAGGACGGACGAGAAG) was amplified
from cDNA using PFU polymerase (Solgent) and was confirmed by sequencing. All the PCR products were
digested with Sall/Xmal restriction enzymes (Beams) and inserted into the intercistronic region of a pRF
bicistronic vector that contained both RLUC and FLUC (19, 20, 24, 30). For the pRF bicistronic vector with
the promoter deleted (ACMV_5'UTR), the CMV promoter was removed from the pRF bicistronic vector
by digestion with Bgllll/Nhel restriction enzymes and self-ligation. For the binding assay, fragments of the
fmr1 5" UTR were digested and subcloned into the pBluescript SK vector. To generate the bicistronic
MRNA transcripts, fragments of the fmr7 5" UTR were inserted into the Sall/BamHI site of pCY2-RF. The
following primers were used: 5" UTR, forward, AAGAATTCAGGAGGCGCAGCGGAGC, and reverse, GGGC
TTCTCGTCCGTCCTCGCGCC; A1-50, forward, AAGAATTCTTTCGGTTTCACTTCCGGT, and reverse, GGGCTTC
TCGTCCGTCCTCGCGCC; A1-65, forward, AAGAATTCCGGTGAGGGGCCGCGCCT, and reverse, GGGCTTCTC
GTCCGTCCTCGCGCC; A1-110, forward, AAGAATTCCGGCGAGCGCGGGCGGTG, and reverse, GGGCTTCTC
GTCCGTCCTCGCGCC.

RNA interference (RNAIi) transfection. For siRNA transfection into Neuro2A cells, a microporator
(Digital-Bio, Seoul, Republic of Korea) was used according to the manufacturer’s instructions with the
following conditions: 1,100V, 30 ms, and 2 pulses. After 24 h of incubation, cells were harvested for
further experiments. The siRNAs that we used in our experiments are as follows: si-RPS 25 (Ambion
16708; 5'-GUAAAUAAAUCUGGUGGCATT-3’), si-elF-4E (Cell Signaling; 6424), si-FMRP (Santa Cruz; sc-
36871), and si-hnRNP Q (Santa Cruz; sc-72097).

mRNA transfection. A bicistronic vector was initially linearized with EcoRI, and then, the reporter
MRNAs were synthesized by in vitro transcription with SP6 polymerase (Roche) in the presence of
m’G(5")ppp(5'), a cap analog (Roche). In vitro-transcribed mRNA was purified by phenol-chloroform
extraction and 3 M sodium acetate precipitation. Neuro2A cells were transiently transfected with 2 ug of
the capped reporter mRNAs for 6 h using Lipofectamine 2000 (Invitrogen).

Luciferase assay. Cells were harvested and resuspended in luciferase lysis buffer (Promega) and then
incubated on ice for 10 min. Cell debris was removed by centrifugation at 15,000 rpm at 4°C for 10 min.
The supernatants were used for the luciferase assay. According to the manufacturer’s instructions, a

FIG 5 Legend (Continued)
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The values shown are means and SEM and were tested for statistical significance by two-way ANOVA followed by a Bonferroni post hoc
test. (G and H) Primary neurons were treated with Sema3A (250 ng/ml; 30 min) at DIV3 after the transfection of either si-Con or si-hnRNP
Q at DIV1. Immunocytochemistry was performed with hnRNP Q antibody after the fixation of primary neurons. *, P < 0.01; n = 60 (total
number of axonal growth cones examined) from 3 independent experiments. The values shown are means and SEM and were tested for

statistical significance by two-way ANOVA followed by a Bonferroni post hoc test.
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Dual-Luciferase reporter assay system (Promega) was used to measure firefly and renilla luciferase
activities. IRES activity was represented by the ratio of firefly luciferase activity to renilla luciferase activity.

B-Galactosidase assay. Cells were transfected with the B-galactosidase expression vector. After
harvesting, these cells were resuspended in luciferase lysis buffer (Promega) and incubated on ice for 10
min. Reagents (phosphate-buffered saline [PBS] containing 5mM EDTA, chlorophenol red-p-p-
galactopyranoside [CPRG], and B-Gal buffer) were used to incubate cell lysates at room temperature (RT).
After confirming the endpoint, B-galactosidase activities were measured with a plate reader at a
wavelength of 570 nm.

Quantitative real-time PCR. Quantitative real-time PCR (qPCR) was performed as previously de-
scribed (49). After the isolation of total RNAs using TRI reagent (Molecular Research Center), 1 ug of total
RNA was used for cDNA synthesis with oligo(dT). Reverse transcription was performed using the
ImProm-Il reverse transcription system (Promega). Then, the expression levels of mMRNA transcripts were
analyzed by quantitative real-time PCR using a StepOnePlus real-time PCR system (Applied Biosystems)
with SYBR green master mix (Roche). qPCR was performed with an initial denaturation step at 95°C for
10 min, followed by 45 cycles of denaturation at 95°C for 15 s and annealing at 60°C for 30 s. All samples
were tested in triplicate. The primer sequences were as follows: fluc, forward, GAGGTTCCATCTGCCAG
GTA, and reverse, CACACAGTTCGCCTCTTTGA; rluc, forward, AACGCGGCCTCTTCTTATTT, and reverse,
ACCAGATTTGCCTGATTTGC; mfmr1, forward, TTGAAAACAACTGGCAACCA, and reverse, CACCAACAGCAA
GGCTCTTT; mTBP, forward, CAGCCTTCCACCTTATGCTC, and reverse, TTGCTGCTGTCTTTGTT; mgapdh,
forward, GTCTTCCTGGGCAAGCAGTA, and reverse, CTGGACAGAAACCCCACTTC.

Northern blotting. For Northern blotting, RNA was extracted from Neuro2A cells using TRI-Reagent
(Molecular Research Center, Cincinnati, OH). The total RNA (5ug) was size separated by 1%
formaldehyde-agarose gel electrophoresis with 0.66 M formaldehyde, transferred to nylon membranes
(Pall Corporation, Port Washington, NY), and hybridized with a randomly primed probe labeled with
[32P]dCTP (PerkinElmer). For detection of reporter mRNA, the fluc coding region was used as a probe.
Radioactivity was analyzed by autoradiography.

CRISPR-Cas9 method. The pSpCas9(BB)-2A-Puro (PX459) plasmid from Addgene (catalog no. 62988)
was used to create the single guide RNA (sgRNA) expression construct. Design and preparation of sgRNAs
were done as previously described (50), and an online CRISPR design tool (http://crispr.mit.edu) was used
to investigate the off-target effects of sgRNA candidates. The target double-stranded DNA (dsDNA) was
generated by annealing two oligonucleotides (top, CACCGTCACTATGTGCAACTAGCCC, and bottom,
CAGTGATACACGTTGATCGGGCAAA) and was later cloned into PX459 vectors.

Western blotting. Immunoblot analysis was performed with the following primary antibodies:
polyclonal anti-FMRP (Cell Signaling; 4317; 1:1,000), monoclonal anti-phospho-rpS6 (Cell Signaling; 9206;
1:1,000), monoclonal anti-elF-4E (Abcam; 171091; 1:500), and monoclonal anti-hnRNP Q (Abcam; 1:1,000).
Enhanced chemiluminescence (ECL) solution and a LAS-4000 chemiluminescence detection system were
used to visualize horseradish peroxidase (HRP)-conjugated secondary antibodies.

Immunocytochemistry. Hippocampal primary neurons were fixed in prewarmed 4% paraformalde-
hyde (PFA) for 15 min at RT. Then, the neurons were washed with PBS twice for 10 min each time. After
the neurons were permeabilized with 0.5% Triton X-100 containing PBS for 15 min at RT, they were
blocked for 1 h at RT with 1% bovine serum albumin (BSA) containing PBS. Immunostaining was carried
out with hnRNP Q antibody (Abcam; 1:100) overnight at 4°C. Then, Alexa Fluor-conjugated antibody
(Invitrogen; 1:2,000) was used as the secondary antibody for 1 h at RT. Images were taken with an
LSM780 confocal microscope (Zeiss).

FUNCAT-PLA. FUNCAT-PLA was performed as previously described (51). Plasmids were transfected
into hippocampal primary neurons of mice at day 1 in vitro (DIV1). Neurons at DIV2 were cultured in
Met-free DMEM (Gibco; catalog no. 21013-024) for 30 min, followed by addition of 4 mM AHA (Invitrogen;
catalog no. C10102), and for 1 h to carry out metabolic labeling. As a negative control, 4 mM methionine
(Sigma; M0960000) was used instead of AHA. The neurons were fixed with 4% PFA-sucrose for 20 min
and permeabilized with 0.5% Triton X-100. Next, a click reaction was performed by adding chemicals,
such as 200 mM Tris(1-benzyl-4-triazolylmethyl)amine (TBTA) (Sigma; catalog no. 678937), 500 mM
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (Sigma; catalog no. 646547), 25 mM biotin-alkyne
(Jena Bioscience; catalog no. CLK-TA105-25), and 200 mM CuSO, (Sigma; catalog no. C1297) after
blocking the neurons with 4% goat serum (Gibco; catalog no. PCN5000). Then, Duolink reagents (Sigma;
Du092013) were used to perform a PLA according to the manufacturer’s instructions. For primary
antibodies, biotin antibody (1:1,500; Sigma; catalog no. B7653) and Flag antibody (1:1,500; Sigma; catalog
no. F7425) were used.

Streptavidin-biotin RNA affinity purification assay. The fmr1 5’ UTR was synthesized by in vitro
transcription with T7 RNA polymerase (Roche) in the presence of biotinylated UTP. Then, cytoplasmic
extracts from Neuro2A cells in dialysis buffer (10 mM HEPES, 90 mM potassium acetate [KOAc], 1.5 mM
magnesium acetate [MgOAc], 2.5 mM dithiothreitol [DTT]) were used to incubate the biotin-labeled fmr1
5" UTR. To perform the competition experiment, 10X unlabeled fmr1 5’ UTR was added to the reaction
buffer containing the biotin-labeled fmr7 5" UTR and incubated for 30 min. Then, streptavidin-agarose
resin (Thermo Scientific; catalog no. 20349) was added and further incubated for 12 h at 4°C in a rotary
mixer. After the resins were washed three times with dialysis buffer (1% NP40), resin-bound proteins were
eluted and used for immunoblotting.

Statistical analysis. Statistical significance was performed by Student’s t test, one-way analysis of
variance (ANOVA), and two-way ANOVA, followed by a Bonferroni post hoc test using Prism 5.0 software
(GraphPad).
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