The Journal of Neuroscience, August 3, 2022 - 42(31):6007-6019 - 6007

Cellular/Molecular

Dual Leucine Zipper Kinase Regulates Dscam Expression
through a Noncanonical Function of the Cytoplasmic
Poly(A)-Binding Protein
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Dual leucine zipper kinase (DLK) plays a pivotal role in the development, degeneration, and regeneration of neurons. DLK can
regulate gene expression post-transcriptionally, but the underlying mechanism remains poorly understood. The Drosophila DLK,
Wallenda (Wnd), regulates the expression of Down syndrome cell adhesion molecule (Dscam) to control presynaptic arbor
growth. This regulation is mediated by the 3’ untranslated region (3'UTR) of Dscam mRNA, which suggests that RNA binding
proteins (RBPs) mediate DLK function. We performed a genome-wide cell-based RNAi screen of RBPs and identified the cyto-
plasmic poly(A)-binding protein, pAbp, as an RBP that mediates Wnd-induced increase in Dscam expression. Genetic analysis
shows that Wnd requires pAbp for promoting presynaptic arbor growth and for enhancing Dscam expression. Our analysis
revealed that Dscam mRNAs harbor short poly(A) tails. We identified a region in Dscam 3'UTR that specifically interacts with
pAbp. Removing this region significantly reduced Wnd-induced increase in Dscam expression. These suggest that a noncanonical

interaction of PABP with the 3'UTR of target transcripts is essential for DLK functions.
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The kinase DLK plays key roles in a multitude of neuronal responses, including axon development, neurodegeneration, and
nerve injury. Previous studies show that DLK acts via mRNAs to regulate protein synthesis, but how DLK does so is poorly
understood. This study demonstrates that DLK regulates the synthesis of Dscam through the poly(A)-binding protein PABP-C.
Whereas PABP-C is known as a general translational activator, our study shows that DLK-mediated Dscam expression involves a
noncanonical interaction between PABP-C and the Dscamm mRNA, which leads to a selective regulation of Dscam translation by
PABP-C. Thus, our study provides novel insights into the mechanisms that underlie the function of DLK and regulation of gene
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Introduction

The evolutionarily conserved dual leucine zipper kinase (DLK) is
a neuronal protein kinase that plays central roles in axon devel-
opment, synapse maintenance, axon regeneration and degenera-
tion, and neuronal cell death (Nakata et al., 2005; Collins et al.,
2006; Xiong et al., 2010; Ghosh et al.,, 2011; Shin et al., 2012;
Klinedinst et al., 2013; Blondeau et al., 2016; Larhammar et al,,
2017; Le Pichon et al., 2017). DLK is an upstream mitogen-
activated protein kinase (MAP kinase), MAP3K, that activates
MAP kinases, including p38 and JNK (Nakata et al., 2005; Collins
et al,, 2006). The expression changes in genes downstream of these
MAP kinases are believed to be central to DLK functions (Collins
et al,, 2006; Wlaschin et al., 2018; Shin et al., 2019). Interestingly,
DLK functions seem to rely on post-transcriptional regulations in
different settings. In Caenorhabditis elegans, DLK promotes axonal
regeneration through stabilizing CEBP mRNA in injured axons
(Yan et al., 2009). DLK-JNK signal activates an integrated stress
response kinase, PERK in mouse, which results in translational
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activation of ATF4 for DLK-mediated neuronal cell death
(Larhammar et al., 2017). In Drosophila, the DLK ortholog
Wallenda (Wnd) promotes presynaptic arbor growth by upregu-
lating Down syndrome cell adhesion molecule (Dscam) protein
levels (Kim et al., 2013).

Dscam plays critical roles in neuronal development, including
the self-avoidance of dendrites in Drosophila and mammalian
retinal neurons (Fuerst et al., 2008, 2009; Schmucker and Chen,
2009; Zipursky and Sanes, 2010; Schramm et al., 2012) and axon
guidance and growth (Kim et al,, 2013; Alavi et al., 2016; Bruce
et al., 2017; Santos et al., 2018). Dscam has also been implicated
in various brain disorders (Amano et al., 2008; Shen et al., 2011;
O’Roak et al,, 2014). Thus, the regulation of Dscam expression is
important for understanding neuronal development and brain
disorders. Our previous study discovered that Wnd does not change
the abundance of Dscarn mRNA but requires the 3’ untranslated
region (3"UTR) of Dscam for this regulation (Kim et al.,, 2013). This
suggests that Wnd enhances the mRNA translation of Dscam. As a
protein kinase, DLK likely requires an RNA-binding protein (RBP)
to control protein translation through 3" UTR. However, the identity
of the RBP is unknown.

Through an unbiased RNAi screen, we have identified pAbp,
Drosophila ortholog of the cytoplasmic Poly(A)-binding protein
(PABP-C) as an RBP that is required for Wnd-induced upregula-
tion of Dscam expression as well as for Wnd-induced axon
arborization. Although PABP-C is considered as a general
activator of protein translation through poly(A) tail interaction
(Munroe and Jacobson, 1990); it also performs gene-specific post-
transcriptional regulations (Wu and Bag, 1998; Lyabin et al.,
2011; Vazquez-Pianzola et al., 2011; Eliseeva et al., 2012;
Iwakawa et al., 2012; Smith et al., 2017). We identified an ade-
nine nucleotide rich (A-rich) region in the 3’UTR of Dscam that
mediates pAbp interaction. Deletion of this region significantly
reduced Wnd-induced Dscam expression both in vitro and in
vivo. We further show that Dscarn mRNA has significantly short
poly(A) tails. Our study demonstrates that DLK function relies
on the noncanonical mRNA interaction of PABP-C. It identifies
not only a novel mechanism that mediates DLK signaling but also
one that underlies the post-transcriptional regulation of Dscam
expression.

Materials and Methods

Drosophila melanogaster strains. Drosophila strains were kept under
standard condition at 25°C in a humidified chamber. The following
strains were used in this study: w''*® (stock #3605, Bloomington Drosophila
Stock Center), ppk-GAL4 (Grueber et al., 2007), UAS-Dscam|[TM2]::GFP-
Dscam-3"UTR (ectodomain 3.36.25) and UAS-Dscam[TM2]::GFP (ectodo-
main 3.36.25; Kim et al, 2013), hiw™Y (Wu et al,, 2005), pAbp™"° (stock
#17261, Bloomington Drosophila Stock Center) and pAbp*** (stock
#10970, Bloomington Drosophila Stock Center; Sigrist et al., 2000), UAS-
FRT-rCD2-STOP-FRT-mCD8::GFP (Yang et al., 2014), and UAS-pAbp
(stock #914, Bloomington Drosophila Stock Center).

FRT", UAS-mCD8:GFP, pAbp*'®'% was generated through recom-
bination. The primers used for genotyping pAbp*'" were pAbp™'*'*-
top (GAGGGCGCAACGCACGACAA) and pAbp“'®'®-bottom (ATATAA
TCATGTGTGTGTGTGTACACACTGGCQ).

Axon arborization analysis. The mosaic analysis with a repressible
cell marker (MARCM) technique for presynaptic arbor analysis (Kim
et al., 2013) and the quantitation of axon arborization by counting the
axonal connecting fibers (Sterne et al., 2015) were done as previously
described.

DNA constructs and Drosophila transgenic flies and Schneider 2 cell
transfection. The enhanced green fluorescent protein (EGFP) reporters
for RNAi screen were reported previously (Kim et al., 2013). To generate

Singh etal. e DLK Regulates Dscam Expression through PABP

Wnd-HSL (histone-stem-loop), the Wnd-Wnd-3"UTR sequence without
polyadenylation signal (PAS) was recovered from UAS-Wnd (Collins
et al., 2006) via PCR and inserted proximal to HSL sequence into
pAC5.1-Rn-Luc-HSL (Weidmann et al., 2014) using the Ndel and Stul
restriction sites. Wnd-Wnd-3"UTR-HSL sequence was then transferred
into pUAST-HA using Eagl and Xhol sites, followed by transferring
HA-Wnd-Wnd-3"UTR-HSL into the pAttB vector (Bischof et al., 2007)
using Notl and Xbal sites. UAS-Dscam-5"UTR-Dscam-Dendra2-
SV40-3'UTR was generated in pUASTattB (Bischof et al., 2007).
UAS-Dscam-5'UTR-Dscam-Dendra2-Dscam-3'UTR and UAS-Dscam-
5"UTR-Dscam-Dendra2-Dscam-3' UTRApAbp were generated in pAttB
(Bischof et al., 2007). The 5'UTR and 3”UTR of Dscam were obtained
genomic DNA by PCR. The Dscam coding sequence was from
UAS-Dscam[TM2]:GFP  (ectodomain 3.36.25). Dscam-3'UTRApAbp
was generated by a site-directed mutagenesis. The resulting PCR products
were ligated together using an In-Fusion Cloning Kit (Clontech) following
instructions of the manufacturer. UAS-DSCAM-SV40-3"UTR with the
A-rich region from Dscam-3'UTR was generated in pUASTattB (Bischof
et al., 2007). The 123-bp A-rich sequence was recovered from UAS-
Dscam-UTR-Dscam-Dendra2-Dscam-3'UTR via PCR and inserted at
148 bp upstream of the polyadenylation signal in SV40-3'UTR using an
In-Fusion Cloning Kit (Clontech) following directions of the manufac-
turer. Transgenic flies were generated by PhiC31-mediated germline
transformation (Bischof et al., 2007).

Schneider 2 cell culture, transfection, and Western blot analysis.
Schneider 2 (S2) cells were maintained in Drosophila Schneider’s Medium
(Thermo Fisher Scientific) supplemented with 10% fetal bovine serum
(Sigma-Aldrich) at 27°C in a humidified incubator. Cells were transfected
with indicated DNA constructs along with tubulin-Gal4 (Lee and Luo,
2001) using Lipofectamine 2000 (Life Technologies) following instructions
from the manufacturer. For Western blot analysis, S2 cells were washed
two times with PBS. The whole lysates were resolved on 8% SDS-PAGE
gels and subjected to Western blot analysis as previously described (Kim
et al,, 2013). Primary antibodies used were rabbit polyclonal anti-Wnd
(Collins et al., 2006), rabbit polyclonal anti-pAbp (Antic et al., 2015), rab-
bit polyclonal anti-Dendra2 (Antibodies-online), mouse monoclonal anti-
tubulin (DM1A, Sigma-Aldrich), mouse monoclonal anti-puromycin
(12D10, Sigma-Aldrich), Rat Anti-Elav (catalog #7E8A10, Developmental
Studies Hybridoma Bank).

The validation of Rabbit polyclonal anti-pAbp antibody was done
using S2 cells that were treated with pAbp dsRNA (7.5 ng) in a 24 well
plate for 4d. Cells were harvested. Total cell lysates were resolved in
SDS-PABP before Western analysis (Fig. 6D).

RNAi screening. The RBP-RNAI library (Mohr et al., 2015) was
obtained from the Drosophila RNAi Screening Center (DRSC). The
screening was done in a duplicate, nonadherent 384-well plate format.
S2 cells were plated directly in the wells that contain individual dsRNAs
(0.25 pg) and cultured for 24 h before transfecting with UAS-Wnd along
with EGFP-Dscam-3'UTR reporter. Plates were inverted and kept at
27°C in a humidified incubator to prevent excessive culture media evap-
oration. After 48 h post-transfection, the average intensity of green fluo-
rescence from individual cells was measured using a high-throughput
flow cytometry, the HyperCyt System (Intellicyt). A lacZ dsRNA was
used as a negative control. The lacZ dsRNAs were placed in seven wells
that were scattered through each 384-well plate. The average GFP inten-
sity values from the seven lacZ dsRNA-treated wells were used to gener-
ate an average GFP intensity (AVE-GFPy,.,) and an SD (SDy,cz). The
initial hits were selected if GFPggp < AVE-GFP),. — 1.5 X SD,.7, where
GFPgpp refers to the average GFP intensity from the cells that were
treated with individual RBP dsRNA. The hits were finalized only when
the duplicate wells for a given RBP dsRNA were both selected by the
criteria.

For the secondary screening, the dsRNAs from the initial hits were
synthesized from the DRSC DNA templates using TranscriptionAid T7
High Yield Transcription Kit (Thermo Fisher Scientific) and purified
using Quick-RNA Miniprep Kit (Zymo Research). S2 cells were bath
incubated with individual dsRNAs for 24 h before transfecting with
UAS-Wnd along with EGFP-SV40-3"UTR or EGFP-Dscam-3'UTR. The
GFP intensity was measured 48 h after transfection.
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Figure 1.  Genome-wide cell-based RNAi screen identifies pAbp as an RBP that mediates Wnd-induced increase in Dscam expression. A, Cell-based RNAi screen. S2 cells were treated with

the dsRNA library against Drosophila RBP genes and transfected with Wnd and EGFP-Dscam-3"UTR reporter constructs, followed by high-throughput flow cytometry analysis. Bottom, The results
of the secondary screen. dsRNA-treated cells were transfected with EGFP-Dscam-3"UTR reporter constructs along with an empty vector (back bar) or with Wnd construct (gray bar). The empty
vector control was used to normalize values for each dsRNA (n = 4). LacZ dsRNA was used as a control. The data shown are an example from the screening. Mean = SEM; *p << 0.05, **p << 0.01,
two-tailed, unpaired ¢ test. B, pAbp RNAi does not reduce Wnd expression in S2 cells. Cell lysates obtained from the secondary screen was tested by Western blot analysis. Note that Wnd expression was
largely decreased in SF2 and Hel25F RNAi-treated cells. pAbp RNAI did not affect Wnd expression, although it did reduce GFP expression from EGFP-Dscam-3"UTR reporter. Tubulin blot was used as a load-
ing control. G, pAbp RNAi blunts Wnd-induced increase in EGFP-Dscam-3"UTR reporter. S2 cells were treated with pAbp dsRNA or with LacZ dsRNA before transfecting with EGFP-Dscam-3'UTR construct
along with an empty vector (Vec) or Wnd construct (n = 4). The average GFP intensity was measured using flow cytometry. The data were expressed as mean == SEM. One-way ANOVA (F;3 15 = 11.25,

p = 0.0008) followed by post hoc Tukey’s multiple comparison test. The p values from Tukey's test are indicated in the graph *p << 0.05, **p << 0.01, ns = not significant.

RNP pulldown. The biotinylated, single-stranded Dscam-3'UTR,
SV40-3'UTR, and Dscam-3"UTRApAbp RNA were generated using
TranscriptionAid T7 High Yield Transcription Kit (Thermo Fisher
Scientific) with Biotin-16-UTP (Sigma-Aldrich). The T7 sequence was used
for in vitro transcription reaction. RNAs were purified using Quick-RNA
Miniprep Kit (Zymo Research). All RNAs contain S1 aptamer sequence
(Srisawat and Engelke, 2001) at their 5'-end for better Streptavidin bead cou-
pling. RNAs were incubated with Streptavidin agarose (Thermo Fisher
Scientific) in binding buffer (50 mm HEPES, pH7.4, 300 mm NaCl, 0.5% NP-
40, 2 mm MgCL, 1 mm DTT) in the presence of RNaseOUT (Invitrogen) for
1 h at 4°C. Unbound RNA was removed by washing the beads three times
with binding buffer. An aliquot of RNA-bound Streptavidin agarose was
transferred to a new tube that contained 100 ng firefly luciferase RNA. The
agarose bead-bound RNA was extracted using Trizol (Thermo Fisher
Scientific), resolved, and quantified on 1.5% formaldehyde-denaturing aga-
rose gel using firefly luciferase RNA as an extraction and a loading control.

S2 cells were washed two times with PBS before being lysed for
30 min in ice-cold binding buffer containing EDTA-free protease inhibi-
tor cocktail (Research Products International). The crude lysates were
centrifuged at 1000 x g, 4°C, for 5 min. The resulting postnuclear super-
natant was supplemented with SUPERase-In (Thermo Fisher Scientific)
and further centrifuged at 22,000 x g, 4°C, for 20 min. The resulting
lysates were precleared with Streptavidin agarose for 1 h at 4°C, incu-
bated with the RNA-coupled Streptavidin agarose for 2 h at 4°C. The
RNP complexes were washed five times with binding buffer before
resolved on 8% SDS-PAGE gel and subsequent Western blot analysis.

Immunostaining. Drosophila third instar larvae were prepared as
previously described (Kim et al., 2013). Primary antibodies used were
chicken polyclonal anti-GFP (Aves Labs), rabbit polyclonal anti-Dendra2
(Antibodies-online), and rabbit polyclonal anti-RFP (Rockland
Immunochemicals). The secondary antibodies used were Cy2- or
Cy5-conjugated goat anti-chicken and Cy2- or Cy5-conjugated
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goat anti-rabbit (Jackson ImmunoResearch).
The imaging was done with a Leica SP5 confo-
cal system or a custom-built spinning disk
confocal microscope equipped with a 63x
oil-immersion objective with a 0.3 um step
size. The resulting 3D images were projected
into 2D images using a maximum projection
method in Image] software. A region of interest
was drawn in the cell body of C4da neurons, and
the mean fluorescence intensity was measured
using Image] software to quantify UAS-Dscam
transgene expression levels. Because the activity
of GAL4 varies among individual neurons,
the mean fluorescence intensity of UAS-mCD8::
GFP or UAS-mCD8::mRFP transgene expression
was measured from the same region of interest
and used as a normalization control.

Puromycylation assay. The batches of 20
brains were harvested from third instar larvae
in ice-cold PBS. PBS was removed after centrifu-
gation at 4°C, and 1 ml HL3 (hemolymph-like)
solution was added containing the following
(in mm): 5 HEPES, pH 7.2, 70 NaCl, 5 KCl,
0.5 CaCl,, 20 MgCl, 5 trehalose, and 115 sucrose
containing 10 pg/ml puromycin (Thermo Fisher
Scientific). Larval samples were then incubated in
a nutator for 15min at room temperature (RT).
Following incubation, HL3 solution was removed
after a brief centrifugation at RT. Larval brains
were washed three times with ice-cold PBS before
resolved on 10% SDS-PAGE gel and subsequent
Western blot analysis.

Poly(A) tail measurement. The G/I (guano-
sine/inosine) tailing takes advantage of a yeast
poly(A) polymerase that incorporates additional
nucleotides at the very 3’-end of RNAs, and thus
preserves the 3'-end of RNA. After the addition
of repeating G and I nucleotides, cDNA is pre-
pared using a universal reverse primer. PCR is
performed with the PCR primers that anneal to
the 3'UTR from the genes of interest to detect
the gene-specific as well as the gene-specific poly
(A) products. The PCR products were analyzed
by Agilent 2100 Bioanalyzer high-resolution
capillary gel electrophoresis. Total RNA was
extracted using Quick-RNA Microprep Kit (Zymo
Research). The quality and quantity of isolated
RNA was monitored by denaturing 1.5% agarose
gel electrophoresis and spectrophotometry.
Guanosine and inosine residues were added in
the 3'-end of the poly(A)-containing RNAs fol-
lowed by cDNA synthesis using the newly added
G/I tails as priming sequence using the Poly(A)
Tail-Length Assay Kit (Thermo Fisher Scientific)
following instructions of the manufacturer. A
gene-specific forward/reverse primer set right
upstream of the polyadenylation site was used to
generate a PCR product. A primer set with a
gene-specific forward and the universal reverse
primer was used to generate a product that
includes the poly(A) tails of the gene of interest.
The poly(A) tail lengths of the gene of interest
are the sizes of poly(A) PCR products minus
the calculated length of the gene-specific for-

ward primer to the putative polyadenylation site. The sizes of the PCR
products were analyzed by Agilent 2100 Bioanalyzer high resolution cap-
illary gel electrophoresis with Agilent 2100 software.

The primers used are the following: Dscam-forward (CGCAGCCAC
AACAATTGAATG), Dscam-reverse (AAAATAAAATCAAAATCATAT
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Figure 2.  pAbp is required for Wnd-induced exuberant presynaptic arborization. A, The axon terminals from C4da neurons
that correspond to abdominal segments 4 and 5 were visualized with m(D8::RFP using ppk-Gal4 (left). Hemizygous male hiw
mutant (hiw™") and male wild-type (W% ppk-GAL4, UAS-mCD8::RFP/+) animals were used. The average number of neuro-
pil-connecting fibers was counted from each animal (abdominal segments 4—6) and expressed as median == 95% Cl (right).
One-way ANOVA (Fia66 = 114.6, p << 0.0001) followed by post hoc Tukey's multiple comparison test. The p values from
Tukey’s test are indicated in the graph. Sample numbers were wt ('8 ppk-GAL4, UAS-mCD8::RFP/+) (n = 10), ppk >
PABP (w'"": ppk-GAL4, UAS-mCD8::RFP/UAS-PABP) (n = 9), pAbpTO"07EF310 (/7118 p b 101%% /1y AbpEP3™0: ppk-GAL4, UAS-
m8RFP/+) (n = 19), hiw™ (hiw": ppk-GAL4, UAS-mCD8:RFP/+) (n = 17), hiw™", pAbp %P1 (hiwAY,
pAbp* ™% 1pAbp™%; ppk-GAL4, UAS-mCD8:RFP/+) (n = 16). wt, Wild type. Scale bar, 10 um. B, Schematic of Wnd-
HSL. Wnd-HSL contains HSL instead of PAS in its 3"UTR, which makes Wnd protein expression independent of poly(A) tail.
The MARCM analysis was performed to visualize the presynaptic arbors from individual C4da neurons. Transgenes were
expressed using a C4da-specific ppk-GAL4. Presynaptic arbors were visualized with a membrane marker m(D8::GFP transgene.
Overexpressing Wnd-HSL caused a dramatic increase in presynaptic arbor length in wt C4da neurons, but not in pAbpmmg
(4da neurons. The pAbp mutation alone did not significantly affect presynaptic arborization. Sample numbers were wt (hs-
FIP, y, w'"/w'""8 FRTEP UAS-mCD8:GFP/FRTE”, GAL8O; ppk-GAL4, UAS-mCD8:GFP/+) (n = 14), Wnd-HSL (hs-FLP, y,
w8 /w118 FRTS™S UAS-mCD8:GFP/FRTE, GAL8O; ppk-GAL4, UAS-m(D8::GFP/UAS-Wnd-HSL) (n = 12), pAbp*™'% (hs-FLP, y,
w8 FRTC, UAS-m(D8:GFP, pAbp'"""’/FRTC, GAL8O; ppk-GAL4, UAS-m(D8:GFP/+) (n = 12), Wnd-HSL in
pAbp 1% (hs-FLP, y, w8 w8 FRT UAS-m(D8::GFP, pAbp""*"/FRTE. GALSO; ppk-GAL4, UAS-mCD8:GFP/UAS-
Wnd-HSL) (n = 5). The data were expressed as median = 95% Cl. One-way ANOVA (F;335 = 21.91, p << 0.0001) followed by
post hoc Tukey's multiple comparison test. The p values from Tukey’s test are indicated in the graph *p << 0.05, ****p < 0.0001,
ns = not significant. Scale bar, 10 pm.

ATTTAGCAACTTATGAAC), GAPDH2-forward (CACTTCAGAAAC
GGCCTGAAAATGGC), GAPDH2-reverse (AAATATTTAAATGCT
TATGAGTCGGCATTTTTAAAACTAC), and the universal-reverse
(GGTAATACGACTCACTATAGCGAGACCCCCCCCCCTT).
Experimental design and statistical analysis. All statistical analysis
was performed as two-tailed using GraphPad Prism software version
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expressed as median = 95% Cl. Note that the increase in Dscam:GFP expression from Dscam:GFP-Dscam-3"UTR s significantly
higher in Wid-HSL than in Wid-HL, pAbp'™"®*: one-way ANOVA (F 503 = 12.03, p << 0.0001) followed by post hoc Tukey's
multiple comparison test. Sample numbers were Dscam:GFP-SV40-3' UTR and (D2 (w'™™; GAL4™"/UAS-Dscam::GFP-5V/40-3' UTR;
UAS-FRT-rCD2-STOP-FRT-m(D8:GFP/+) (n = 24), Dscam:GFP-SV40-3' UTR and Wd-HSL (w'""®: GAL4*”/UAS-Dscam:GFP-SV/40-
3'UTR: UAS-Wind-HSL/+) (n = 29), Dscam:GFP-SV40-3' UTR and (D2 in pAbp!™" %™ (w'"™: GAL4*", phb" ™" pphbp™™,
UAS-Dscam::GFP-SV40-3" UTR; - UAS-FRT-r(D2-STOP-FRT-m(D8:GFP/+) (n = 29), Dscam:GFP-SV40-3'UTR and Wnd-HSL in
A TOOVES0 (1TI8 GALEETT A T pAbp ™. UAS-Dscam:GFP-SVAO-3' UTR: UAS-Wid-HSL/+) (n = 32), Dscam:GFP-
Dscam-3' UTR and (D2 (""" GAL4""JUAS-Dscam::GFP-Dscam-3' UTR: UAS-FRT-1(D2-STOP-FRT-m(D8:GFP/+) (n = 30), Dscam:;
GFP-Dscam-3" UTR and Wind-HSL (w'""%; GAL4*”/UAS-Dscam::GFP-Dscam-3' UTR; UAS-Whd-HSL/+) (n = 28), Dscam:GFP-Dscam-
3'UTR and (D2 in pAbp' ™0 (T8 GALA™ phbp ™" foAbp™", UAS-Dscam:GFP-Dscam-3' UTR; UAS-FRT-rCD2-STOP-
FRT-m(D8:GFP/+) (n = 33), Dscam:GFP-Dscam-3UTR and Wid-HSL in pAbp™™"®%370 (' GAL4*" pAbp! ™" pAbp™™,
UAS-Dscam::GFP-Dscam-3" UTR; UAS-Wind-HSL/+-) (n = 30). The p values from Tukey’s test are indicated in the graph **p << 0.01,
*¥¥p < 0.0001, ns = not significant.

7.04. The Mann-Whitney test was used for presynaptic arbor analysis

J. Neurosci., August 3, 2022 - 42(31):6007-6019 - 6011

without affecting the abundance of Dscam
mRNA, which suggests the role of Wnd in
Dscam translation (Kim et al, 2013). The
study also suggested that the increased
Dscam expression mediates the effect of
Wnd on increased presynaptic axon arbors
(Kim et al.,, 2013). However, how Wnd
controls Dscam translation was unclear. Wnd
may require an RBP for this regulation as
Wnd, as a protein kinase, unlikely affects the
3"UTR of mRNAs directly. In search for such
RBPs, an unbiased cell-based RNAi screen
was performed in cultured Drosophila S2
cells. We took advantage of an EGFP re-
porter that recapitulated Wnd-mediated
Dscam expression regulation in S2 cells (Kim
etal, 2013). We used a dsRNA library for all
annotated Drosophila RBPs (Mohr et al., 2015).
In total, 820 individual dsRNAs against 427
Drosophila RBP genes were screened. S2 cells
were plated in a microplate and bath incu-
bated with individual dsRNAs to knock
down RBP genes before transfecting an
EGFP-Dscam 3"UTR construct either with a
Wnd expression construct or an empty DNA
construct. A dsRNA against lacZ was used as
a negative control. The expression levels of
EGFP were assessed 48 h post-transfection
by a high-throughput flow cytometry analysis
(Fig. 1A). The initial screen generated multi-
ple hits in 18 RBP genes. We then performed
a secondary screening using a control EGFP
reporter that contains the 3'UTR from SV40
(Fig. 1A, bottom) and narrowed down to
nine candidates. An RBP RNAi may decrease
reporter expression by inhibiting plasmid
gene expression or by reducing Wnd expres-
sion. To rule out these possibilities, we per-
formed an additional test using Western
blotting with an anti-Wnd antibody and
obtained four RBPs as the final candidates,
namely, pAbp, Int6, Rpb7, and CGI14414.
CG14414 has neither a known function nor
is orthologous to any known mammalian
genes. Three final hits have known roles in
translation initiation. Int6 encodes the eukary-
otic translation initiation factor 3 subunit E,
elF3e, which is involved in translation initia-
tion (Akiyoshi et al., 2001). Rpb7 encodes a
nonessential component of RNA-polymerase

(see Fig. 2) and immunostaining results (see Figs. 3, 9). An unpaired
Student’s t-test was used for S2 cell RNAi (Fig. 1), poly(A) length mea-
surement (see Fig. 5), and Western blot analysis (see Figs. 4, 6, 7, 8). For
multigroup comparisons, one-way ANOVA was used followed by post
hoc Tukey’s multiple comparisons test. A p value smaller than 0.05 was
considered statistically significant. All p values are indicated as not sig-
nificant; *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001.

Results

Genome-wide cell-based RNAi screen identifies pAbp as an
RBP that mediates Wnd-induced increase in Dscam expression
Our previous work has shown that Wnd post-transcriptionally
regulates the expression of Dscam through the 3'UTR of Dscam

IT that is involved in diverse functions including translation initia-
tion (Harel-Sharvit et al,, 2010). pAbp is a Drosophila ortholog of
PABP-C. We selected pAbp for further study because of its well-
characterized role in translation initiation (Munroe and
Jacobson, 1990). Moreover, pAbp RNAi did not reduce Wnd
expression (Fig. 1B) but significantly reduced Wnd-triggered
increase in EGFP expression from the EGFP-Dscam-3"UTR re-
porter (Fig. 1C).

pAbp is required for Wnd-induced Dscam translation in vivo
Wnd increases the size of presynaptic axon arbors by enhancing
Dscam expression in Drosophila larval class IV dendritic arbori-
zation (C4da) neurons (Kim et al., 2013). To evaluate the
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Figure 4.  Characterization of pAbp'™”’°”%™° A Total RNAs extracted from the wondering

third instar larval brains from a wild-type (wt) control (") and pAbp*™"*”%*7° were sub-
jected to RT-qPCR to measure pAbp mRNA abundance. The pAbp mRNA levels were normal-
ized to GAPDHT mRNA levels via the 22T method. The heterozygote combination of
pAbp* ™™ and pAbp™ alleles reduced by ~65% pAbp mRNA abundance. A similar result
was obtained using an independent qPCR primer pair. The data were expressed as mean =
SEM of five technical replicates (t = 13.47, df = 4383, p << 0.0001, 2-tailed Welch's ¢ test).
B, Puromycylation to measure protein synthesis rate. The wondering third instar larval brains
from a wt control (w'™) and pAb 109310 yjere briefly incubated in puromycin and subjected to
Western blot analysis with anti-puromycin antibody. Anti-Elav blot was used as a loading control. The
incorporation of puromycin was displayed as mean == SEM of five biological replicates (t = 3.167,
df =8, p = 0,022, 2-tailed Welch's ¢ test) *p << 0.05, ****p << 0.0001.

functional role of pAbp in this process, we first examined the
axonal arborization of C4da neurons in pAbp overexpression
(Fig. 2A). The C4da neuron axon arborization was measured by
counting the number of fibers connecting the segmentally
repeated neurophils. The method was successfully used before
(Wang et al., 2013; Sterne et al., 2015). We did not observe any
changes, which suggests that pAbp is expressed sufficiently under
normal condition. We then tested the effect of highwire (hiw)-
induced axon arborization by pAbp mutations. Hiw normally
degrades Wnd expression to suppress axonal arborization
(Collins et al., 2006). Thus, increased Wnd expression causes
excessive axon arborization in an hiw loss-of-function allele
(hiw™Y). Because strong loss-of-function alleles of pAbp
caused larval lethality, we used a transheterozygous combina-
tion of two pAbp hypomorphic alleles—partial loss of function
pAbp 1% and pAbp*T1°—to study the effects of loss of
pAbp. The mutation of hiw caused a dramatic increase in axon

Singh etal. e DLK Regulates Dscam Expression through PABP

arborization, which was mildly but significantly reduced by
pAbp mutations (21% rescue; Fig. 2A).

PABP-C binds to the poly(A) tails of mRNAs and interacts
with mRNA translation initiation complex (Wells et al., 1998).
As virtually all cellular mRNAs contain a poly-(A) tail, PABP-C
is considered as a general mRNA translation activator. A poly(A)
tail addition is triggered by a cis-element at mRNA 3'UTR, also
known as PAS. Histone mRNA is an exception because it does
not contain a PAS. Instead, HSL sequence marks the transcrip-
tional termination and recruits stem loop binding protein
(SLBP). Through binding to HSL, SLBP plays a similar role as
PABP-C to histone mRNA (Sanchez and Marzluff, 2002; Marzluff
et al., 2008). To examine the role of pAbp in Wnd-mediated
Dscam regulation in vivo, we generated a Wnd transgene to disso-
ciate its expression from the pAbp regulation by replacing the PAS
of Wnd mRNA to HSL sequences (Fig. 2B). In this transgene,
Whnd-HSL, Wnd expression is through the HSL mechanism and is
thus independent of the canonical pAbp function via poly(A) tail
interaction. We performed the mosaic analysis with a repressible
cell marker (MARCM; Lee and Luo, 2001) in wild-type and pAbp
mutant larval C4da neurons that are expressing Wnd-HSL.
MARCM allowed us to use a strong loss-of-function allele of
pAbp, pAbp*1°'%° without causing larval lethality. As shown
in Figure 2B, the expression of Wnd-HSL induced a dramatic
increase in presynaptic arbor size, which was almost com-
pletely abolished by pAbp mutations. These results strongly
suggest that pAbp mediates Wnd-induced axon terminal
growth, which is through Dscam (Kim et al., 2013).

Having a tool for directly testing a role of pAbp in Wnd-
induced Dscam regulation, we then asked whether Wnd controls
Dscam expression through pAbp. The Wnd-HSL transgene was
expressed by using the GAL4-UAS bipartite expression system in
the C4da neurons with GAL4*”” in wild-type and in pAbp mu-
tant (pAbp*1?197EP31%) animals. As expected, Wnd-HSL increased
expression of a Dscam transgene that contains Dscam-3"UTR but
not the one with SV40-3"UTR (Fig. 3A,B). Importantly, this effect
was significantly abolished by the loss of pAbp, which suggests
that pAbp is required for Wnd-induced Dscam translation in vivo.

Dscam mRNA contains short poly(A) tails

How does PABP as a general translation activator exhibit selec-
tivity for Dscam? And, what is the extent of this selectivity? To
answer these questions, we first measured how much pAbp func-
tion is lost in the hypomorphic transheterozygote of the pAbp"'*'%®
and pAbp"™™>'7 alleles. We performed quantitative real-time PCR on
the larval brains from wild type and pAbp™'?"%”5731% and found a
dramatic reduction (67%) in pAbp mRNA abundance (Fig. 4A).
Although this clearly demonstrates a reduction in pAbp mRNA
levels, pAbp proteins may exist in excess, and their functions be
consequently unaffected by in pAbp '?1?EP310 Therefore, we
decided to measure general protein synthesis, a proxy for
pAbp function, using the puromycylation assay. Puromycylation
takes advantage of puromycin, an amino-nucleoside antibiotic.
Puromycin resembles a charged-tRNA and causes termination of
mRNA translation by incorporating itself into a growing poly-
peptide chain from ribosomes (Pestka, 1971). Specific antibodies
against puromycin allow the evaluation of the puromycin incor-
poration rate, which linearly correlates to the mRNA translation
rate (Eggers et al., 1997). The larval brains from wild type and
pAbpIIOVERI0 spere jsolated and briefly treated with puromy-
cin at a low concentration. Western blot analysis was performed
on the brain lysates using anti-puromycin antibody. The result
showed a 50% reduction in the general protein synthesis rate in
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Figure 5.  Dscam mRNA contains short poly(A) tails. A, Total RNA was extracted from the third instar larva
brains from a wild-type control (w'"’®) and subjected to the poly(A) length analysis. Capillary gel electrophoresis
images were shown for the gene-specific (G.S.) PCR product as a discrete band (the first and second lane) for
GAPDH2 and Dscam. The PCR product using universal reverse primer exhibits a smear pattern (the third and fourth
lane), which indicates the mRNAs with a range of poly(A) tail. B, The poly(A) length from GAPDH (green) and
Dscam (magenta) was calculated from the capillary gel electrophoresis (see above, Materials and Methods), and
the distribution was plotted from four technical replicates (mean == SD). Note a difference in peak poly(A) length.
C, Mean poly(A)-tail lengths were calculated and are displayed (mean =+ SEM, t = 12.14, df = 3344, p =
0.0007, 2-tailed Welch's t test); sample n = 4. D, Drosophila S2 cells were cotransfected with the Dscam constructs
that contain Dscam-5'UTR, the coding region of Dscam, and the 3"UTR of either Dscam or V40 and subjected to
the poly(A) length analysis. Capillary gel electrophoresis images were shown for the gene-specific (G.S.) PCR product
as a discrete band (the first and second lane) for Dscam-5' UTR-Dscam-SV40-3' UTR (SV40) and Dscam-5" UTR-Dscam-
Dscam-3'UTR (Dscam). The PCR product using universal reverse primer exhibits a smear pattern (the third and fourth
lane), which indicates the mRNAs with a range of poly(A) tail. E, The poly(A) length from Dscam-5" UTR-Dscam-SV40-
3'UTR (SV40, green) and Dscam-5' UTR-Dscam-Dscam-3' UTR (Dscam, magenta) was calculated from the capillary
gel electrophoresis, and the distribution was plotted from four technical replicates (mean == SD). F, Mean poly(A)-tail
lengths were calculated and displayed (mean = SEM, t = 23.70, df = 5.769, p << 0.0001, 2-tailed Welch's  test); sample
n=4*%*p <0001 and ***p < 0.0001.

pAbpRIO10EP310 (Big 4B) Thus, pAbp proteins are not expressed
in excess and can be a limiting factor for general translation
initiation. This indicates that Dscam translation is more sensitive
to a reduction in pAbp protein levels than other canonical targets.

This relative sensitivity suggests that Dscarn mRNA may not
provide a high-affinity binding site as other cellular mRNAs via
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poly(A) tail. Certain mRNAs undergo a process
known as the cytoplasmic deadenylation, a form of
post-transcriptional translational regulation (Richter,
1999). Interestingly, some isoforms of mouse Dscarm
mRNAs reportedly contain very short poly(A) tails
of only 5-10 adenine residues (Alves-Sampaio et al,
2010). Efficient PABP-C recruitment to a poly(A)
tail requires ~27 adenine nucleotides (Deo et al.,
1999). Thus, we decided to measure the lengths of
the poly(A) tails of Dscamn mRNA. To this end, we
used a poly(A) tail analysis known as the G/I tailing
(Kusov et al., 2001). To measure the poly(A) lengths
of Dscam, total RNA was extracted from the larval
brains from a wild-type control (w'''®) and subjected
to the poly(A) length analysis. GAPDH2 was used as
a control. Polyadenylation is not a defined modifica-
tion; therefore, the PCR product generates a smear
pattern (Fig. 5A). The identity of the smear PCR
band from GAPDH2 and Dscam were verified by
sequencing.

The sizes of poly(A) PCR products and the
gene-specific PCR product were used to calculate
the poly(A) tail lengths of the gene of interest (Fig.
5B; see above, Materials and Methods). The result
showed that Dscam has significantly shorter poly
(A) tails than those from GAPDH2 (Fig. 5C).
Unlike a bell-shape distribution of GAPDH2 poly
(A) tails, Dscam poly(A) tails showed a sharp
peak. The peak poly(A) tail length of Dscam was
5.75 * 2.36 bases compared with 47.25 * 1.26
bases of GAPDH2 (Fig. 5B). Wnd regulation on
Dscam expression requires Dscam-3"UTR (Fig. 3).
Therefore, we wondered whether the short poly
(A) tails of Dscam mRNA is dependent on
Dscam-3"UTR. We coexpressed the Dscam DNA
constructs that contains either SV40-3'UTR or
Dscam-3"UTR in Drosophila S2 cells. Total RNA
was prepared from the S2 cell lysates and sub-
jected to subsequent poly(A) length analysis. The
result showed that the poly(A) tail distributions
from Dscam-SV40-3"UTR were almost identical
as those from GAPDH2, whereas those from
Dscam-Dscam-3"UTR showed a similar pattern as
those from endogenous Dscam (Fig. 5B,C,E,F).
This clearly demonstrates that Dscam mRNAs
contain short poly(A) tails, which is dependent on
Dscam-3"UTR and further suggests a presence of
pAbp binding site outside the poly(A) tail of
Dscam mRNA.

pAbp Physically interacts with an adenine-rich

region in the Dscam 3'UTR

Interestingly, PABP can interact with RNA
sequences outside of poly(A) tail but rich in ade-
nine nucleotides (Skabkina et al., 2003; Sladic et
al,, 2004; Vazquez-Pianzola et al., 2011; Kini et al.,
2016; Smith et al, 2017). We reasoned that
such binding likely takes place in the 3"UTR of

Dscam because Wnd regulation of Dscam requires it. To test the
possibility that the Dscam-3"UTR contains pAbp binding sites,
bioinformatic analysis was performed using an RBP binding pre-
diction tool (Paz et al., 2014). We selected the motifs that are
shared by both Drosophila pAbp and human PABP-CI1. The
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Figure 6.  pAbp physically interacts with an adenine-rich region in Dscam 3'UTR. A, Dscam-3'UTR contains a region that is enriched in pAbp-binding sites. A bioinformatic analysis revealed
a region in Dscam-3'UTR (shaded in gray) that contains five potential pAbp binding sites (underlined). The region between the two gray arrows in Dscam-3"UTR was selected for the pull-
down experiment. B, C, pAbp interacts with Dscam-3'UTR. An RNA sequence in Dscam-3"UTR (Dscam) and SV40-3"UTR (SV40) was synthesized and biotinylated in vitro. Dscam-ApAbp refers
to a deletion mutant of Dscam-3"UTR that lacks the potential pAbp binding sites (gray highlighted region in A). Streptavidin beads were coupled with indicated RNA and incubated with S2 cell
lysates. Bound pAbp proteins were visualized by Western blot analysis (B). A representative image from five independent experiments is shown. Blots were quantified, normalized by bead-bound
RNA (€). Dscam-3"UTR-bound pAbp was expressed either by SV40-3"UTR or by Dscam-ApAbp as a control. Left, SV/40- and Dscam-bound pAbp were normalized by Dscam-ApAbp -bound pAbp.
Right, Dscam- and Dscam-ApAbp-bound pAbp were normalized by SV40-bound pAbp. The data were expressed as mean == SEM (SV40 vs Dscam: t = 9.849, df = 7.342, p << 0.0001, 2-tailed
Welch's ¢ test; Dscam vs Dscam-ApAbp: t = 9.923, df = 6.643, p < 0.0001, 2-tailed Welch's ¢ test); sample n = 5. D, Validation of anti-pAbp antibody. Drosophila S2 cells were treated with the
dsRNA targeting either GFP or pAbp for 3 d. Total lysates were subjected to Western blot analysis using anti-pAbp antibody. A representative image from five replicate experiments is shown. Actin
blot was used as a loading control. The data were expressed as mean == SD (t = 11.45, df = 4.737, p << 0.0001, 2-tailed Welch'’s ¢ test); sample n = 5 ***p << 0.001 and ****p << 0.0001.

analysis revealed the five potential pAbp-binding sites in a 123-  region was generated via in vitro transcription using the forward
nucleotide region (Fig. 5A, shading) that is enriched with  and reverse primers as indicated in Figure 6A (Dscam region). A
adenines (A; Fig. 6A, underline). To test whether this Dscam- ~ 267-nucleotide region from SV40-3'UTR was generated as a
3'UTR region can recruit pAbp, we performed an in vitro bind-  control (SV40 region). We further generated an RNA that does
ing assay. Biotinylated RNA that contains the 123-nucleotide = not contain the 123-nucleotide sequences from Dscam-3'UTR
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protein Dendra2. We coexpressed a Wnd construct

Dscam-SV40

* Dscam-5'UTR I Dscam::Dendra2 I SV40-3’'UTR }

along with the Dscam constructs in S2 cells.

Western blot analysis showed that although

Dscam-3'UTR ( Dscam-5’UTR I Dscam::Dendra2 I Dscam-3'UTR }

Wnd dramatically increased the expression of

Dscam from Dscam::Dendra2-Dscam-3'"UTR, it
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P only mildly increased Dscam expression from
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C). There was about a one-fold difference in
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Wnd-induced Dscam increase between Dscam::
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Dscam-3'"UTRApAbp (Fig. 7C). Next, we tested
whether the A-rich region is sufficient to confer
Wnd-mediated upregulation. We inserted the A-rich
region from Dscam-3'UTR in SV40-3'UTR just
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Figure 7. pAbp binding to Dscam-3'UTR is required for Wnd-induced Dscam translation in S2 cells. A,
Schematics of Dscam-5’UTR-Dscam::Dendra2-SV40-3'UTR  (5-Dscam-SV40), Dscam-5"UTR-Dscam::Dendra2-
Dscam-3"UTR (5-Dscam-3UTR), and Dscam-5' UTR-Dscam::Dendra2- Dscam-3' UTRApAbp (5-Dscam-3UTRApAbp)
are shown. All Dscam-3"UTR DNA constructs contains endogenous PAS from Dscam. B, S2 cells were transfected
with indicated Dscam constructs along with either an empty vector (Vec) or Wnd-expressing construct. Total cell

3’UTRApAbp

before the PAS (Fig. 8, top). Dscam was expressed
under the modified SV40-3'UTR (A-rich-SV40) in
the presence of Wnd in S2 cells. We found no
changes in Dscam expression (Fig. 8), which suggests
the presence of an A-rich region per se is not suffi-
cient for Wnd-mediated regulation.

To determine whether the interaction between
pAbp and Dscam 3'UTR is essential for Dscam
expression in vivo, we expressed the Dscam trans-
genes in Drosophila C4da neurons using a ppk-GAL4
driver in wild-type and highwire (hiw) mutants. We
found that loss of hiw increased the expression of
Dscam from Dscam::Dendra2-Dscam-3'UTR, but
not that from Dscam::Dendra2-SV40-3'UTR (Fig. 9).
Consistent with our in vitro result (Fig. 7B,C), loss
of hiw caused a significantly smaller increase in
Dscam expression from Dscam::Dendra2-Dscam-
3'UTRApAbp than from Dscam::Dendra2-
Dscam3'UTR (Fig. 9B). These results demon-
strate that the interaction between pAbp and
Dscam-3'UTR is essential for Wnd-induced
enhancement of Dscam expression.

lysates were subjected to Western blot analysis using anti-Dendra2 antibody to detect Dscam::Dendra2. Tubulin

blot was used as a loading control. A representative image from four replicate experiments is shown. C, Dendra2
blots were normalized with tubulin blot and expressed as a fold change of a corresponding control (Wnd/Vec)
from Dscam-SV40, Dscam-3' UTR, and Dscam-3' UTRApAbp. The data were expressed as mean == SEM; one-way
ANOVA (Fs.15) = 9.899, p = 0.0001) followed by post hoc Tukey's multiple comparison test. The p values from
Tukey's test are indicated in the graph; sample n = 4 *p << 0.05, ***p < 0.001, and ns = not significant.

(Dscam-ApAbp; Fig. 6A). The RNAs were incubated with S2 cell
lysates. Bound pAbp was detected using Western blot analysis
(Fig. 6B) following the quantitation of either using SV40 or
Dscam-ApAbp as a control (Fig. 6C). In either quantitation,
Dscam region showed an increased pAbp-binding (~2.5-fold)
than the controls. The specificity of the pAbp antibody was veri-
fied using the S2 cell lysates that were treated with pAbp dsSRNA
(Fig. 6D). These results demonstrate that pAbp physically inter-
acts with Dscam-3"UTR, which is dependent on the 123-nucleo-
tide A-rich region.

The interaction between pAbp and Dscam 3'UTR mediates
Wnd-induced increase in dscam expression

Next, we determined whether this noncanonical interaction of
pAbp with Dscam mRNA is required for Wnd-mediated Dscam
upregulation. We generated Dscam-expressing DNA constructs
that contain SV40-3'UTR, Dscam-3"UTR, or a Dscam-3"UTR
without the A-rich region (Dscam-3"UTRApAbp; Fig. 7A). The
transgenic Dscam proteins were tagged with the fluorescent

Discussion

DLK plays essential roles in multiple biological
processes in the nervous system, some of which
require post-transcriptional regulations of mole-
cules in the DLK pathway. One of the molecules
downstream of DLK is Dscam, whose altered
expression is associated with multiple brain disor-
ders. In this study, we identified pAbp, the Drosophila ortholog
of PABP-C, as an RBP that mediates Wnd-induced post-tran-
scriptional upregulation of Dscam. Our study revealed that the
noncanonical recruitment of PABP-C to the 3'UTR of Dscam is
essential in the process. Thus, our study uncovers a novel mecha-
nism of DLK-mediated post-transcriptional gene regulation.

We showed that pAbp is required for Wnd-induced Dscam
upregulation (Figs. 1, 3) as well as Wnd-induced increase in pre-
synaptic arbor size (Fig. 2). How does pAbp, as a general mRNA
translation activator, affect Dscam expression? It is known that
simultaneous interaction between PABP-C and poly(A) tails and
that between PABP-C and the mRNA translation initiation com-
plex at the 5'-end of an mRNA underlies the role of PABP-C in
the activation of mRNA translation (Munroe and Jacobson,
1990; Wells et al., 1998). However, recent studies have shown
that PABP-C also can exert mRNA-specific post-transcriptional
regulation through interacting the 5" or 3'UTR of target mRNAs
(Wu and Bag, 1998; Lyabin et al,, 2011; Eliseeva et al.,, 2012;
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Iwakawa et al., 2012; Casper et al., 2013; Smith
et al., 2017). These interactions lead to either a
suppression or an activation of target transla-
tion, depending on target mRNA. In a conven-
tional model, PABP-C bridges the 3'- and 5'-
end of an mRNA for generating a closed-loop
structure for efficient mRNA translation (Munroe
and Jacobson, 1990; Wells et al., 1998). Interestin-
gly, the recruitment of PABP-C to the 3'UTR of
target mRNAs leads to translational activation
(Lyabin et al., 2011; Eliseeva et al., 2012; Iwakawa
et al,, 2012; Smith et al.,, 2017). Consistently, our
result strongly suggests that Dscam-3"UTR con-
tains an A-rich region, which can recruit pAbp
(Fig. 6). These suggest that the noncanonical
PABP-C association near the end of 3'-UTR may
involve a similar mechanism as the closed-loop
model for translational activation.

Our result showed that pAbp knock-down
selectively suppressed Wnd-induced upregula-
tion of Dscam-3"UTR reporter but not that of
SV40-3"UTR reporter or Wnd expression (Fig. 1).
PABP controls general protein synthesis. How
does pAbp RNAI selectively affect Dscam trans-
lation? PABP has a strong binding affinity to-
ward the poly(A) tail and shows significantly
lower affinity toward nonpoly(A) RNA sequen-
ces (Sladic et al., 2004). Our result indicates that
Drosophila Dscamn mRNAs have short poly(A)
tails (Fig. 5), which is consistent with a previous
report in mouse Dscam (Alves-Sampaio et al,
2010). Given that efficient PABP-C recruitment
requires ~27 consecutive adenine nucleotides
(Deo et al., 1999), the absence of strong PABC-C
binding through a poly(A) tail likely renders Dscarn mRNA
more dependent on the A-rich region in its 3'UTR. In this sce-
nario, the noncanonical PABP binding requires a higher PABP
concentration than that of canonical poly(A) tail interaction,
which would make noncanonical interaction more sensitive to a
reduction in cytoplasmic PABP protein levels. PABP is known to
regulate its own protein homeostasis through binding its own
5'UTR and translational suppression (Wu and Bag, 1998). This
autoregulation might not be as strong as it is believed as our
analysis of transheterozygous pAbp mutants showed ~50%
reduction in general mRNA translation (Fig. 4). Nevertheless,
our result showed that pAbp mutations caused more notable sup-
pression of Dscam expression compared with that of a mCD8::
RFP, a normalizing experimental control that contains SV40-
3'UTR (Fig. 3). To further rule out a possibility of general
mRNA translation suppression by pAbp mutations, we used
Wnd-HSL in our study (Figs. 2B, 3). The translation of histone
mRNAs employs a unique mechanism because these are the only
metazoan mRNAs that do not possess poly(A) tails. The HSL at
the 3'-end of histone mRNA recruits SLBP instead of PABP,
which promotes the translation initiation of histone mRNA
(Ling et al.,, 2002; Sanchez and Marzluff, 2002). Together, we
envision that pAbp exerts a relative selectivity toward Dscam
translation via a differential affinity toward canonical and nonca-
nonical RNA interactions.

Our study shows that Wnd requires pAbp for enhancing
Dscam expression (Figs. 1, 3) and for increasing presynaptic
arbor growth (Fig. 2). This suggests that Wnd/DLK regulates
PABP activity. Wnd is an upstream kinase in the MAP kinase
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The A-rich region of Dscam is not sufficient for Wnd regulation. The 123-bp A-rich sequence from
Dscam-3"UTR was inserted at the 148 bp upstream of the polyadenylation signal in Dscam-5'UTR-Dscam::Dendra2-
SV/40-3" UTR (Dscam-A-rich-SV40) (top) and expressed in Drosophila S2 cells in the presence of an empty vector (Vec)
or Wnd expressing plasmid. Total lysates were subjected to Western blot with anti-Dendra2 to quantify Dscam::Dendra2
(Dscam). Tubulin blot was used as a loading control. The expression of Dscam-5" UTR-Dscam::Dendra2-SV/40-3" UTR (Dscam-
SV/40) was shown as a comparison. The data were expressed as mean == SEM. The two-tailed Welch's ¢ test (t = 0.06,013,
df = 7.289 for Dscam-SV40 and t = 0.6723, df = 5.937 for Dscam-A-rich-SV40); sample n = 5; *ns = not significant.

pathway. It is possible that Wnd or downstream MAP kinases
phosphorylate PABP and modify PABP affinity toward the non-
canonical A-rich sequence in Dscam-3"UTR. For example, PABP
is phosphorylated by CRK1, which promotes association with
the poly(A) sequence, self-interaction, and interaction with eIF4E
in Trypanosoma brucei (An et al, 2018). However, although
human PABP-C is highly modified post-translationally via methyl-
ation and acetylation (Brook et al., 2012), PABP-C phosphorylation
has not been detected in most animals. Then, how might Wnd
modify PABP activity? Interestingly, A-rich sequences are not rare
in the UTR sequences. In fact, the SV40-3"UTR segment that was
used in our study (Fig. 6) also contains four putative noncanonical
PABP binding sites, although it did not show a specific pAbp bind-
ing (Fig. 6) or being regulated by Wnd expression or a loss of hiw
(Figs. 3, 7, 9). This raises an interesting possibility that these A-rich
sequences may require additional factors for recruiting PABP-C.
Consistent with this idea, inserting the A-rich region from Dscam-
3'"UTR in SV40-3'UTR did not affect reporter expression in the
presence of Wnd (Fig. 8). The DLK/Wnd pathway may phospho-
rylate an unknown cofactor, which increases PABP-C recruitment
to the A-rich region in the target 3'UTR. RNAI is known to have
false negatives (Booker et al., 2011). Our RNAI screen may have
simply missed the cofactor. It will be important to identify this
cofactor to gain a complete understanding of DLK signaling in
future studies.

Although our analyses showed that pAbp is critically required
for Wnd-mediated presynaptic arborization (Fig. 2B) and Dscam
expression (Fig. 3), the hypomorphic mutant pAbp"'010¥EP310
showed only a mild effect in presynaptic arborization by hiw
mutations (Fig. 2A). Complete loss of pAbp triggers cell lethality
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Figure 9. pAbp binding to Dscam-3'UTR is required for Wnd-induced Dscam translation in vivo. A, The Dscam::Dendra2 transgenes, Dscam-5'UTR-Dscam::Dendra2-SV40-3"UTR (Dscam-
SV40), Dscam-5" UTR-Dscam::Dendra2-Dscam-3"UTR (Dscam-3'UTR), and Dscam-5'"UTR-Dscam::Dendra2-Dscam-3' UTRApAbp (Dscam-3' UTRApAbp) were expressed in C4da neurons with ppk-
GAL4 either in wild-type control W' wit) or in hiw mutant (h/'wAN) animals. The expression levels of Dscam::Dendra2 were measured from the individual C4da cell bodies. Dscam::Dendra2
expression levels were visualized with anti-Dendra2 antibody (magenta). A membrane marker, mCD8::GFP, was used as a normalizing control (green). Hemizygous male hiw mutant (hiw’")
and male wild-type (w'’") animals were used. Scale bar, 10 pm. B, Dscam::Dendra2 fluorescence intensity was normalized by m(D8::GFP fluorescence intensity and expressed as a fold change
of a corresponding control (hiw™"wt) from Dscam-5’ UTR-Dscam::Dendra2-SV40-3' UTR (Dscam-SV40), Dscam-5' UTR-Dscam::Dendra2-Dscam-3' UTR (Dscam-3' UTR), and Dscam-5’ UTR-Dscam::
Dendra2-Dscam-3" UTRApAbp (Dscam-3' UTRApAbp). The data were expressed as median == 95% Cl. One-way ANOVA (F(s 255 = 14.40, p << 0.0001) followed by post hoc Tukey's multiple
comparison test. The p values from Tukey’s test are indicated in the graph. Sample numbers were Dscam-SV40 in wt (w'""®; UAS-Dscam-5' UTR-Dscam::Dendra2-SV40-3' UTR/+; ppk-GAL4,
UAS-m(D8::GFP/+) (n = 60), Dscam-SV40 in i (h/WAN,‘ UAS-Dscam-5' UTR-Dscam::Dendra2-SV40-3' UTR/+; ppk-GAL4, UAS-m(D8::GFP/+) (n = 58), Dscam-3'UTR in wt W' uAs-
Dscam-5' UTR-Dscam::Dendra2-Dscam-3' UTR/~+; ppk-GAL4, UAS-m(D8:GFP/+) (n = 44), Dscam-3' UTR in hiw™" (hiw™": UAS-Dscam-5’ UTR-Dscam::Dendra2-Dscam-3' UTR/+; ppk-GAL4, UAS-
mCD8:GFP/+) (n = 41), Dscam-3' UTRApAbp in wt (w'™™: UAS-Dscam-5' UTR-Dscam::Dendra2-Dscam-3' UTRApAbp/+; ppk-GAL4, UAS-mCD8:GFP/+) (n = 35), and Dscam-3' UTRApAbp in
hiw™ (hiw™": UAS-Dscam-5 ' UTR-Dscam::Dendra2-Dscam-3' UTRApAbp/+; ppk-GAL4, UAS-m(D8::GFP/+) (n = 23) **p << 0.01, ****p << 0.0001, and ns = not significant.

because pAbp is required for general protein synthesis. We esti- Many functions of DLK are conserved from worms to mice,

mate that ~50% of pAbp function is lost in pAbp™'?10%F310
(Fig. 4), which may explain a partial rescue in hiw-induced
axon arborization. Wnd-enhanced Dscam expression was
reduced by ~61% in pAbp<1?1%EP310 mutants (Fig. 3B).
Conversely, this may suggest that Hiw uses additional, Wnd-
independent pathway for axonal arborization in C4da neu-
rons. Consistently, ~30% of hiw-enhanced Dscam expression
remained in Dscam::Dendra2-Dscam-3"UTRApAbp (Fig. 9B).
Although statistically insignificant, deleting the A-rich region
from Dscam-3"UTR did not completely abolish Wnd-enhanced
Dscam expression both in S2 cells and C4da neurons (Figs. 7, 9).
Thus, this may suggest an existence of an independent RBP path-
way downstream of Wnd in Dscam expression regulation.

some of which rely on post-transcriptional gene regulation.
Here, we show that the Drosophila ortholog of PABP-C is
involved in presynaptic arbor growth through mediating post-
transcriptional regulation of Dscam. The DLK homolog in
C. elegans promotes mRNA stability of CEBP in response to
axonal injury (Yan et al., 2009). A noncanonical PABP-C inter-
action is known for mRNA stability and localization of osk
mRNA in Drosophila (Vazquez-Pianzola et al., 2011). Thus, it is
conceivable that PABP-C may mediate multiple DLK functions.
Interestingly, recent studies suggest a novel role of DLK and
PABP-C in neuropathic pain (Barragan-lglesias et al., 2018;
Wilaschin et al., 2018; Hu et al,, 2019; Ma et al., 2021). It is pos-
sible that DLK and PABP-C target the same set of mRNAs in
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neuropathic pain. What factors or features would make these
mRNAs under DLK-PABP control? Our results showed that
Dscam-3"UTR has an A-rich region for direct pAbp recruit-
ment (Fig. 6). In addition, Dscam mRNA has short poly(A) tails,
which are dependent on Dscam-3"UTR (Fig. 5). The length of
poly(A) tails is under the control of multiple pathways (Richter,
1999; Meijer et al., 2007; Nicholson and Pasquinelli, 2019). These
may be the common features of DLK-PABP-targeted mRNAs.
DLK is expressed in nonneuronal cell types and may function in
these cell types (Jin and Zheng, 2019). Determining the roles of
PABP-C and common mRNA targets downstream of various
DLK functions will be an important research direction for future
studies.
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