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30 Abstract

31 Basic HLH proteins heterodimerize withclass 1 HLH/E  proteins to
32  promote transcription. Here we show that E proteins differentially co-operate with
33  proneural bHLH transcription factors sharpening their neurogeneic activity. We find
34 that inhibiting BMP signaling or its target ID2, in the chick embryo spinal cord, impairs
35  the neuronal production from progenitors expressing ATOHI/ASCLI1, but less severely
36  that from progenitors expressing NEUROGI1/2/PTFla. We define the mechanisms of
37  this differential response as a dual co-operation of E proteins with proneural proteins. E
38  proteins synergize with bHLH proteins when acting on CAGSTG motifs, thereby
39  facilitating the neurogenic activity of ASCL1/ATOH1 which preferentially bind to such
40  motifs. Conversely, E proteins restrict the strong neurogenic potential of NEUROG1/2
41 by directly inhibiting their preferential binding to CADATG motifs. Since we find this
42  mechanism to be conserved in corticogenesis, we propose this dual co-operation of E
43  proteins with bHLH proteins as a novel though general feature of their mechanism of

44  action.

45
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47 Introduction

48 The correct functioning of the vertebrate central nervous system (CNS) relies on the
49  activity of a large variety of neurons that can be distinguished by their morphologies,
50  physiological characteristics and anatomical locations (Zeng & Sanes, 2017). Such
51  heterogeneity is generated during the phase of neurogenesis, once neural progenitors
52 have been regionally specified and are instructed to exit the cell cycle and differentiate
53 into discrete neuronal subtypes (Guillemot, 2007).

54 Neuronal differentiation and subtype specification are brought together by a small
55  group of transcription factors (TFs) encoded by homologues of the Drosophila gene
56  families Atonal, Achaete-Scute, Neurogenins/dTap and p48/Ptfla/Fer2 (Bertrand et al,
57  2002; Huang et al, 2014). These TFs represent a subgroup of the class II of helix-loop-
58  helix proteins and all share a typical basic helix-loop-helix (bHLH) structural motif,
59  where the basic domain mediates direct DNA binding to CANNTG sequences (known
60 as E-boxes) and the HLH region is responsible for dimerization and protein-protein
61 interactions (Bertrand et al, 2002; Massari & Murre, 2000). They are generally
62  expressed in mutually exclusive populations of neural progenitors along the rostral-
63  caudal and dorsal-ventral axes (Gowan et al, 2001; Lai et al, 2016). They are typically
64  referred to as proneural proteins, since they are both necessary and sufficient to switch
65 on the genetic programs that drive pan-neuronal differentiation and neuronal subtype
66  specification during development (Guillemot, 2007). This unique characteristic is also
67  illustrated by their ability to reprogram distinct neural and non-neural cell types into
68  functional neurons (Masserdotti et al, 2016).

69 Regulating the activity of these proneural proteins is crucial to ensure the production
70  of appropriate numbers of neurons without prematurely depleting the pools of neural

71  progenitors. In cycling neural progenitors, the transcriptional repressors HES1 and
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72 HESS5 act in response to Notch signalling to maintain proneural TF transcripts
73 oscillating at low levels (Imayoshi & Kageyama, 2014). The proneural proteins are also
74  regulated at the post-translational level. Ubiquitination and phosphorylation have been
75  reported to control their stability, modify their DNA binding capacity or even terminate
76  their transcriptional activity (Ali et al, 2011; Ali et al, 2014; Li et al, 2012; Quan et al,
77  2016). Furthermore, the activity of these proneural proteins is highly dependent on
78  protein-protein interactions, and particularly on their dimerization status. It is generally
79  admitted that these TFs must form heterodimers with the more broadly expressed class 1
80  HLH/E proteins in order to produce their transcriptional activity (Wang & Baker, 2015).
81 In this way, the activity of proneural proteins can be controlled by upstream signals that
82  regulate the relative availability of E proteins. Members of the Inhibitor of DNA
83  binding (ID) family represent such regulators. As they lack the basic domain required
84  for direct DNA-binding, ID proteins sequester E proteins through a physical interaction
85 and thereby produce a dominant-negative effect on proneural proteins (Massari &
86  Murre, 2000; Wang & Baker, 2015). Hence, several sophisticated regulatory
87  mechanisms are available during development to control proneural protein activity and
88  fine-tune neurogenesis.

89 Bone morphogenetic proteins (BMPs) contribute to multiple processes during the
90  formation of the vertebrate CNS (Le Dreau & Marti, 2013; Liu & Niswander, 2005).
91  Yet it is only in the past few years that their specific role in controlling vertebrate
92  neurogenesis has begun to be defined (Choe et al, 2013; Le Dreau et al, 2012; Le Dreau
93 etal, 2014; Segklia et al, 2012). During spinal cord development, SMAD1 and SMADS,
94  two canonical TFs of the BMP pathway (Massague et al, 2005), dictate the mode of
95  division that spinal progenitors adopt during primary neurogenesis. Accordingly, strong

96 SMADI/5 activity promotes progenitor maintenance while weaker activity enables
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97  neurogenic divisions to occur (Le Dreau et al, 2014). This model explains how
98 inhibition of BMP7 or SMADI/5 activity provokes premature neuronal differentiation
99 and the concomitant depletion of progenitors. However, it does not explain why the
100  generation of distinct subtypes of dorsal interneurons are affected differently (Le Dreau
101 et al, 2012), nor how BMP signaling affects the activity of the proneural proteins
102  expressed in the corresponding progenitor domains.

103 Here, we have investigated these questions, extending our analysis to primary spinal
104  neurogenesis along the whole dorsal-ventral axis. As such, we identified a striking
105  correlation between the requirement of canonical BMP activity for the generation of a
106  particular neuronal subtype and the proneural protein expressed in the corresponding
107  progenitor domain. Inhibiting the activity of BMP7, SMADI1/5 or their downstream
108  effector ID2 strongly impaired the production of neurons by spinal progenitors
109  expressing either ATOHI1 or ASCL1 alone, while it had a much weaker effect on the
110  generation of the neuronal subtypes derived from progenitors expressing NEUROGI,
111  NEUROG?2 or PTF1a. We found that this differential responsiveness originates from a
112 dual, E-box dependent mode of co-operation of the class I HLH/E proteins with the
113 proneural proteins. E proteins interact with proneural proteins to aid their interaction
114 with CAGSTG E-boxes, facilitating the ability of ASCL1 and ATOHI to promote
115  neurogenic divisions and hence, neuronal differentiation. Conversely, E proteins inhibit
116  proneural protein binding to CADATG motifs, consequently restraining the ability of
117 NEUROG1/2 that preferentially bind to these motifs to trigger neurogenic division and
118  promote neuronal differentiation. Similar results were obtained in the context of
119  corticogenesis, suggesting that this differential co-operation of E proteins with the

120  distinct proneural proteins is a general feature of their mode of action.
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121 Results

122 The canonical BMP pathway differentially regulates the generation of spinal
123 neurons derived from progenitors expressing ASCL1/ATOH1 or
124 NEUROGI1/NEUROG2/PTF1a

125 We previously reported that BMP7 signalling through its canonical effectors
126 SMADI1 and SMADS, is differentially required for the generation of the distinct
127  subtypes of dorsal spinal interneurons (Figure 1A and Le Dreau et al, 2012). Here, we
128  extend this analysis to the generation of neuronal subtypes produced in the ventral part
129  of the developing chick spinal cord. Inhibiting BMP7 or SMAD1/5 expression by in ovo
130  electroporation of specific sh-RNA-encoding plasmids at stage HH14-15 produced a
131  significant reduction in the generation of p2-derived Chx10" (V2a) and Gata3'(V2b)
132 subtypes 48 hours post-electroporation (hpe), whereas Evx1™ (VOv), Enl" (V1)
133 interneurons and Isl1” motoneurons were not significantly affected (Figure 1-figure
134 supplement 1). These results revealed a correlation whereby the requirement of the
135  canonical BMP pathway for the generation of discrete spinal neuron subtypes is linked
136  to the proneural protein expressed in the corresponding progenitor domain (Figure
137  1B,C). The neuronal subtypes strongly affected by BMP7/SMADI1/5 inhibition (dI1,
138  dI3, dI5: Figure 1B,C) were generated from spinal progenitors expressing ATOH1
139  (dP1) or ASCLI alone (dP3, dP5). By contrast, all the neuronal subtypes deriving from
140  spinal progenitors expressing either NEUROGI1 alone (dP2, dP6-pl) or NEUROG2
141  (pMN) were much less severely affected (Figure 1B,C). Intriguingly, the V2a/b
142  interneurons that display intermediate sensitivity to BMP7/SMADI1/5 inhibition are
143 derived from p2 progenitors that express both ASCL1 and NEUROGI1 (Misra et al,

144  2014), while the relatively insensitive dI4 interneurons are derived from dP4
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145  progenitors that express PTFla together with low levels of ASCL1 (Glasgow et al,
146 2005).

147 These correlations were particularly interesting in view of recent genome-wide
148  ChIPseq studies that identified the optimal E-box (CANNTG) motifs bound by these
149  TFs: ATOH1 and ASCLI both preferentially bind to CAGCTG E-boxes (Borromeo et
150 al, 2014; Castro et al, 2011; Klisch et al, 2011; Lai et al, 2011), whereas the optimal
151  motif for NEUROGs is CADATG (where D stands for A, G or T: see Madelaine &
152  Blader, 2011; Seo et al, 2007). Interestingly, most of the E-boxes bound by PTF1la in
153  the developing spinal cord correspond to the CAGCTG motif favored by ASCL1 and
154  ATOHI, yet PTFla can bind to the NEUROG-like CAGATG motifs in a significant
155  proportion of its targets genes (Borromeo et al, 2014). These observations suggested
156  that the sensitivity of a given progenitor domain to canonical BMP activity originates
157  from the intrinsic DNA-binding preferences of the different proneural bHLH TFs
158  (Figure 1D). In many cell contexts, BMP signaling is mediated by ID proteins
159  (Genander et al, 2014; Hollnagel et al, 1999; Moya et al, 2012), which physically
160  sequester class I HLH/E proteins to produce a dominant-negative effect on proneural
161  proteins (Figure 1D). While this hypothetical signaling cascade could explain the
162  response of spinal progenitors expressing ASCL1 or ATOHI1 to altered canonical BMP
163  activity, it would not explain the relative insensitivity of the progenitors expressing
164 NEUROGI, NEUROG?2 or PTF1a. Therefore, we tested the veracity of these functional
165  relationships to identify the basis of this differential response (Figure 1D).

166

167 ID2 acts downstream of the canonical BMP pathway to differentially regulate the
168  generation of spinal neurons derived from progenitors expressing ASCL1/ATOH1

169  or NEUROG1/NEUROG2/PTF1a
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170 To test whether ID proteins are involved in canonical BMP signalling during spinal
171  neurogenesis, we focused on ID2 (Figure 2A), not least because canonical BMP
172  signalling is necessary and sufficient to promote cld2 expression in the developing
173 spinal cord (Figure 2-figure supplement 1 and Le Dreau et al, 2014). Moreover, cld2
174  expression closely overlaps that described for the canonical BMP activity: restricted to
175  the dorsal spinal cord early during patterning and later spreading ventrally within the
176  ventricular zone during neurogenesis (Figure 2B-D and Le Dreau et al, 2012; Le Dreau
177 et al, 2014). Inhibition of endogenous ID2 activity was triggered by in ovo
178  electroporation of a sh-RNA specifically targeting chick Id2 transcripts (sh-Id2, Figure
179  2-figure supplement 2A-E). This ID2 inhibition caused premature cell-autonomous
180  differentiation at 48 hpe similar to that provoked by inhibiting SMAD1/5 (Figure 2E-K
181 and Le Dreau et al, 2014). Conversely, overexpression of a murine ID2 construct
182  reduced the proportion of electroporated cells that differentiated into neurons (Figure
183  2H,K and Figure 2-figure supplement 2F,G). ID2 overexpression could also partially
184  impede the premature differentiation caused by both sh-Id2 and sh-Smad5 (Figure 21-
185 K). Similar results were obtained when measuring the activity of the pTubb3:luc
186  reporter 24 hpe (Figure 2L).

187 We next analysed the consequences of ID2 inhibition on the generation of the
188  different subtypes of spinal neurons, detecting a significant dose-dependent reduction in
189  the generation of many neuronal subtypes (Figure 2M,N). The overall phenotype caused
190 by ID2 inhibition was comparable to that triggered by inhibiting BMP7, SMADI or
191 SMADS: the neuronal subtypes deriving from progenitor domains expressing either
192 ATOHI1 or ASCLI alone were globally more sensitive to ID2 inhibition than those
193  derived from progenitor domains expressing NEUROGI1, NEUROG2 or PTF1a (Figure

194  20). Together, these results confirmed that ID2 acts downstream of the canonical BMP
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195  pathway in spinal neurogenesis and that it regulates distinctly the generation of spinal
196  neurons  derived from  progenitors  expressing =~ ASCLI/ATOHI and
197  NEUROGI1/NEUROG?2.

198

199 ID2 and E proteins counterbalance each other’s activity during spinal
200  neurogenesis

201 We wondered whether ID2 contributes to spinal neurogenesis by sequestering E
202  proteins (Figure 3A). Thus, we analysed the expression of these class I HLH genes
203  during spinal neurogenesis. Transcripts from the c¢Tcf3/E2A gene, which encodes the
204  EI12 or E47 alternative splice isoforms (Murre et al, 1989), were readily detected in the
205  ventricular zone throughout the dorsal-ventral axis of the developing spinal cord, with
206  apparently no domain-specific pattern (Figure 3B and Holmberg et al, 2008).
207  Transcripts from the chicken HEB orthologue cTcf12 were detected in the transition
208  zone, following a dorsal-to-ventral gradient (Figure 3C). Previous studies reported that
209  E2-2 transcripts were barely detected in the developing murine spinal cord (Sobrado et
210  al, 2009).

211 The overexpression of E47 or TCF12 both produced a significant increase in the
212 proportion of differentiated cells, a phenotype that was reverted by the concomitant
213 electroporation of ID2 (Figure 3D-J). To inhibit the endogenous activity of E proteins,
214 we took advantage of an E47 construct carrying mutations in its basic domain (E47bm)
215  that acts in a dominant-negative manner over E proteins in vivo (Zhuang et al, 1998).
216  Electroporation of E47bm inhibited neuronal differentiation in a cell autonomous
217  manner, and it fully compensated for the premature differentiation caused by both E47
218  and TCF12 (Figure 3-figure supplement 1). The E47bm construct also rescued to a large

219  extent the premature differentiation triggered by sh-1d2 (Figure 3K-O). Together, these
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220  results appear to confirm that the role played by ID2 during spinal neurogenesis
221  depends on its ability to sequester E proteins.

222

223  E47 co-operates distinctly with ASCL1/ATOH1 and NEUROGI1/NEUROG?2 to
224  fine-tune neurogenic divisions during spinal neurogenesis

225 The results we obtained so far suggested that E proteins themselves might co-operate
226  differently with the distinct proneural proteins during spinal neurogenesis (Figure 4A).
227  To test this hypothesis, we first analyzed the consequences of expressing the mutant
228  E47bm on the generation of spinal neuron subtypes. There was a marked reduction (>
229 50%) in the generation of Lhx2/9" (dI1) and TIx3" (dI3/dI5) interneurons, which derive
230  respectively from progenitors expressing ATOH1 and ASCLI1 alone (Figure 4B,C,F).
231 By contrast, electroporation of E47bm affected to a lesser extent (<25%) the generation
232 of Lhx1/5+ (dI2/dl4/d16-V1) or Isll+ (MN) neuronal subtypes deriving from
233 progenitors expressing NEUROGI alone (dP2, dP6-V1), PTFla (dP4) or NEUROG2
234 (pMN, Figure 4D-F). Hence, ATOH1 and ASCLI appeared to be much more dependent
235  on the activity of E proteins than NEUROGI, NEUROG2 and PTFla to promote
236  appropriate neuronal differentiation.

237 Next, we evaluated how E47 gain-of-function would modulate the neuronal
238  differentiation induced when ASCLI1, ATOH1, NEUROG1 and NEUROG2 are
239  overexpressed (Figure 4G-O). From 24 hpe onwards, all 4 proneural bHLH proteins
240  caused premature differentiation in a cell-autonomous and concentration dependent
241  manner (Figure 4-figure supplement 1A-C). The presence of E47 accentuated the mild
242  increase in neuronal differentiation provoked by ASCL1 at 24 hpe, and more
243  significantly at 48 hpe (Figure 4G-H’). Accordingly, E47 provoked a significant

244  reduction in the average number of electroporated cells generated 48 hpe of ASCL1

10
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245  (Figure 40). A similar tendency, albeit less pronounced, was observed when E47 was
246 combined with ATOHI, especially in terms of the reduced average number of EP" cells
247  generated 48 hpe (Figure 4I-J°,0). Addition of E47 had the opposite effect when
248  combined with NEUROGI1 or NEUROG2: it significantly reduced the proportion of
249  EP";HuC/D" cells obtained at 24 hpe and consequently increased the final numbers of
250  EP" cells observed at 48 hpe (Figure 4K-O). These results suggested that E47
251  differentially regulates the ability of ASCL1/ATOH1 and NEUROGI/NEUROG?2 to
252  promote cell cycle exit.

253 To assess cell cycle exit, a fluorescent cytoplasmic-retention dye that is only diluted
254  on cell division was added at the time of electroporation and its mean fluorescence
255  intensity was measured in FACS-sorted electroporated (GFP") cells 48 hours later
256  (Figure 4P). This assay demonstrated that E47 itself increased the mean Violet intensity,
257  and further enhanced the mild increase caused by ASCL1 (Figure 4Q), indicating that
258  EA47 facilitates ASCL1’s ability to promote cell cycle exit. E47 had an opposite effect
259  when combined with NEUROGI, significantly reducing the strong increase in Violet
260 intensity caused by NEUROGI1 (Figure 4Q), thereby confirming that E47 restricts
261  NEUROGTI s ability to promote cell cycle exit.

262 We next studied how E47 influences the respective abilities of ASCLI and
263  NEUROGI to regulate the balance between the 3 different modes of division that spinal
264  progenitors can undergo during neurogenesis: symmetric proliferative divisions (PP),
265  asymmetric divisions (PN), and symmetric neurogenic divisions (NN) (Le Dreau et al,
266  2014; Saade et al, 2013). To this end, we took advantage of the pSox2:eGFP and
267  pTis21:RFP reporters that are specifically active during progenitor-generating (PP+PN)
268  and neuron-generating (PN+NN) divisions, respectively (Saade et al, 2013). The effects

269 of E47, ASCL1 and NEUROGI on their activities were assayed 16 hpe by

11
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270  immunohistochemistry or quantified by FACS (Figure 4R). E47 caused a significant
271  decrease in the proportion of pSox2:eGFP";pTis21:RFP™ (PP) cells and a reciprocal
272 increase in the proportion of pTis21:RFP" (PN+NN) neurogenic divisions relative to the
273  controls (Figure 4S,S°,V). While we did not detect any significant change in the
274  proportions of PP, PN and NN cells in response to ASCL1 alone in these conditions, we
275  did observe an increase in neurogenic divisions at the expense of proliferative divisions
276  when ASCLI1 was combined with E47 (Figure 4T.,T°,V). Conversely, E47 significantly
277  restrained NEUROGI1’s ability to trigger neurogenic divisions at the expense of PP
278  divisions (Figure 4U,V). Assessing the activity of the pSox2:luc reporter confirmed
279  these results, further showing that E47 facilitates the ability of both ASCLI and
280 ATOHI to repress pSox2 activity, whereas it restricts the repressive effects of both
281 NEUROGI1 and NEUROG?2 (Figure 4-figure supplement 1D). Together, these results
282 revealed that E47  co-operates  distinctly with ASCL1/ATOHI  and
283  NEUROGI1/NEUROG?2 to fine-tune neurogenic divisions during spinal neurogenesis.
284

285 E47 co-operates distinctly with ASCL1 and NEUROGT1 in an E-box dependent
286  manner and through physical interactions

287 To identify the molecular mechanisms underlying the differential co-operation of E
288  proteins with the distinct proneural proteins, we focused on the interaction of E47 with
289  ASCLI1 and NEUROGI. A DNA-binding deficient version of NEUROG1 (NEUROGI -
290 AQ, (Sun et al, 2001), was unable to transactivate the NEUROG-responsive
291  pNeuroD:luc reporter or to promote neuronal differentiation (Figure 5-figure
292 supplement 1). Hence, the ability of NEUROGI1 to trigger neuronal differentiation
293  during spinal neurogenesis depends on its transcriptional activity, as previously reported

294  for ASCL1 and ATOH1 (Nakada et al, 2004).

12
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295 Genome-wide ChIP-seq studies have established that the preferential E-box motifs
296 bound by ASCLI1, E47 and NEUROGI correspond respectively to CAGCTG
297  (Borromeo et al, 2014; Castro et al, 2011), CAGSTG (where S stands for C or G: Lin et
298 al, 2010; Pfurr et al, 2017) and CADATG (where D stands for A, G or T: Madelaine &
299  Blader, 2011; Seo et al, 2007). In the light of these intrinsic preferences, we tested how
300 E47 modulates the abilities of ASCL1 and NEUROGI to bind to DNA and activate
301 transcription via different E-boxes (Figure 5A and Figure 5-figure supplement 2A). E47
302 acted in synergy with both ASCL1 and NEUROGI to drive transcription of the
303  pkE7:luc reporter under the control of 7 CAGGTG repeats (Figure 5B,C). By contrast,
304 E47 and ASCL1 only weakly transactivated the pNeuroD:luc reporter, the promoter of
305  which contains 9 CADATG E-boxes and 1 CAGGTG box (Figure 5D). A similar result
306  was obtained with a version of the pNeuroD:luc reporter in which the single CAGGTG
307  motif was destroyed by mutagenesis (Figure 5-figure supplement 2B), reinforcing the
308  idea that both E47 and ASCLI1 preferentially bind to CAGSTG sequences. Intriguingly,
309 E47 markedly reduced the ability of NEUROGI to enhance pNeuroD:luc activity
310  (Figure 5E). A similar result was obtained with the mutated version of the pNeuroD:luc
311  reporter (Figure 5-figure supplement 2C), ruling out the possibility that specific E47
312 binding to the single CAGGTG motif in this promoter caused this inhibition. In vitro
313  ChIP assays demonstrated that E47 can bind to and enhance ASCL1 binding at the 7
314  CAGGTG-containing promoter region of the pkE7:luc reporter (Figure 5F), consistent
315 with the notion that their heterodimerization is required for optimal binding and
316  subsequent transcriptional activation. By contrast, E47 caused a significant reduction in
317  the amount of NEUROGI1 bound to the promoter region of the pNeuroD:luc reporter
318  (Figure 5G). The fact that E47 itself bound to this promoter region suggested that E47

319 and NEUROGI compete for binding to CADATG motifs (Figure 5G), although E47

13
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320  cannot transactivate them as potently as NEUROGI (Figure 5E). Together, these results
321  revealed that E47 acts in synergy with both ASCL1 and NEUROG]1 when binding to its
322 own optimal E-box (CAGSTG), while it somehow impedes NEUROG]1 from binding to
323  CADATG motifs.

324 To confirm that the differential co-operation of E47 with ASCL1 and NEUROGI 1is
325  due to a direct physical interaction, we compared the activity of tethered constructs that
326  were designed to produce homodimers of ASCL1 (A-A) and NEUROGI (N-N), or
327  heterodimers with E47 (A-E, N-E: Figure 5-figure supplement 3A-C). Consistent with
328  the results obtained with monomers, A-E heterodimers were significantly more potent
329  than A-A homodimers in driving pkE7:luc activity (Figure 5-figure supplement 3D),
330  while N-N homodimers transactivated pNeuroD:luc much more strongly than N-E
331  heterodimers (Figure 5-figure supplement 3E). A-A and A-E promoted similar neuronal
332 differentiation 48 hpe (Figure SH-J,M), but the average number of EP" cells obtained
333  after A-E electroporation was significantly less than after A-A electroporation (Figure
334  5N), suggesting that A-E promotes early neurogenic divisions more potently than A-A.
335  This idea was supported by the ability of A-E to repress pSox2:luc activity at 20 hpe,
336  unlike A-A (Figure 5-figure supplement 3F). As for NEUROGI, N-N was significantly
337  more potent than N-E at promoting neuronal differentiation (Figure 5SK-M), at reducing
338  the average number of EP" cells generated 48 hpe (Figure 5N) and at repressing
339  pSox2:luc activity (Figure 5-figure supplement 3F). Thus, the tethered constructs
340 performed like the monomers (Figure 4G-V), supporting the conclusion that E47
341 facilitates the ability of ASCLI1 and restrains that of NEUROGTI to trigger neurogenic
342  divisions during spinal neurogenesis.

343
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344 E47 co-operates differentially with ASCL1 and NEUROG1/NEUROG?2 during
345  corticogenesis

346 We were interested to determine if this differential co-operation of E47 with the
347  distinct proneural proteins could be extended to other regions of the developing CNS.
348  We tested this hypothesis in the developing cerebral cortex, as NEUROG1/2 and
349  ASCLI all contribute to neurogenesis in this region in mammals (Huang et al, 2014).
350  The development of the cerebral cortex in birds actually shows unexpected similarities
351 to mammalian corticogenesis, including the conservation of its temporal sequence of
352  neurogenesis (Dugas-Ford et al, 2012; Suzuki et al, 2012). As in mammals,
353  corticogenesis in the chick embryo originates from a region of the dorsal pallium
354  expressing PAX6 (Figure 6A,B and Suzuki et al, 2012). From E3 to ES5, an early phase
355 of corticogenesis produces the first SOX2:HuC/D" cortical neurons, which are
356  generated specifically from PAX6";TBR2 radial glia-like progenitors that divide at the
357  apical surface, as in mammals (Figure 6C-D). Cortical TBR2" progenitors that divide
358  basally, similar to mammalian intermediate progenitor cells, appear at around ES5
359  (Figure 6D-D”). The cortical neurons produced during this early phase express TBR1
360  (Figure 6-figure supplement 1A), as well as other markers typically expressed by
361 mammalian deep-layer neurons (Dugas-Ford et al, 2012; Suzuki et al, 2012). At E4,
362  c¢Neurogl and cNeurog?2 transcripts were detected in a salt-and-pepper fashion in the
363  cortical PAX6" region (Figure 6E.F), whereas cAscll expression was detected strongly
364  in the sub-pallium and more weakly in the developing cerebral cortex (Figure 6G).
365 These expression patterns seen in early chicken embryos are very similar to what is
366  observed in the developing mammalian telencephalon (Huang et al, 2014).

367 To test how E47 modulates the activity of ASCL1 and NEUROGI1/2 in the
368 developing chick cerebral cortex, we electroporated the dorsal telencephalic region at

360 E3 in ovo and analysed neuronal differentiation 2 days later (Figure 6H). Both
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370 NEUROGI1 and NEUROG?2 triggered significant neuronal differentiation in the
371  developing cerebral cortex in a cell autonomous and dose-dependent manner, whereas
372 ASCLI1 overexpression had only a minor effect per se (Figure 61-L and Figure 6-figure
373 supplement 1B). E47, which itself had no obvious effect at this concentration (Figure
374  61,M,Q), significantly increased neuronal differentiation when combined with ASCLI
375  (Figure 6J,N,Q). Conversely, E47 markedly reduced the ability of NEUROGI, and to a
376  lesser extent that of NEUROG?2, to promote neuronal differentiation (Figure 6K-Q).
377  These results suggest that E47 also co-operates differentially with ASCL1 and

378 NEUROGI/2 in the context of cortical neurogenesis.
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379 Discussion

380 Class I HLH/E proteins are generally described as obligatory and permissive co-
381  factors for proneural proteins, which must form heterodimers to become active and
382  regulate transcription (Wang & Baker, 2015). The main findings of this study are that
383  the co-operation between E proteins and proneural proteins might be more complex than
384  originally thought. Indeed, our results revealed that E proteins can facilitate or restrain
385  the transcriptional activity of proneural bHLH TFs depending on the E-boxes involved
386  (Figure 7).

387 On the one hand, our results support a revised model whereby E proteins synergize
388  with proneural proteins specifically at CAGSTG E-boxes, the preferential motifs of E
389  proteins (Lin et al, 2010; Pfurr et al, 2017). Therefore, E proteins facilitate the activity
390  of the proneural proteins that share their preferential binding to CAGSTG motifs, such
391 as ASCLI and ATOHI1 (Borromeo et al, 2014; Castro et al, 2011; Klisch et al, 2011;
392  Lai et al, 2011). Inhibiting the activity of endogenous E proteins by expressing the
393  E47bm mutant strongly impaired the generation of interneurons derived from spinal
394  progenitors that express ATOHI or ASCL1 alone. Conversely, enhancing the
395  expression of E47 reinforced the ability of ATOHI and more markedly, that of ASCL1
396 to promote neuronal differentiation. Our results suggest that this results from the
397  capacity of E47 to increase the ability of these proneural proteins to trigger neurogenic
398 divisions at the expense of proliferative ones (Figure 7). Such co-operation appears to
399  be particularly crucial in the case of ASCL1, whose overexpression could barely
400  increase neurogenic divisions per se. These observations support a growing body of
401  evidence that ASCL1 possesses a mild neurogenic potential. For instance, the broad
402  dP3-dP5 domain of spinal progenitors, in which ASCLI1 is expressed alone or in

403  combination with PTFla, expands at the end of the first neurogenic wave before
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404  producing large numbers of dILA/B neurons (Borromeo et al, 2014; Wildner et al,
405  2006). Later on, ASCL1 is also involved in promoting oligodendrogenesis in both the
406  developing brain and spinal cord (Huang et al, 2014). Moreover, recent studies have
407  reported cell cycle promoting-genes among the targets bound by ASCL1 in the ventral
408  telencephalon and that it also sustains the proliferation of adult neural stem cells (Castro
409 etal, 2011; Urban et al, 2016), suggesting that its mild neurogenic ability might actually
410  be required to sustain long-term production of the neural lineages. Whether the ability
411  of ASCLI to maintain neural progenitor pools is related to its dependence on the
412  availability of E proteins is an intriguing hypothesis that would be worth testing.

413 On the other hand, our findings demonstrate that E proteins inhibit proneural protein
414  binding to CADATG motifs. In consequence, E proteins restrict the activity of the
415  proneural proteins that preferentially bind to these motifs, such as NEUROG1/2
416  (Madelaine & Blader, 2011; Seo et al, 2007). Since E47 restrains the capacity of
417 NEUROGI1/2 to promote neuronal differentiation in the context of both spinal
418  neurogenesis and corticogenesis, this would appear to be a general feature of their
419  behaviour. Early E47 depletion was recently shown to increase the production of both
420 TBR1' and SATB2" neurons at mid-corticogenesis (Pfurr et al, 2017). In fact, the loss
421  of E47 in early cortical progenitors, for which NEUROG2 constitutes the main
422  proneural protein, causes premature neuronal differentiation. This is consistent with our
423  model and it contrasts with the block in neuronal differentiation that would be expected
424  if E47 was essential for NEUROG?2 activity.

425 Our results also suggest that NEUROGs do not necessarily need to form
426  heterodimers with E proteins to trigger neuronal differentiation. Indeed, NEUROG1/2-
427  dependent differentiation is only mildly affected by the loss of E47 activity, and forced

428 NEUROGI homodimers more efficiently drive CADATG dependent transcription and

18


https://doi.org/10.1101/301093
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/301093; this version posted April 14, 2018. 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 4.0 International license.

429  neuronal differentiation than NEUROGI-E47 heterodimers. Similarly, NEUROG2
430 homodimers better transactivate neuronal differentiation genes than NEUROG2-E47
431  heterodimers (Li et al, 2012), and EMSA experiments suggest that multiple
432  combinations of proneural homo- and heterodimers exist (Henke et al, 2009). The
433  physiological relevance of such proneural homodimers is worthy of further study but to
434  date, our attempts to determine whether NEUROG1 homodimers are formed in vivo
435  during spinal neurogenesis remain inconclusive for technical reasons (data not shown).
436  Nevertheless, the strong capacity of NEUROGs to trigger neurogenic divisions
437  independent of E proteins, including self-consuming NN divisions, correlates well with
438  the fact that neural progenitors expressing NEUROGI/NEUROG?2 are usually depleted
439  during the neurogenic phase (Kim et al, 2011; Simmons et al, 2001). Together, these
440  results support the notion that E proteins are required to dampen the capacity of
441  NEUROG:sS to trigger neurogenic divisions, thereby avoiding the premature depletion of
442  neural progenitor pools (Figure 7).

443 This dual mode of action of E proteins in conjunction with ASCL1/ATOHI1 or
444  NEUROGI/NEUROG?2 would also explain why modulating canonical BMP activity
445  affects differently the generation of the distinct neuronal subtypes produced during
446  primary spinal neurogenesis. Inhibiting BMP7 or SMAD1/5 would result in the release
447  of E proteins from their complexes with IDs. In turn, this would facilitate ATOH1 and
448  ASCLI1 activity, prematurely increasing the proportion of neurogenic divisions
449  undertaken by the corresponding dP1 and dP3/dP5/p2 progenitors, causing their
450  premature differentiation and exhaustion, and ultimately leading to a production of
451  fewer neurons. As NEUROGs are less dependent on E proteins, the inhibition of
452  canonical BMP signalling only mildly impairs the generation of the neuronal subtypes

453  that derive from progenitors expressing NEUROG1/NEUROG?2.
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454 In summary, the results presented here led us to propose that E proteins fine-tune
455  neurogenesis by buffering the activity of the distinct proneural proteins. As such, these
456  data add another layer of sophistication to the molecular mechanisms that regulate the
457  activity of proneural bHLH proteins and hence, neurogenesis.

458
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459 Materials and Methods

460  In ovo electroporation

461 Fertilized white Leghorn chicken eggs were provided by Granja Gibert, rambla
462  Regueral, S/N, 43850 Cambrils, Spain. Eggs were incubated in a humidified atmosphere
463 at 38-C in a Javier Masalles 240N incubator for the appropriate duration and staged
464  according to the method of Hamburger and Hamilton (HH, (Hamburger & Hamilton,
465  1951). According to EU animal care guidelines, no IACUC approval was necessary to
466  perform the experiments described herein, considering that the embryos used in this
467  study were always harvested at early stages of embryonic development (at ES at the
468 latest). Sex was not identified at these stages.

469 Unilateral in ovo electroporations in the developing chick spinal cord and dorsal
470  telencephalon were performed respectively at stages HH14-15 and HH18 (54 and 69
471  hours of incubation). In the telencephalon, corticogenesis was studied specifically in the
472  dorsal-medial-lateral (dAML) subregion to minimize any possible variability along the
473  medial-lateral axis. Plasmids were diluted in RNAse-free water at the required
474  concentration [0 to 4 pg/ul] and injected into the lumen of the caudal neural tube or the
475  right cerebral ventricle using a fine glass needle. Electroporation was triggered by
476  applying 5 pulses of 50 ms at 22.5 V with 50 ms intervals using an Intracel Dual Pulse
477  (TSS10) electroporator. Electroporated chicken embryos were incubated back at 37C
478  and recovered at the times indicated (16-48 hours post-electroporation).

479

480  Plasmids

481 To facilitate comparisons in gain-of-function experiments, all the constructs used in
482  this study were inserted under the control of a pCAGGS promoter that harbors high

483 activity in chick (pCAGGS or pCAGGS ires GFP, kindly provided by Andy
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484  McMahon, Megason & McMahon, 2002), and were -electroporated at similar
485  concentrations (0, 0.1, 0.5 or 1 pg/ul as specified in the respective figure legends). Non-
486  fluorescent pPCAGGS plasmids were combined with 0.25 pg/ul of pCS2 _H2B-GFP for
487  visualization. The pCAGGS:ASCL1, pCAGGS:NGNI and pCAGGS:NGN2 plasmids
488  were kindly provided by Francois Guillemot. The pCAGGS:ATOHI1 ires GFP plasmid
489  was obtained by subcloning from a pCMV:ATOHI kindly provided by Nissim Ben-
490  Arie (Krizhanovsky et al, 2006). The pCAGGS:E47 and pCAGGS:TCF12 were kindly
491  provided by Jonas Muhr (Holmberg et al, 2008). The pCAGGS:E47bm ires GFP
492  plasmid was derived from a pGK:E47 CFP plasmid kindly provided by Yuan Zhang
493  (Zhuang et al, 1998). The pCAGGS:ID2 ires GFP was derived from a pCMV:ID2
494  plasmid, and the pCAGGS_SMADS-SD ires GFP was described previously (Le Dreau
495 et al, 2012). Only Somitabun (pCS2:Somitabun, kindly provided by Jonathan Slack,
496  Beck et al, 2001) and NGN1-AQ and its wild-type NGNI1 version (pMiW:myc-NGNI1
497  and pMiW:myc-NGN1-AQ, kindly gifted by Jane Johnson, Gowan et al, 2001) were
498 used in a different backbone. HA-tagged versions of ASCL1 (pCAGGS:HA-ASCLI,
499  Alvarez-Rodriguez & Pons, 2009) and NGNI1 (pCAGGS:HA-NGNI) and a
500 pCMV2 Flag-E47-RFP plasmid kindly provided by Yoshihiro Yoneda (Mehmood et al,
501  2009) were used for chromatin immuneprecipitation assays. Inhibition of cBmp7,
502  cSmadl, cSmad5 or cId2 expression was triggered by electroporation of short-hairpin
503  constructs inserted into the pSuper (Oligoengine) or pSHIN (Kojima et al, 2004)
504  vectors. Electroporation of 2-4 pg/ul of these constructs caused a specific and
505  reproducible 50% inhibition of the target expression (see Le Dreau et al, 2012). The
506  pSox2:GFP and pTis21:RFP reporters used to assess the modes of divisions undergone
507 by spinal progenitors were previously described in details (Saade et al, 2013). The

508  pSox2:luc derived from the pSox2:GFP (Saade et al, 2013). The different versions of
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509  the pld2:luc reporters were kindly provided by Yoshifumi Yokota (Kurooka et al,
510  2012). The pkE7:luc (Akazawa et al, 1995) and pNeuroD:luc reporters were kindly
511 provided by Masashi Kawaichi and Frangois Guillemot, respectively. The
512 pNeuroDmut:luc reporter was obtained by site-directed mutagenesis of the single
513  CAGGTG E-box contained in the NeuroD promoter region. The pTubb3:luc reporter
514  was obtained by subcloning the Tubb3 enhancer region present in the pTubb3enh:GFP
515  plasmid kindly provided by Jonas Muhr (Bergsland et al, 2011) into the pGL3:luc
516  vector (Promega).

517

518  Generation of tethered constructs

519 The tethered bHLH dimers were derived from the pPCAGGS:ASCL1-t-E47 ires GFP
520  kindly provided by Frangois Guillemot (Geoffroy et al, 2009). This plasmid and
521 pCAGGS:NGN1 were used as templates to generate the pCAGGS:ASCLI1-t-
522 ASCLI1 ires GFP, pCAGGS:NGNI1-t-E47 ires GFP and pCAGGS:NGNI1-t-
523  NGNI ires GFP plasmids, using a tether peptide AAAGTSAGGAAAGTSASAATGA
524  flanked by Spel and Clal restriction sites as described previously (Henke et al, 2009).
525  Expression of the tethered bHLH dimers was assessed by western blot after transfection
526  into HEK293 cells. Transient cell transfections were obtained by electroporation
527 applying 2 pulses of 120V, 30ms (Microporator MP-100, Digital Bio). Cells were
528 grown for 24 hours onto poly-L-Lysine-coated 6-well dishes in DMEM/F12
529  supplemented with 10% fetal bovine serum and 50 mg/L of Gentamicin until reaching
530  70-80% confluence. The typical transfection efficiency of this procedure was 40-60%.
531 Cells were lysed in 1X SDS loading buffer (10% glycerol, 2% SDS, 100 mM
532 dithiothreitol, and 62.5 mM Tris-HCI, pH 6.8) and DNA was disrupted by sonication.

533  Protein extracts were separated by SDS-PAGE electrophoresis, transferred to
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534  Immobilon-FL. PVDF membranes (IPFL00010, Millipore), blocked with the
535  Odyssey Blocking Buffer (927-40000, LI-COR), and incubated with antibodies against
536 ASCL1 (BD Pharmingen, cat#556604, 1:1000), NGN1 (Millipore, cat#AB15616,
537  1:3000) or E2A (Santa Cruz, cat#sc-763, 1:1000). Detection was performed using
538  fluorescence-conjugated secondary antibodies and an Odyssey Imaging System (LI-
539  COR).

540

541  Immunohistochemistry

542 For immunohistochemistry experiments, chicken embryos were carefully dissected,
543  fixed for 2 hours at 4°C in 4% paraformaldehyde and rinsed in PBS. Immunostaining
544  was performed on either vibratome (40 um) or cryostat (16 um) sections following
545  standard procedures. After washing in PBS-0.1% Triton, the sections were incubated
546  overnight at 4C with the appropriate primary antibodies (Supplementary File 1) diluted
547  in a solution of PBS-0.1% Triton supplemented with 10% bovine serum albumin or
548  sheep serum. After washing in PBS-0.1% Triton, sections were incubated for 2 hours at
549  room temperature with the appropriate secondary antibodies diluted in a solution of
550  PBS-0.1% Triton supplemented with 10% bovine serum albumin or sheep serum.
551  Alexa488-, Alexa555- and Cy5-conjugated secondary antibodies were obtained from
552 Invitrogen and Jackson Laboratories. Sections were finally stained with 1 pg/ml DAPI
553  and mounted in Mowiol (Sigma-Aldrich).

554

555  Image acquisition, treatment and quantification.

556 Optical sections of fixed samples (transverse views of the spinal cord, coronal views
557  for the telencephalon) were acquired at room temperature with the Leica LAS software,

558 in a Leica SP5 confocal microscope using 10x (dry HC PL APO, NA 0.40), 20x (dry
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559 HC PL APO, NA 0.70), 40x (oil HCX PL APO, NA 1.25-0.75) or 63x (oil HCX PL
560 APO, NA 1.40-0.60) objective lenses. Maximal projections obtained from 2pum Z-stack
561 1mages were processed in Photoshop CS5 (Adobe) or Imagel for image merging,
562  resizing and cell counting.

563 Quantification of endogenous ID2 intensity was assessed using the ImagelJ software.
564  Cell nuclei of H2B-GFP+ electroporated and neighboring non-electroporated cells were
565  delimitated by polygonal selection, and the mean intensity of ID2 immunoreactivity
566  quantified as mean gray values. Quantifications were performed on at least six
567  electroporated and six non-electroporated cells per image, in at least three different
568  images per embryo.

569

570  In situ hybridization

571 Chicken embryos were recovered at the indicated stage, fixed overnight at 4°C in 4%
572 PFA, rinsed in PBS and processed for whole mount RNA in situ hybridization
573  following standard procedures. Probes against chick cId2 (#chEST852M19) and cNgn2
574  (#chEST387d10) were purchased from the chicken EST project (UK-HGMP RC).
575  Probes against cTcf3/E2a, cAscll and cNgnl were kindly provided by Drs Jonas Mubhr,
576  José-Maria Frade and Cristina Pujades. The probe against cTcf12/cHeb was obtained by
577 PCR from genomic DNA of E4 chicken embryonic tissue and the purified 623
578  nucleotides insert was sub-cloned into the pGEM-T vector (Promega). Hybridized
579  embryos were post-fixed in 4% PFA and washed in PBT. 45uM-thick sections were cut
580  with a vibratome (VT1000S, Leica), mounted and photographed using a microscope
581 (DC300, Leica). The data show representative images obtained from 3 embryos for each
582  probe.

583
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584  Luciferase assay

585 Transcriptional activity was assessed following electroporation of the reporters
586  pkE7:luc (gift from Masashi Kawaichi), pNeuroD:luc (gift from Francois Guillemot),
587  pNeuroDmut:luc, pSox2:luc or the different versions of pld2:luc (provided by
588  Yoshifumi Yokota) together with a renilla luciferase reporter used for normalization and
589  the indicated bHLH TF-encoding plasmids. Embryos were harvested 24 hours later and
590  GFP-positive neural tubes were dissected and homogenized in a Passive Lysis Buffer on
591 ice. Firefly- and renilla-luciferase activities were measured by the Dual Luciferase
592  Reporter Assay System (Promega).

593

594 Cell cycle exit assay

595 The average number of divisions undergone by electroporated spinal progenitors was
596  assessed in vivo using the CellTrace Violet Cell Proliferation Kit (Invitrogen). The
597  Violet cell tracer (1 mM), a cytoplasmic retention dye that becomes diluted as cells
598  divide, was injected into the lumen of the neural tube at the time of electroporation.
599  Embryos were recovered 48 hours later, the neural tubes were carefully dissected and
600  recovered and the cells dissociated following a 10-15 min digestion in Trypsin-EDTA
601  (Sigma). The fluorescence intensity of the Violet tracer was measured in viable
602  dissociated electroporated GFP" cells in the 405/450nm excitation/emission range on a
603  Gallios flow cytometer (Beckman Coulter, Inc).

604

605  Assessment of the modes of divisions

606 Chicken embryos were recovered 16 hours after co-electroporation of the
607  pSox2:eGFP and pTis21:RFP reporters together with the indicated bHLH TF-encoding

608  plasmids. Cell suspensions were obtained from pools of 6-8 dissected neural tubes after
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609  digestion with Trypsin-EDTA (Sigma) for 10-15 min, and further processed on a FACS
610  Aria III cell sorter (BD Biosciences) for measurement of eGFP and RFP fluorescences.
611 At least 1,000 cells for each progenitor population (PP, PN and NN) were analyzed per
612  sample.

613

614  Chromatin immunoprecipitation assay

615 HEK293 cells were transfected by a standard calcium phosphate co-precipitation
616  protocol with combinations of pCAGGS ires GFP, pCAGGS:HA-ASCLI,
617 pCAGGS:HA-NGNI1, pCMV2 Flag-E47-RFP together with the pkE7:luc or
618  pNeuroD:luc reporters, with a total of 10 pg of DNA per 100 mm dish. 24 hours later,
619  cells were collected and 10% of the material was reserved to check transfection by
620  Western blot. For chromatin immunoprecipitation assays, approximately 1 million
621  trasnfected HEK293 cells were fixed with 1% formaldehyde for 10 minutes at room
622  temperature. Fixation was quenched by adding 0.125M glycine for 5 minutes. After 2
623  washes with PBS, cells were lysed on ice for 20 minutes in a lysis buffer containing
624  protease inhibitors (1% SDS; 10mM EDTA pHS.0; 50mM Tris-HCI pHS.1). Sonication
625  was performed with a Bioruptor sonicator to obtain 200-500bp shredded chromatin
626  fragments. Chromatin purification was carried out by spinning samples down at
627 maximum speed at 4C during 30 minutes. Purified chromatin was pre-cleared with
628  protein A agarose (Millipore #16-125) for 30 minutes. 25 pg of chromatin were
629  immunoprecipitated with SuL of anti-RFP serum (Herrera et al, 2014), 2ug of anti-HA
630  (Abcam, cat#20084), anti-NGN1 (Millipore, cat#15616) or unspecific rabbit IgG
631 (Diagenode, cat#C15410206) antibodies. Antibody-chromatin complexes were
632  recovered using magnetic beads (Magna ChIP, Millipore, cat#16-661) and immuno-

633  complexes were washed once with TSE I (0.1% SDS; 1% Triton-X100; 2mM EDTA
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634  pHS8.0; 20mM Tris-HCI1 pHS8.1; 150mM NaCl), TSE II (0.1% SDS; 1% Triton-X100;
635 2mM EDTA pHS8.0; 20mM Tris-HCI pHS8.1; 500mM NaCl), TSE III (0.25M LiCl; 1%
636  NP-40; 1% Sodium Deoxicholate; ImM EDTA pHS8.0; 10mM Tris-HCl pHS8.1) and
637  twice with TE (Tris-HCl 10mM, EDTA 1mM). Reversal of crosslinking was done by
638  incubating samples in elution buffer (1% SDS, 0.1M NaHCO3) overnight at 65C. DNA
639  was purified by phenol-chloroform extraction followed by ethanol precipitation.
640  Quantification of the DNA target regions and negative control (luciferase ORF) was
641  assessed by qPCR in a Lightcycler 480 (Roche) using specific primers (Supplementary
642  File 2).

643 Proteins extracts were obtained by incubation in a RIPA buffer (150 mM NacCl, 1.0%
644  NP-40,0.5% sodium deoxycholate, 0.1% SDS and 50 mM Tris, pH 8.0) supplemented
645  with protease and phosphatase inhibitors for 20 minutes on ice and centrifugation (20
646  minutes at maximum speed). 30 pg of protein samples were mixed with the Laemmli
647  buffer (375 mM Tris pH =6.8, 12%SDS, 60% glycerol, 600 mM DTT, 0.06%
648  bromphenol blue), heated to 95C and then separated on a SDS-PAGE gel in running
649  buffer (25 mM Tris base, 190 mM glycine, 0.1% SDS, pH=8,3). Proteins were
650  transferred to a nitrocellulose membrane using transfer buffer (190 mM glycine, 25mM
651  Tris, 20% Methanol, 0.1% SDS) for 90 minutes at 80V. Membranes were blocked for 1
652  h with a solution of PBS-5% milk, 1% Tween (PBST) and further incubated overnight
653  at 4C with appropriate primary antibodies diluted in PBST: rabbit anti-HA (Abcam, cat
654  #ab20084), rabbit anti-RFP serum (Herrera et al, 2014) and mouse anti-Tubulin beta
655  (Millipore, cat #MAB3408). After three washes in PBST, membranes were incubated
656  with Horseradish peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG secondary

657  antibodies (Sigma-Aldrich, catfGENA934-1ML and cat#GENA931) for 1 hour at
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658  room temperature and the signals detected by chemiluminescence using the Immobilon
659  western chemiluminiscent HRP substrate (Sigma-Aldrich, cat# WBKLS0100).

660

661  Statistical analyses

662 No statistical method was used to predetermine sample size. The experiments were
663  not randomized. The investigators were not blinded to allocation during experiments
664  or outcome assessment. Statistical analyses were performed using the GraphPad
665  Prism 6 software (GraphPad Software, Inc.). For in vivo experiments, cell counts were
666 typically performed on 2-5 images per embryo and n values correspond to different
667 embryos, except for the assessment of the modes of divisions where n values
668  correspond to pools of embryos. For in vitro chromatin immunoprecipitation assays, n
669  values represent the numbers of independent experiments performed. The n values
670 are indicated in the corresponding figure legend. The normal distribution of the
671  values was assessed by the Shapiro-Wilk normality test. Significance was then
672  assessed with a two-sided unpaired t-test, one-way ANOVA + Tukey’s test or two-
673  way ANOVA + Sidak’s test for data presenting a normal distribution, or alternatively
674  with non-parametric Mann—Whitney or Kruskal-Wallis + Dunn’s multiple
675  comparisons’ tests for non-normally distributed data. n.s: non-significant; *: p<0.05
676  or less, as indicated in individual figures.

677

678

679
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935 e  Figure 1-figure supplement 1: Inhibiting the canonical BMP pathway affects the
936 generation of ventral spinal neurons.

937 e  Figure 2-figure supplement 1: Regulation of ID2 expression by the canonical BMP
938 pathway.

939 e  Figure 2-figure supplement 2: Modulation of ID2 activity in vivo.

940 e  Figure 3-figure supplement 1: E47bm rescues the premature neuronal
941 differentiation caused by both E47 and TCF12.

942 e  Figure 4-figure supplement 1: Effects of E47 and proneural proteins on spinal
943 neuronal differentiation.

944 e  Figure 5-figure supplement 1: The ability of NEUROGI1 to induce spinal neuronal
945 differentiation depends on its DNA-binding.

946 e  Figure 5-figure supplement 2: E-box dependent activity of E47, ASCLI and
947 NEUROGTI during spinal neurogenesis.

948 e  Figure 5-figure supplement 3: Characterization of the tethered constructs of bHLH
949 dimers.

950 e  Figure 6-figure supplement 1: Neurogenesis and concentration dependent effects of
951 proneural proteins during early chick corticogenesis.
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953 e  Supplementary File 2: List of primers used for ChIP assays.
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