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32

33 Abstract

34  Regulation of microtubule cytoskeleton is fundamental for the development and
35 maintenance of neuronal architecture. Recent studies have shown that regulated
36 RNA processing is also critical for the establishment and maintenance of neural
37 circuits. In a genetic screen using mechanosensory neurons of C. elegans, we
38 identified a mutation in muscleblind-1 as a suppressor of loss of kinesin-13 family
39 microtubule destabilizing factor klp-7. Muscleblind-1(MBL-1) is an RNA-binding
40 protein that regulates the splicing, localization, and stability of RNA. We found
41  that mbl-1 is required cell-autonomously for axon growth and synapse formation in
42  the posterior lateral microtubule (PLM) neuron. Loss of mbl-1 affects stability and
43  plus-end-out organization of microtubules in the anterior process of PLM. These
44  defects are also accompanied by abnormal axonal transport of the synaptic protein
45 RAB-3 and loss of gentle touch sensation in mbl-1 mutant. Our data showed
46  that mbl-1 is genetically epistatic to mec-7 (B tubulin) and mec-12 (a tubulin) for axon
47  growth. The immunoprecipitation of MBL-1 pulls down the mec-7, mec-12, and sad-
48 1 mRNAs. Additionally, the mbl-1 mutants show a reduction in the level and stability
49  of mec-7 and mec-12 transcripts. Independently, mbl-1is epistatic to sad-1 for
50 synapse formation. Our work elucidated a previously unknown link between RNA
51  binding protein and cytoskeletal machinery for the development and maintenance of
52  the nervous system.
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59

60

61 Introduction

62

63 A highly ordered functional neuronal circuit comprises polarized nerve cells, which
64 are compartmentalized into dendrites and axons that receive and transmit
65 information unidirectionally. There are many reports which suggest that this
66  structural and functional polarity of neurons is a function of cytoskeletal elements
67  within the neuron (1-4). The cytoskeletal elements are regulated by intra- and extra-
68 cellular signal transduction pathways during neuronal polarization (5-7). The
69  organization of cytoskeletal component, microtubules, in the neuron, directs neuronal
70  polarization, and development (8). In a vertebrate neuron, the axon has a plus-end
71 out microtubule arrangement, facing towards the synapse, while in the case of
72 dendrites, the microtubules are randomly oriented (8). In invertebrate dendrites, the
73 microtubule arrangement is minus-end-out (9, 10). This polarized arrangement of
74 microtubules is the basis for axonal transport, synaptic protein localization, and
75  neurotransmitter release (8, 11).

76

77  Recent reports have identified the critical roles of RNA-binding proteins in neuronal
78  development (12) and synaptic transmission (13-15). The disruption in these genes
79 causes many neurological disorders (16-19). The Muscleblind-like protein family
80 (MBNL) is an evolutionarily conserved RNA binding protein containing CCCH zinc-
81 finger domains (20). MBNL regulates alternative splicing, alternative polyadenylation,
82 mRNA localization, miRNA processing, and translation (21-23). The role of MBNL in

83 the neural pathogenesis of myotonic dystrophy type 1(DM1), has been discussed in

84 detail (24-27). In the mouse brain, loss of MBNL results in misregulated alternative
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85 splicing and polyadenylation causing defects in motivation, spatial learning, and
86 abnormal REM(Rapid Eye Movement) sleep (21, 28-31). In mammals, MBNL family
87 comprises MBNL1, MBNL2, and MBNL3 encoded by three different genes, and each
88 gene has several isoforms (32). The functions of different isoforms of MBNL are
89 different, which correlates with their differential localization (33-36). A recent report in
90  Drosophila showed that Muscleblind (Mbl) is expressed in the nervous system and
91 regulates alternative splicing of Dscam2 for the development of the nervous system
92  (37). Although there is an indication of a functional link between Muscleblind and
93  microtubule cytoskeleton, (38), a comprehensive idea of how Muscleblind regulates
94  microtubule cytoskeleton in neurons is unclear.

95

96

97 Mechanosensory neurons of C. elegans, responsible for gentle touch sensation,
98 have been used to study microtubule regulation and neuronal polarization in vivo
99  (39-41). In this study, we have identified a mutation in the muscleblind-1 gene, as a
100 suppressor of the touch neuron developmental defect in loss of kinesin-13 family
101 microtubule depolymerase, klp-7. We have found that Musleblind-1(MBL-1) is
102  required for axonal growth and synapse formation in the PLM touch neuron. Using
103 live imaging of plus-end binding protein (EBP-2::GFP), and synaptic protein
104 (GFP::RAB-3), we found that the microtubule stability is compromised in the absence
105 of mbl-1, which leads to reduced vesicular transport. We further showed that mbl-1
106  regulates mRNA stability of mec-7 transcript and interacts epistatically with mec-7 to
107  control proper axon growth. Separately, mbl-1 is epistatic to sad-1 to control synapse
108 formation in PLM neurons. Collectively, our data suggest that MBL-1 regulates

109 cytoskeletal machinery for neuronal polarization by regulating mRNA stability.
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110

111  Results

112

113 Loss of muscleblind-1(mbl-1) suppresses the multiple axon-like projections

114  phenotype due to loss of klp-7 in touch neurons

115 In C. elegans, six mechanosensory neurons are responsible for gentle touch
116  sensation. The anterior neurons are known as Anterior Lateral Microtubule (ALM) and
117  posteriors are known as Posterior Lateral Microtubule (PLM) (white arrowheads,
118  Figure 1A). ALM and PLM neurons grow their axons laterally towards the anterior side
119 and make a connection to their respective postsynaptic neurons through a ventral
120  synaptic branch (white arrows, Figure 1A). Additionally, PLM also has a short
121 posterior process (double-sided white arrow, Figure 1A). Recently, we showed that
122 loss of kinesin-13/KLP-7 microtubule depolymerizing protein, leads to multiple axon-
123 like phenotype in ALM neuron (orange arrow, Figure 1A), and the overgrowth
124  phenotype of the PLM posterior process (double-sided white arrow, FigurelA),Figure
125 1A) due to excessive stabilization of the microtubule cytoskeleton (7). Destabilization
126  of microtubules using colchicine or loss of tubulin subunits suppresses the axon
127  overgrowth phenotype seen in the klp-7 mutant (7). Therefore, we hypothesized that a
128  suppressor screen for the neuronal phenotype in the klp-7 mutant background, might
129  help identify pathways that regulate microtubule cytoskeleton in the neuron. One of
130 the suppressors, jull28, that suppressed the ectopic extension phenotype of ALM
131 neuron (red arrow, Figure 1A, C), maps to the locus of the mbl-1 gene. Several lines
132 of evidence support that jull28 is an allele of mbl-1 gene that codes for the RNA
133 binding protein Muscleblind-1/MBL-1. First, the recombination cross with the Hawaiian

134  strain followed by restriction fragment length polymorphism (RFLP) analysis (42, 43)
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of the F2 progenies indicated an association of the suppression with the right arm of
the X chromosome (red arrowhead, Figure S1A). The whole-genome sequencing of

the outcrossed and re-isolated
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Figure 1: Characterization and mapping of jul1128 mutation in mbl-1

(A) Confocal images of ALM and PLM neurons of a wild-type, klp-7(0) and
suppressor klp-7(0); jull28 expressing muls32 (Pmec-7::GFP) at larval-stage four
(L4) animal. The ectopic extension of the ALM posterior process in klp-7(0) is
marked by a yellow arrow while PLM posterior process is marked by a double sided
white arrow. The suppression of kip-7(0) ectopic extension in suppressor Klp-7(0);
jul128 marked by red arrow. (B) The schematic of the exon and intron of mbl-1 gene
and the genetic position of jull28 and tm1563 alleles with respect to the mbl-1
locus. The fosmid WRMO0616bE04, which exclusively covers the mbl-1 gene is also
shown. (C) Quantification of suppression of ectopic extension of ALM in klp-7(0);
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149  jull28 background and the rescue of klp-7(0) ectopic extension of ALM in klp-7(0);

150 jull28+ WRMO0616bEO4 fosmid background. N = 3-5 independent replicates, n

151  (number of neurons) = 100-150. (D-E) The normalized length of posterior (D) and

152 anterior process (E) of PLM, in klp-7(0), suppressor klp-7(0) jul128, and klp-7(0);

153  jull28+ WRMO0616bE04 fosmid background. Normalized length = (Actual

154  length/distance between the PLM cell body and vulva for the anterior process and

155 the distance between the PLM cell body to the tip of the tail for the posterior

156  process). N = 3-4 independent replicates, n (number of neurons) = 21-47. For C,

157  ***P<0.001; Fisher’'s exact test. For D-E, **P<0.001; ANOVA with Tukey’s multiple

158  comparison test. Error bars represent SEM, ns, not significant.

159

160

161  suppressor (44) revealed a strong peak (frequency of pure parental alleles) at the
162  precise location of the mbl-1 gene (Figure S1B). After annotating the SNPs obtained
163  from the Cloudmap analysis of whole-genome sequencing data (44), we identified a
164  C-T transition at the 17002646™ base pair position of chromosome X (Figure 1B). The
165 87" nucleotide of the third exon of the mbl-1 gene is mutated in jul128, which
166  introduces a premature stop codon in place of glutamine amino acid.

167 The mapping results were further confirmed by expressing the fosmid

168  WRMO0616bEO4, in the background of klp-7(0); jul228. This fosmid exclusively

169  contains the complete locus of mbl-1 gene. The extrachromosomal expression of

170 mbl-1 strongly rescued the suppression of the multipolar phenotype in the ALM

171 neuron (yellow arrow, Figure 1A, C) and also rescued the overgrowth phenotype of

172 the posterior process in the PLM neuron (double-sided white arrow, Figure 1A, D-E).

173 Another allele of mbl-1, tm1563, which is a deletion mutation in the third exon (Figure

174 1B), also suppressed the multiple axon-like phenotypes in klp-7(0) (Figure 1C).

175 These observations suggested that jul128 is a mutation in the mbl-1 gene, and the

176  loss of function of mbl-1 suppresses the neuronal phenotypes in kip-7(0).

177
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178  Muscleblind-1(MBL-1) regulates axon growth and synapse formation in PLM
179  neuron

180  To understand the role of mbl-1 gene in touch neuron development, we removed the
181  Kklp-7(tm2143) allele from the suppressor background. In the wild-type, PLM axon
182  crosses the vulva and approaches the ALM cell body anteriorly (magenta arrowhead,
183  Figure 2A), making a ventral synaptic branch the PLM axon makes a synapse near
184  the vulva (white arrow, Figure 2A). However, in both the mutant alleles of mbl-1,
185 PLM axon terminates before the vulva or at the vulval position (yellow arrow, Figure
186  2A), which we termed as ‘short neurite’ phenotype. Nearly 88% of the PLM neurites
187  are short in mbl-1 mutants (Figure 2A-B). Since the Muscleblind-1 protein is known
188  to play its role both in muscles (20) and in neurons (37, 45), we wanted to know the
189  tissue-specificity of function of mbl-1 in neurite development. When we expressed
190 mbl-1 cDNA in muscles using Pmyo-3::mbl-1cDNA in the mbl-1(0), we did not see
191 any rescue of the ‘short neurite’ phenotype (Figure 2B). However, when we
192  expressed mbl-1 cDNA either pan-neuronally using Prgef-1::mbl-1 or only in the
193 mechanosensory neurons using Pmec-4::mbl-1 in mbl-1(0) background, we saw a
194  significant rescue of the short neurite phenotype, which was comparable to the
195  rescue obtained using the mbl-1 genomic fragment (Figure 2A-B).

196 It is known that the PLM axon makes physical contact with the BDU interneuron
197  through a gap junction (46). In the mbl-1(0) mutant, the physical contact between the
198  PLM axon and the BDU interneuron is lost as the PLM axon is short (Figure S2A-C).
199  Using the GAP junction reporter UNC-9::GFP (46) in the mbl-1(0), we found that the
200 GAP junction at the tip of the PLM anterior neuron was missing (Figure S2D-F).

201 The ALM axon, in the wild-type, makes a synapse at the nerve ring (Figure 2A) and

202  extends anteriorly terminating near the tip of the head (magenta arrowhead, Figure
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203  2A). In mbl-1(0), the ALM terminates at the nerve ring itself (yellow arrow, Figure
204 2A).
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207  Figure 2: mbl-1 mutant display defect in axon growth, and synapse formation
208 in PLM neuron.

209  (A) Confocal images of ALM and PLM neurons at larval four-stage (L4) in WT, mbl-
210  1(tm1563), and mbl-1(tm1563); Pmec-4::mbl-1 background. The ends of ALM and
211  PLM anterior neurites are marked with a magenta arrowhead. In mbl-1(tm1563)
212  short anterior process of ALM and PLM is marked by yellow arrow and the rescue of
213  the short anterior process in mbl-1(tm1563); Pmec-4::mbl-1 is also marked by yellow
214 arrow. The presence of ectopic synapse in mbl-1(tm1563) is marked by a red
215  arrowhead. (B) Quantification of short PLM anterior neurite at L4 stage in two alleles
216  of mbl-1(0) and different rescue backgrounds. N = 4-5 independent replicates, n
217  (number of neurons) = 100-200. (C and D) Image and schematic of synapse in PLM
218 in both wild-type (C) and mbl-1(tm1563) (D) at the L4 stage. PLM Synapse (white
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219 arrowheads) was visualized with the Pmec-7::GFP::RAB-3 transgene. (D) The
220 presence of an ectopic synapse in the mbl-1(tm1563) background is marked by a
221 yellow arrowhead. (E) Quantification of ectopic synapse phenotype in mbl-1(tm1563)
222 and mbl-1(tm1563); Pmec-4::mbl-1 backgrounds. N = 3-4 independent replicates, n
223 (number of neurons) = 80-100. (F) Confocal images of ALM and PLM neurons
224  (arrows) in worms expressing Pmbl-1::MBL-1::GFP (wgls664) in Pmec-4:mCherry
225  (tbls222) background.

226

227

228 In addition to the short neurite phenotype, mbl-1(0) also had an ectopic synapse
229 near the PLM cell body (red arrowhead, Figure 2A). We used a presynaptic marker
230 (Pmec-7::GFP::RAB-3) (47) to characterize this ectopic synapse. In the wild-type,
231  PLM anterior process makes a synapse near the vulva (Figure 2C white arrowhead),
232 while in the mbl-1(0) we observed an ectopic synapse near the cell body (yellow
233 arrowhead, Figure 2D) in addition to the original synapse (white arrowhead, Figure
234 2D). In both mutant alleles of mbl-1, we observed nearly 50% of the PLMs showing
235 ectopic synapses (Figure 2E), and this phenotype was rescued by
236  extrachromosomal expression of mbl-1 cDNA in mechanosensory neurons (Figure
237  2E). We used another presynaptic active zone marker ELKS-1 (ELKS-1 :: TagRFP)
238 (48), which also showed ectopic synapse near the PLM cell body, similar to GFP:
239 RAB-3 (Figure S2G-I). Next, we checked the localization of MBL-1 using pmbl-
240 1:MBL::GFP. MBL-1::GFP was highly enriched in many neurons including ALM and
241 PLM touch neurons (Figure 2F).

242  To determine whether the mutation in the mbl-1 gene affects other classes of
243  neurons, we visualized the D-type GABAergic motor neurons using Punc-25:.GFP
244  reporter transgene. In the mbl-1(0) mutant, we noticed that on the dorsal side, there

245  are often gaps ( red arrowhead, Figure S2J-L) indicating a synaptic defect, as seen

246 in the case of DA9 neuron in mbl-1 mutant previously (45). All these observations

10
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247  suggest that the mbl-1 gene is required for neurite growth and synapse formation in
248  neurons.

249  However, we did not observe any noticeable morphological defect in the loss of
250 function mutants of MEC-8/RBMPS, MSI-1/MSI-2, UNC-75/CELF5, and EXC-
251  7/ELAVLA4, the other four known RNA binding proteins, in ALM and PLM neurons
252 (Figure S2 M-0O).

253

254  MBL-1 regulates microtubule polarity and stability in the anterior process of
255  PLM neuron

256  Since the mbl-1 mutant suppressed the neuronal overgrowth phenotype caused due
257 to stabilization of microtubules in the klp-7 mutant, we looked for any possible
258 defects in the microtubule cytoskeleton in mbl-1(0). We did time-lapse live imaging of
259 EBP-2:GFP, (9, 49). We determined the polarity of the microtubules from the
260 direction of microtubule growth from the plus ends, as seen in the kymographs
261  (Figure 3B) from the regions of interest in the anterior and posterior processes of
262  PLM neuron (Figure 3A). In the wild-type background, the PLM anterior process had
263  the majority of the EBP-2::GFP movements away from the cell body (plus-end-out,
264  green trace), while in the posterior process, EBP-2::GFP movements were seen both
265 away from and towards the cell body (minus-end-out, magenta trace, Figure 3A-B),
266  as reported before (7). We plotted the fraction of microtubule tracks with ‘plus-end-
267 out’ or ‘minus-end-out’ orientation (Figure 3C). In the mbl-1(0), the % of the
268  microtubules with plus-end-out orientation is significantly decreased in the anterior
269  process (Figure 3C). In the posterior process, the microtubule arrangement was
270  similar to wild-type (Figure 3C). In addition, we noticed that in the mbl-1(0), the

271 number of EBP-2::GFP tracks was higher in the anterior and posterior process of

11
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272 PLM (Figure 3D) as compared to the wild-type. The growth length and duration of

273  these tracks were significantly smaller in

Figure 3
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275  Figure 3: mbl-1 mutant affects microtubule dynamics in PLM neuron

276  (A) Schematic of the PLM neuron. 30um Regions of interest (ROIs), marked in red
277  and orange for anterior and posterior processes respectively, used for the analysis of
278 time-lapse movies of Pmec-4::EBP-2::GFP (juls338). (B) Representative
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279  kymographs of EBP-2::GFP obtained from the above-mentioned ROIs in anterior
280 and posterior processes of PLM in wild type and mbl-1(0) background. The green
281 and magenta traces on kymographs represent microtubule growth events away from
282  the cell body (Plus end out) and towards the cell body (Minus end out), respectively.
283  (C) The histogram is showing the fraction of microtubules with plus-end-out’ (P) or
284  ‘minus-end-out’ (M) polarity in wild-type and mbl-1(0) in PLM anterior and posterior
285  processes. N=3-5 independent replicates, n (humber of worms) = 44-62. (D) The
286  histogram represents the number of growing microtubules in PLM anterior and
287  posterior processes in wild-type and mbl-1(0). N=3-5 independent replicates, n
288  (number of worms) = 36-46. (E and F) Growth length (E) and growth duration (F) of
289 the tracks, measured from net pixel shift in the X and Y axis respectively, from
290  kymographs shown in B. N=3-5 independent replicates, n (number of tracks) = 227-
291 1074. (G) % of PLM

292  processes with microtubules organized either in unipolar or mixed arrangement
293  manner, N=3-5 independent replicates, n (number of worms) = 36-46. (H)
294  Representative kymographs of time-lapse movies of Pmec-7::GFP::RAB-3 (juls821)
295 as obtained from the above-mentioned ROIs (A) of anterior and posterior processes
296 of PLM, in wild type, and mbl-1(0) background. The green and magenta traces on
297  kymographs represent anterograde (green trace) and retrograde (magenta trace)
298 movement events away from the cell body (anterograde) and towards the cell body
299  (retrograde), respectively. (I and J) Quantification of the number of anterograde
300 (Anter) and retrograde (Retr) movement events of GFP::RAB-3 particles obtained
301  from kymographs (H) in PLM anterior (I) and posterior (J) processes in wild-type and
302  mbl-1(0), N=3-5 independent replicates, n (number of worms) = 21-32. (K and L) run
303 length in PLM anterior (K) and posterior (L) processes in wild-type and mbl-1(0),
304 measured from net pixel shift in X-axis direction as shown in the kymograph (H).
305 N=3-5 independent replicates, n (number of tracks) = 456-2131. (M and N) The
306 histogram shows the anterior (M) and posterior (N) gentle touch response index of
307 the worm in the wild-type and two alleles of the mbl-1 gene. N=3 independent
308 replicates, n (number of worms) =31-50. For C -F, and I-N ***P <0.001; ANOVA with
309 Tukey’s multiple comparison test. For G, ***P <0.001. Fisher’s exact test. Error bars
310 represent SEM. ns, not significant.

311

312

313 the PLM anterior process as compared to wild type, while in the posterior process
314 the growth duration is smaller than wild type. (Figure 3 E-F). These observations
315 suggest that mbl-1(0) has increased microtubule dynamics. When we compared the
316 frequency distribution of microtubule polarity in PLM processes, we found that in
317 mbl-1(0) PLM anterior had a nearly normal distribution with a mode value of 0.5,
318  while in wild-type mode value was 1.0 (Figure S3A-B) However, in the PLM posterior

319  process of mbl-1(0) mode value was nearly 0.5, similar to the wild-type (Figure S3 C-
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320 D). We classified the PLM processes with a fraction polarity value of 0.8 or more as
321  a unipolar process (gray shaded box, Figure S3A-D). A PLM process with a fraction
322 polarity value lower than 0.8 was categorized as a process with a mixed microtubule
323 arrangement. Based on this criterion, in the mbl-1(0) background, 80 % of the PLM
324  anterior processes were with mixed microtubule polarity, while in the wild type, 13 %
325 of the anterior processes were mixed (Figure 3G). All these observations suggest
326 that the loss of mbl-1(0) affects both microtubule dynamics as well as arrangement in
327  PLM neuron.

328

329  Since neuronal microtubule organization and stability is affected due to loss of mbl-1,
330 we checked vesicular transport in mbl-1(0) using a GFP reporter of presynaptic
331  protein RAB-3 (47). We imaged GFP::RAB-3 in similar ROIs (Figure 3A), which were
332 used for imaging EBP-2::GFP. In the mbl-1(0), the number of anterograde and
333 retrograde transport events were reduced in the PLM anterior process as compared
334 to the wild type (Figure 3H, I). However, in the PLM posterior process, the transport
335 events were similar to the wild type (Figure 3 H, J). We also noticed that in the
336  anterior process, most of the particles were static (Figure 3H) in the mbl-1(0). The
337 run length of the transport event was less in the mbl-1(0) as compared to the wild

338 type (Figure 3K, L).

339 It has been seen that the abnormal arrangement of microtubules in mechanosensory
340 neurons leads to defects in gentle touch sensation (39). In the mbl-1(0) background,
341 the anterior and posterior touch response was significantly reduced in both the

342  alleles of the mbl-1 (Figure 3 M-N).

14
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343  Collectively, our findings suggest that, within PLM axons, loss of MBL-1 results in
344  microtubules having mixed polarity and enhanced dynamicity; which consequently

345 leads to defects in axonal transport.

346

347 mbl-1 genetically interacts with the cytoskeletal components and its regulatory

348 genes to control neurite growth of PLM neuron

349 MBL-1 is a Zinc finger family RNA binding protein that preferentially binds to the
350 CGCU sequence of target RNA (50) (Figure S4A). Using the oRNAment database

351  (http://rnabiology.ircm.gc.ca/oRNAment) (51), from a pool of MRNAs expressed in

352 the PLM neuron as reported in the CeNGEN database (52), we filtered the ones with
353 a binding site for MBL-1. We found 2000 such targets of MBL-1 in PLM neurons
354  (Figure 4A) (Table S1). From this pool of genes, using gene ontology (GO) analysis,
355  we short-listed four sets of genes for further analysis, based on their involvement in
356 (1) Microtubule-based processes, (2) Axon development, (3) Regulation of synapse
357  structure, and (4) Axodendritic transport (Figure 4A).

358 In the microtubule-based processes, we got 129 genes (Table S2) (Figure 4A) out of
359  which we tested 13 genes (Table S3), that are either a part of microtubule structure
360 or are regulators of microtubule dynamics, for example, touch neuron-specific
361 tubulins (mec-7 and mec-12) and CRMP-2 (unc-33) which helps in microtubule
362  polymerization (41, 53). In the axon growth-related genes category, we got 61 genes
363 (Table S2) (Figure 4A), and we tested 16 of these genes (Table S3), which are

364  known to play a role in axon growth, for example, unc-51 and unc-53 (54-56).

15
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In the regulators of synapse structure category, we got 31 genes (Table S2) (Figure

4A), out of which we checked 5 genes (Table S3) that are known to regulate

synapse development, for example, SAD-1 kinase (5, 6).

In the axodendritic transport-related genes category, we found 11 genes (Table S2)

(Figure 4A) and we have tested 4 genes (Table S3) that are known to regulate

motor-based transport such as unc-104 (57, 58).

Figure 4
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372 Figure 4: mbl-1 genetically interacts with mutants affecting microtubule
373 cytoskeleton and sad-1 kinase for proper axon growth and synapse formation
374 in the PLM neuron.

375 (A) Gene ontology (GO) analysis of putative targets of MBL-1 (transcripts with an
376  MBL-1 binding site) expressed in PLM neuron (B) Representative confocal images of
377  mbl-1(0), mec-7(0) and mbl-1(0) mec-7(0). The red arrow indicates a short anterior
378 process in PLM while the orange arrowhead indicates a short ALM anterior process.
379  (C) The histogram is showing the percentage of PLM neurons with a short anterior
380 process. (D) The normalized length of anterior process of PLM neuron in different
381 backgrounds. (E) Quantification of the normalized length of anterior process of ALM
382 neurons. For ALM neuron, normalized length = (Actual length of ALM anterior
383  process /distance between vulva and the tip of the nose). (F-G) The representative
384 confocal images (F) and quantification (G) of ectopic synapses (marked with gray
385 arrow) in the mbl-1(0) and sad-1(0) backgrounds. For C-F, and G independent
386 replicates (N) = 3-5 and the number of neurons (n) = 30-150. For C and G;
387 ***P<0.001. Fisher’'s exact test. For D-E ***P <0.001; ANOVA with Tukey’'s multiple
388 comparison test. Error bars represent SEM, ns, not significant

389

390 Additionally, a recent report identified a set of 235 genes that are downregulated in
391 the mbl-1 mutant (59). This set of genes was again sorted using GO analysis to
392  short-list candidates from above mentioned categories. It gave us mec-7, mec-12,
393 and KkIp-13 [, that are involved in microtubule-based processes. However, from this
394  set of genes, we could not find any candidates linked to axon development, synapse

395  structure, or axodendritic transport.

396 Next, we phenotyped the mutants of the above-mentioned candidate genes, for a
397 short neurite or ectopic synapse in the PLM neuron, as observed in the mbl-1(0)
398 mutant. We found that mutations in the tubulin genes mec-7 (B tubulin), mec-12 (a
399 tubulin), and vesicular adaptor protein (unc-76) lead to a short neurite phenotype in
400 the PLM anterior process (red arrow, Figure 4B-E), similar to mbl-1(0). The transcript

401  of each of these genes has an MBL-1 binding site (Figure S4 A-C).

402  In the mbl-1(0) mec-7(0) double mutant the length of the PLM axon remained the
403 same as that observed in mbl-1(0) single mutant, showing that the phenotype is not

404  additive (Figure 4B-E). However, in mbl-1(0); unc-76(0) double mutant, the length of

17
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405 the PLM axon was shorter than either of the single mutants (Figure 4D). These
406  results suggest that mbl-1 and mec-7 are genetically working in the same pathway,
407  while mbl-1 and unc-76 might be genetically working in a parallel pathway, as they
408 showed a synergistic effect. A similar observation was also made in ALM neurons

409  (light red arrowhead, Figure 4B; E).

410  The transcript of the sad-1 kinase is a known target of MBL-1 in touch neurons (60)
411  (S4D). We found that the loss of function mutant of sad-1 has a synapse defect
412 similar to that of mbl-1 mutant (grey arrow, Figure 4F-G). And in the sad-1(0); mbl-
413  1(0) double mutant the extent of ectopic synapse defect is the same as in single
414 mutants (Figure 4G). These results suggest that mbl-1 and sad-1 are genetically
415  working in the same pathway for the formation of the synapse at the correct location
416  in PLM neuron. This observation is an indication that MBL-1 might be regulating sad-

417 1 to regulate proper synapse targeting in touch neurons.

418

419 MBL-1 regulates the stability of mec-7 and mec-12 mRNAs

420 MBL-1 protein is well documented to function in alternative splicing, stability, and
421  localization of RNAs (21-23). To understand how the transcripts of the short listed
422 target genes are affected in mbl-1 mutant, we performed quantitative RT-PCR
423  analysis mec-7, mec-12, unc-76, and sad-1 in wild-type and mbl-1(0). We did not
424  observe any changes in the lengths of the PCR products of these genes in mbl-1(0),
425 which was verified using multiple primers (Figure 5A-B, Figure S5A-B). However,
426  there was a reduction in total transcript of mec-7 and mec-12 in the mbl-1(0) mutant
427  (Figure 5A-B). Such a reduction in the total transcript was not noticed in the case of

428  control aak-2 or tha-1 genes (Figure 5A-B). We found a 0.4717+ 0.03720 fold (mean

18
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+ SEM) (2-AACT) decrease in total mec-7 levels (***P = 0.0005; ANOVA, Tukey's
Multiple Comparison Test) in the mbl-1(0) background as compared to control
(Figure 5B-C, S5C). Similarly, there was a significant decrease in mec-12 levels in

mbl-1(0) (Figure
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Figure 5: MBL-1 regulates the level of mec-7 and mec-12 tubulin transcripts.

(A) lllustration depicting the method for reverse transcription (RT)-PCR and
representative agarose gel image showing transcript length of mec-7, mec-12, and
aak-2 (control) in the wild-type and mbl-1(0) background. (B) Representative
agarose gel image from the sample of quantitative real-time (QRT) PCR, showing a
reduction in transcript amount in mec-7 and mec-12 in the wild-type and mbl-1(0)
background. tba-1 has been used as an internal control. (C) Quantification of qRT-
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441  PCR of the transcripts of mec-7, mec-12, sad-1, and unc-76 in the wild-type and mbl-
442  1(0) background. Independent replicates (N) = 10-11 and the number of reactions (n)
443 = 11-15. (D-E) Representative agarose gel (D) and quantification of transcript (E)
444 mec-7 and mec-12 in the 400uM actinomycin D treated worms in the wild-type and
445  mbl-1(0) backgrounds. Independent replicates (N) = 9-10 and the number of
446 reactions (n) = 9-14. (F-G) Representative confocal images of the worms (F)
447  expressing Pmec-7::mec-7::gfp (shrEx473) and Pmec-4::mCherry (tbls222) and (G)
448  quantification of ratio (gfp/ mCherry) of intensity from 50 pym regions of interest(ROI)
449  in the anterior (Ant) and posterior (Pst) process of PLM and also from the PLM cell
450 body (CB). independent replicates (N) = 3-4 and the number of neurons (n) = 20-25.
451  For C, E, and G *, P < 0.05; *** P < 0.001; ANOVA with Tukey’s multiple comparison
452  test. Error bars represent SEM.

453

454 5B-C, S5 C). However, we did not observe any changes in the transcript length or
455  the amount of unc-76 and sad-1 in the mbl-1(0) background (Figure S5B-C, Figure
456  5C). This led to the conclusion that MBL-1 regulates the total transcript levels of

457  mec-7 and mec-12 genes.

458  We hypothesized that the total mMRNA transcript is a quantitative measure of MBL-1
459  regulating either the transcription of these genes or the stability of the mRNAs. To
460 test whether MBL-1 regulates transcription or stability of its target mMRNAs, we fed
461 the worms Actinomycin D (Act D), a transcription inhibitor (61). Act D treatment
462  would block the expression of new transcripts, providing a suitable context to study
463  whether any change occurs to the pre-existing mec-7 and mec-12 transcripts in mbl-
464  1(0) mutants. As expected, the wild-type worms fed on 400 uM Actinomycin D,
465 showed a 0.6264 + 0.05498-fold reduction (mean + SEM) (2-AACT) in the levels of
466 mec-7 transcripts (Figure 5D-E). A similar trend was also observed in the mec-12
467  transcript levels of the wild type (Figure 5D-E). These results indicated that Act D
468  could successfully block transcription in wild-type worms. When the mbl-1(0)
469  mutant was grown on 400 uM Actinomycin D, we observed a further reduction in the
470 levels of mec-7 and mec-12 transcript as compared to the wild-type (Figure 5D-E),

471 grown on 400 pM Actinomycin D. This reduction observed in the mbl-1(0) mutants
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472 as compared to the wild type is interesting, as it illustrates the fate of the pre-existing
473  transcripts in the absence of MBL-1 and in the absence of any new transcription. As
474  transcription was blocked, the observed additional decrease could be attributed to

475  the increased instability of the pre-existing transcripts in the absence of MBL-1.

476  We further validated this reduction in the amount of mec-7 transcript using a
477  translational reporter. We observed a diminished absolute as well as normalized
478 (MEC-7::GFP/ mCherry) MEC-7::GFP intensity in the anterior and the posterior
479  process of PLM neurons, as well as in the cell body (Figure 5F-G, S6A-B). From
480 these results, we concluded that MBL-1 is regulating the stability of mec-7 and mec-

481 12 mRNA in PLM neurons.

482

483  MBL-1 interacts with mec-7 and sad-1 mRNA in the mechanosensory neuron

484 To ascertain that mec-7, and mec-12 mRNAs interact with MBL-1 protein, we
485 performed Ribonucleoprotein Immuno-Precipitation (RIP). We pulled down RNA-
486 bound MBL-1, from transgenic wild-type worms, ubiquitously expressing MBL-
487  1.:GFP::FLAG under its native promoter, using an anti-Flag antibody. (Figure 6A).
488  We detected an enrichment of mec-7, mec-12, and sad-1 transcripts in the immuno-
489  precipitated (IP) sample as compared to the control sample (Figure 6 B-C). However,
490 we did not find unc-76 mRNA enrichment upon immunoprecipitation of MBL-1 from
491  these worms (Figure 6 B-C). We used worms expressing KLP-7 :: GFP::FLAG under
492 its native promoter (62) as a control sample for this experiment. To substantiate
493  further that MBL-1 protein is associated with mec-7 mRNAs in the mechanosensory
494  neurons, we immuno-precipitated GFP from mbl-1(0) worms expressing MBL-1::GFP

495 in the mechanosensory neurons under the Pmec-4 promoter. The Pmec-4::MBL-

21
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496 1::GFP transgene could rescue nearly 75% of mbl-1 loss of function phenotype. We
497 found an enrichment of mec-7 and sad-1 mRNA in the Immuno-Precipitation (IP)

498  sample in contrast to the control sample (Figure 6 D-E). From these results, we

499
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501 Figure 6: MBL-1 interacts with mec-7 and sad-1 mRNAs in the
502 mechanosensory neuron.

503 (A) Schematic illustration of Ribonucleoprotein Immuno-Precipitation (RIP-Chip)
504 method and quantitative real-time (QRT) PCR from Pmbl-1::MBL-1::GFP::FLAG and
505 mbl-1(0); Pmec-4::MBL-1::GFP background. (B-C) Representative agarose gel
506 picture (B) and quantification of the transcript (C) of mec-7, mec-12, sad-1, and unc-
507 76 from the control sample (Pklp-7::KLP-7::GFP::FLAG) and immunoprecipitation
508 (IP) sample (Pmbl-1::MBL-1GFP::FLAG). tha-1 was used as an internal control.
509 independent replicates (N) = 7-9 and the number of reaction (n) = 7-9. (D) Showing
510 the representative agarose gel picture of the transcript of mec-7 and sad-1 from
511 gRT-PCR from the control mbl-1(0); Pmec-4::GFP (shrEx481) and IP sample mbl-
512 1(0) Pmec-4::MBL-1GFP (shreEX75). (E) Bar graph showing the quantification of the
513  transcript of mec-7 and sad-1 from control (mbl-1(0); Pmec-4::GFP (shrEx75)) and
514 IP sample (mbl-1(0); Pmec-4::MBL-1::GFP (shrEX481). (F) Representative western
515  blot picture showing the enrichment of MBL-1::GFP::FLAG and MBL-1::GFP (marked
516 inred arrowhead) in the IP sample as compared to the control sample.

517

518 concluded that MBL-1 specifically associates with mec-7 and sad-1 mRNA in the

519 mechanosensory neurons.

520

521  Expression of mec-7 and sad-1 rescues the ‘short axon’ and ‘ectopic synapse’

522  phenotype respectively in PLM neuron

523  As we observed that the mbl-1(0) mutant has a short anterior neurite phenotype and
524 reduced amount of total mec-7 transcript in mechanosensory neurons due to
525 diminished stability. We speculated that enriching mec-7 transcript in touch neurons
526  in the mbl-1(0) mutants could suppress its short anterior neurite phenotype. Indeed,
527 when mec-7 cDNA was expressed under its native promoter in mbl-1(0) mutant, the
528 fraction of PLM neurons with short anterior neurite dropped to 20% from 80% in the
529 mbl-1 mutant alone (Fig. 7A-B). Consistent with this observation, overexpression of
530 mec-7 in mbl-1(0) mutants using a genomic mec-7 construct, also significantly

531 suppressed this phenotype. Moreover, overexpression of mec-7 in the wild type
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532 using the same transgene resulted in overgrowth of the anterior neurite of PLM (Fig.

533 7A-C).

534 We did not observe any detectable change in the stability or the amount of sad-1
535 transcript in mbl-1(0) mutants. But we did observe an enrichment of sad-1 transcript
536 in MBL-1 pull-down IP samples. It was already known that MBL-1 prevents the
537 exclusion of one exon of sad-1 transcript in ALM touch neurons so that only the

538 exon-
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Figure 7: Expression of mec-7 and sad-1 in the mbl-1(0) background rescues
short neurite and ectopic synapse phenotype respectively.

(A) Representative confocal images of mbl-1(0), mbl-1(0); Pmec-7::mec-7::gfp
(shrex475), wild-type and WT Pmec-7::mec-7::gfp (shrEx475). White arrow marked
in mbl-1(0) and WT Pmec-7::mec-7::gfp (shrEx475) are showing short PLM anterior
and overgrowth of PLM anterior respectively. Whereas the peach arrow shows the
rescue of short PLM anterior neurite. (B-C) (B) Histogram is showing quantification of
short PLM anterior neurite in the different genetic backgrounds whereas (C)
Histogram is showing the overgrowth of PLM anterior process in the Pmec-7::mec-
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549  7gfp cDNA (shrEx475) and Pmec-7::mec-7gfp genomic DNA (shrEx476) in the wild-
550 type background. independent replicates (N) = 3-5 and the number of neurons (n) =
551  100-145. (D-E) (D) Representative confocal images showing ectopic synapse and
552 rescue of the ectopic synapse. The bar show (E) shows quantification of ectopic
553  synapse in sad-1(0), sad-1(0); Pmec-4::sad-1 (shrEx478), mbl-1(0) and mbl-1(0);
554  Pmec-4::sad-1 (shrEx480) background. (F) lllustration showing the regulation of
555 mec-7, mec-12, and sad-1 mRNAs by MBL-1 RNA binding protein.

556

557

558 included isoform is expressed (60). Hence, we speculated that the ectopic synapse
559 defect in mbl-1(0) is because of a lack of exon-included isoform of sad-1 in the mbl-1
560 mutant (Figure 7D). This defect was significantly rescued by expressing the exon-
561 included isoform in the mbl-1 mutant using a touch neuron-specific promoter (Figure
562 7D-E). However, the transgenic expression of the genomic sad-1, in the mbl-1
563 ~mutant fails to rescue the ectopic synapse defect (Figure 7D-E). This further
564  strengthens the point that MBL-1 might be involved in the isoform-specific regulation

565  of sad-1 transcript.

566

567 Discussion

568 In this work, we identified mbl-1 mutant as a suppressor of klp-7 mutant in which
569  microtubules are hyper-stabilized. We found that mbl-1 acts cell-autonomously to
570 regulate both neurite growth and synapse formation in PLM touch neuron. Further
571  investigation revealed that microtubule stability in PLM touch neuron is compromised
572 in mbl-1 mutant due to reduced mec-7 and mec-12 tubulin levels. We showed that
573  MBL-1 binds to the mec-7 and mec-12 transcripts and regulates their stability (Figure
574  7F). Additionally, MBL-1 regulates the correct location of synapse in TRN by

575 regulating the sad-1 kinase (Figure 7F).

26


https://doi.org/10.1101/2022.09.07.506915
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.07.506915; this version posted September 8, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Puri et al 2022

576

577 MBL-1 regulates axon growth and synapse formation in neurons

578 RNA binding proteins (RBP) play important roles in different developmental stages of
579  neurons, including neurogenesis, migration, pathfinding, synapse formation, axon,
580 and dendrite growth (63, 64). However, the role of Muscleblind-1, in nervous system
581 development is less explored. MBL-1 regulates alternative splicing, localization,
582  stability, and processing of mRNAs (21-23). Our study reveals that the C. elegans
583  homolog of MBNL-1, MBL-1, regulates the neurite growth of PLM neurons. We also
584 observed defects in neurite growth in the BDU interneuron. In Drosophila, MBL-1
585 controls axon guidance by regulating alternative splicing of Dscam-2, cell-
586 autonomously (37). Our data is in consistence with the role of cytoplasmic form of
587 MBNL-1 in neurite extension in the primary culture of mouse hippocampal neurons
588  (36). A previous study in worms showed that MBL-1 regulates synapse formation in
589  DA9 motor neuron (45). We also observed that MBL-1 regulates synapse formation
590 in PLM neuron. Moreover, we observed large gaps in the dorsal cord region in the
591 mbl-1 mutant, using the reporter for GABAergic motor neurons, which is an
592 indication of loss of neuromuscular synapse. In the worm, similar to MBL-1 there are
593 four other, known RNA binding proteins, MEC-8/RBMPS, MSI-1/MSI-2, UNC-
594  75/CELF5, and EXC-7/ELAVL4, which control the splicing, stability, and localization
595 of the transcript (65). But the loss of function mutants of these genes do not have
596 any morphological defects in the mechanosensory neurons as seen in the mbl-1
597 mutant. MEC-8 specifically regulates the alternative splicing of mec-2 in
598 mechanosensory neurons and controls gentle touch sensation (66, 67). However, we
599 did not observe any morphological defect in PLM neuron due to loss of mec-8. It is

600 known that Duchenne muscular dystrophy (DMD) patients show symptoms of
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601  progressive muscle degeneration in addition to learning disabilities, impaired
602  cognitive function, and memory impairment (68, 69). DM1 patients show an age-
603 related decline in frontotemporal functions, including memory impairment (68, 70).
604 We noticed that GFP intensity becomes very dim in older worms. Even in L4 stage in
605 mbl-1 mutant, GFP intensity is dimmer (Figure 2A). This might indicate an

606 accelerated neuronal aging of touch neurons in mbl-1(0).
607

608 MBL-1 regulates neuronal microtubule cytoskeleton for controlling axon

609 growth and synapse formation

610 We isolated the mutation in mbl-1 in a genetic screen designed to identify the
611  regulators of microtubule cytoskeleton. Although MBNL is an RNA-binding protein,
612 its involvement in microtubule cytoskeleton regulation and RNA transport is
613 emerging (38, 71). A careful investigation of neuronal microtubule dynamics in mbl-1
614 mutant revealed that both microtubule stability and orientation are compromised in
615 the anterior neurite of PLM neuron. This was associated with the severe reduction in
616 the anterograde transport of synaptic protein RAB-3. This is consistent with the
617  previous finding that knockout of MBL-1/2 in mouse cortical neurons leads to a
618  reduction in the dendritic complexity, and alterations in postsynaptic densities (72).
619 These axonal and dendritic morphological changes have been linked to cytoskeletal
620 machinery (73, 74). By combining in-silico approaches along with
621 immunoprecipitation and RT-PCR analysis, we found that MBL-1 binds to both the
622  transcripts of oo (mec-12) and B-tubulin (mec-7) and regulates their transcript levels in
623  touch neuron. Expression of tubulin in the mbl-1 mutant is sufficient to restore the

624  neurite-growth defect. However, we did not observe splicing defects in the transcripts

28


https://doi.org/10.1101/2022.09.07.506915
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.07.506915; this version posted September 8, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Puri et al 2022

625 of these genes in the absence ofMBL-1 protein. This conclusion was validated by
626  two observations: firstly, we did not find any change in the length of the mec-7 and
627 mec-12 transcripts in mbl-1(0) mutants, and secondly, overexpression of either mec-
628 7 cDNA or genomic DNA could suppress the short neurite phenotype in mbl-1(0).
629  Our data suggests that MBL-1 is regulating the stability of a (mec-12) and B (mec-7)
630  tubulin transcripts for axon growth in the PLM neuron. However, it's not clear how
631 the stability of the mec-7 or mec-12 transcript is regulated by MBL-1. MBL-1 is
632 known to act as an adaptor for mRNAs for their correct localization (23, 75). It's

633  possible that the stability of these transcripts is achieved through such mechanisms.

634

635 It is already shown that MBL-1 regulates the splicing of sad-1 in the ALM and BDU
636  neurons of C. elegans (60). The function of SAD-1 is well established in synapse
637 formation and stabilization (6, 76). We observed ectopic synapse formation in both
638 mbl-1(0) and sad-1(0) mutants, which indicates that these two genes could be acting
639  in same pathway for proper synapse formation. There are two isoforms of sad-1 and
640 each isoform has a cell-specific expression pattern (60). When we over-expressed
641 the exon-three included isoform in the touch neuron in the mbl-1(0) background, it
642 suppressed the ectopic synapse phenotype in this background. However, over-
643  expression of genomic sad-1 failed to suppress the ectopic synapse phenotype. This
644  result supports the hypothesis that MBL-1 regulates the splicing of sad-1 to control

645  synapse formation.

646

647 In summary, our finding shows that the RNA binding protein, MBL-1, regulates the

648  cytoskeleton-related genes for proper axon growth and synapse formation. MBL-1
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649 interacts with touch neuron-specific tubulin mRNAs and stabilises them for
650  optimizing microtubule stability in PLM, which in turn promotes vesicle transport. For
651 making the correct number of synapses at the correct location, mbl-1 interacts with
652 sad-1 kinase. This study provides mechanistic insight into how an RNA-binding
653  protein regulates the structure and function of the neuron through cytoskeletal

654 machinery.

655

656

657

658 Materials and methods

659

660 C. elegans genetics

661 C. elegans strains were cultured on standard Nematode Growth Medium (NGM)
662 plates seeded with OP50 Escherichia coli bacteria at 20°C (77). All the loss of
663  function mutant alleles are denoted as “0”. For example, the mbl-1(tm1563) mutant is
664 presented as mbl-1(0). The wild-type N2 Bristol strain was used for removing
665 background mutation and CB4856 Hawaiian isolates for restriction fragment length
666  polymorphism (RFLP) mapping. The list of all the mutant and transgenic reporter
667  strains used in this study is mentioned in Table S5 and Table S6 respectively. The
668 extrachromosomal DNA carrying newly generated transgenes used in this study is
669 mentioned in Table S6. Transgenes were introduced into the various mutant
670  backgrounds by crossing. PCR or sequencing methods were used for confirming the
671  homozygosity of all the mutants. We have used the following published transgenes in

672  this work, Pmec-7-GFP (muls32), Pmec-4-EBP-2::GFP (juls338) (78), Pmec-4-
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673 mCherry (tbls222)(79), Pmec-7-GFP::RAB3 (jsls821) (47), and Pmec-7-
674 TagRFP::ELKS-1 (jsls1075) (48).

675

676 Mapping of jull28 mutation by restriction fragment length polymorphism
677 (RFLP)

678 For mapping of jul128 mutation, we crossed the klp-7 suppressor strain bearing
679 jull28 mutation (klp-7(0); jull28) with a polymorphic C. elegans strain, the
680 Hawaiian strain (CB4856). Individual worms from the F2 progeny of this cross were
681 selected and single-selfed. The progeny of these F2s was genotyped for Klp-
682  7(tm2143) deletion mutation using forward and reverse primers. The F2 plates with
683  confirmed genotype of klp-7(tm2143) deletion mutation were phenotyped for ALM
684  ectopic extension suppression. 30-50 individual F2 plates which were homozygous
685 for klp-7 deletion mutation and suppression of ALM ectopic extension, were further
686 selected for mapping. For mapping chromosomal location, DNA from these 30-50
687 unique F2 recombinants was pooled, and using three primers per chromosome and
688 two primers for X-chromosome, SNP mapping was done as described in earlier
689 protocols (43). SNP mapping result is presented in Figure S1A. As the EMS
690 suppressor screening was done in the N2 (Bristol) strain, we used N2 SNPs to
691  establish the linkage. In the SNP mapping gel picture, linkage of N2 SNPs with two
692 chromosomes, the 3" chromosome, and the X chromosome was observed (marked
693 with red arrowhead S1A). We knew that the kip-7 gene is present on the 3"
694 chromosome, so the 3 chromosome linkage was inferenced to be due to kip-7
695 mutation. The X chromosome linkage was likely due to ju1128 mutation (S1 marked
696 with red arrowhead), which was consistent with whole-genome sequencing data

697  analysis results (see below).
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698

699 Whole-genome sequencing analysis for jul128 mapping

700  Klp-7 suppressor strain, Kklp-7(0); jull28 were crossed to the Hawaiian strain
701  (CB4856) for generating F2 recombinants. We used the same F2 recombinants
702 which we used for SNP mapping. We prepared genomic DNA by phenol-chloroform
703  extraction and ethanol precipitation method. We sent samples for sequencing on an
704  lllumina HiSeg4000 platform using 50 bp paired-end reads at the core facility of the
705  University of Washington (USA). After filtering out low-quality reads, 300 million
706  reads were recovered, resulting in an 18X average coverage of the genome from this
707 data. We aligned reads to the C. elegans reference genome version WS220 and
708 analyzed them using the CloudMap pipeline (44). From the two aligned files, we
709  obtained a single file of all the variations using genome-wide variant call statistics.
710 The background variations of the parental strain (klp-7(0)) as well as other sister
711  mutants isolated in the same screen, such as jul130, were subtracted from the list of
712 total variants, and a filtered list of candidate mutations was obtained. This list was
713 then annotated using the available reference annotation file of C. elegans. For the
714  jull28 mutation, we got 8 candidate genes with the mbl-1 gene as one of them. We
715  tested all of the candidate genes by injecting a fosmid expressing the wild-type copy
716  of the gene into Kklp-7(0); jul128 background (Figure 1A). We observed that the
717  fosmid-bearing an mbl-1 gene copy, rescued suppression of klp-7(0) multipolar
718  phenotype (Figure 1A).

719

720 Widefield fluorescence imaging of mechanosensory neurons for quantifying

721  developmental defects
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722 Phenotyping of touch receptor neurons (TRNs) was done at the L4 stage of worms,
723  using a Leica DM5000B microscope with a 40X objective (NA 0.75). For immobilizing
724 worms 10 mM levamisole (Sigma-Aldrich; L3008) on 5% agarose was used. The
725  morphology of ALM and PLM neurons was qualitatively scored using this method.
726  This method allowed us to judge the anatomical defects in ALM neurons due to loss
727  of klp-7(Figure 1A; C) or in PLM neurons due to loss of mbl-1 (Figure 2A-B). This
728 method was also used to quantify ectopic synapse or more than one synapse
729  phenotype in the mbl-1(0) background (Figure 2C-E).

730

731 Image acquisition and analysis of neurite length of mechanosensory neurons
732 using a point-scanning confocal microscope

733  Imaging of ALM/PLM was done at the L4 stage of worm using a Zeiss Axio Observer
734 LSM 510 Meta confocal microscope. GFP reporter, muls32 (Pmec-7::GFP) was
735 imaged at 66 % of a 488-nm laser under a 40X oil objective (NA 1.3). ALM/PLM
736 neurite length was normalized with respect to body length. For this purpose,
737  differential interference contrast images were taken simultaneously with the
738  fluorescence images.

739 The absolute length of the anterior and the posterior processes of PLM and the
740  anterior process of ALM was calculated using Zeiss LSM Image Browser software or
741 Imaged. For PLM, anterior and posterior processes, segmented traces were drawn
742  for getting the value of the length of these processes. The length of the anterior
743  process of PLM was normalized with the distance between the PLM cell body and
744  the vulva of the respective worm measured from the differential interference contrast
745 images (Figure 4D). And the length of the posterior process of PLM was normalized

746  to the distance between the PLM cell body and the tip of the tail (Figure 4 E).
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747  Similarly, the length of the anterior process of ALM was normalized to the distance
748  between the vulva to the tip of the head (Figure 4F). As described earlier for touch
749  receptor neuron length quantification (80).

750

751 Image acquisition for GFP::RAB-3, Punc-86::GFP, Punc-25::GFP, ELKS-
752  1::TagRFP, and UNC-9::GFP using a point-scanning confocal microscope

753  For imaging of GFP::RAB-3, Punc-86::GFP, Punc-25::GFP, ELKS-1::TagRFP, and
754  UNC-9::GFP, L4 stage worms were imaged using a Nikon A1HD25 confocal
755  microscope under 60X oil objective (NA 1.4). For GFP reporter imaging, 7 % of the
756  488-nm laser was used while TagRFP and mCherry were imaged using 0.3 % of
757  561-nm lasers.

758

759  Molecular cloning and generation of new transgene

760 For making pan-neuronal, touch neuron-specific, and muscle-specific expression
761 gateway entry clones of mbl-1 transgene (Thermo Fisher Scientific; K2500-20), the
762  MBL-1 cDNA was single-site LR recombined with pCZGY66 (Prgf-1 destination
763  vector), pCZGY553 (Pmec-4 destination vector), and pCZGY61 (Pmyo-3 destination
764  vector) respectively, using LR clonase enzyme (Invitrogen;11791-020).
765 pNBRGWY29 (MBL-1 PCR8) entry clone was used for the expression of the MBL-1c
766  isoform. To make Pmec-4::sad-1 (pPNBRGWY164), the entry clone pNBR58
767  corresponding to sad-la cDNA was recombined with pCZGY553 (Pmec-4
768  destination vector). sad-1 was cloned into PCR8 vector using the following primers
769 5 TCCGAATTCGCCCTTCGTCAATCGGGCAAAGTC 3 and 3
770  "GTCGAATTCGCCCTTGATGATAGATTAGACTTTATCAGCC 5" with help of

771  infusion reaction (Takara, 638947). For making Pmec-7::mec-7::.gfp (cDNA)
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772 (pPNBR165) and Pmec-7::mec-7::gfp (genomic) (pNBR166), we made destination
773 vector Pmec-7:GWY::GFP (pNBR61) using following primers to amplifying mec-7
774  promoter, 5° CCATGATTACGCCAATGGCGCGCCAAATGTAAACC 3 and 3
775 TGGCCAATCCCGGGGCGAATCGATAGGATCCACGATCTCG 5, and for
776  amplifying vector backbone we used following primers,
777 5 CCCCGGGATTGGCCAAAG 3" and 3° TTGGCGTAATCATGGTCATAGCTG 5.
778  An infusion reaction was used to make this destination vector. We cloned mec-7
779  cDNA and mec-7 genomic DNA into the PCR8 backbone using infusion reactions.
780 Following primers were used for cloning mec-7 cDNA and genomic DNA: 5
781 TCCGAATTCGCCCTTATGCGCGAGATCGTTCATATTC 3 and 3
782 GTCGAATTCGCCCTTCTCTCCGTCGAACGCTTC 5. Next, these entry clones
783 mec-7 cDNA (pNBR59) and mec-7 genomic (pNBR60) were recombined with
784  pNBR61 (Pmec-7::GWY::GFP destination vector) to generate Pmec-7::mec-7:.gfp
785  (cDNA) (pNBR165) and Pmec-7::mec-7::gfp (genomic) (pbNBR166). These plasmids
786 were injected at different concentrations as described in Table S6. The
787  concentrations of coinjection marker, Pttx-3::RFP, used was 50 ng/ul. The injection
788  mixture's total DNA concentration was kept at around 110-120 ng/ul by adding
789  pBluescript (pBSK) plasmid to the injection mixture.

790

791 Live imaging of EBP-2::GFP, and GFP::RAB-3 using spinning disk confocal
792  microscopy

793 A Zeiss Observer Z1 microscope equipped with a Yokogawa CSU-XA1 spinning disk
794  confocal head and a Photometric Evolve electron-multiplying charge-coupled device
795 camera for fast time-lapse image acquisition was used for EBP-2::GFP and

796 GFP::RAB-3 imaging. For EBP-2::GFP, images were taken at 2.64 frames per

35


https://doi.org/10.1101/2022.09.07.506915
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.07.506915; this version posted September 8, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Puri et al 2022

797  second for a total of 2-minutes duration. For GFP::RAB-3, images were taken at 3.19
798 frames per second for 3 minutes. To get the best signal-to-noise ratio for EBP-
799  2::GFP, 8.75mW of a 488-nm excitation laser was used while for GFP::RAB-3 10mW
800  power was used.

801

802 Analysis of EBP-2::GFP and GFP::RAB-3 dynamics

803 The kymographs of EBP-2::GFP (Figure 3B) and GFP::RAB-3 (Figure 3H) were
804 generated using the Analyze/ MultiKkymograph tool in ImageJ software
805  (https://imagej.nih.gov/ij/) from 30-um ROIs placed on the PLM anterior and posterior
806 process (Figure 3A). In both types of kymographs, the horizontal axis is representing
807 the axon length in micro-meters, and the vertical axis represents time in seconds.
808 For EBP-2::GFP movies, ROIs were drawn in distal to proximal direction (towards
809 the cell body) for the anterior process of PLM and proximal to distal for the posterior
810 process of PLM. The diagonal tracks which are moving away from the cell body were
811 annotated “plus-end-out” microtubules (P; green traces in Figure 3B), and the
812 diagonal tracks which are moving toward the cell body were denoted as “minus-end-
813 out” microtubules (M; magenta traces in Figure 3 B). The fraction polarity of
814  microtubules was calculated from the relative number of plus-end out tracks or
815 minus-end out tracks to the total number of tracks in a given EBP-2::GFP
816 kymograph. The growth length and growth duration of EBP-2::GFP tracks were
817 calculated as a net pixel shift in the X and Y axes, respectively, (Figure 3E-F).

818 For GFP::RAB-3 movies ROIs were also drawn similar to EBP-2::GFP movies. The
819 diagonal tracks which are moving away from the cell body were annotated
820 “anterograde” (green traces in Figure 3H), and the diagonal tracks which are moving

821 toward the cell body were denoted as “retrograde” (magenta traces in Figure 3H).
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822  We calculated anterograde and retrograde particle movement from each kymograph
823 by quantifying the number of tracks in either anterograde or retrograde direction from
824  30-um ROIs corresponding to the anterior and posterior process of PLM near the cell
825  body during the 3 minutes of imaging. We calculated run length and run duration by
826  quantifying a net pixel shift in the x and y axes respectively in the anterograde and
827  retrograde directions (47).

828

829 Gentle touch assay

830 The L4 stage hermaphrodite worms were subjected to a gentle touch assay using a
831 tip of the eyelash. The worms were touched at the anterior and posterior ends
832  alternatively, 10 times each, as discussed previously (39, 79). A response was
833  considered positive, if it elicited a reversal behavior. We denoted a positive response
834 as 1 and no response as 0. The anterior touch response index (ATRI) (Figure 3M)
835 and posterior touch response index (PTRI) (Figure 3N) was calculated as a ratio of
836 the total number of responses to the total number of touches given (10 touches).

837

838 Identification and analysis of MBL-1 targets

839 To identify MBL-1 targets in the PLM neuron, we ascertained genes expressed in
840 PLM neurons using the CenGEN database (52) for a threshold value of 2. We found
841 that 5,283 genes are expressed in the PLM neuron (Table S1) (CenGEN database).
842 When we put 5,283 genes expressed in PLM neuron in the oRNAment database
843  (http://rnabiology.ircm.qc.ca/oRNAment) and looked for MBL-1 binding site CGCU in
844 these genes, we got 2000 genes with potential MBL-1 binding site and an enriched
845  expression in PLM neuron. Using gene ontology (GO) analysis, we shortlisted genes

846 involved in (1) Microtubules-based process (2) axon development (3) regulation of
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847  synapse structure (4) Axodendritic transport. The analysis is presented in Figure 4A,
848 Table S2.

849

850

851 Reverse transcription (RT) PCR for checking the splicing of the transcript

852  For checking the splicing event, we used the reverse transcription method. We
853  collected the total RNA from wild-type and mbl-1(tm1563) mutant at day one adult
854  staged worm (Al). We synchronized the worms by allowing the gravid adult worm to
855 lay eggs for 30 minutes and then progeny was grown at 20 °C till the A-1 adult stage.
856 The staged worms were washed thrice with M9 buffer and the worm pellet was
857  collected and stored at -80° for RNA isolation. RNA isolation was done using Qiagen
858 RNeasy Mini Kit (no. 74104; Qiagen) from thawed worm pellet. The extracted RNA
859 was treated with DNase | (Ambion’s DNA-free kit AM1906) to get rid of any genomic
860 DNA contamination. cDNA was reverse transcribed from ~3-4 ug of this treated RNA
861 using Superscript Ill Reverse Transcriptase (18080093). For checking the splicing,
862 we used 200 ng cDNA from a wild-type and mbl-1(tm1563) background for a 25 pl
863 PCR reaction. We used emerald Amp GT PCR (2X master mix, cat-RR310) Taq
864 polymerase, and the primers which were used for checking the transcript of mec-7,
865 mec-12, sad-1, and unc-76 are given in Table S3, and primer binding site is showed
866 in Figure S5A. For mec-7 and mec-12, we have designed primers in such a way that
867 we amplified the full length of transcript and these genes have only one isoform
868 (Wormbase-WS285). We used 30 cycles for amplification. The 5 pyl PCR products of
869 mec-7, mec-12, and aak-2 (we used as a control reaction) transcripts were run on a
870 1% agarose gel (Figure 5A) while sad-1 and unc-76 PCR products were run on 2%

871  agarose gel (Figure S5B).
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872

873  Quantitative real-time (QRT-PCR) for checking the total transcript

874 We have used Al- worms for isolating the total RNA as discussed in the previous
875  section from the wild-type and mbl-1(0) mutant background. The extracted RNA was
876  treated with DNase | (Ambion’s DNA-free kit AM1906) to get rid of any genomic DNA
877  contamination. We reverse-transcribed ~2-3 pg DNase treated RNA into cDNA using
878  Superscript Ill Reverse Transcriptase (Invitrogen no. 18080093). For each reaction,
879 50ng of this cDNA was added to 20ul of Power SYBR Green PCR Master Mix
880 (Applied Biosystems Life Technologies, no. 3367659). The amplification was
881 performed for 40 cycles. The primer sequences and relative positioning are given in
882  the supplementary information Table S4 and S5A respectively. While designing the
883 primers for this experiment some precautions were taken. First, the primers were
884 selected such that a single Ct peak was obtained for each gqRT PCR reaction to
885 maintain the specificity of the amplicon being quantified. Second, to avoid any
886 amplification from genomic DNA contaminants, we selected some primers with
887 binding sites at the intron-exon boundary. When PCR reactions were run on a 3%
888 agarose gel, no contaminating bands were observed. The relative mRNA amounts of
889 target genes in the mbl-1(tm1563) and the wild-type N2 strains were calculated using
890 the standard AACt method (81) and were normalized to tba-1 as a control for
891 endogenous mRNAs (82). We have used the AACT method for calculating the fold
892  change of transcript in the wild-type and mbl-1(tm153) background (81).

893

894  Inhibitor Experiment

895
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896 The RNA synthesis was inhibited by feeding worms 400uM actinomycin-D (Sigma,
897 A9415), dissolved in DMSO, as previously described (83, 84)(. OP-50 bacteria was
898  cultured in B-broth media overnight at 37°C in a BOD incubator. For making 400uM
899  Actinomycin D working concentration, we have diluted actinomycin D into OP50 B-
900 broth. For control, we have used the same amount of DMSO. This culture was then
901 used to seed a 60 mm NGM plate. We transferred gravid adults worm for 30 minutes
902 for egg-laying, to age synchronize worms, on NGM plates containing actinomycin D
903 drug and DMSO. Age synchronized Al adult worms, grown on these plates, were
904 then washed with 1XM9 three times, collected, and frozen at -80°C. These worm
905 pellets were then thawed on ice. From these frozen pellets, we isolated RNA and
906 did gRT PCR as described above.

907

908  Ribonucleoprotein-Immuno Precipitation (RIP)

909 Immunoprecipitation experiments were done using protocols as previously described
910 (85). Around 50-100 gravid adults were transferred to thirty 60mm NGM plates and
911 allowed to lay eggs for half an hour at 20°C. The progeny was then grown till the
912 day-1 adult (Al) stage at 20°C. These Al synchronized worms were pooled, washed
913 thrice with 1XM9, and pelleted at 1500 rpm for 2 minutes. The collected worm pellet,
914  which was more than 300 pl in volume, was then stored at -80°C until further use. It
915 was then thawed on ice for homogenization and all further procedures were carried
916 out at 4°C. Worm pellets were homogenized in 400-500ul of ice-cold 2X lysis
917  solution [Buffer A (20mM Tris (pH 8.0), 150 mM NacCl, 10mM EDTA) + 1.5mM DTT,
918  0.2% NP-40, 0.5 mg/ml Heparin Sulphate, 1X EDTA complete Protease inhibitor

919 (Roche -11836153001, 1 tablet for 5ml), RNase inhibitor (Invitrogen AMZ2696,
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920 50U/ml), Phosphatase inhibitor (100U/ml and RNase out (Invitrogen 1643272,
921 100U/ml)]

922 The homogenized sample was passed successively through 19mm, 22mm, 26mm,
923 and an Insulin syringe to make a smooth homogenate which was then centrifuged, at
924  19,000Xg for 20 minutes, to obtain a clear supernatant. 5-10% of the total lysate was
925 kept aside as total input for RNA estimation and western blotting. The total protein
926  concentration in each sample was determined by the Bradford assay. Equal amounts
927  of protein across all conditions were used for the RIP experiments.

928 Agarose beads (Roche, 11719416001) were equilibrated in 1X lysis buffer. For pre-
929 clearing, supernatants were each incubated with 20ul of equilibrated agarose beads
930 for one hour, followed by centrifugation at 8,000Xg for ten minutes to collect the
931 beads. The supernatant collected was the pre-cleared lysate that was further
932  processed.

933 To immunoprecipitate Flag-tagged GFP from strains, anti-Flag M2 agarose beads
934 (Sigma, A2220-1ML) were used. For each sample 60ul of 50% slurry (i.e. 30ul of
935 packed beads) of anti-Flag M2 agarose beads was taken in a 1.5 ml tube and
936 washed with 1X lysis buffer to equilibrate. Pre-cleared lysates from the previous step
937 were added to the equilibrated beads and incubated at 4°C, overnight, with
938 continuous mixing. For immunoprecipitation of Pmec-4::MBL-1::GFP from wild-type
939 and mbl-1 samples expressing this transgene, 3ug of anti-GFP antibody (MBL
940 LifeSciences M048-3, raised in mouse) was added to the precleared lysates. and
941 incubated for 8-10 hours with continuous mixing. The following day, 30ul of
942  equilibrated Protein G — agarose beads (Sigma 15920010) were added to the lysates

943  and incubated further for 3 hours.
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944  Both samples (anti-Flag M2 and anti-GFP) were centrifuged at 10,000 rpm for 15
945 minutes at 4°C. The pellets were collected and washed with lysis buffer containing
946 150 mM NacCl, followed by centrifugation at 10,000Xg for 15 minutes at 4°C. The
947 agarose beads were collected, 20% of the bead’s volume was kept for western Blot
948 and the remaining 80% was used for RNA isolation and gRT PCR as described
949  above.

950

951  Western blot:

952  Samples were boiled in Laemmli buffer and resolved on 12% SDS-PAGE. Post-
953 transfer of proteins on nitrocellulose membranes, the membranes were blocked with
954 5% BSA for one hour, and then probed with anti-GFP antibody (Abcam ab290)
955 overnight. Following day, membranes were washed in 1X Tris Buffer Saline
956 containing 0.1% Tween 20 (TBST) and incubated with secondary antibody (anti- Rb)
957 for 3 hours, followed by detection using standard ECL chemi-luminescence detection
958 kit (Millipore, WBKLS0500).

959

960

961 Image Acquisition and Quantification for Pmec-7::mec-7::gfp

962 The worms co-expressing Pmec-7::mec-7::gfp (CDNA, shrEx473), Pmec-7::mec-
963  7::0fp (genomic DNA, shrEx474) and Pmec-4::mCherry (tbls222) were immobilized
964 using 10mM Levamisole. mec-7::gfp and mCherry (constitutive reporter) were
965 imaged with 10% of 488nm for cDNA and 1.5 % for genomic DNA and 0.3% of 543
966 nm lasers, respectively, under a 60X oil objective (NA 1.4) of a Nikon confocal
967 microscope. Average mec-7::gfp and mCherry intensities were measured from 50

968 um anterior and posterior processes of PLM neuron and PLM cell body using
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969 ImageJ. We have placed similar ROIs outside the PLM neuron for background
970  correction. We have plotted the ratio of GFP/mCherry (Figure 5 F) and the absolute
971 intensities of GFP and mCherry (Figure S6 A-B).

972

973

974  Statistical analysis

975  GraphPad Prism software version 9.0.2 was used for analyzing the data. The data
976  presented in each figure, and the bar in the plots represents the mean value and the
977  standard error of the mean (SEM). The X? tests (Fisher's exact test) were used for
978 comparing the proportions. ANOVA with a post hoc Tukey’s multiple comparisons
979 test was used for comparing more than two groups. We have used Bartlett’s test for
980 testing the homogeneity of variances before proceeding with ANOVA. In each panel
981 of the figure, the P-value, which is used as a measure of significance, has been
982 presented to compare the respective group. The sample number (n) for given
983  experiments has been presented in the respective figure legend for each graph. The
984 total number of biological replicates (N) has been also mentioned in each figure
985 legend of the graph.

986
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