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SUMMARY

Long intergenic noncoding RNAs (lincRNAs) are critical regulators involved in diverse biological processes.
However, the roles and related mechanisms of lincRNAs in axon development are largely unknown. Here we
report an axon-enriched lincRNA regulating axon elongation, referred to as ALAE. Profiling of highly expressed lincRNAs detected abundant and enriched ALAE in the axons of dorsal root ganglion (DRG) neurons,
where it locally promoted axon elongation. Mechanically, ALAE directly interacted with the KH3–4 domains of
KH-type splicing regulatory protein (KHSRP) and impeded its association with growth-associated protein 43
(Gap43) mRNA. Knockdown of ALAE reduced the protein but not the mRNA level of GAP43 in the axons of
DRG neurons. Furthermore, local disruption of the interaction between ALAE and KHSRP in the axon significantly inhibited Gap43 mRNA translation, impairing axon elongation. This study implies crucial roles of axonenriched lincRNAs in spatiotemporal regulation of local translation during axon development.

INTRODUCTION
Neurons are highly complex cells extending long axons to
their targets. During early development of the nervous system, neurons project growing axons to navigate over a long
distance into the appropriate place to form functional circuits
(Cioni et al., 2018). Accumulating evidence strongly supports
that thousands of messenger RNAs (mRNAs) are targeted
especially to developing and mature axons (Briese et al.,
2016; Gumy et al., 2011). Local translation of these mRNAs
is important for axon pathfinding, guidance, elongation, and
survival (Cioni et al., 2018; Kar et al., 2018). Large-scale
in vivo analysis of the axonal translatome suggests that
locally synthesized proteins could be regulated developmentally (Shigeoka et al., 2016). Some small non-coding RNAs,
microRNAs (miRNAs), have been reported to localize in the
axon and regulate translation of mRNAs, affecting axon
branching and elongation (Dajas-Bailador et al., 2012; Hancock et al., 2014; Wang and Bao, 2017; Wang et al., 2015).

Besides mRNAs and miRNAs, whether other types of RNAs,
such as long intergenic noncoding RNAs (lincRNAs), are
also localized in the axon to regulate its development remains
unknown. Exploring more events mediated by other types of
RNAs will help us to better understand selective control and
coordination of axonal mRNA translation during neuronal
development.
lincRNAs are a class of long noncoding RNAs (lncRNAs)
longer than 200 nt that are transcribed from intergenic regions
and lack the ability to translate into proteins. Recent studies
have suggested that lncRNAs are functional as a pivotal class
of modulators involved in multiple biological processes (Yao
et al., 2019). Bioinformatics analysis of RNA sequencing
(RNA-seq) data indicates that the majority of lincRNAs exhibit
remarkable tissue specificity, such as being highly enriched in
the brain and nerves (Cabili et al., 2011; Ransohoff et al.,
2018). Recent studies have provided important evidence supporting crucial roles of lincRNAs, including Pnky and TUNA in
neural differentiation at the early stage of brain development

Cell Reports 35, 109053, May 4, 2021 ª 2021 The Author(s). 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ll
OPEN ACCESS

Article

Figure 1. Axon-enriched ALAE locally regulates axon elongation
(A) Research flowchart for characterization of axon-enriched lincRNAs in microfluidic-cultured P0 DRG neurons. The top 200 lincRNAs were ranked by their
expression levels (left). Red point, the top 20 abundant lincRNAs. The representative image shows microfluidic-cultured P0 DRG neurons at 7 days (center). Scale
bar, 300 mm.
(B and C) qPCR analysis showed that the level of ALAE in the axons was more than 10-fold higher versus that in the cell bodies (B) and that ALAE was most
abundant in the axons among the top 20 highly expressed lincRNAs (C). n = 3.

(legend continued on next page)
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(Lin et al., 2014; Ramos et al., 2015) and Silc1 in peripheral neuroregeneration (Perry et al., 2018). Although lincRNAs have
been demonstrated to affect neural differentiation for early
development of the nervous system (Briggs et al., 2015), few
have been reported to function in the late stage of neuronal
development, such as axon elongation.
Localization of lincRNAs has been found to determine their
functions. The majority of studied lincRNAs have been shown
to be nucleus-restricted regulators for gene transcription and
chromatin structure (Carlevaro-Fita and Johnson, 2019).
Whether lincRNAs are distributed spatiotemporally in the axon
and the roles of lincRNAs in developing axons remains unknown.
In the present study, by utilizing compartmental culture of dorsal
root ganglion (DRG) neurons at post-natal day 0 (P0), we identified an axon-enriched lincRNA required for axon elongation by
locally regulating translation of growth-associated protein 43
(Gap43) mRNA, referred to as ALAE (axon-enriched lincRNA
regulating axon elongation). Mechanistically, ALAE was demonstrated to act as a RNA decoy through its AU-rich element (ARE)
to prevent binding and translational repression of KH-type
splicing regulatory protein (KHSRP) on Gap43 mRNA. Importantly, local disruption of the interaction between ALAE and
KHSRP in axons significantly increased binding and translational
repression of KHSRP on Gap43 mRNA, resulting in impaired
axon elongation. These findings reveal a regulatory role of lincRNAs in spatiotemporal control of mRNA translation during axon
development.
RESULTS
ALAE is an axon-enriched lincRNA in DRG neurons
To find axon-enriched lincRNAs in DRG neurons, we first performed high-throughput RNA-seq of cultured rat DRG neurons
at P0 to profile lincRNAs (Figure S1A). Briefly, sequenced fragments were aligned to the rat genome and then used to construct
transcript assembly using StringTie (Pertea et al., 2015). Multiexon transcripts without overlap with known non-lincRNA
transcripts in Ensembl and RefSeq were selected. The coding
potential of transcripts was estimated based on predictions
from computational tools, including CPAT (Wang et al., 2013),
CPC2 (Kang et al., 2017) and Pfam (El-Gebali et al., 2019) (Figure S1B). Transcripts with coding potential were removed as
‘‘putative coding.’’ Among 3,101 identified lincRNAs, 462 were
highly expressed with fragments per kilobase of transcript per
million mapped reads (FPKM) above 1 (Figures S1B and S1C;
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Table S1). Those highly expressed lincRNAs exhibited a median
level of 2.6 FPKM, nearly half the level of mRNA (5.8 FPKM),
whereas non-highly expressed lincRNAs were expressed at a
median level of 0.5 FPKM and were not considered for our further
analyses (Figure S1D). Then microfluidic-cultured P0 DRG neurons was established to examine the relative expression of the
top 20 lincRNAs in the cell bodies and axons of DRG neurons
(Wang et al., 2015; Figures 1A). Quantitative PCR (qPCR)
showed that a lincRNA, MSTRG.12592, called ALAE in the present study, was highly enriched in the axons versus the cell
bodies and ranked first among tested lincRNAs (Figures 1B
and S1F). Notably, ALAE was also the most abundant among
tested lincRNAs in axons, with axon abundance equivalent to
the axon growth-related transcripts Gap43 and calmodulin
(Calm1) (Figures 1C and S1G). Significantly, the enrichment of
ALAE in axons was much higher than that of Gap43 and Calm1
mRNAs (Figure S1H). Thus, ALAE is a highly abundant and enriched lincRNA in the axons of DRG neurons.
The full length of ALAE containing 371 nt was obtained by 50
rapid amplification of cDNA ends (RACE) and 30 RACE (Figures
S1I and S1J). Analysis with CPC2 software showed that ALAE
did not have a coding ability like other known lncRNAs, such
as Miat and Fendrr (Figure S2A). To evaluate the coding potential
of ALAE, we constructed and expressed ALAE-GFP and GFPALAE in HEK293 cells. Immunoblotting of GFP-ALAE showed
a similar molecular weight as GFP, and the image of ALAEGFP did not exhibit any fluorescence signals, suggesting that
ALAE might not encode a protein (Figures S2B and S2C). These
data suggest that ALAE is indeed a lincRNA.
To further study the expression specificity of ALAE, we separated P0 DRG neurons from non-neuronal cells with Percoll gradients (Figure S2D). qPCR showed that ALAE was highly
enriched in the neuronal fraction expressing Gap43 mRNA, a
neuronal marker, but not in the non-neuronal fraction expressing
myelin basic protein (Mbp) mRNA, a Schwann cell marker (Figure S2E). Furthermore, subcellular localization of ALAE in DRG
neurons was detected by biochemical and morphological assays. Biochemical fractionation of cultured P0 DRG neurons
showed that ALAE was distributed similarly in the nucleus and
cytoplasm (Figures 1D and S2F). This distribution pattern was
confirmed by single-molecule fluorescence in situ hybridization
(smFISH) in the cell bodies and axons of cultured P0 DRG neurons (Figure 1E). Analysis of punctum intensity showed that
axonal ALAE was more enriched than in the cell bodies, consistent with the qPCR result (Figure 1E). The specificity of the

(D) qPCR analysis showed that ALAE was distributed in the nucleus and cytoplasm of P0 DRG neurons. n = 3.
(E) Representative images of smFISH (left) and quantitative data (right) showed that ALAE (red) was relatively enriched in the axons of cultured P0 DRG neurons.
DAPI (blue) was used to indicate the nucleus. Tau (green) was used to indicate the axon profile. Scale bar, 10 mm. Cell bodies, n = 60; axons, n = 79. ***p < 0.001
versus cell body.
(F) qPCR analysis showed that expression of ALAE decreased progressively in DRGs from E13.5 to P14 and then stayed at a certain level to adulthood. n = 3.
(G) Research flowchart for detection of axon elongation in the microfluidic chamber.
(H) qPCR analysis showed expression of ALAE in the cell bodies and axons after knockdown or coexpression of ALAER in the axons of DRG neurons. siNC,
negative control. n = 3. *p < 0.05 versus siNC and ###p < 0.001 versus the indicated treatment.
(I) Representative images (left) and quantitative data (right) showed that knockdown of ALAE in the axons reduced axon elongation and coexpression of ALAER in
the axons largely rescued the decreased axon elongation. 8 h: siNC, n = 290; siALAE, n = 164; siALAE+ALAER, n = 139; 24 h: siNC, n = 342; siALAE, n = 259;
siALAE+ALAER, n = 254. ***p < 0.001 versus siNC and ###p < 0.001 versus the indicated treatment.
The results are presented as mean ± SEM.
See also Figures S1–S3 and Table S1.
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smFISH signal was confirmed by utilizing Dapb, a bacterial gene,
as a negative control (Figure S2G) and short hairpin RNA
(shRNA)-mediated knockdown of ALAE in cultured P0 DRG neurons (Figures S2H and S2I). Therefore, ALAE is an abundant
lincRNA localized in the axons of DRG neurons.
The conservation of lincRNAs among species suggests their
importance during the evolutionary process. Then we analyzed
the conservation of ALAE by VISTA browser and BLAST analysis. ALAE is localized genomically downstream of Prss12 with
opposite direction as a spliced, polyadenylated, and conserved
lincRNA with a length of 371, 448, and 619 nt in rat, mouse, and
human, respectively (Figure S2J). The orthologs of ALAE in human and mouse are SNHG8 and Snhg8, respectively. Moreover,
the rat ALAE sequence is 71% similar to that of mouse Snhg8
and 38% similar to that of human SNHG8 (Figure S2K). Thus,
ALAE is a conserved lincRNA among rodents and humans.

ALAE is required for axon elongation in the axons of DRG
neurons
Developmental expression of ALAE was detected during DRG
development. qPCR showed that the level of ALAE was high at
embryonic day 13.5 (E13.5) and P0, important periods for rapid
axon growth of DRG neurons, and decreased in the following
stages (Figure 1F). This expression pattern raises the possibility
that axon-enriched ALAE functions during axon development.
Then we examined axon elongation after selective knockdown
of ALAE with small interfering RNA (siALAE) in the axon compartment (Figure 1G). Application of siALAE in the axon compartment selectively reduced ALAE in axons but not cell bodies,
and coexpression of small interfering RNA (siRNA)-resistant
ALAE (ALAER) completely rescued the decreased level of
ALAE (Figure 1H). After siRNA treatment for 24 h, the length of
the elongated axons was traced and measured for 8 h and
24 h (Figure 1G). Importantly, knockdown of ALAE in the axon
compartment reduced the axon elongation rate, whereas coexpression of ALAER mostly rescued decreased axon elongation
because of siALAE treatment (Figure 1I). ALAE siRNA was also
transfected into the cell body compartment of microfluidiccultured P0 DRG neurons, and the length of the elongated axons
was traced and measured for 24 h (Figure S3A). As expected, the
level of ALAE was reduced significantly in cell bodies and axons
of DRG neurons, and these reduced levels were rescued
completely by coexpression of ALAER (Figure S3B). Knockdown
of ALAE in the cell body compartment also resulted in decreased
axon elongation, which was rescued fully by ALAER coexpression (Figure S3C). Comparable effects on axon elongation by
knockdown of ALAE in the cell body and axon compartments
(Figures 1H, 1I, S3B, and S3C) imply that ALAE plays a prominent role in the axon. In addition, to evaluate the effect of
ALAE overexpression on axon elongation, we electroporated
pcDNA-ALAE in the cell body compartment of microfluidiccultured P0 DRG neurons and the length of the elongated axons
were also traced and measured for 24 h. Although qPCR showed
that ALAE was increased significantly in cell bodies and axons
(Figure S3D), axon elongation was not affected by overexpression of ALAE (Figure S3E), implying a possible intrinsic mechanism of ALAE effects because of its abundance in axons. These
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results suggest that axon-enriched ALAE is required for axon
elongation in DRG neurons.
ALAE associates with KHSRP through AREs in DRG
neurons
Because ALAE displayed a significant role in axon elongation,
we next sought to explore the underlying molecular mechanisms. We speculated that ALAE might exert this role by binding
and affecting the function of some important proteins. To
examine this possibility, RNA pull-down was performed by using
biotinylated sense and antisense (negative control) transcripts of
ALAE in pheochromocytoma 12 (PC12) cells, which express a
similar level of ALAE as cultured P0 DRG neurons (Figures 2A
and S4A). Analysis of mass spectrometry detected that two
RNA-binding proteins (RBPs), KHSRPs and far upstream
element binding protein 1 (FUBP1), ranked the highest based
on enrichment by ALAE sense versus antisense (Figure 2B; Table
S2). Immunoblotting confirmed that KHSRP and FUBP1, but not
the neuronal RBP HuD, were pulled down specifically by ALAE
sense in PC12 cells and P0 DRGs (Figures 2C, S4B, and S4C).
Furthermore, RNA immunoprecipitation (RIP) using antibodies
of endogenous proteins followed by qPCR showed that ALAE
was apparently present in the immunoprecipitates of KHSRP
and FUBP1, but not that of HuD, in PC12 cells and P0 DRGs (Figures 2D–2F). A previous study showed that FUBP1 was localized
primarily in the nucleus of neurons and involved in neural differentiation (Hwang et al., 2018). We carried out immunostaining of
FUBP1 in cultured P0 DRG neurons and found that FUBP1 was
restricted to the nucleus of the cell body (Figure S4D). Therefore,
we focused on KHSRP as an ALAE-associated protein in the
axons of DRG neurons. Consistent with ALAE association with
KHSRP in DRG neurons, co-staining of KHSRP with ALAE in
cultured P0 DRG neurons showed that approximately 8% and
18% of ALAE-positive granules contained KHSRP, and approximately 8% and 13% of KHSRP-positive granules contained
ALAE in the cell body and axon, respectively (Figure 2H). Given
the highly efficient binding of KHSRP with ALAE seen by RIP
(Figure 2F), we speculated that morphological detection of colocalization in granules might underestimate the interaction between KHSRP and ALAE. Therefore, ALAE associates with
KHSRP in DRG neurons.
To determine which part of ALAE is responsible for its interaction with KHSRP, we used 3 fragments of ALAE, 1–150 nt, 1–222
nt, and 223–371 nt, to perform RNA pull-down in P0 DRGs.
Immunoblotting showed that the fragment of 223–371 nt interacted efficiently with KHSRP (Figure 3A). Further mapping revealed that deletion of the fragment of 318–351 nt, but not
223–261 nt, 262–317 nt, and 352–371 nt, impaired ALAE interaction with KHSRP (Figure 3B). Because the K homology (KH)
domain is essential for protein binding with RNAs (Gherzi et al.,
2004), we compared the binding ability for the full-length and
(KH1–4) of KHSRP on ALAE in cultured HEK293 cells without
endogenously expressing ALAE (Figure S4E). Immunofluorescence images showed that KH1–4-GFP localized mainly in the
cytoplasm because of the absence of a nuclear localization
signal (NLS) (Gherzi et al., 2010), whereas most of KHSRPGFP was in the nucleus (Figure 3C). Obviously, the amount of
exogenous KHSRP in HEK293 cells was more prone to localize
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Figure 2. ALAE interacts with KHSRP
(A) Flowchart for the biotin-labeled RNA pull-down assay combined with mass spectrometry (MS) to identify ALAE-associated proteins. IB, immunoblotting.
(B) Heatmap showing ALAE-associated proteins.
(C) Representative immunoblots showed that KHSRP and FUBP1 were pulled down by biotinylated ALAE in PC12 cells (left) and P0 DRG tissues (right). HuD and
tubulin served as negative controls.
(D) Flowchart for RNA immunoprecipitation (RIP) experiments combined with qPCR to detect protein-associated ALAE in cultured PC12 cells and P0 DRG
tissues.
(E) Representative immunoblots showing the products of immunoprecipitation (IP) by KHSRP and FUBP1 in P0 DRGs. Immunoglobulin G (IgG) served as a
control.
(F and G) qPCR analysis showed that ALAE was abundant in the KHSRP immunoprecipitates of P0 DRG tissues (F) and PC12 cells (G). n = 3. **p < 0.05, ***p <
0.001 versus IgG.
(H) Representative images (left) and quantitative data (right) showed that ALAE (red) was co-localized with KHSRP (green) in the cell bodies and axons of cultured
P0 DRG neurons. Cell bodies, n = 17; axons, n = 22. Scale bar, 10 mm.
The results are presented as mean ± SEM.
See also Figure S4 and Table S2.

in the nucleus than that in DRG neurons (Figure 2H), likely
because of a lack of important molecules to keep KHSRP in
the cytoplasm of HEK293 cells. qPCR showed that the amount
of exogeneous ALAE was more enriched in the immunoprecipitate of KH1–4-GFP-FLAG compared with KHSRP-GFP-FLAG
(Figures 3D, 3E, and S4F), suggesting that KH1–4 is better suited
for screening the interaction region of ALAE with KHSRP.
Furthermore, the amounts of ALAED223–371 and ALAED318–
351 were decreased dramatically compared with the full-length

ALAE in the immunoprecipitates of KH1–4-GFP-FLAG (Figures
3F and S4G). Therefore, ALAE318-351 is required for interaction
of ALAE with KHSRP.
Because KHSRP has been shown to especially bind RNAs
containing AREs (Gherzi et al., 2004, 2010), we noticed that the
sequence of ALAE318–351 revealed 85% AU as an ARE (Figure S4H). Conservation analysis showed that the rat ALAE318–
351 sequence is 75% similar to that of mouse Snhg8 and 50%
similar to that of human SNHG8 (Figure S4I). In addition, the
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Figure 3. The ALAE 318–351 domain is required for association with KHSRP
(A and B) Schematic of the full-length ALAE and its fragments in the RNA pull-down assay (top). Representative immunoblots and quantitative data (down)
showed that 223–271 nt (A) and 318–351 nt (B) of ALAE were required for association with KHSRP. n = 4. *p < 0.05 versus sense.
(C) Representative images showing mainly nuclear distribution of KHSRP-GFP-FLAG and highly cytoplasmic distribution of KH1–4-GFP-FLAG in HEK293 cells.
DAPI served as a nuclear marker. Scale bar, 10 mm.
(D) Flowchart for RIP experiments in cultured HEK293 cells expressing ALAE with KHSRP-GFP-FLAG or KH1–4-GFP-FLAG.
(E) qPCR analysis and representative immunoblots showed that ALAE was more abundant in FLAG immunoprecipitates of HEK293 cells expressing KH1–4-GFPFLAG. n = 3. **p < 0.01, ***p < 0.001 versus vector and ##p < 0.01 versus indicated.
(F) qPCR analysis and representative immunoblots showed that 318–351 nt of ALAE were required for ALAE association with KHSRP in HEK293 cells. n = 3. ***p <
0.001 versus full-length ALAE.
(G) Schematic of KH1–4 truncations.
(H) qPCR analysis and representative immunoblots showed that the KH3–4 domains were required for KHSRP interaction with ALAE in HEK293 cells. n = 5. **p <
0.01, ***p < 0.001 versus KH1–4-GFP-FLAG.
(I) A proposed model for ALAE interaction with the KH3–4 domains of KHSRP via the AREs.
The results are presented as mean ± SEM.
See also Figure S4.
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Figure 4. KHSRP interacts and represses Gap43 mRNA translation in DRG neurons
(A) Representative immunoblots (left) and qPCR analysis (right) showed that Gap43 mRNA was abundant in KHSRP immunoprecipitates of P0 DRG tissues. IgG
served as a control. n = 3.
(B) Representative immunoblots (left) and qPCR analysis (right) showed that Gap43-30 UTR was abundant in KHSRP-GFP-FLAG immunoprecipitates of HEK293
cells. GFP-FLAG served as a control. n = 3.
(C) Representative images (left) and quantitative data (right) showed that Gap43 mRNA (red) was co-localized with KHSRP (green) in the cell bodies and axons of
cultured P0 DRG neurons. Cell body, n = 39; axon, n = 23. Scale bar, 10 mm.
(D) Representative immunoblots (top) and quantitative data (bottom) showing efficient siRNA-mediated knockdown of KHSRP in cultured P0 DRG neurons.
GAPDH served as a loading control. n = 3.
(E) qPCR analysis showed that the turnover of Gap43 mRNA was not affected by knockdown of KHSRP in cultured DRG neurons. n = 5. Two-way ANOVA was
used to examine statistical significance. NS, non-significant.
(F) Representative immunoblots (left) and quantitative data (right) showed that the protein level of GAP43 was reduced by overexpression of KHSRP-GFP-FLAG in
HEK293 cells expressing Gap43-CDS-30 UTR. n = 3.
(G) qPCR analysis showed that the level of Gap43 mRNA was not altered by overexpression of KHSRP-GFP-FLAG in HEK293 cells expressing Gap43-CDS-30
UTR. n = 3.

(legend continued on next page)
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percentages of AU in this region are 85%, 94%, and 69% in rat,
mouse, and human, respectively (Figure S4I). The conserved
AREs and their enriched AU sequences suggest possible functional conservation.
To further determine the precise domain of KHSRP for interacting with ALAE, we performed RIP in HEK293 cells expressing
different truncations of KH domains (Figure 3G). qPCR showed
that deletion of the KH3 or KH4 domain largely reduced the
amount of co-immunoprecipitated ALAE (Figures 3H and S4J).
Because the truncation deleting KH3 or KH4 exhibited cytoplasmic localization similar to KH1–4-GFP, the binding difference of ALAE with KH1–4-GFP and DKH3 or DKH4 truncation
was not due to their localization (Figure S4K). These results suggest that ALAE associates with the KH3–4 domains of KHSRP
through AREs (Figure 3I).
KHSRP interacts with Gap43 mRNA and represses its
translation in DRG neurons
Because the role of KHSRP in stability of Gap43 mRNA has been
reported to be during axon outgrowth of embryonic hippocampal neurons (Bird et al., 2013), we next sought to examine the
interaction between KHSRP and Gap43 mRNA by a RIP experiment in P0 DRGs. qPCR showed that Gap43 mRNA was enriched in KHSRP immunoprecipitates (Figure 4A). Association
of KHSRP with the 30 untranslated region (UTR) of Gap43
mRNA was confirmed by qPCR using a FLAG antibody in
HEK293 cells coexpressing KHSRP-GFP-FLAG and Gap43-30
UTR (Figure 4B). Moreover, immunostaining of KHSRP combined with smFISH showed that approximately 8% and 15% of
Gap43-positive granules contained KHSRP and 13% and 16%
of KHSRP-positive granules contained Gap43 in the cell body
and axon, respectively (Figure 4C). The specificity of the smFISH
signal for Gap43 was also confirmed by the negative control for
Dapb (Figure S5A). Therefore, KHSRP interacts with Gap43
mRNA in DRG neurons.
To determine the effect of KHSRP on the stability of Gap43
mRNA, we used Actinomycin D (ActD) as a transcriptional inhibitor for detecting mRNA stability after application of siKHSRP in
cultured P0 DRG neurons (Figure 4D). qPCR showed that the
turnover rate of Gap43 mRNA was unaffected by knockdown
of KHSRP (Figure 4E). We next examined whether KHSRP
regulates the level of GAP43 protein by coexpressing GFPGap43-CDS-30 UTR and KHSRP-GFP-FLAG in HEK293 cells.
Immunoblotting and qPCR showed that overexpression of
KHSRP-GFP-FLAG decreased the protein but not mRNA level
of GAP43 (Figures 4F and 4G). Although qPCR and immunoblotting detected that knockdown of KHSRP did not affect the total
mRNA and protein levels of GAP43 in cultured P0 DRG neurons
(Figures S5B and S5C), immunofluorescence images and quantitative results showed that the intensity of GAP43 in axons was
increased after application of siKHSRP in the cell body compartment of microfluidic-cultured P0 DRG neurons (Figure S5D),
implying a more sensitive effect of KHSRP repression on local
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GAP43 in axons. To determine whether KHSRP affects newly
synthesized GAP43 in axons, we successfully established a puromycin proximity ligation assay (puro-PLA) according to a previous study (tom Dieck et al., 2015; Figure S5E). Fluorescence
images and quantitative data showed that nascent GAP43 labeling with puro-PLA in axons was increased significantly after
application of siKHSRP in the cell body compartment of microfluidic-cultured P0 DRG neurons (Figure 4H), supporting translational repression of KHSRP on Gap43 mRNA. These data
suggest a regulatory role of KHSRP in repressing translation of
Gap43 mRNA.
ALAE downregulation reduces the protein but not mRNA
level of GAP43 in the axons of DRG neurons
Given a critical role of KHSRP-mediated repression on Gap43-30
UTR with known AREs (Yoo et al., 2013), we next investigated
whether ALAE affects this effect of KHSRP. Adeno-associated
virus (AAV) 2/8-mediated knockdown of ALAE was utilized in microfluidic-cultured P0 DRG neurons (Figures 5A and S5F). After
7-day infection in the cell body compartment, qPCR showed
that ALAE was decreased dramatically in cell bodies and axons
(Figure 5B). The amount of GAP43 protein in cell bodies and
axons was decreased significantly, whereas the level of Gap43
mRNA remained unchanged (Figures 5B and 5C), suggesting
that ALAE positively affects GAP43 protein levels. In support of
this possibility, immunofluorescence images showed that the intensity of GAP43 in axons was reduced in cultured P0 DRG neurons electroporated with shALAE (Figure 5D). As a control, the
protein and mRNA levels of calmodulin in cell bodies and axons
were not affected by knockdown of ALAE in the cell body
compartment (Figures 5B and 5C). qPCR and immunoblotting
showed that the mRNA and protein levels of KHSRP in cell
bodies were not affected by shALAE (Figures S5G and S5H),
indicating that ALAE affects GAP43 without directly through
regulating KHSRP level. Furthermore, fluorescence images and
quantitative data showed that nascent GAP43 labeling with
puro-PLA in axons was reduced significantly after application
of siALAE in cultured P0 DRG neurons (Figure 5E), confirming
translational repression of ALAE on Gap43 mRNA.
To examine the local effect of ALAE on GAP43 expression in
axons, we exclusively transfected siRNA in the axon compartment of microfluidic-cultured P0 DRG neurons. qPCR showed
that application of siRNA in the axon compartment reduced
the axonal but not cell body level of ALAE, and coexpression
of ALAER completely rescued the amount of ALAE in axons
affected by siRNA (Figure 5F). Importantly, immunoblotting
showed that knockdown of ALAE in axons decreased the protein
level of GAP43 without affecting its mRNA level in axons but not
cell bodies (Figure 5G). However, the protein and mRNA levels of
calmodulin in cell bodies and axons were not changed after
knockdown of ALAE in axons (Figures 5F and 5G). The effect
of whole-cell knockdown by 7-day infection with AAV-shALAE
on GAP43 levels seems to be stronger in comparison with

(H) Representative images (left) and quantitative data (right) showed that knockdown of KHSRP in the cell body compartment increased newly synthesized
GAP43 in axons in microfluidic-cultured P0 DRG neurons. GFP was used to indicate the axon profile. siNC, n = 25; siKHSRP, n = 31. Scale bar, 10 mm.
The results are presented as mean ± SEM. **p < 0.01, ***p < 0.001 versus control.
See also Figure S5.
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Figure 5. ALAE downregulation reduces the level of GAP43 protein but not mRNA in the axons of DRG neurons
(A) Flowchart for AAV-mediated knockdown of ALAE in microfluidic-cultured P0 DRG neurons.
(B) qPCR analysis showed that ALAE was decreased in cell bodies and axons by infection with AAV-shALAE, whereas Gap43 mRNA remained unchanged.
Calm1 was used as a negative control. n = 4. *p < 0.05, ***p < 0.001 versus shNC.
(C) Representative immunoblots (left) and quantitative data (right) showed that infection with AAV-shALAE significantly decreased the protein level of GAP43 in
the cell bodies and axons of microfluidic-cultured P0 DRG neurons at 7 days in vitro (DIV). n = 4. **p < 0.01, ***p < 0.001 versus shNC.
(D) Representative images (left) and quantitative data (right) showed that shRNA-mediated knockdown of ALAE reduced the intensity of GAP43 in the axons of
cultured P0 DRG neurons. shNC, n = 22; shALAE, n = 23. ***p < 0.001 versus shNC. Scale bar, 10 mm.
(E) Representative images (left) and quantitative data (right) showed that siALAE reduced newly synthesized GAP43 in the axons of cultured P0 DRG neurons.
GFP was used to indicate the axon profile. siNC, n = 68; siALAE, n = 76. ***p < 0.001 versus siNC. Scale bar, 10 mm.

(legend continued on next page)
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siALAE for 48 h in axons, possibly because of its more stable and
long-term effect silencing ALAE. We also examined whether
ALAE overexpression affected the protein level of GAP43. Immunoblotting showed that the amount of GAP43 was not affected
by overexpression of ALAE in the cell body compartment of microfluidic-cultured P0 DRG neurons (Figure S5I), consistent with
the ineffective axon elongation by ALAE overexpression. All of
these data suggest that downregulation of ALAE reduces the
protein but not mRNA level of GAP43 in the axons of DRG
neurons.
To determine whether GAP43 is the major downstream target
for ALAE-related axon elongation, we performed an axon elongation assay after application of siALAE and coexpression of
tdTomato-GAP43 in the cell body compartment of microfluidiccultured P0 DRG neurons. Immunoblotting showed that coexpression of tdTomato-GAP43 fully rescued the decreased
amounts of GAP43 by siALAE (Figure S5J). Furthermore, representative images and quantitative data showed that coexpression of tdTomato-GAP43 largely rescued the decreased axon
elongation because of siALAE treatment in the axon compartment (Figure 5I), implicating GAP43 as the major target of
ALAE during axon elongation. Therefore, ALAE is required for
axon elongation through translational regulation of Gap43
mRNA.
ALAE impedes KHSRP association with Gap43 mRNA
and its repression of Gap43 mRNA translation and axon
elongation
To further explore the effect of ALAE on KHSRP association with
Gap43 mRNA, we performed RIP in HEK293 cells coexpressing
KH1–4-GFP-FLAG and Gap43-30 UTR in the absence or
presence of ALAE. qPCR showed that the amount of co-immunoprecipitated Gap43-30 UTR was decreased dramatically in the
presence of ALAE (Figures 6A and S6A), suggesting that ALAE
competes with Gap43-30 UTR for KHSRP binding. Consistently,
knockdown of ALAE in PC12 cells increased the amount of endogenous Gap43 mRNA co-immunoprecipitated by KHSRP (Figures
6B and S6B). These data suggest that ALAE interacts with KHSRP
to compete the association of KHSRP with Gap43 mRNA.
To further test this possibility, we next examined whether
Gap43-30 UTR and ALAE interacted with the same domain of
KHSRP. We performed RIP to determine the precise domain of
KHSRP interacting with Gap43 mRNA in HEK293 cells expressing different truncations of KH domains. Interestingly, deletion of
the KH3 or KH4 domain reduced the amount of co-immunoprecipitated Gap43-30 UTR (Figures 6C and S6C), implying that the
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KH3–4 domains are required for KHSRP association with ALAE
and Gap43 mRNA. To examine whether ALAE functioned as a
decoy, we performed smFISH for Gap43 combined with immunofluorescence for KHSRP after ALAE knockdown in the axon
compartment of microfluidic-cultured P0 DRG neurons. The images and quantitative data showed that the percentage of colocalization between KHSRP and Gap43 mRNA was increased
significantly by exclusive application of siALAE in axons (Figure 6D). To explore axonal co-localization of KHSRP with ALAE
and Gap43 mRNA, we performed double smFISH for ALAE
and Gap43 mRNA combined with immunostaining for KHSRP.
Quantitative data showed that ALAE was localized in only
4.9% of KHSRP granules containing Gap43 (Figure S6D),
implying that ALAE and Gap43 mRNA associate with distinct
KHSRP granules. These results suggest a decoy mechanism of
ALAE to impede interaction of KHSRP with Gap43 mRNA
(Figure 6E).
To further determine the decoy effect of ALAE on KHSRP in
DRG neurons, we detected axonal GAP43 levels after application
of siALAE or siALAE and siKHSRP in the cell body compartment
of microfluidic-cultured P0 DRG neurons. Immunofluorescence
images and quantitative data showed that knockdown of KHSRP
and ALAE restored the decreased intensities of newly synthesized and total GAP43 in axons (Figures 6F and S6E) as well as
the defect of axon elongation (Figure 6G) because of siALAE
treatment, implicating KHSRP as a major regulator participating
in ALAE-mediated local translation of Gap43 mRNA. Moreover,
we also examined axonal GAP43 levels in microfluidic-cultured
P0 DRG neurons coexpressing KHSRP and ALAE in the cell
body compartment. Immunofluorescence images and quantitative data showed that the reduced intensities of newly synthesized and total GAP43 in axons because of overexpression of
KHSRP were rescued fully by coexpression of ALAE (Figures
6H and S6F). Decreased axon elongation by overexpressing
KHSRP was also restored by coexpression of ALAE in the microfluidic-cultured P0 DRG neurons (Figure 6I). These results suggest that ALAE serves as a decoy on KHSRP and impedes its
repression on Gap43 mRNA translation and axon elongation.
Disruption of the interaction between ALAE and KHSRP
inhibits local translation of Gap43 mRNA and axon
elongation
Because ALAE318-351 was required for interaction of ALAE with
KHSRP, we designed an ALAE 318–351 sense fragment resistant to siALAE to determine its rescue effect on the reduced level
of GAP43 by ALAE knockdown in cultured P0 DRG neurons.

(F) qPCR analysis showed that axonal application of siALAE decreased the level of ALAE in axons but not cell bodies of microfluidic-cultured P0 DRG neurons.
The decreased level of ALAE was rescued completely by cotransfection with ALAER. The levels of Gap43 and Calm1 mRNAs in the cell bodies and axons were not
changed by the indicated treatments.
(G) Representative immunoblots (left) and quantitative data (right) showed that axonal application of siALAE decreased the level of GAP43 in the axons but not cell
bodies of microfluidic-cultured P0 DRG neurons. The decreased level of GAP43 was rescued completely by cotransfection with ALAER in axons. n = 3. *p < 0.05,
**p < 0.01 versus siNC and ##p < 0.01, ###p < 0.001 versus indicated.
(H) The flowchart for electroporation of the tdTomato-GAP43 rescue experiment in microfluidic-cultured P0 DRG neurons.
(I) Representative images (left) and quantitative data (right) showed that knockdown of ALAE in the cell body compartment reduced axon elongation and that
coexpression of tdTomato-GAP43 in the cell body completely rescued decreased axon elongation. siNC, n = 142; siALAE, n = 108; siALAE + tdtomato-GAP43,
n = 101. ***p < 0.001 versus siNC and ###p < 0.001 versus indicated.
The results are presented as mean ± SEM.
See also Figure S5.
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Figure 6. ALAE competes the association of KHSRP with Gap43mRNA

(A) qPCR analysis and representative immunoblots showed that association of Gap43-30 UTR with KHSRP was decreased in FLAG immunoprecipitates after
overexpression of ALAE in HEK293 cells expressing KH1–4-GFP-FLAG. n = 3. ***p < 0.001 versus vector.
(B) qPCR analysis and representative immunoblots showed that association of endogenous Gap43 mRNA with KHSRP was increased in the KHSRP immunoprecipitates after knockdown of ALAE in PC12 cells. n = 3. *p < 0.05 versus siNC.
(C) qPCR analysis and representative immunoblots showed that the KH3–4 domains were required for KHSRP interaction with Gap43-30 UTR in HEK293 cells. n =
4. **p < 0.01 versus KH1–4-GFP-FLAG.
(D) Representative images (left) and quantitative data (right) showed that knockdown of ALAE in the axon compartment significantly increased the percentage of
axonal co-localization of KHSRP and Gap43 mRNA. siNC, n = 23; siALAE, n = 19. *p < 0.05 versus siNC. Scale bar, 10 mm.
(E) A proposed model for the decoy effect of ALAE by impeding the interaction with KHSRP on Gap43 mRNA.
(F) Representative images (left) and quantitative data (right) showed that the reduced newly synthesized GAP43 in axons because of siALAE in the cell body
compartment was largely rescued by knockdown of KHSRP. GFP was used to indicate the axon profile. siNC, n = 28; siALAE, n = 35; siALAE+ siKHSRP, n = 28.
***p < 0.001 versus siNC and ###p < 0.001 versus indicated. Scale bar, 10 mm.

(legend continued on next page)
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Immunoblotting showed that the reduced level of GAP43 after
knockdown of ALAE in cultured P0 DRG neurons was rescued
fully by coexpression of the ALAE 318–351 sense fragment (Figure S7A), suggesting that ALAE 318–351 is sufficient for the effect of ALAE on GAP43 expression. To determine the role of
ALAE in KHSRP-mediated translational repression on Gap43
mRNA, we designed a locked nucleic acid (LNA)-modified antisense to ALAE 318–351 to specifically impair the interaction of
ALAE with KHSRP (Figure 7A). As a control, an LNA-modified
scramble was used. To evaluate the competitive effect of
ALAE 318–351 antisense, we performed RIP experiments in
cultured P0 DRG neurons (Figure 7B). qPCR showed that,
compared with the control, the amount of ALAE co-immunoprecipitated by the KHSRP antibody was decreased significantly,
and the amount of Gap43 mRNA bound to KHSRP was
increased in DRG neurons transfected with 50 nM ALAE 318–
351 antisense (Figures 7C and S7B), indicating that the KHSRP
released from ALAE association recruits more Gap43 mRNA.
Importantly, application of ALAE 318–351 antisense in the
axon compartment significantly decreased the protein level of
GAP43 in axons but not cell bodies (Figure 7D). The amount of
the calmodulin control was not affected in cell bodies or axons
(Figure 7D). Transfection with ALAE 318–351 antisense in the
axon compartment did not affect the level of ALAE or the
Gap43 and Calm1 mRNAs (Figure 7E). Moreover, application
of ALAE 318–351 antisense significantly reduced newly synthesized GAP43 protein in axons (Figure 7F), suggesting that disruption of the interaction between ALAE and KHSRP inhibits local
translation of Gap43 mRNA. Obviously, application of ALAE
318-351 antisense in the axon compartment reduced axon elongation rate (Figure 7G). These data suggest that ALAE promotes
axon elongation by locally preventing KHSRP from binding and
inhibiting Gap43 mRNA translation.
DISCUSSION
Noncoding RNAs have been suggested to have pivotal roles in
axon development by precisely regulating spatiotemporal
mRNA translation (Wang and Bao, 2017). In the present study,
we propose a working model for the regulatory role of ALAE in
the process of axon elongation. Under normal conditions,
axon-enriched ALAE is strongly associated with KHSRP through
its ARE for preventing KHSRP binding on Gap43 mRNA, maintaining GAP43 synthesis and facilitating axon elongation. When
ALAE is downregulated, a large amount of KHSRP is released,
binds Gap43 mRNA, and represses its translation in the axon, re-
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sulting in decreased levels of GAP43 and subsequent slowdown
of axon elongation (Figure 7H). Our finding will expand the knowledge of the regulatory roles of axon-enriched lincRNAs during
axon development.
ALAE is a highly axon-enriched and abundant lincRNA
required for axon elongation in DRG neurons
Growing evidence reveals that many molecules are targeted
to the axon to regulate the local RNA transcriptome (Cioni
et al., 2018). Although the vast majority of miRNAs are localized in the axon and modulate axon development and survival
(Hancock et al., 2014; Wang and Bao, 2017), no direct
evidence has been reported of the functions and related
mechanisms of axon-localized lncRNAs. To determine the existence of axon-localized lincRNAs, we established the
lincRNA profile of P0 DRG neurons by RNA-seq combined
with bioinformatics analysis and found 462 highly expressed
lincRNAs (FPKM > 1). In microfluidic-cultured P0 DRG neurons, ALAE was identified as the most enriched and abundant
lincRNA in the axon among the top 20 abundant lincRNAs.
The abundance of ALAE in axons was equivalent to that of
Gap43 and Calm1, known as axon-abundant and growthrelated mRNAs (Wang et al., 2015; Yu et al., 2018). Moreover,
ALAE enrichment in axons versus cell bodies is even higher
than that of the Gap43 and Calm1 mRNAs, strongly supporting a potential role in regulating axon function. Although the
axon enrichment and abundance of the top 20 lincRNAs
were detected in DRG neurons, other highly expressed lincRNAs have still not been examined extensively because of
limited axonal samples and detection methods. Transcriptomics analyses of axon-localized lncRNAs by highthroughput RNA-seq at low-level RNAs needs to be carried
out in future studies.
As a highly abundant and enriched axonal lincRNA, ALAE
was picked up to study function during axon development. Selective knockdown of ALAE in axons significantly reduced axon
elongation. Regarding the high abundance of ALAE in axons, it
would be interesting to compare the effects of bulk knockdown
in the cell body and exclusive knockdown in the axon. Importantly, our result suggests an equivalent effect by knockdown
of ALAE in the cell body and axon, emphasizing the crucial
contribution of local ALAE during axon development. Other
lincRNAs, such as MSTRG.10037 and MSTRG.15654, also displayed high abundance and enrichment in axons, implying potential roles of those axon-localized lincRNAs during axon
development.

(G) Representative images (left) and quantitative data (right) showed that the reduced axon elongation caused by siALAE in the cell-body compartment was
rescued completely by knockdown of KHSRP. siNC, n = 444; siALAE, n = 459; siALAE + siKHSRP, n = 367. ***p < 0.001 versus siNC and ###p < 0.001 versus
indicated. Scale bar, 300 mm.
(H) Representative images (left) and quantitative data (right) showed that the reduced newly synthesized GAP43 in axons because of overexpression of KHSRP in
the cell body compartment was rescued completely by coexpression of ALAE. GFP was used to indicate the axon profile. Vector, n = 35; KHSRP, n = 35; KHSRP+
ALAE, n = 28. ***p < 0.001 versus Vector and ###p < 0.001 versus indicated. Scale bar, 10 mm.
(I) Representative images (left) and quantitative data (right) showed that the reduced axon elongation caused by overexpression of KHSRP in the cell body
compartment was completely rescued by coexpression of ALAE. Vector, n = 378; KHSRP, n = 322; KHSRP+ ALAE, n = 290. ***p < 0.001 versus siNC and ###p <
0.001 versus indicated. Scale bar, 300 mm.
The results are presented as mean ± SEM.
See also Figure S6.
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ALAE acts as an RNA decoy to prevent binding and
translational repression of KHSRP on Gap43 mRNA
during axon elongation
RBPs regulate RNA stability and subcellular targeting in the axons
of neurons (Hörnberg and Holt, 2013). KHSRP has been reported
to specifically interact and promote the turnover of ARE-containing
RNAs (Chen et al., 2001; Gherzi et al., 2004; Giovarelli et al., 2014;
Rossi et al., 2019), especially for Gap43 mRNA in cultured E17.5
hippocampal neurons (Bird et al., 2013). However, the present
study showed that KHSRP did not affect the turnover of Gap43
mRNA in cultured P0 DRG neurons. Hippocampal neurons are
highly polarized neurons containing several dendrites and one
axon, whereas DRG neurons are pseudo-unipolar neurons with
axons only. Interestingly, KHSRP has been reported to control
Tnf mRNA decay in HeLa cells and regulate Tnf mRNA translation
in astrocytes (Briata et al., 2016), implicating a cell-dependent effect of KHSRP. Additionally, distinct extrinsic signals from hippocampal and DRG neurons may also specifically activate RBP to
differentially regulate its targets. In the present study, we detected
that KHSRP interacted with Gap43 mRNA and repressed its translation. A previous study also showed that KHSRP regulated internal ribosome entry sites (IRES)-dependent translation by stress or
viral factors (Kung et al., 2017). More studies are needed to investigate the mechanism of KHSRP controlling mRNA translation in
different cell types.
lncRNAs have been shown to recruit interaction partners, especially for RBPs, to regulate gene expression (Guo et al., 2018; Rossi
et al., 2019; Yao et al., 2019). In the present study, ALAE was found
to bind with the KH3–4 domains of KHSRP via AREs but not other
ARE-associated RBPs, such as HuD, suggesting sequence selectivity of the KH domain in KHSRP (Gherzi et al., 2010). The lincRNA
H19 has been shown to directly bind the KH1 domain of KHSRP
and facilitate degradation of Myogenin mRNA during myogenic differentiation (Giovarelli et al., 2014), further highlighting distinct
lncRNA-mediated KHSRP functions through specific RNA-binding domains. Notably, we found that the AREs of ALAE and
Gap43 mRNA interacted with the same RNA-binding domain of
KHSRP, enabling a competitive role of ALAE over KHSRP binding
on Gap43 mRNA. We speculated that ALAE had strong affinity to
bind the KH3–4 domains of KHSRP, releasing KHSRP from the
translational repression complex of Gap43 mRNA. Therefore,
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ALAE functions as a molecular decoy to prevent KHSRP-mediated
translational repression on Gap43 mRNA. Previous studies revealed that the lincRNA NORAD, containing multiple PUMILIO
(PUM) response elements (PREs), also acts as a decoy to prevent
PUM1/PUM2-mediated degradation of a subset of mRNAs with
PREs in the cell cycle (Lee et al., 2016; Tichon et al., 2016). These
studies suggest a function of lincRNA as a decoy to regulate mRNA
translation and degradation in cells.
The association of RBP and its targets is highly dynamic in
different types of cells, especially for mRNAs in growing axons,
which are rapidly translated in response to extrinsic signaling
(Holt and Schuman, 2013). Assembly and disassembly of RBPRNA granules are also fast and dynamic upon translational regulation (Guo and Shorter, 2015). The low percentage of ALAE colocalization with KHSRP granules detected in the present study
also provides evidences to support the dynamic process between
RBP and RNA. It is also possible that the interaction of KHSRP with
ALAE largely happens outside of granules, according to the highly
efficient binding of KHSRP with ALAE detected by RIP. Additionally, although smFISH is a very sensitive method to visualize
RNAs, it is still difficult to fully detect ALAE in neurons. Importantly,
given the relatively low co-localization of ALAE and KHSRP, ALAE
may interact with other RBPs and function as a decoy to regulate
the Gap43 mRNA translation, and those RBPs remain to be identified. Additionally, RBPs have been implicated in directing axonal
localization of mRNAs and small noncoding RNAs in our previous
study (Wang et al., 2015) and other work (Hörnberg and Holt,
2013). Whether KHSRP interacts with ALAE and mediates axonal
targeting of ALAE requires further investigation.
GAP43 is a well-known neuron-specific protein mainly localized in the growth cone of neurons (Verge et al., 1990). The protein level of GAP43 is highly correlated with axon development
and regeneration. Regulation of GAP43 synthesis in developing
and regenerated axons has been studied extensively (Donnelly
et al., 2013). A recent study showed that the lincRNA slic1 maintained axon regeneration by promoting transcription of the
Sox11 and Gap43 mRNAs (Perry et al., 2018). Cytoplasm-localized ALAE post-transcriptionally regulated translation of Gap43
mRNA in the present study, whereas nucleus-localized slic1 facilitates Gap43 mRNA directly through transcription activation
(Perry et al., 2018), indicating that subcellular distribution of

Figure 7. Disruption of the interaction between ALAE and KHSRP inhibits translation of Gap43 mRNA and axon elongation
(A) Schematic showing that the interaction between ALAE and KHSRP was reduced by LNA-modified ALAE 318–351 antisense in cultured P0 DRG neurons.
(B) Flowchart of RIP for evaluating the competitive effect of ALAE 318–351 antisense on association of ALAE with KHSRP in cultured P0 DRG neurons.
(C) qPCR analysis and representative immunoblots showed that association of ALAE with KHSRP was decreased, whereas Gap43 mRNA was increased in
KHSRP immunoprecipitates after application of ALAE 318–351 antisense in cultured P0 DRG neurons. n = 3. **p < 0.01 versus scramble.
(D) Representative immunoblots (left) and quantitative data (right) showed that the protein level of GAP43 was decreased by axonal treatment of ALAE 318–351
antisense in microfluidic-cultured P0 DRG neurons. Calmodulin was used as a control that was not affected by treatment. n = 4. **p < 0.01 versus scramble.
(E) qPCR analysis showed that the levels of ALAE and Gap43 mRNA in cell bodies and axons were not affected after axonal application of ALAE 318–351
antisense in microfluidic-cultured P0 DRG neurons. Calm1 was used as a control that was not affected by treatment. n = 4.
(F) Representative images (left) and quantitative data (right) showed that application of ALAE 318–351 antisense significantly reduced newly synthesized GAP43
in the axons of cultured P0 DRG neurons. GFP was used to indicate the axon profile. Scramble, n = 43; ALAE 318–351 antisense, n = 37. ***p < 0.001 versus
scramble. Scale bar, 10 mm.
(G) Representative images (left) and quantitative data (right) showed that application of ALAE 318–351 antisense in the axon compartment decreased axon
elongation in cultured P0 DRG neurons. Scramble, n = 203; ALAE 318–351 antisense, n = 179. ***p < 0.001 versus scramble.
(H) A proposed model for ALAE required for axon elongation by regulating the repression of KHSRP on Gap43 mRNA translation.
The results are presented as mean ± SEM.
See also Figure S7.
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lincRNAs exerts distinct mechanisms during axon development
and regeneration.
Specific blocking of the interplay between lincRNA and RBP is
important to evaluate the endogenous effects of lincRNA. Blocking
PUM2 binding on mRNAs containing pumilio binding elements
(PBEs) using LNA-modified antisense resulted in mislocalization
and defective local translation of axonal mRNAs (Martı́nez et al.,
2019), implying efficiency of this method to disrupt the interaction
between RNA and RBP. We also utilized a LNA-modified antisense
to specifically bind the AREs of ALAE and release KHSRP. qPCR
detected that the association of ALAE with KHSRP was blocked
significantly and that the amount of Gap43 mRNA binding with
KHSRP was increased in axons, resulting in decreased local translation of Gap43 mRNA and subsequent reduction of axon elongation. The present study further explains sequence-based control of
the axonal translatome by distinct RBPs.
We identified an axon-enriched lincRNA, ALAE, acting as a
decoy to interact with KHSRP and prevent its translational suppression on Gap43 mRNA during axon development. These results reveal a regulatory mechanism for lincRNA involved in
spatiotemporal control of local translation in the axon.
STAR+METHODS
Detailed methods are provided in the online version of this paper
and include the following:
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DAPI

Invitrogen
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MedChemExpress
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SuperScript III Reverse Transcriptase
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PrimeScript RT reagent Kit (Perfect Real
Time)
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RNA-seq raw files

This paper
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This paper
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Cell bank of Chinese Academy of Sciences
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Shang laboratory animal research center,
Chinese academy of sciences
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This paper

N/A

pcDNA3.1-ALAE

This paper
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This paper

N/A
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This paper
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This paper
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This paper
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pcDNA3.1-ALAE-r352-371

This paper
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This paper

N/A

Deposited data

Experimental models: cell lines

Experimental models: Organisms/strains
Rat: SD
Oligonucleotides
See Tables S3 and S4 for DNA and siRNA
used in this paper
Recombinant DNA

pAOV-EGFP-KHSRP-FLAG

This paper

N/A

pAOV-EGFP-KH1-4-FLAG

This paper

N/A
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This paper

N/A
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This paper

N/A
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This paper
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This paper

N/A
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This paper

N/A

pcDNA3.1-Gap43 30 UTR

This paper

N/A
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This paper

N/A
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This paper

N/A

pEGFP-N3-ALAE

This paper

N/A
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This paper

N/A

pAKD-CMV-H1-shALAE

This paper

N/A

Fiji/ImageJ

Fiji/ImageJ

https://imagej.net/Fiji

Prism

GraphPad Software

https://www.graphpad.com/

Software and algorithms
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RESOURCE AVAILABILITY
Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bin Wang
(bin_wang2020@163.com).
Materials availability
Requests for materials generated in this study should be directed to the lead contact, Bin Wang (bin_wang2020@163.com), after
completing Material Transfer Agreement.
Data and code availability
The raw data of RNA-seq has been deposited to Gene Expression Omnibus with the accessed number GSE151615. The raw data of
mass spectrometry proteomics has been deposited to ProteomeXchange Consortium with the dataset identifier PXD019429.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals
All experiments were approved by the Committee of Use of Laboratory Animals in the Shanghai Institute of Biochemistry and Cell
Biology, CAS Center for Excellence in Molecular Cell Science, Chinese Academy of Sciences. The Sprague Dawley (SD) male
and female rats at postnatal 0 day (P0) were provided by Shanghai Laboratory Animal Center, Chinese Academy of Sciences.
Cell lines
HEK293 cells and PC12 cells were obtained from the Cell bank of Chinese Academy of Sciences. HEK293 cells were cultured in
DMEM supplemented with 10% fetal bovine serum (GIBCO) and penicillin/streptomycin. PC12 cells were cultured in RPMI medium
1640 (Invitrogen) containing 15% horse serum and 2.5% fetal bovine serum.
Primary culture of DRG neurons
Primary culture of DRG neurons was performed as described previously with minor modifications (Wang et al., 2015). Briefly, DRGs
were dissociated from rats at P0, followed by digestion with a mixture enzyme of collagenase I, trypsin and DNaseI. After centrifugation with 15% Percoll to remove non-neuronal cells, the DRG neurons were obtained and cultured in the neurobasal medium
containing 2% B27 supplement, 2 mM L-glutamine (Invitrogen) and 100 ng/ml nerve growth factor (NGF; Invitrogen), and 10 mM
5-fluoro-20 -deoxyuridine (Sigma) was used to inhibit the proliferation of non-neuronal cells.
For compartmental culture of DRG neurons, the microfluidic chamber was fabricated as previously reported (Chen et al., 2012).
Briefly, utilizing a two-step photolithography process (photoresist Su-8 2007 and Su-8 2100), we fabricated the master with a positive
relief of two heights. The microfluidic chamber consisted of cell body and axon compartments through microchannels linking the two
compartments. The compartment was 100 mm in height, whereas the microchannels were 3-4 mm in height and were allowed to control axon growth. The master was replicated by curing the PDMS (Sylgard 184, Dow Corning) pre-polymer with a curing agent at a
ratio of 10:1. After baking 2 h at 80 C, the PDMS mold was peeled off of the master, and the chamber was obtained by placing the
mold on a poly D-lysine-coated glass coverslip. Then, the dissociated DRG neurons were plated into the cell body compartment. The
axons crossed the microchannels and reached the axon compartment within 24 h.
METHOD DETAILS
Plasmids
The full length of ALAE was amplified from rat cDNA and cloned into pcDNA3.1, and all truncations or deletions of ALAE were created
using KOD-Plus-Mutagenesis Kit (TOYOBO). The coding sequence of KHSRP was amplified from rat cDNA and cloned into pAOVCMV-bGlobin-GFP to produce KHSRP-GFP-FLAG. All deletions of KHSRP were produced using KOD-Plus-Mutagenesis Kit. The
30 UTR of Gap43 mRNA was amplified from rat cDNA and cloned into pcDH-CMV-EF1a-GFP to produce Gap43-30 UTR-GFP. The
CDS-30 UTR of Gap43 mRNA was amplified from rat cDNA and cloned into pEGFP-C3 to produce GFP-Gap43-30 UTR. Gap43
CDS was amplified from GFP-Gap43-30 UTR into ptdTomato to produce tdTomato-GAP43.
For AAV construction, the shRNA for ALAE and the negative control shRNA were cloned into the pAKD-CMV-bGlobin-eGFP-H1shRNA, respectively. The AAV2-based vector pseudotyped with AAV8 serotype capsid (AAV2/8) was purchased and supplied in titers 3 3 1012 (Obio Technology, China). The sequences of ALAE, KHSRP and control shRNA were indicated in Table S2.
Rapid amplification of cDNA end (RACE)
The method for obtaining the full length of ALAE was adopted from previous study (Wang and Fang, 2015). The RNA ligase-mediated
(RLM)-RACE approach was performed to obtain the unknown 30 and 50 end sequences of ALAE by using FirstChoice RLM-RACE Kit
(Ambion, Inc.). Briefly, the 30 RACE and 50 RACE cDNA libraries were first established from P0 DRGs. Then, the RLM-RACE PCR was
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performed with ALAE-specific primers to obtain the product that was further sequenced. Finally, the full-length sequence of ALAE
was verified by comparing the sequencing result with the predicted sequence.
Cell transfection and AAV infection
Transfection of plasmids was carried out with lipofectamine 2000 (Invitrogen) according to the manufacture’s protocol. Transient
expression with siRNA was performed with RNAiMAX (Invitrogen) according to the manufacturer’s protocol. For electroporation
of DRG neurons, cells were suspended in electroporation buffer and then electroporated by Nucleofector II (Amaxa) using the program named O-003. AAV infection was performed directly by adding the virus in titers 3 3 1012 to the culture medium at the dilution
1:50.
siRNA and ALAE-related fragments
The siRNA, LNA-modified blocker and ALAE sense fragment (Guangzhou RiboBio Co. Ltd., China) were synthesized. Sequences
were indicated in Table S2. Scramble and ALAE 318-351 antisense were custom-designed for serving as a negative control and disrupting the interaction between KHSRP and ALAE, respectively.
To obtain the ALAER RNA, double stand DNA of ALAER without siALAE targeting region was amplified from pcDNA-ALAE attached
with T7 sequence in 50 end. After purified by ethanol, ALAER RNA was transcribed by using T7 polymerase (Promega). For the rescue
experiment of ALAER, 10 pg ALAER RNA was mixed with the siALAE in Opti-MEM medium. After mixture with RNAiMax (Invitrogen)
for 15 min, they were added to the axon compartment of microfluidic-cultured P0 DRG neurons. Further analysis of the RNA or protein
was conducted 48 h after transfection.
Immunostaining
Cells plated on the dish were fixed in 4% paraformaldehyde for 15 min at room temperature. Then, the cells were incubated with the
indicated primary antibodies overnight at 4 C followed by secondary antibodies conjugated with fluorescent dye (1:1000; Jackson
Immunoresearch) for 45 min at 37 C. Fluorescence images were acquired from Leica SP8 confocal microscopy (Leica).
Immunoblotting
Tissues, cell lysates or beads were incubated in SDS-PAGE loading buffer for 5 min at 95 C. The samples were separated on SDSPAGE, transferred, probed with the indicated antibodies, and visualized with enhanced chemiluminescence (Amersham Biosciences). The intensity of immunoreactive bands was analyzed with the Image-Pro Plus 5.1 software (Media Cybernetics).
RNA extraction, RT-PCR and quantitative PCR
Total RNA was extracted from tissues or cultured cells with TRIzol reagent according to the manufacturer’s protocol. To obtain the
RNA from the cell bodies and axons, TRIzol reagent was used to dissolve samples in the cell body and axon compartments, respectively. Three microfluidic chambers were collected for the axonal RNA dissolved in 5 ml RNase free water whereas the RNA from cell
bodies dissolved in 50 ml RNase free water. The RNA was then treated with gDNA eraser to degrade possible genomic DNA pollution
before reverse-transcription with the PrimerScript RT Reagent Kit (TaKaRa). For the reverse transcription, total axonal RNA and 1%
cell body RNA were used in cDNA synthesis for qPCR analysis. For qPCR, the cDNA synthesis was carried out with oligo (dT) and
random hexamers. For gene amplification, the cDNA was obtained with gene-specific primers. qPCR was performed using HieffTM
qPCR SYBR Green Master Mix (Yeasen) and Lightcycler R 96 System (Roche). The qPCR results were analyzed and normalized to
Gapdh mRNA for the relative mRNA or lincRNA level, which were then convert to the fold change. For the microfluidic-cultured P0
DRG neurons, the relative abundance level for distinct lincRNAs and mRNAs were normalized to Gapdh mRNA. The axon enrichment
ratio for lincRNAs or mRNAs were calculated by the ratio of abundance level in the axons to the cell bodies. Primer sequences for
qPCR were provided in Table S3.
Single molecule in situ hybridization
We performed in situ hybridization with SmFISH as previously described (Tsanov et al., 2016). Primary DNA probes for ALAE and
Gap43 mRNA were kindly designed by Dr. Marion Peter (sequences were indicated in Table S4) and synthesized (Invitrogen), and
the secondary probe was tailed with DIG at both ends. Primary probe and second probe were hybridized at sequential temperature
with 85 C 3 min, 65 C 3 min and 25 C 5 min in the hybridization buffer (100 mM NaCl, 50 mM Tris-HCl, 10 mM MgCl2, pH 7.9).
HEK293 cells or cultured DRG neurons were fixed in 4% paraformaldehyde and hybridized with the primary-second probe duplex
at 37 C overnight. After washing, cells were incubated with anti-DIG-POD (Roche) and other antibodies for immunostaining at
4 C overnight. The signal was amplified by the TSATM Plus fluorescein and Cy3 System (PerkinElmer) according to the manufacturer’s protocol. If other antibodies for immunostaining were used, the cells need to be further incubated with related secondary antibodies conjugated with fluorescent dye at 37 C for 45 min before TSA amplification. Fluorescent images were acquired from Leica
SP8 confocal microscopy. Percentage of co-localized granules was analyzed according to previous report (Chen et al., 2012). Briefly,
the percentage of colocalization was quantified by Image-pro Plus 5.1 software and defined as the overlapping area with a mean
diameter > 2 pixels between two granules at least 5 pixels per diameter within individual cell body or axon.
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Detection of axon elongation
The elongated axon growth was measured as described previously with minor modifications (Wang et al., 2015). In microfluidiccultured P0 DRG neurons in the presence of 100 ng/ml NGF, the neurons electroporated with GFP to clearly visualize the process
of axon elongation were transfected with siRNA, LNAs and RNA fragment in the cell body compartment or axon compartment.
The images of axons in the axon compartment were captured by the PerkinElmer UltraView Vox system (PerkinElmer) using a
10 3 lens. Then, each photograph was stitched to produce an integrated image for whole axon compartment. After 8 and 24 h,
the second image was produced at the same axon compartment. The increase of single axon length clearly detected during 8
and 24 h was analyzed using the plug-in of Simple neurite tracer from ImageJ (NIH). At least 3 chambers and total 100 axons per
group in 3 independent experiments were performed for quantitative analysis.
RNA pull-down and mass spectrometry
This assay was performed according to the manufacturer’s protocol (Thermo Fisher Scientific) with minor modifications. The products of full-length ALAE fused with T7 promoter sequence were transcribed using the T7 RNA Polymerase (Promega). Biotinlabeled sense and antisense of ALAE were obtained using Pierce TM RNA 30 End Desthiobiotinylation Kit (Thermo Fisher Scientific).
Then, 20 pM biotinylated RNA was incubated with 50 ml streptavidin magnetic beads for 30 min in the washing buffer. DRGs or
PC12 cells were lysed with Pierce IP lysis buffer (Thermo Fisher Scientific) with RNase inhibitor and protease inhibitor cocktail.
After centrifuging at 13,000 g for 10 min at 4 C, the supernatant was collected, 5% of which was saved for immunoblotting as
lysate, and the rest was added to the probe-beads and incubated at 4 C overnight. After washing for three times, one fourth of
the beads were added to 500 ml TRIzol reagent for RNA extraction. To harvest proteins, the rest beads were eluted with elution
buffer (95% formamide with 5% ethylenediaminetetraacetic acid) at 95 C for 5 min. RNA-captured proteins were analyzed by
immunoblotting and subjected to mass spectrometry analysis at core facility of molecular biology (Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences). The raw data of mass spectrometry proteomics has been deposited to ProteomeXchange Consortium with the dataset identifier PXD019429. The mass spectrometry result from ALAE pull-down experiment was provided in Table S2.
RNA immunoprecipitation (RIP)
HEK293 cells or DRG tissues were harvested and lysed with RIPA buffer (100 mM KCl, 5 mM MgCl2, 10 mM HEPES-NaOH, 0.5% NP40) with RNase inhibitor (Promega) and protease inhibitor cocktail (Roche). The 50 ml protein G beads (Sigma) were incubated with
1 mg antibody at room temperature for 1 h in the washing buffer (50 mM Tris, pH 7.4; 150 mM NaCl, 1 mM MgCl2, 0.05% NP-40). Then,
the resulting supernatant was incubated with the antibody conjugated with immobilized beads at 4 C for 3 h. The same amount of IgG
was used as a control. The protein-captured beads were washed with the wash buffer for 3 times. RNA extraction and immunoblotting from the beads were further carried out by using TRIzol (Invitrogen) and loading buffer, respectively, for subsequent detection of
co-immunoprecipitated RNA and protein.
RNA stability detection
Actinomycin D (ActD) was utilized as a transcriptional inhibitor in the detection of RNA stability as previously reported (Hao and Baltimore, 2009). P0 DRG neurons were cultured for 24 h and then transfected with siNC or siKHSRP for 48 h. Then, the neurons were
applied with 10 mM ActD (MedChemExpress) for 0, 2, 4 and 6 h, respectively. RNA extraction and immunoblotting from those samples were further carried out by using TRIzol (Invitrogen) and protein loading buffer, respectively, for subsequent detection of RNA
and protein. The statistical analysis was conducted using two-way ANOVA to compare the effect of siRNA treatment on the mRNA
level at different time points.
Puromycylation-PLA assay
The puromycylation-PLA assay was performed according to previous study (tom Dieck et al., 2015) with slight modifications. Briefly,
cultured P0 DRG neurons after transfected with siRNA or LNA for 48 h were treated with 100 mg/ml cycloheximide (Sigma) for 30 min
at 37 C. Then, the cells were incubated with the medium containing 1 mM puromycin (Sigma) for 10 min at 37 C and fixed with 4%
paraformaldehyde for 20 min. The following PLA detection was carried out by Duolink reagents (Sigma) according to the manufacturer’s instructions. Detection of newly synthesized GAP43 by proximity ligation was performed by using anti-GAP43 and anti-puromycin. The antibody combination was applied to the cells and incubated at 4 C overnight. Then the cells were incubated with probes
including PLAminus and PLAplus in a 1:5 dilution 1 h and ligated with T4 ligase for 30 min at 37  C. After ligation, polymerase and fluorophore-labeled detection oligo were added to the cell to initiate and amplify signals for 100 min at 37  C. Finally, cells were incubated
with DAPI and then mounted with a coverslip. Images were acquired with Leica SP8 confocal microscope using a 63 3 /1.4-NA oil
lens.
Quantification of the PLA punctum per area was performed by Fish Quant v3a according to previous study (Mueller et al., 2013).
Raw images imported to Fish Quant were filtered by the Dual-Gaussian filter to define the value of Kernel BGD and Kernal SNR with
0.5 pixel. The axons were drawn manually based on the GFP signals and Puro-PLA signals within the GFP area were automatically
detected. Finally, the number of Punctum per selected area was calculated.
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QUANTIFICATION AND STATISTICAL ANALYSIS
RNA-seq analysis and lincRNA profiling
Total RNAs were extracted from cultured P0 DRG neurons according to the manufacturer’s protocol. The RNA-Seq library preparation was employed by oligo-dT selection assay by using NEBNext Ultra RNA Library Prep Kit for Illumina (NEB) and sequenced on
an Illumina NovaSeq platform (Berry Genomics, China).
Three RNA-seq datasets from cultured P0 DRG neurons were aligned to rat genome assembly (RGSC Rno5_5.0/rn5) using HISAT2
(Kim et al., 2015). The alignments were passed to StringTie (Pertea et al., 2015) for transcript assemblies, followed by StringTie merge
function with annotations from Ensembl (release 79) and RefSeq (updated at 2018/08/27).
A series of filters were used to ensure the reliable identification of lincRNAs from our datasets. First, all transcripts with a single exon
and less than 200 nucleotides were removed. Additionally, the transcripts that had any overlap with annotated protein-coding genes,
pseudogenes or small RNAs in Ensembl were excluded. Second, the coding potential of transcripts was estimated in three ways,
including CPAT (version 2.0.0) (Wang et al., 2013), CPC2 (version 0.1) (Kang et al., 2017) and PfamScan (version 1.6) (Eddy,
2011). Finally, total 3,032 new transcripts passed above filters and 69 of known lincRNAs from Ensembl were kept lincRNAs for subsequent analysis. The expression level of all lincRNAs was recalculated using FPKM from featureCounts (Liao et al., 2014). Together,
among 3,101 lincRNAs of identified lincRNAs in P0 DRG neurons, 462 of highly expressed lincRNAs (FPKM R 1 and splicing site
coverage R 1) were selected. The list of expressed lincRNAs was provided in Table S1.
Statistical analysis
All data are presented as the mean ± SEM. Statistical analyses were performed using unpaired t tests to evaluate effects in singlefactor experiments and two-way ANOVA test to determine the effects of each variables in two-factor experiments (GraphPad Software). Differences were considered significant at p < 0.05.
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Figure S1. Related to Figure 1, Characterization of axon-enriched ALAE in DRG
neurons
(A) Flowchart of cultured P0 DRG neurons for RNA-seq. P0 DRGs were picked up and
dissociated. After cultured for 48 h, RNA of P0 DRG neurons was extracted and
performed by high throughput RNA-seq as well as bioinformatic analysis to profile
lincRNAs.
(B) Pipeline of profiling lincRNAs in cultured P0 DRG neurons.

(C) Abundance distribution of 462 highly expressed lincRNAs (FPKM≥1) from total
expressed 3101 lincRNAs based on RNA-seq of cultured P0 DRG neurons.
(D) Plot showing the expression of mRNAs and lincRNAs from RNA-seq of cultured
P0 DRG neurons.
(E) RT-PCR results showed that -actin was distributed in the cell bodies of P0 DRG
neurons at 7 DIV in the microfluidic chamber, whereas -actin was observed in both
cell bodies and axons.
(F) The ranking list showed that ALAE was the most abundant and enriched lincRNA
among top 20 lincRNAs in the axons of DRG neurons by qPCR.
(G and H) qPCR analysis showed that the abundance of ALAE in the axons was
equivalent to Gap43 and Calm1 mRNAs (G) and the enrichment of ALAE in the axons
was much higher than Gap43 and Calm1 mRNAs (H). The results are presented as
mean ± SEM (n = 4).
(I) 5’RACE (Left) and 3’RACE (Right) PCR analyzed 5’ and 3’ ends of ALAE in P0
DRG, respectively. The arrow indicated the DNA fragment cloned and sequenced to
map the 5’ or 3’-end sequence of ALAE.
(J) The full sequence of ALAE by 5’RACE and 3’RACE.

Figure S2. Related to Figure 1, ALAE is a neuron-enriched and highly conserved
lincRNA
(A) Computational result analyzed by CPC2 software showed that ALAE has no ability
in protein translation. Miat and Fendrr are known lncRNAs without coding ability.
Gapdh and Actb1 are coding genes.

(B and C) Schematic of GFP, GFP-ALAE and ALAE-GFP plasmids (B, Upper).
Representative immunoblots displayed the similar molecular weight of GFP-ALAE as
GFP (B, Down) and fluorescent images showed that ALAE-GFP was not expressed in
cultured HKE293 cells (C). Tubulin served as a loading control. Scale bar, 50 m.
(D and E) Flowchart for the purification of neuronal fraction (D). Purified P0 DRG
neurons were separated from dissociated DRG cells by Percoll gradients. qPCR
analysis showed that ALAE was relatively more enriched in the neuronal fraction
marked by Gap43 mRNA, a protein exclusively distributed in neuronal fraction (E),
but not Mbp mRNA, a marker of Schwann cells.
(F) Combination of biochemical separation with immunoblotting showed that lamin B1
was distributed in the nuclear fraction, whereas GAPDH was exclusively observed in
the cytoplasmic fraction of cultured P0 DRG neurons.
(G) Representative images of SmFISH showed that ALAE was localized in the cultured
P0 DRG neurons, whereas a negative control Dapb did not display obvious fluorescent
signals. Scale bar, 10 m.
(H) qPCR analysis showed the efficiently shRNA-mediated knockdown of ALAE in
cultured P0 DRG neurons. The results are presented as the mean ± SEM (n = 3). ***,
P < 0.001 versus shNC.
(I) Representative images of SmFISH showed that ALAE was decreased in neurons
expressing GFP (shALAE) compared to those neurons without expressing GFP. Scale
bar, 10 m.
(J) Conservation analysis showed that ALAE is conserved among rat, mouse and human.

ALAE is genomically conserved in the downstream of Prss12 with opposite direction
in rat, mouse and human. Additionally, Snora24 genomically overlaps with introns of
ALAE in rat, mouse and human. The orthologs of ALAE in human and mouse are named
as SNHG8 and Snhg8 expressed in the brain of human and neural tube of mice. RNAseq datasets from brain were taken from EMBL-EBI and ENCODE: E-MATB6811(Rat); ENCSR004XCU (Mouse); ENCSR274JRR (Human).
(K) Analysis of the length and sequence identity of ALAE orthologs among human,
mouse and rat.

Figure S3. Related to Figure 1, Knockdown of ALAE in the cell body compartment
reduces axon elongation, whereas overexpression of ALAE doesn’t affect axon
elongation
(A) The flowchart for detection of axon elongation by knockdown of ALAE in the cell
body compartment of microfluidic chamber. After application of siALAE in cell body
compartment for 24 h, the elongated axon length will be traced and measured for
another 24 h. The expression level of ALAE in the cell bodies or axons were analyzed
by qPCR.
(B) qPCR analysis showed the expression level of ALAE in the cell bodies and axons
after either knockdown or coexpresson of ALAER in the cell body compartment of DRG

neurons. The results are presented as the mean ± SEM (siNC, n = 140; siALAE, n = 115;
siALAE+ALAER, n = 184). ***P < 0.001 versus siNC and

##

P < 0.01,

###

P < 0.001

versus indicated.
(C) Representative images (Left) and quantitative data (Right) showed that knockdown
of ALAE in the cell body compartment decreased axon elongation and coexpression of
ALAER in the cell bodies largely rescued decreased axon elongation induced by siALAE.
The results are presented as the mean ± SEM (n = 3). ** P < 0.01 versus siNC and ###
P < 0.001 versus indicated. Scale bar, 300 m.
(D) qPCR analysis showed that the expression level of ALAE in the cell bodies and
axons were increased after overexpression of ALAE in the cell bodies of DRG neurons.
The results are presented as the mean ± SEM (n = 3). *P < 0.05, **P < 0.01 versus
vector.
(E) Representative images (Left) and quantitative data (Right) showed that
overexpression of ALAE in the cell body compartment didn’t affect axon elongation.
The results are presented as the mean ± SEM (Vector, n = 305; ALAE, n = 354). Scale
bar, 300 m.

Figure S4. Related to Figures 2 and 3, ALAE associates with KHSRP through
AREs in DRG neurons
(A) qPCR analysis showed that the expression of ALAE in PC12 cells displayed similar
level to cultured P0 DRG neurons. The results are presented as the mean ± SEM (n =
3).

(B and C) qPCR analysis showed the similar level of ALAE pulled down by biotinylated
antisense (negative control) and sense transcripts of ALAE in PC12 cells (B) and P0
DRGs (C). The results are presented as the mean ± SEM (n = 3).
(D) Representative immunofluorescence images showed that FUBP1 was exclusively
distributed in the nucleus of cultured P0 DRG neurons. Scale bar, 10 m.
(E) qPCR analysis showed that ALAE was almost absent in HEK293 cells compared to
cultured P0 DRG neurons. The results are presented as the mean ± SEM (n = 3).
(F) Representative immunoblots showing the products of immunoprecipitation by
FLAG in HEK293 cells expressing KHSRP-GFP-FLAG or KH1-4-GFP-FLAG.
Tubulin or IgG served as the loading control.
(G) Representative immunoblots showing the products of immunoprecipitation by
FLAG in HEK293 cells expressing KH1-4-GFP-FLAG and fragments of ALAE.
Tubulin or IgG served as the loading control.
(H) The 318-351 nt of ALAE is an AU-rich element (AREs). The 318-351 nt of ALAE
(Highlighted in red) contains 85% AU residues.
(I) The sequence identity analysis showed that the AREs of ALAE 318-351 region is
highly conserved among rodents and human.
(J) Representative immunoblots showing the products of immunoprecipitation by
FLAG in HEK293 cells expressing KH1-4-GFP-FLAG fragments with ALAE. Tubulin
or IgG served as the loading control.
(K) Schematic of KH1-4 truncations (Upper). Representative immunofluorescent
images (Down) showed that the truncation deleting either KH3 or KH4 of KH1-4-GFP

exhibited cytoplasmic localization. Scale bar, 10 m.

Figure S5. Related to Figures 4 and 5, ALAE downregulation doesn’t affect the
mRNA and protein levels of KHSRP
(A) Representative images of SmFISH showed that Gap43 mRNA was localized in the
cultured P0 DRG neurons, whereas Dapb mRNA as a negative control was not detected
by obvious fluorescent signals. Scale bar, 10 m.
(B) Representative immunoblots (Left) and quantitative data (Right) showed that the
amounts of GAP43 were not affected by KHSRP knockdown in cultured P0 DRG
neurons. The results are presented as the mean ± SEM (n = 3).

(C) qPCR analysis showed that ALAE was not affected by KHSRP knockdown in
cultured P0 DRG neurons. The results are presented as the mean ± SEM (n = 3).
(D) Representative images (Left) and quantitative data (Right) showed that knockdown
of KHSRP in the cell body compartment increased the intensity of GAP43 in axons in
the microfluidic-cultured P0 DRG neurons. The results are presented as mean ± SEM
(siNC, n = 19; siKHSRP, n = 22). **P < 0.01 versus siNC. Scale bar, 10 µm.
(E) Flowchart for Puro-PLA assay (Left). Representative images showed that newly
synthesized GAP43 was visualized by Puro-PLA assay in cultured P0 DRG neurons
(Right). Scale bar, 20 m.
(F) Representative images showing highly efficient infection of AAV-shNC-GFP and
AAV-shALAE-GFP in the cell bodies and axons of microfluidic-cultured P0 DRG
neurons at DIV 7. shNC, negative control. Scale bar, 300 µm.
(G) qPCR analysis showed that Khsrp mRNA was not affected by infection with AAVshALAE. The results are presented as mean ± SEM (n = 3).
(H) Representative immunoblots (Left) and quantitative data (Right) showed that the
amount of KHSRP was not affected by infection with AAV-shALAE in cultured P0 DRG
neurons. The results are presented as the mean ± SEM (n = 3).
(I) Representative immunoblots (Left) and quantitative data (Right) showed that the
protein level of GAP43 was not influenced by ALAE overexpression in the cell body
compartment of cultured P0 DRG neurons. The results are presented as mean ± SEM
(n = 3).
(J) Representative immunoblots (Left) and quantitative data (Right) showed that

coexpression of tdTomato-GAP-43 fully rescued the decreased amount of GAP43 by
siALAE in the cell body compartment of microfluidic-cultured P0 DRG neurons. The
results are presented as the mean ± SEM (n = 3). * P < 0.05 versus siNC and ## P < 0.01
versus indicated.

Figure S6. Related to Figure 6, ALAE impedes the association between KHSRP
and Gap43 mRNA
(A) Representative immunoblots showing the products of immunoprecipitation by
FLAG in HEK293 cells expressing KH1-4-GFP-FLAG with Gap43-3’UTR in the
absence or presence of ALAE. Tubulin or IgG served as the loading control.
(B) Representative immunoblots showing the products of immunoprecipitation by
KHSRP after siRNA-mediated knockdown of ALAE in PC12 cells. GAPDH or IgG
served as the loading control.
(C) Representative immunoblots showing the products of immunoprecipitation by
FLAG in HEK293 cells expressing KH1-4 fragments with Gap43-3’UTR. Tubulin or
IgG served as the loading control.

(D) Representative images (Left) and quantitative data (Right) showed that ALAE
(Green), Gap43 mRNA (Red) and KHSRP (Purple) were rarely co-localized in the
axons of cultured P0 DRG neurons. The results are presented as mean ± SEM (n = 35).
Scale bar, 10 m.
(E) Representative images (Left) and quantitative data (Right) showed that the reduced
intensity of GAP43 in the axons due to knockdown of ALAE in the cell body
compartment were completely rescued by knockdown of KHSRP in microfluidiccultured P0 DRG neurons. The results are presented as mean ± SEM (siNC, n = 34;
siALAE, n=58; siALAE+ siKHSRP, n = 57). *** P < 0.001 versus siNC and ### P < 0.001
versus indicated. Scale bar, 10 µm.
(F) Representative images (Left) and quantitative data (Right) showed that the reduced
intensity of GAP43 in the axons caused by overexpression of KHSRP in the cell body
compartment were completely rescued by coexpression of ALAE in microfluidiccultured P0 DRG neurons. The results are presented as mean ± SEM (Vector, n = 46;
KHSRP, n=40; KHSRP+ ALAE, n = 43). *** P < 0.001 versus Vector and ### P < 0.001
versus indicated. Scale bar, 10 µm.

Figure S7. Related to Figure 7, ALAE3 18-351 is sufficient for the function of ALAE
on GAP43 in cultured P0 DRG neurons
(A) Representative immunoblots (Left) and quantitative data (Right) showed that the
reduced level of GAP43 after knockdown of ALAE in cultured P0 DRG neurons was
fully rescued by coexpression of ALAE318-351 sense fragment. Calmodulin was used
as a control that was not affected by treatment. Tubulin served as the loading control.
The results are presented as the mean ± SEM (n = 3). * P < 0.05 versus siNC and # P <
0.05 versus indicated.
(B) Representative immunoblots showing the immunoprecipitates by KHSRP after
application of ALAE 318-351 antisense in cultured P0 DRG neurons. GAPDH or IgG
served as the loading control.

