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24

Abstract

25

Microtubule polarity in axons and dendrites defines the direction of intracellular transport

26

in neurons. Axons contain arrays of uniformly polarized microtubules with plus-ends

27

facing the tips of the processes (plus-end-out), while dendrites contain microtubules with

28

minus-end-out orientation. It has been shown that cytoplasmic dynein, targeted to cortical

29

actin, removes minus-end-out microtubules from axons. Here we have identified Spindly,

30

a protein known for recruitment of dynein to kinetochores in mitosis, as a key factor

31

required for dynein-dependent microtubule sorting in axons of Drosophila neurons.

32

Depletion of Spindly affects polarity of axonal microtubules in vivo and in primary neuronal

33

cultures. In addition to these defects, depletion of Spindly in neurons causes major

34

collapse of axonal patterning in the third-instar larval brain as well as severe coordination

35

impairment in adult flies. These defects can be fully rescued by full-length Spindly, but

36

not by variants with mutations in its dynein-binding site. Biochemical analysis

37

demonstrated that Spindly binds F-actin, suggesting that Spindly serves as a link between

38

dynein and cortical actin in axons. Therefore, Spindly plays a critical role during

39

neurodevelopment by mediating dynein-driven sorting of axonal microtubules.

40
41

Significance Statement

42

Neurons send and receive electrical signals through long microtubule-filled neurites called

43

axons and dendrites. One of the main structural differences between axons and dendrites

44

is how their microtubules are organized. Axons contains microtubules with their plus-ends

45

out while microtubules in dendrites are organized with mixed or plus-end-in orientation.

46

Dynein, the main minus-end microtubule motor, anchored to cortical actin filaments in the

2
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47

axons is responsible for the uniform microtubule polarity in axons. However, it is unknown

48

how dynein is recruited to the actin cortex in axons. The major finding of this work is that

49

Spindly, a protein involved in anchoring dynein to kinetochores during cell division, has a

50

second important function in interphase cells recruiting dynein to the actin cortex in axons.

51
52

Introduction

53

Neurons are post-mitotic cells that transmit electrical signals through long neurites called

54

axons and dendrites. Electric signals captured by dendrites are sent unidirectionally

55

through axons and transmitted to other cells. The polarity of microtubules is strikingly

56

different in these two types of neuronal processes. Axons contain microtubules oriented

57

predominantly with their plus-ends-out, while dendrites contain a large fraction of minus-

58

end-out microtubules (1, 2). Failure in establishing correct polarity of microtubules results

59

in defects of cargo sorting (3). The differences in microtubule orientation between axons

60

and dendrites are gradually established during development. In cultured early stage

61

neurons, non-polarized neurites contain microtubules with mixed orientation. Later the

62

neurite that becomes an axon reorganizes its microtubule network from mixed to uniform

63

polarity with their plus-ends-out (4, 5). These observations suggest that there is a

64

dedicated mechanism for sorting microtubules that selectively eliminates minus-end-out

65

microtubules from the axons, however, the molecular basis of this process is unknown.

66

Uniform microtubule polarity in axons can be disrupted either by inactivation of

67

cytoplasmic dynein (3, 4, 6, 7) or by depolymerization of actin microfilaments. (4).

68

Furthermore, F-actin requirement for microtubule sorting can be bypassed by direct

69

recruitment of cytoplasmic dynein to the plasma membrane (4). These data indicate that

3
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70

cytoplasmic dynein linked to the cortical actin filament network sorts microtubule in axons,

71

however, how dynein is tethered to the cortex in axons is unknown.

72
73

Dynein/dynactin is the major minus-end-directed motor complex involved in transport of

74

many different cargos along microtubules [reviewed in (8)]. In addition to organelle

75

transport, dynein/dynactin plays an important role in mitosis, positioning the bipolar

76

spindle and driving chromosome segregation (9-11). To accomplish these different tasks,

77

the dynein/dynactin complex associates with protein adaptors that promote its interaction

78

with specific receptors. One of these adaptors is the kinetochore protein Spindly, which

79

recruits dynein/dynactin to the outer plane of the kinetochore in early prometaphase (12,

80

13). The stabilization of this complex promotes cell-cycle progression by silencing the

81

spindle assembly checkpoint. In interphase, Spindly can be found proximal to focal

82

adhesions at the leading edge of migrating human cultured cells and its depletion impairs

83

cell migration (14, 15). In agreement with the role of Spindly in cell migration, changes in

84

Spindly levels also affects border cell migration in Drosophila ovaries (16).

85
86

In this work we report for first time a key role of Spindly in development of Drosophila

87

neurons. We demonstrate that post-mitotic depletion of Spindly in Drosophila neurons

88

causes large-scale neurodevelopmental defects including disruption of the uniform

89

microtubule orientation in axons, mistargeting of axons, and defects in coordination and

90

locomotion in flies. These phenotypes can be fully rescued by expressing full-length

91

Spindly but not by variants with mutations in the dynein-binding domain. In contrast, the

92

kinetochore binding domain of Spindly is dispensable for its neuronal function. Finally, in

4
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93

vitro co-pelleting experiments and microscopy data showed that Spindly interacts with F-

94

actin. Therefore, in addition to the well-established role of Spindly in mitosis, we propose

95

that Spindly has an important role in post-mitotic neurons, targeting dynein to cortical

96

actin in axons. Recruitment of dynein to F-actin allows for dynein-dependent microtubule

97

sorting, thus establishing uniform microtubule polarity in axons and proper axon targeting.

98
99

Results

100

Spindly is required for microtubule sorting in processes of cultured S2 cells

101

In our search for proteins that mediate dynein-dependent sorting of microtubules in cell

102

processes, we first conducted a candidate-based RNA interference (RNAi) screen in

103

Drosophila S2 cells. S2 cells treated with 2.5 µM of Cytochalasin D (CytoD), an F-actin

104

severing drug, form long microtubule-filled processes (17). Importantly, processes in

105

CytoD treated cells contained abundant cortical actin (Fig. S1A), as CytoD at this

106

concentration induces severing, but not depolymerization of actin filaments (18, 19). The

107

microtubules in these processes have their plus ends pointing away from the cell body,

108

the same orientation as in axons (4). We have previously demonstrated that inactivation

109

of cytoplasmic dynein in S2 cells, similarly to neurons, causes multiple “minus-end-out”

110

microtubules to appear in processes (4). Furthermore, microtubule-sorting activity of

111

dynein required F-actin, as global depolymerization of F-actin in S2 cells by high

112

concentrations of Latrunculin B also resulted in appearance of minus-end-out

113

microtubules in S2 cell processes (4). We, therefore, performed an initial screen for

114

factors defining microtubule orientation in processes using S2 cells with subsequent

115

validation of positive hits in neurons. Our goal in this screen was to identify adaptors that

5
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116
Figure 1. Depletion of Spindly induces mixed polarity in S2 cell processes
A) Representative images of S2 cells expressing mCherry-CAMSAP3 and treated with 2.5µM
CytoD to induce the formation of processes. From left to right, control (untreated cells), DHC
RNAi, Spindly RNAi and Rod1 RNAi. Note that depletion of DHC or Spindly causes
accumulation of CAMSAP3 signal in the tip of the processes. Scale bar, 10 µm. B)
Quantification of CAMSAP3 distribution in S2 cells. Cells were classified in two groups;
scattered distribution -CAMSAP3 signal localizes scattered through the cell; tip accumulation
-CAMSAP3 signal accumulates in the distal tip of the processes.
C) Profile plots of mcherry-CAMSAP3 distribution in S2 cell processes. Fluorescent signal of
CAMSAP3 was measured from the proximal (L=0) to the tip (L=1) of the processes in control
and Spindly RNAi cells. (Control, n=53 processes; Spindly RNAi, n=62 processes). Data
collected from three independent experiments. Error bars represent s.d.
D) Representative temporal color code images of control (untreated) or Spindly RNAi S2 cells
expressing EB1-GFP. Magenta and green arrows indicate plus-end-in or plus-end-out of EB1
comets, respectively (see Video 1). Scale bars, 10 µm.
E) Graphs depicting the direction of EB1-GFP comets in the processes of untreated (control)
and Spindly RNAi. (Control, n=20 processes; Spindly RNAi, n=20 processes). Data collected
from two independent experiments. Error bars indicate s.d. ***p<0.001
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117

could play a role in the dynein-dependent pathway that results in uniform microtubule

118

orientation in processes. For this candidate-based screen, the following specific groups

119

of proteins that are expressed in S2 cells were tested (see Table S1 for the complete list):

120

a) proteins enriched in the axon initial segment (AIS), a compartment formed in the

121

proximal section of the axon that separates somato-dendritic and axonal compartments

122

in neurons; b) mitotic adaptors that recruit dynein/dynactin to the cortex during cell

123

division; c) cell adhesion proteins that are enriched at the plasma membrane; d) actin-

124

related proteins that regulate actin dynamics; e) dynein adaptors at the kinetochore. As a

125

marker of microtubule polarity, we used a microtubule minus-end binder CAMSAP3 (20)

126

tagged with mCherry. In control cells mCherry-CAMSAP3 is typically scattered along the

127

length of the processes, (Fig. 1A and 1B); only a small fraction of control cells showed

128

accumulation of CAMSAP3 at the tips of the processes (4). Knockdown of dynein heavy

129

chain (DHC) resulted in dramatic accumulation of CAMSAP3 at the tips of the processes

130

(Fig. 1A and 1B). Among all of the candidates tested in this screen, the dsRNA targeting

131

Spindly was the only treatment that, similarly to DHC RNAi, caused massive accumulation

132

of mCherry-CAMSAP3 at the tips (Fig.1A-C). The effect of Spindly dsRNA treatment on

133

microtubule polarity was further verified by visualization of EB1-GFP comets, a plus-end

134

microtubule marker. In control cells, only 5% of the EB1-comets were directed toward the

135

cell body (Fig. 1D and 1E; Video 1). The percentage of plus-end-in EB1-comets was

136

dramatically increased upon treatment with Spindly dsRNA, further confirming that this

137

treatment caused accumulation of minus-end-out microtubules in S2 cell processes (Fig.

138

1D and 1E; Video 1). The mixed microtubule orientation found in processes of Spindly

139

RNAi cells was not due to depletion of dynein, as western blotting confirmed that Spindly

7
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140

dsRNA treatment reduced protein levels of Spindly (Fig. S1B and S1C) but not

141

cytoplasmic dynein (Fig. S1B and S1C). Consistent with this observation, transport of

142

peroxisomes that requires cytoplasmic dynein (21) was not affected after Spindly

143

knockdown (Fig. S1D, Video 2).

144

During cell division, Spindly stabilizes dynein/dynactin binding to the kinetochore-binding

145

complex Rod1–Zwilch–ZW10 (RZZ) (see model in Fig. 4J, left panel) (12).To test if the

146

RZZ complex is also involved in regulating microtubule polarity, we treated S2 cells with

147

dsRNA targeting Rod1, but this treatment had no effect on microtubule polarity in S2 cells

148

(Fig. 1A and 1B). Together, these data show that Spindly, but not its closest binding

149

partner in the kinetochore, controls microtubule polarity in S2 cell processes.

150
151

Spindly binds to cortical actin

152

Next, we tested if Spindly can bind actin microfilaments. To test this interaction, we

153

performed in vitro F-actin co-pelleting assays. S2 cell extracts (treated with 2.5 µM CytoD)

154

were incubated in the presence of purified F-actin, followed by high-speed centrifugation

155

to pellet the actin filaments (Fig. 2A). As a negative control, before making extracts, S2

156

cells were treated with high concentration of Latrunculin B to depolymerize F-actin. To

157

validate this assay, we first demonstrated that in our centrifugation conditions, a-actinin

158

(an actin-binding protein) was enriched in the F-actin pellet. In contrast, Hsc70 (a

159

molecular chaperone) distribution in this assay was independent of the presence or

160

absence of F-actin (Fig. 2B). Similar to a-actinin, Spindly was found in the pellet fraction

161

together with F-actin suggesting an interaction between Spindly and actin (Fig. 2B and

162

C).

8
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163
164

To further investigate this interaction between Spindly and F-actin, we expressed GFP-

165

SpindlyFL (full-length) together with an actin-marker (Lifeact-mCherry) in S2 cells.

166

Strikingly, a significant fraction of Spindly was highly enriched in the actin-containing

167

cortex (Fig. 2D). These data further support the idea that Spindly interacts with actin

168

filaments and suggest that it could function as a linker between the actin cortex and

169

cytoplasmic dynein as it binds both components.
Figure 2. Spindly interacts with F-actin
A) Strategy used for actin co-pelleting
experiments. S2 cell lysates were incubated in
the presence or absence of F-actin (in the
presence of 2.5µM CytoD or 10µM LatB,
respectively) and then samples were
centrifuged at 100k xg for subsequent analysis
by western-blot
B) Western-blot analysis of Spindly, actin, aactinin and Hsc70 levels from samples treated
as described in Fig 1F. Cell extracts (load),
supernatants (sup) and pellets are shown in the
membrane. Note that Spindly was only detected
in pellets of samples incubated with F-actin.
C) Graph depicting the levels of Spindly pulled
down in the pellets from experiments shown in
Fig. 1G. Data obtained from three independent
pull-down experiments. Error bars represent
s.d.
D) Representative confocal images of a S2 cell
expressing GFP-SpindlyFL and LifeactmCherry. Note that there is an important
accumulation of Spindly in the cortex. The
yellow are blue boxes correspond with the
areas shown in the right panels. Arrows point to
regions where there is a colocalization of
Spindly and actin Scale bar, 10 µm.

170
171
172
173
174

Spindly controls microtubule polarity in Drosophila axons.

175

Based on our S2 cell data, we suggested that Spindly could regulate uniform microtubule

176

polarity in axons. To test this hypothesis, we depleted Spindly from Drosophila neurons

9
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177

using shRNA driven by the post-mitotic pan-neuronal driver elav-Gal4 (22), thus avoiding

178

any effects of Spindly depletion on neuroblast division. We created a transgenic fly stock

179

containing elav-Gal4 and Ubi-EB1-mCherry. By crossing these flies with UASp-Spindly-

180

shRNA, we can visualize EB1-mCherry comets in primary neuronal cultures isolated from

181

third-instar larval brain in the Spindly RNAi background. Quantification of the EB1-comet

182

direction showed that in 48 hour-old cultures, control neurons developed axons with at

183

least 80% of their EB1-comets moving toward the tips of the processes, indicating that

184

most axonal microtubules, as expected, have plus-end-out orientation (Fig. 3A; left panel,

185

Fig. 3C). Depletion of DHC induced the formation of mixed polarity microtubule arrays in

186

axons, as EB1-comets travelled in both directions (53% and 47% plus-end-out and plus-

187

end-in, respectively) (Fig 3A; middle panel, Fig. 3C), consistent with our previously

188

published data (4). Depletion of Spindly, similarly to DHC depletion, caused the EB1

189

comets to move in both directions (64% and 36% plus-end-out and plus-end-in,

190

respectively) (Fig 3A; right panel, Fig. 3C).

191
192

Next, we examined the effects of Spindly knockdown on microtubule polarity in neurons

193

in vivo using class IV dendritic arborization (da) sensory neurons in third-instar larvae.

194

These neurons are located at the body wall of the animal, making them easy to image in

195

vivo (see Fig. S2A). To visualize microtubule polarity in these neurons, we used the RFP-

196

tagged constitutively active motor dimer of kinesin-1, KHC(1-576) (the Drosophila version

197

of mammalian KIF5B(1-560)), which accumulates at the plus end of microtubules (23).

198

We used a membrane marker (mCD8-GFP) to identify class IV da neurons. Expression

199

of both markers in flies was driven by a specific class IV neuron driver (ppk-Gal4).
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Figure 3. Spindly is required for sorting of microtubules in axons
A) Representative still images of EB1-mCherry expressing primary neurons cultured for 48 hr.
Magenta and green arrows indicate the direction of EB1 comets in the axons (plus-end-in and
plus-end-out, respectively) (Video 3). Kymographs of EB1 comets are shown below
corresponding images. Dashed yellow lines define the area of the axon used for plotting EB1GFP kymographs. Horizontal scale bars, 10 µm in the main panels and 5µm in the kymographs,
respectively. Vertical bars in the kymographs represent time (60 sec).
B) Representative Z-stack images of class IV sensory neurons of control (ppk-Gal4; left
panels) or ppk>DHC RNAi (middle panels) or ppk>Spindly RNAi (right panels). Membrane and
microtubule plus-ends were labeled with mCD8-GFP and KHC(1-576)-RFP, respectively.
Scale bar, 20 µm.
C) Graph depicting the fraction of axonal EB1-GFP comets directed toward the tip of the
process (plus-end-out) or the cell body (plus-end-in). Data obtained from three individual
experiments (control, n=33 axons; DHC RNAi, n=26 axons; Spindly RNAi, n=31 axons). Error
bars represent s.d. *p=0.0134; ****p<0.0001
D) Classification of sensory neurons based on the KHC(1-576)-RFP signal intensity in the
somas (control, n=29 sensory neurons; DHC RNAi, n=16 sensory neurons; Spindly RNAi, n=20
sensory neurons).
E) Schematic cartoon showing the full-length Drosophila Spindly protein and variants used for
Spindly RNAi rescue assays in flies. Note that all these Spindly proteins are resistant to the
shRNA sequence used to knockdown Spindly [Figure adapted from (16)].
F) Fraction of microtubules with plus-end-in found in Spindly RNAi axons from neurons
expressing full-length Spindly and variants (S234A, DSB and DC). Data obtained from at least
three independent experiments (number of quantified axons for each genotype ranged
between 20 and 74). n.s. non-significative, *p=0.011, ****p<0.0001.
G) Confocal image of a fixed third-instar eye disc expressing elav>GFP-SpindlyFL (left panel)
and immunostained with Fas-II (right panel). Spindly is enriched in both somas and axons of
the photoreceptor neurons. Scale bar, 10 µm.
H) Sensory neurons expressing elav>GFP-SpindlyFL. Notice that Spindly localizes primary in
the somas and axons. A small fraction of Spindly can be found in dendrites. Scale bar, 20 µm.

201
202

In control class IV da neurons, KHC(1-576)-RFP accumulated at the tips of axons at the

203

ventral nerve cord (data not shown) but was essentially absent from the soma and

204

dendrites (Fig. 3B; left panel, Fig. 3D). Depletion of DHC caused a strong accumulation

205

of KHC(1-576)-RFP in the cell body in 91% of the examined class IV da neurons (Fig. 3B;

206

middle panel). Depletion of Spindly mirrored the KHC(1-576)-RFP accumulation in the

207

soma

208

neurons),demonstrating that there is a significant fraction of axonal microtubules oriented

209

with their plus ends facing the cell bodies (Fig. 3B; right panel, Fig. 3D). Together, these

found

in

DHC

RNAi

class

IV

12

neurons

(78%

of

the

examined
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210

data demonstrate that Spindly is required for uniform orientation of axonal microtubulesin

211

culture and in vivo.

212
213

Dynein-binding, but not kinetochore-binding domain of Spindly is required for

214

sorting axonal microtubules

215

We next investigated which of Spindly’s domains was required for its function in

216

microtubule shorting in axons. Spindly contains two main functional domains (Fig. 3E).

217

Its amino-terminal domain is a rod-like structure that includes the binding motifs for dynein

218

light intermediate chain and the pointed-end complex of dynactin (24). One of these

219

motifs, the highly conserved Spindly Box, is required for Spindly’s ability to recruit

220

dynein/dynactin to the kinetochore (25, 26). In contrast, its carboxy-terminal domain

221

contains four positively charged repeats responsible for the interaction with the

222

kinetochore RZZ complex (Fig. 3E). Disruption of either of these two domains results in

223

failure of cell cycle progression in human cells (26). To identify which domain of Spindly

224

is required for neurodevelopment, we used transgenic flies expressing full-length Spindly

225

and a set of Spindly deletion mutants, all resistant to the Spindly shRNA. Two mutants,

226

Spindly-S234A and Spindly-DSB, had disruptions in the dynein-binding motifs (a single

227

amino-acid replacement in the Spindly Box, or the deletion of the entire Spindly Box,

228

respectively) (Fig. 3E). The third mutant, Spindly-DC, contained intact dynein/dynactin

229

binding domain but lacked the domain associated with its kinetochore binding in

230

Drosophila (Fig. 3E) (16).

231
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232

To study if the expression of these Spindly variants was capable of rescuing the

233

microtubule polarity defects found in Spindly RNAi axons, we created a fly containing Ubi-

234

EB1-mCherry and UASp-Spindly RNAi, and crossed it with flies expressing elav-Gal4 and

235

UASp-GFP-Spindly (full-length (FL) and variants). Microtubule polarity was examined in

236

axons of cultured neurons obtained from third-instar larva brains of these flies (as in Fig.

237

3A). The microtubule polarity defects observed in axons of Spindly RNAi neurons was

238

fully rescued by ectopic expression of GFP-tagged Spindly-FL, further confirming that

239

microtubule polarity defects observed after Spindly knock-down were not caused by an

240

off-target effect of the shRNA (Fig. 3F). Expression of Spindly-S234A or -DSB, deficient

241

in dynein interactions, failed to rescue the Spindly knock-down phenotype (Fig. 3F). In

242

contrast, expression of Spindly-DC, the variant that does not bind kinetochores, resulted

243

in generation of axons with uniform microtubule polarity. These data indicate that dynein-

244

binding, but not kinetochore-binding activity of Spindly is required for microtubule

245

organization in axons (Fig. 3F).

246
247

Spindly accumulates mainly in the soma and axons of neurons

248

To better understand the function of Spindly in neurons, we examined the distribution of

249

GFP-SpindlyFL using neuron-specific drivers. This fusion protein was fully active as it

250

rescued the microtubule polarity defects found in axons of Spindly RNAi neurons (Fig.

251

3F). We first examined the photoreceptor neurons in the eye disc of dissected third-instar

252

larva brains. Photoreceptor neurons extend bundles of axons converging into a classic

253

umbrella-like (retinotopic pattern) to the optic stalk (see Fig. 4A). To visualize these

254

structures, dissected brains form third-instar larvae expressing elav>GFP-SpindlyFL were

14

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.20.000364; this version posted March 20, 2020. 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-ND 4.0 International license.

255

fixed and stained with a Fasciclin II (Fas-II) antibody that specifically labels axons. We

256

found that in these neurons GFP-Spindly was enriched both in cell bodies and axons (Fig.

257

3G). The same distribution was observed using the photoreceptor-specific driver ninaE-

258

GRM-gal4 (data not shown). We also examined the distribution pattern of GFP-Spindly in

259

da sensory neurons in vivo. As in the case of photoreceptor neurons, GFP-SpindlyFL

260

localized mainly in cell bodies and axons, with only weak GFP-Spindly signal seen in

261

sensory neuron dendrites (Fig 3H). These data support that Spindly expression in

262

neurons is preferentially enriched in cell body and axon.

263
264

Depletion of Spindly affects axonal, but not dendritic patterning

265

We next studied if disruption of microtubule polarity observed in axons of Spindly RNAi

266

neurons affects the development of the Drosophila nervous system. We inspected the

267

photoreceptor axon-targeting pattern in the optic lobes of the visual system of third-instar

268

larvae. The area of the optic lobe covered by the photoreceptor axons was used to

269

quantify the integrity of the retinotopic pattern (Fig. 4A). In a control brain, the axons from

270

photoreceptor neurons projected a retinotopic pattern that covered 30% of the optic lobe

271

(Fig. 4B and 4C). Post-mitotic depletion of Spindly in neurons consistently caused a

272

dramatic collapse of these structures (Fig. 4B; right panel). In brain from Spindly RNAi

273

flies, the photoreceptor stalk covered only 4.7% of the optic lobe (Fig. 4C). These data

274

demonstrated that proper axon development was grossly impaired in the absence of

275

Spindly. In good agreement with the microtubule polarity rescue assay, the expression of

276

the Spindly-FL and Spindly-DC, but not Spindly-S234A and Spindly-DSB, fully rescued

15
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277

the retinotopic collapse in the optic lobe of brains of third-instar larval induced by Spindly

278

RNAi (Fig 4D and 4E).

279
280

Dynein is not only important for axon development, but its activity is also required for

281

dendritic arborization in Class IV sensory neurons. DHC depletion caused major defects

282

in dendrite development (Fig. S2A and S2B) (3). Both Sholl analysis and dendrite length

283

quantification showed that dynein depletion affects proper dendritic arborization (Fig. S2C

284

and S2D) (3, 7). We asked if Spindly, in addition to its role in proper axon development,

285

is also required for dynein function in dendrite development. Interestingly, elav>Spindly

286

RNAi third-instar larvae did not show any defects on dendritic arborization development,

287

as their primary and secondary dendritic branches were fully developed (Fig. S2B-D).

288

Together, these data further support the idea that Spindly function (as its localization) is

289

primarily restricted to axons.

290
291

Depletion of Spindly compromises locomotion and survival rates in adult flies

292

Despite axonal microtubule polarity and pattering caused by Spindly knock-down, these

293

larvae developed to adulthood. However, elav>Spindly RNAi flies eclosed from the pupal

294

case displayed severe locomotion and coordination defects as well as a shortened

295

lifespan (Fig. 4F and 4G, and Video 4). Locomotion velocity of Spindly RNAi flies were

296

significantly lower than control flies (1.7 cm/s and 0.2 cm/s, control and elav>Spindly

16
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Figure 4. Depletion of Spindly causes mayor defects in neurodevelopment
A) Diagram of dissected third-instar larval brain. The optic stalk, which contains axons of
photoreceptors neurons, connects the eye imaginal disc to the optic lobe of the brain.
B) Third-instar larval brains were fixed and stained with anti-fasII antibody. Axon terminals at
the optic lobe display a well-spread umbrella-like pattern in control larvae (left panel). This
pattern is collapsed in all Spindly RNAi larvae (right panel). Yellow dashed-lines highlight the
boundary of the optic lobes. Scale bar, 20 µm.
C) Quantification of the area of the optic lobe innervated by the optic stalk. (Control, n=13
brains, elav>Spindly RNAi, n=12 brains) ****p<0.0001
D) Representative examples of third-instar dissected brains fixed and immunostained with FasII from control, elav>Spindly RNAi and Spindly replacement genotypes (elav>Spindly RNAi +
GFP-Spindly variants). Yellow dashed-lines highlight the boundary of the optic lobes. Scale
bars, 20 µm.
E) Quantification of the retinotopic innervation in the optic lobes from experiment shown in (D).
Innervation pattern was classified in two groups: “no phenotype” when innervation was fully
extended as observed in control brains; “collapsed” when photoreceptors failed to properly
innervate the optic lobe as observed in Spindly RNAi brains. Data obtained from at least 10
optic lobes per genotype.
F) Lifespan of control (elav-Gal4) and elav>Spindly RNAi adult flies. Data obtained from 10
individual flies per each genotype.
G) Temporal color-coded tracks of 10 flies per condition for 100 sec (see Video 4).
H) Quantification of climbing assays. Climbing velocities of control and Spindly RNAi flies coexpressing the full-length Spindly and mutants (see Video 5). n.s. non-significative;
****p<0.0001
I) Graph depicting the locomotion velocity of control (elav-Gal4) and elav>Spindly RNAi flies
measured from Video 4 (10 flies for control and elav>Spindly RNAi). ****p<0.0001
J) Model of dynein recruitment to the cortex mediated by Spindly. Left panel. Established role
of Spindly during cell cycle progression. Spindly is responsible for stabilizing the interaction of
dynein/dynactin complex to the out-layer of the kinetochore. The stabilization of this complex
promotes cell-cycle progression by silencing the spindle assembly checkpoint [figure modified
from (12)]. Right panel. Novel function of Spindly role during neurodevelopment presented in
this work. Spindly is responsible for recruiting of dynein/dynactin complexes to filaments of
actin (F-actin) in the axon. Spindly can recruit dynein to F-actin through a direct interaction to
F-actin or through intermediate adaptors. Recruitment of dynein/dynactin to F-actin activates
microtubule transport powered by dynein. Note that the direction of the moving microtubule is
dictated by the microtubule orientation. If a microtubule has a plus-end-in orientation, this
microtubule will be transport towards the soma resulting in microtubule polarity sorting. In
contrast, if the microtubule has a plus-end-out orientation the microtubule will be transport
towards the tip of the axon promoting axon outgrowth.

299
300

RNAi, respectively) (Fig. 4I and Video 4). The climbing defects found in Spindly RNAi flies

301

were fully rescued by Spindly-FL and Spindly-DC, but not by the Spindly variants with

302

mutations in the Spindly Box domain (Fig 4H and Video 5). Together, these data indicate

303

that Spindly plays important post-mitotic roles in neurodevelopment, and these activities
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304

require its interaction with dynein, while its kinetochore-binding activity is dispensable for

305

these functions.

306
307

Discussion

308

Several works using different model systems have demonstrated that uniform polarity of

309

microtubules in axons requires activity of cytoplasmic dynein (3, 4, 6, 7) recruited to

310

cortical actin filaments (4). However, the mechanism that targets dynein to cortical actin

311

remained unknown. In the search for adaptors involved in the recruitment of dynein to F-

312

actin, we performed a targeted RNAi screen and showed that Spindly, a well-

313

characterized protein that recruits dynein to kinetochores in mitosis, is required in post-

314

mitotic neurons for dynein-dependent organization of microtubules in axons. Depletion of

315

Spindly in Drosophila neurons impairs axonal microtubule sorting; brain of Spindly-

316

depleted third-instar larvae showed severe defects in axonal patterning. These

317

neurodevelopmental defects result in impairment of coordination and locomotion, and

318

reduced lifespan of adult flies. These phenotypes are not caused by reduction of the

319

dynein level or inhibition of dynein-driven organelle transport upon Spindly knockdown.

320

Spindly RNAi defects found in the Drosophila brain are fully rescued by expression of full-

321

length Spindly or the variant deficient in kinetochore binding, but not by variants with

322

mutations in its dynein binding domain. Together, these data suggest that Spindly plays

323

a role in neurodevelopment through a dynein-dependent pathway.

324
325

Spindly was originally identified as a mitotic component recruited to the kinetochore in a

326

RZZ-dependent pathway (12). In mitosis, the formation of stable interactions between

19
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327

kinetochores and dynein in the metaphase plate are required to silence spindle assembly

328

checkpoint, allowing the progression of the cell cycle to anaphase (Fig.4J; left panel) (12).

329

In Spindly-depleted cells, dynein motors fail to be recruited to the outer plate of the

330

kinetochores, and the lack of stable kinetochore-microtubule contacts results in cell cycle

331

arrest in metaphase (12, 13, 27). We propose that in post-mitotic neurons Spindly is also

332

important for dynein recruitment. However, in the case of neurons, Spindly recruits dynein

333

to the actin cortex in axons (Fig. 4J; right panel). Importantly, two types of experiments

334

show that this post-mitotic role of Spindly is independent of its canonical role in mitosis.

335

First, depletion of Rod1, one of the kinetochore components that interacts with Spindly

336

during cell division, did not affect the microtubule polarity. More directly, expression of the

337

Spindly variant lacking its kinetochore binding domain (Spindly-DC) rescues the Spindly

338

RNAi defects in Drosophila neurons. Both observations together suggest that the

339

neuronal spindly-dependent pathway of dynein recruitment and microtubule organization

340

is different from its canonical mitotic pathway.

341
342

It has been shown recently that, in addition to its role in cell division, Spindly functions in

343

interphase cells. Both in mammalian cells and in Drosophila, changes of Spindly level

344

negatively impact cell migration (14, 16). Remarkably, both Spindly and dynein/dynactin

345

complex are found at the cell cortex at the leading edge of migrating human cells (14). In

346

good agreement with this observation, our biochemical and cellular assays showed that

347

Spindly interacts with F-actin. However, at this point it is unknown whether Spindly

348

interacts with actin directly or whether this interaction is mediated by other proteins. The

349

lack of known/predicted actin-binding domains in Spindly favors the second scenario. It
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350

will be very interesting to identify the proteins that form a complex with Spindly in

351

interphase and find components of this complex that are involved in the recruitment

352

Spindly and dynein to F-actin.

353

Importantly, the loss of dynein activity in Drosophila sensory neurons did not affect

354

microtubule polarity in dendrites, indicating that the microtubule-sorting activity of dynein

355

is restricted to axons (7). The apparent restriction of the dynein-recruiting Spindly activity

356

to axons is yet to be determined. Our data support that Spindly primary localizes in the

357

cell body and axon, although a small fraction of the protein can be found in dendrites. It

358

has been reported that Spindly is post-translationally modified and modifications affect its

359

localization and/or functions. For example, farnesylation of Cys602 of human Spindly is

360

essential for its accumulation at prometaphase kinetochores (28, 29). Spindly can also

361

be phosphorylated by CDKs during cell division, and S515 of human Spindly is the major

362

phosphorylation site. Interestingly, this modification seems to regulate ZW10 function

363

rather than Spindly localization (26). We hypothesize that post-translational modifications

364

in the amino-terminal domain of Spindly may regulate its role in neurodevelopment.

365

Recently it has been reported that other kinetochore proteins are important for

366

neurodevelopment (30, 31) [reviewed in (32)]. For example, depletion of Mis12, Knl1 and

367

Ndc80 (other kinetochore components) results in abnormal neuromuscular junctions and

368

central nervous system development both in Drosophila and in C. elegans (30, 31).

369

However, the precise roles of these kinetochore proteins in neurodevelopment are as yet

370

unknown.

371
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372

Is cortical dynein the only factor that sort microtubule polarity in axons? Data from a

373

number of groups using different model systems support the idea of dynein being the

374

universal motor that sorts axonal microtubules. However, depletion of other proteins also

375

results in microtubule polarity defects in axons. For example, it has been reported that

376

TRIM46, a microtubule-associated protein anchored to the AIS through AnkG, is able to

377

organize uniformly-oriented microtubule bundles (33). Obviously, our S2 screen is not

378

comprehensive, and we cannot even exclude that the targets that gave us negative

379

results in S2 screen could in fact be involved in microtubule organization in neurons as

380

S2 cell processes are a very crude model of microtubule organization in neurons. It is

381

likely that the development of a non-polarized neurite to a fully functional axon is a

382

complex process that requires cooperation of multiple components including dynein,

383

dynein adaptors, other microtubule binding proteins and components of the AIS. Our data

384

shown here simply demonstrate that Spindly belongs to this group of proteins and is an

385

important factor that in the recruitment of dynein to F-actin. Future work will show how

386

these “mitotic” components work together to properly organize axonal microtubules.

387
388
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Material and Methods

408

Flies stocks and plasmids

409

Fly stocks and crosses were cultured on standard cornmeal food based on Bloomington

410

Stock Center’s recipe at room temperature. The following fly stock lines were used in this

411

study: Spindly-RNAi TRiP line (Valium 20, Bloomington stock #34933, 3rd chromosome

412

attP2 insertion, targeting Spindly CDS 1615-1635); DHC64C-RNAi TRiP lines (Valium 20,

413

Bloomington stock #36698, 3rd chromosome attP2 insertion, targeting DHC64C CDS

414

1302–1322; Valium 22, Bloomington stock #36583, 2nd chromosome attP40 insertion,

415

targeting DHC64C CDS 10044–10064); elav-Gal4 (3rd chromosome insertion,

416

Bloomington stock #8760; 2nd chromosome insertion, Bloomington stock #8765) (34);
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417

ppk-Gal4 (2nd chromosome insertion, Bloomington stock #32078); UASp-KHC576-

418

TagRFP (35); UASp-GFP-Spindly constructs (Full-length, S234A, DSB and DC) (3rd

419

chromosome insertions) (16); w,ubi-EB1-mCherry (X chromosome insertion) (36);

420

yw;ppk-tdtomato;elav-Gal4 (3rd chromosome). For Spindly rescue assays, we created

421

flies expressing yw;elav-Gal4;UASp-GFP-Spindly variants and w,ubi-EB1-mCherry;

422

Spindly-RNAi TRiP were generated using standard balancing procedures.

423

To study microtubule polarity in Drosophila S2 cells, pMT-mCherry-CAMSAP3 and pMT-

424

EB1:EB1-GFP plasmids were used to visualize microtubule minus-ends and plus-ends,

425

respectively (4). To visualize peroxisome movement, S2 cells were transfected with pAC-

426

GFP-SKL (17).

427
428

Drosophila cell culture: primary neurons and S2 cells

429

Primary neurons were obtained from dissected brains of 3rd instar larva as previously

430

described (37). Neurons were plated onto Concanavalin A-coated coverslips in

431

supplemented Schneider’s medium (20% fetal bovine serum, 5 μg/ml insulin, 100 μg/ml

432

penicillin, 100 μg/ml streptomycin, and 10 μg/ml tetracycline). Drosophila S2 cells were

433

cultured as previously described (17). S2 cultures were induced to form microtubule-

434

based processes adding 2.5 µM CytoD in the medium. For knockdown assays in S2 cells,

435

cultures at 1.5 x 106 cells/mL were treated twice with 20 µg of dsRNA (day 1 and day 3)

436

and cell analysis was performed on day 5. Double-stranded RNA was transcribed in vitro

437

with T7 polymerase, and purified using LiCl extraction. Primers used to create T7

438

templates from fly genomic DNA are described in Table 1.

439
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440

Immunostaining and antibodies

441

Optical lobes, dissected from third-instar larva in 1× PBS, were fixed in 4% (wt/wt)

442

formaldehyde (methanol-free) diluted in PBT (1× PBS, 0.1% Triton X-100) for 20 min;

443

optical lobes were then washed five times with PBTB (1× PBS, 0.1% Triton X-100, 0.2%

444

BSA) for 10 min and blocked in 5% (vol/vol) normal goat serum for 1 h. Samples were

445

then incubated with primary anti-Fasciclin II antibody (1:40 of the concentrate antibody,

446

1D4; Developmental Studies Hybridoma Bank) at 4C overnight. Samples were then

447

washed five times with PBTB (10min each wash) and incubated with secondary anti-

448

mouse for 2h at RT. Finally, samples were washed with PBT 10 min five times before

449

mounting.

450

For western-blots, the following antibodies were used: anti-Spindly antibody (12); anti-

451

actin JLA20 (deposited to the DSHB by Lin J.J) (38); anti-alpha-actinin 2G3-3D7

452

(deposited to the DSHB by Saide, J.D) (39); anti-Hsc70 (K-19; Santa Cruz Biotechnology)

453

and anti-DHC monoclonal antibody 2C11-2 (40).

454
455

Microscopy and image acquisition

456

To image EB1-GFP, EB1-mCherry, mCherry-CAMSAP3, KHC(1-576)-RFP, GFP-SKL in

457

Drosophila primary neurons, da sensory neurons and S2 cells a Nikon Eclipse U2000

458

inverted microscope equipped with a Yokogawa CSU10 spinning disk head, Perfect

459

Focus system (Nikon) was used with a 100 X 1.45 or 40x 1.30 oil immersion lenses.

460

Images were acquired using Evolve EMCCD (Photometrics) and controlled by Nikon

461

Elements 4.00.07 software. For EB1 and peroxisome transport time-lapses, images were

462

collected every 2sec for either 1 or 2min. Immuno-stained brains were imaged using a
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463

Nikon Ti2 inverted microscope equipped with a A1plus scanning confocal and a GaAsP

464

detector using a 40x 1.30 NA oil lens. For GFP-Spindly localization assays, samples were

465

imaged in a Nikon Ti2 inverted microscope equipped with a W1 confocal spinding disk, a

466

Live-SR (Gataca systems) and a EMCCD Prime 95B (Photometrics) sensor.

467
468

Assays with adult flies

469

For survival analysis, newly eclosed flies were collected and housed at a density of 20

470

flies per vial in apple-juice agar supplemented with dry yeast. Flies were flipped to a fresh

471

vial every 3 days. For motility and climbing assays, newly eclosed flies were transfer into

472

a 35mm dish (motility) or vial (climbing). 1h after collection, the motility of the flies was

473

recorder with a DSLR camera.

474
475

Image Quantification

476

mCherry-CAMSAP3 distribution in S2 cell processes was quantified using plot-profiles.

477

The distance from the proximal to distal tip in the plot profile was normalized using a

478

custom MATLAB program. Quantification of directions of EB1 comet in axons of primary

479

neurons and in S2 cell processes was performed using a temporal-code plugin in FIJI.

480

Peroxisome transport and adult fly motility was quantified using the automated particle-

481

tracking software (41). Z-stack images of Class IV sensory neurons expressing ppk-

482

tdTomato were stacked (maximum intensity projection) and then masked with Curve

483

Tracing (Carsten Sterger’s algorithm) plugin in FIJI. Masked files were then threshold to

484

binary images, and dendritic branching and total dendrite length were quantified using

485

Sholl analysis (42) and pixel counting, respectively.
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486

Actin co-pelleting experiments

487

G-actin was polymerized to F-actin as previously described (43). Briefly, purified G-actin

488

(10µM) was incubated with KMEI buffer (50 mM KCl, 1 mM MgCl2, 1 mM EGTA and 10

489

mM Imidazole (pH 7.0)) for 2h at RT. F-actin was incubated with clarified S2 cell lysates

490

in BRB80 buffer (Na-PIPES 80 mM, EGTA 1mM, MgCl2 1 mM, DTT 1mM (pH 7.0)) for

491

30min at RT (incubated either with 2.5 µM CytoD or 10 µM LAtB). F-actin and actin-

492

binding proteins were pelleting by ultracentrifugation (100,000 xg) at RT. A fraction of the

493

pellets and supernatants were analyzed by SDS-PAGE and western-blot.

494
495

Statistical Analysis

496

Statistical significance between 2 groups was determined using the unpaired,

497

nonparametric Mann-Whitney test. Data analyses were performed with Prism v6

498

(GraphPad Software, Inc.).
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499

Figure S1

500
501

Figure S1. Spindly knockdown does not alter DHC levels.

502

A) Low concentration of CytoD (2.5µM) does not depolymerize cortical actin of S2

503

processes. S2 cells were plated in the absence of drugs (control) or 2.5µM CytoD or 10µM

504

LatB. F-actin was stained with Rhodamine-Phalloidin. The concentration of CytoD used

505

in the S2 candidate-based screen (2.5 µM) allowed the formation of microtubule-base

506

processes containing cortical actin. In contrast, treatment with high concentration of LatB

507

induced actin depolymerization. Images were taken using the same microscope settings.

508

Scale bars, 10 µm.
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509

B) Representative western blots of the S2 lysates of untreated (control) and treated with

510

Spindly shRNA. Dilutions of untreated lysates were provided to estimate degree of

511

knockdown.

512

C) Protein levels were quantified using the western-blots in (B). Data obtained from three

513

independent assays.

514

D) Trajectory length of peroxisome transport in S2 cells untreated (control) and Spindly

515

RNAi (see Video 2).

516
517
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518

Figure S2

519
520

Figure S2. Spindly does not affect development of dendrites

521

A) Diagram of third-instar larva showing the class IV Da sensory neurons in red.

522

B) Representative max-projection images showing DA neurons labelled with

523

ppk::tdTomato in 3rd instar larvae under control conditions (left panel), DHC RNAi (middle

524

panel) or Spindly RNAi (Left panel). Scale bars, 20 µm.
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525

C) Sholl analysis of dendritic arborization of class IV sensory neurons. Data obtained from

526

12, 13 and 10 animals for control, DHC RNAi and Spindly RNAi, respectively.

527

D) Quantification of the total dendritic length of Da neurons from data obtained in (C).

31

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.20.000364; this version posted March 20, 2020. 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-ND 4.0 International license.

528

Video legends

529

Video 1. Time-lapse of control (untreated cell) or Spindly RNAi S2 cells expressing EB1-

530

GFP. Scale bar, 10 µm. Related to Fig. 1D.

531

Video 2. Time-lapse of control (untreated cell) or Spindly RNAi S2 cells expressing SKL-

532

GFP. Scale bar, 10 µm. Related to Fig. S1D.

533

Video 3. Time-lapse of primary neurons expressing Ubi-EB1-mCherry of three different

534

genotypes. Control (elav-Gal4), DHC RNAi (elav>DHC shRNA) and Spindly RNAi

535

(elav>Spindly shRNA). Scale bar, 10 µm. Related to Fig. 3A.

536

Video 4. Motility assay of control (elav-Gal4) and elav>Spindly RNAi adult flies in a 35

537

mm dish. Related to Fig. 4G and 4I.

538

Video 5. Climbing assay of adult flies with different genotypes. From left to right: Control

539

(elav-Gal4), Spindly RNAi (elav>Spindly RNAi). Related to Fig. 4H.
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540

Table S1.
T7 promoter sequence (TAATACGACTCACTATAGGG) were added to 5' end of each primer.

Axon Initial Segment
a-spectrin
b-spectrin
Ankyrin
Asymmetrical
Cell Division
Inscuatable
Pins
Gi-alpha
Mud
Numb
Bazooka
Cdc42
Khc73
Cell Adhesion
Abl
Aplip1
Armadillo
Shaggy
Kinetochore
Spindly
Rod1
Apical/Basal polarity
Yurt

Tao
Actin-related proteins
Short Stop
Arpc4 (Arp2/3 complex
sub4)
Arp5

CG

Expression
levels in S2 cells

CG1977
CG5870
CG1651

Very high
Moderate-high
Moderate

AGCGCGATGCCGACGAGTTGGAGTC
AGCGCTTGGAGAATGCCGTCGAGTAC
AGTGCCCCAGGTCAAAGCTATATTTCCG

ACGCGATACTCCTGGGAGGCCATG
ACTCAATGTAGAAGGTCTGGACGCCATG
TCAAGGGTCTTATCCTCTTTATCATCAGTCATGCA

CG11312
CG5692
CG10060
CG12047
CG3779
CG5055
CG12530
CG8183

Very low
Moderate-high
Very high
Moderate
Very low
Very low
Very high
Moderate

GATTCGGGCTTCTCGGACAAT
TGTCCTCGCTCTCTGCGTCCG
GAAGATCATCCATGACACGGGCTAC
TCATCGAATCGAACTACATTACCTTG
TCATCGAATCGAACTACATTACCTTG
AGCGAGGTCAACGAGGAGGTGGAAG
AGGCCGTCAAGTACGTGGAGTGCTC
CTAACCGACCGCCTGAAGA

CGGGCGTTTGCTGCTTATC
AGGTGCCTCTCGCAACAGATG
AGTTCGGTTGCGCGATCCTATCCAG
TCATCGAATCGAACTACATTACCTTG
GTTGTTGAAGTTTAGATCCTCGCCGGCG
AGCACTCGACAAATTGATAGCGCTTTACGG
GACACTACTGACACAGATACGCGG
CTCCAAAGCTGTGGCGACTT

CG4032
CG1200
CG11579
CG2621

Moderate high
Very low
Very high
Low

AAGAGAGAGAGGTGAAGCCAGAGGCG
GAGTTCCGCAACGGTGGTGGTGG
CGACTCCGGCATCCACTCGGGTG
AATACAGCCCAGCCTAGTGCCG

TTCTCTCTCTTCTCTCGGCTCCTGCTG
GGATCCGAGGTAGCCCAGCAGATAGC
ATCTGAGGGCTGTTCATAATGGCATGTC
GTTGACGAGACGCTGGTGGAGCC

CG15415
CG1569

Moderate
Moderate

GACACCCTTAGCGTGGATGACATCGTG
TGTCAACGCACTGCAGGATCTTTCTG

TCAGCCACCGCCAGAGTGTTTGC
TAGTGTATCAGGCCAGGGCACAGG

CG9764

Moderate

ATGCTCCTGATTGTCATAGTCGCCCAG

CG14217

Moderate-high

ACGCATCGTGGTCAACAAGAACAAAATCG
AGCCAGACATGAAGATCAACCTCCGTATG
G

CG18076

Low

CAAATCCGTCAGATCGTGCTC

CTTGTCCTCCAAAGTGCGTC

CG5972

Very High

GATTGAGCGCATACTGTGCC

CTCCGTGTGGAAGTTGGTGA

CG7940

Moderate

TCGAGCGGAATGTGATAACCA

TTGTCCTGTCCATCGAATCCC

Primer 1 (5’-3’)

Primer 2 (5’-3’)

ACCAGTCAGCACTCCATCACGCACATAC

541
542

Table S1. Genes tested in the candidate-based RNAi screen in S2 cells. Expression

543

levels of these genes in S2 cells were obtained from (44).
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