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Abstract

MicroRNAs (miRNAs) are key post-transcriptional regulators of cell state transitions, yet their
function in early human brain development is largely unknown. Here, we present a longitudinal
analysis of miRNA function in developing human forebrain organoids. We show that mRNAs and
miRNAs expression mirrors known developmental gene programs and that miRNA biogenesis
peaks at neural commitment. To test the function of miRNAs in regulating commitment, we
impaired their biogenesis at defined stages. miRNA disruption during pre-neuronal commitment
caused severe patterning defects, whereas post-commitment perturbation had minimal impact on
forebrain identity. We show that miRNA loss during pre-commitment increased WNT and BMP
signaling, thus shifting cell fates towards non-forebrain identity such as midbrain/hindbrain. These
effects could be partially rescued by expressing five miRNAs. Our findings uncover a critical time
window where miRNAs regulate morphogen signaling in early human neurodevelopment,

establishing them as essential temporal determinants of cell fate and brain regional identity.


mailto:rajewsky@mdc-berlin.de
mailto:agnieszka.rybak@mdc-berlin.de
https://doi.org/10.64898/2026.03.30.715268
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.30.715268; this version posted April 1, 2026. The copyright holder for this preprint (which

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Introduction

Transcriptional as well as post-transcriptional mechanisms orchestrate spatial and temporal gene
expression programs that control neurogenesis and tissue patterning in animals (Gibney and Nolan,
2010; Spitz and Furlong, 2012; Rajman and Schratt, 2017). MiRNAs are conserved, small non-
coding RNAs (20-24 nt) that regulate post-transcriptional gene expression by targeting binding
sites in 3’ untranslated regions (3’ UTRs) of mRNAs (reviewed in Bartel, 2018; Rajewsky 2006;
Aigner et al., 2026). After transcription of a miRNA gene by RNA Polymerase I, and subsequent
processing steps by DROSHA and DICER, miRNAs guide the RNA-induced silencing complex
(RISC) to target mRNA, typically leading to degradation, translational repression, and regulation
of mRNA localization (Bartel, 2018; Ebert and Sharp, 2012; Mendonsa et al., 2023). Constitutive
depletion of core components of the miRNA machinery is embryonically lethal (Dicer: Bernstein
et al., 2003; Ago2: Morita et al., 2007; DGCRS8: Wang et al., 2007, reviewed in detail by Alberti

and Cochella, 2017), indicating essential roles of miRNAs in early development.

In fact, miRNAs were originally discovered as heterochronic genes that regulate the timing of
developmental transitions by repressing stage-specific cell fate determinants (Ruvkun et al., 1989;
Lee et al., 1993; Wightman et al., 1993). Studies in many different species further support this
conserved temporal regulatory role (D. rerio: Wienholds et al., 2003, and Giraldez et al., 2005; C.
elegans: Stoeckius et al., 2009; S. purpuratus: Song et al., 2012; Drosophila: Kataoka et al., 2001).
For example, in sea urchins, loss of Drosha disrupts miRNA biogenesis and leads to defective
gastrulation (Song et al., 2012). Furthermore, canonical miRNAs are linked to the emergence of
multicellularity (Mattick, 2004; Dexheimer and Cochella, 2020). Moreover, the evolution of
miRNA genes, their expression and targeting, has been strongly associated with the evolution of
complex nervous systems (Chen and Rajewsky 2007; Heimberg et al., 2008; Fromm et al., 2015;
Zolotarov et al., 2022). However, little is known about the role of miRNAs in the developing

human brain.

Here, we set out to study the function of miRNAs in early human brain development. We leveraged
the power human neural organoids, which have recently emerged as a powerful model to study
early human neurodevelopment under both physiological and pathological conditions. These 3D

models mirror important aspects of tissue architecture, cellular complexity, and developmental
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75  timing (Eiraku et al., 2008; Lancaster et al., 2013; Lancaster and Knoblich, 2014; Amin et al.,
76 2024). Importantly, the embryonic development of specific brain regions in organoids can be
77  consistently modelled by the addition of extrinsic patterning factors, which modulate morphogen
78  signaling (Pasca et al., 2015; Qian et al., 2018). For instance, morphogens like WNT and BMP
79  define distinct cell identities along the anterior-posterior axis of the developing vertebrate neural
80  tube (Pires-daSilva and Sommer, 2003).
81
82  We employed a well-established forebrain patterning protocol (Walsh et al., 2024) across two
83  independent iPSC lines. We performed almost all experiments in these two independent lines to
84  ensure reproducibility across different genetic backgrounds. We first show that miRNA and
85 mRNA expression in these systems faithfully reflect what is known about human fetal RNA
86  expression and developmental programs. However, we found that both miRNAs and their
87  biogenesis machinery undergo dynamic changes throughout human forebrain development. In
88  particular, protein expression of crucial components of miRNA biogenesis and function
89 (DROSHA, DICER, AGO?2) strongly peaked at the stage of neuronal commitment. By perturbing
90  miRNA biogenesis through overexpression of a dominant-negative DROSHA mutant (p.E1147K;
91  Rakheja et al., 2014; Torrezan et al., 2014), which is known to specifically impair maturation of
92  miRNAs, we uncovered a critical developmental window during which miRNAs orchestrate, post-
93  transcriptionally, forebrain specification. We identified a mechanistic link between the temporal
94  requirement of miRNAs and the direct regulation of WNT/BMP pathways. This miRNA-
95  morphogen regulation provides a mechanistic explanation for the observed cell fate switch.
96  Moreover, the gain of function of forebrain-enriched miRNAs, before cell commitment, partially
97  restores the regionalization defects. Overall, our results reveal that miRNAs exert a temporally
98  defined control over human neural lineage progression and cortical organization, by constraining
99  WNT/BMP signaling, at the earliest pre-commitment stages of development. Our results show that
100  miRNA are essential regulators of early human brain patterning. Moreover, our findings show that
101  miRNAs can be deployed to alter the patterning of brain organoids, adding them to the toolbox for

102 organoid engineering.

103
104
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107  Methods

108 1. Human induced pluripotent stem cell lines

109  In this study we used two independent human induced pluripotent stem cell (hiPSC) lines, derived
110 from different donors: 1. Gibco™ Episomal hiPSC Line catalog no. A18945, from Thermo Fisher
111 Scientific and 2. Tissue-T106 hiPSC line). Cells were cultured under hypoxic conditions (5% O3)
112 at 37°C in E8 Flex medium with supplement (Thermo Fisher, catalog no. A2858501). They were
113 passaged every 3-4 days using TrypleE and seeded on Geltrex-coated plates (Gibco catalog). no.
114  A1413302). At the time of splitting, cells were kept in E8 Flex medium supplemented with 10 uM
115  Rho-associated protein kinase (ROCK) inhibitor to promote cell adhesion. Within 24 hours, the
116  medium was replaced with E8 Flex without ROCK inhibitor. Cells were routinely tested for

117  mycoplasma contamination.

118 2. Cloning and genetic engineering

119  The original plasmid containing the dominant-negative DROSHA variant (“V5-Drosha E1147K-
120  pcDNA”) was kindly provided by the groups of Joshua Mendell and Kenneth Chen. This mutation
121  affects the catalytic domain of DROSHA and functions through a dominant-negative mechanism,
122 interfering with wild-type DROSHA (Rakheja et al., 2014; Torrezan et al., 2014). The donor
123 plasmid, "e.PB_PuroR NeonGreen TRE," is a PiggyBac vector, which contains a doxycycline-
124 inducible promoter with a NeonGreen cassette directly downstream. For simplicity, in the whole
125  manuscript we refer to NeonGreen as “GFP”. This plasmid was digested with appropriate
126  restriction enzymes (Fast Digest, Thermo Scientific) and the resulting products were purified from
127  a 1% agarose gel using a Gel DNA recovery kit (Zymoclean, Zymo catalog no. D4001). The
128  DROSHA insert was amplified by PCR from “V5-DROSHA E1147K-pcDNA”, resolved on a 1%
129  agarose gel, purified, and subsequently subcloned into the digested PiggyBac vector. Vector and
130  insert were assembled using the HiFi DNA Assembly Master Mix (NEB, catalog no. E2621).
131  Cloning was performed via transformation of chemically competent E. coli bacteria (Mix&Go
132 Competent Cells DH5a, Zymo catalog no. T3007), with ampicillin used for selection. Final
133 plasmids were isolated using the ZymoPURE Plasmid Miniprep kit (Zymo catalog no. D4214),
134  and the correct sequences were confirmed by Sanger sequencing and by whole plasmid

135  sequencing. HiPSC lines were next genetically engineered to genomically integrate the
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136  doxycycline-inducible system (Tet-On) to overexpress the DROSHA dominant-negative mutant
137  (c. G3439A, p. E114K) (Rakheja et al., 2014; Torrezan et al., 2014). The tetracycline-responsive
138  element (TRE) of the Tet-On system is fused to the hUBC (human ubiquitin C) promoter. This
139  promoter was reported to drive transgene expression more extensively in early neurons,
140  suggesting, in our case study, a predominant impact of DROSHA perturbation on neuronal
141  populations (Wilhelm et al., 2011). Stable hiPSC lines were generated by seeding 400,000 hiPSCs
142 into a Geltrex-coated well of a 12-well plate and transfecting them using Lipofectamine Stem
143 (Thermo Fisher, catalog no. STEM00001) diluted in OPTI-MEM (Thermo Fisher, catalog no.
144 31985062). The transfection mix contained 600 ng of PiggyBac vector and 300 ng of a plasmid
145  encoding a hyperactive PiggyBac transposase. To monitor transfection efficiency, a plasmid
146  encoding constitutive GFP was included as a control (pmax-GFP, Lonza, catalog no. V4YP-
147  1A24). The medium was replaced with E8 Flex the morning after transfection. Following 4-5 days
148  of recovery, transfected cells were subjected to antibiotic selection with 1 ug/ml of puromycin for
149 10 days. Only cells that had stably integrated the construct into their genome survived the selection
150  process, yielding multiclonal populations, which likely harbored varying copy numbers of the
151  transgene. Upon doxycycline treatment, GFP and DROSHA mutants are transcribed as one
152  transcriptional unit, and the presence of a T2A self-cleaving peptide in between ensures the

153  translation into independent proteins.
154 3. Human forebrain organoids generation

155 We generated hiPSC-derived forebrain organoids according to an optimized version of a
156  previously described protocol (Walsh et al., 2024). On day 0, hiPSCs were dissociated to single
157  cells using TrypleE, and 9,000 cells per well were seeded into 96-well plates to form embryoid
158  bodies (EBs) in 100 pl of hiPSC culture medium, supplemented with 50 pM ROCK inhibitor and
159 5 uM WNT inhibitor (XAV939 5 uM Enzo Life Sciences, catalog no. 15137408, hereafter XAV).
160  On the next day, half of the medium was replaced with E6 (Thermo Fisher catalog no. A1516401)
161  supplemented with 1% penicillin-streptomycin, 5 uM XAV, 10 uM TGF-f pathway inhibitor
162 (SB431542, Miltenyi Biotec, catalog no. 130-106-275, herein SB), and 0.1 uM BMP inhibitor
163  (LDN193189, Miltenyi Biotec, catalog no. 130-106-540, herein LDN). The medium was replaced
164  every other day until day 5, after which the neural induction was continued without XAV

165  supplementation, and EBs were cultured at 37 °C in a tissue culture incubator with 5% CO. and


https://doi.org/10.64898/2026.03.30.715268
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.30.715268; this version posted April 1, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

166 20% O,. On day 9, the medium was switched to neural differentiation medium (COM1), composed
167  ofa 1:1 mixture of Dulbecco's modified Eagle medium (DMEM)/F12 (Thermo Fisher, catalog no.
168  11320033) and Neurobasal Plus (Thermo Fisher, catalog no. A3582901), I1x GlutaMAX (Thermo
169  Fisher, catalog no. 35050038), 1x Minimal Essential Medium-Non Essential Amino Acid (Sigma
170 Aldrich catalog no. M7145, hereon MEM-NEAA), 1x N2 supplement (STEMCELL Technologies,
171  catalog no. 07152), 1x B27 without vitamin A (STEMCELL Technologies, catalog no. 05731),
172 2.5ug/ml insulin (Sigma Aldrich, catalog no. 19278), 0.05 mM 2-mercaptoethanol (Sigma Aldrich,
173 catalog no. 805740), 200 nM ascorbic acid (Sigma Aldrich, catalog no. 95209), 1x antibiotic-
174  antimycotic (Sigma Aldrich, catalog no. 15240062). COMI1 was further supplemented with 10
175  ng/mL leukemia inhibitory factor (LIF), a STAT3 pathway activator, to promote outer radial glia
176  (oRGQG) proliferation and differentiation (Walsh et al., 2024). On days 10-11, organoids underwent
177  liquid embedding in cold COMI medium supplemented with 2% Geltrex and 10 ng/mL LIF.
178  Organoids were then transferred to six-well plates and cultured on an orbital shaker (80 rpm) to
179  facilitate the formation of 3D structures. From days 16-17 onward, organoids were maintained in
180  neural maturation medium (COM2), composed of a 1:1 mixture of DMEM/F12 and Neurobasal
181  Plus, N2 supplement, B27 with vitamin A (Stem Cell Technologies, catalog no. 05711), 2.5 pg/ml
182  insulin, 0.05 mM 2-mercaptoethanol, 1x GlutaMAX, 1x MEM-NEAA and 200 nM ascorbic acid.
183  Media changes were performed every 3 days. Live organoid imaging was conducted using NIKON
184  Eclipse Ts2 microscope. Experiments presented in Figures 1-2 and Supplementaries 1-4 were
185  conducted on uninduced, genetically engineered organoids, integrating the doxycycline-inducible
186  system (described in Section 4 of Methods). These organoids served as isogenic controls for all

187  the DROSHA perturbation experiments.
188 4. DROSHA perturbation experiments

189  DROSHA perturbation was first validated in hiPSCs and early EBs (Fig. 3a-c; Suppl. Fig. 5a-c;
190  Suppl. Fig. 6a-d). Given the relatively long half-life and stability of miRNAs (Gantier et al., 2011;
191  Guo et al., 2015), doxycycline (3 pg/mL) was administered for 3 days prior to downstream
192 analyses. HiPSCs were seeded into 12-well plates in E8 Flex medium supplemented with ROCK
193  inhibitor. Doxycycline treatment was initiated the same day during the first medium change
194  (Suppl. Fig. 5a). In the EB differentiation protocol, dox was added from day 3 to day 6 (Suppl.

195  Fig. 6a). To evaluate the perturbation penetrance, flow cytometry experiments were performed on
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196  EBs. Three independent pools, each composed of 80 doxycycline-treated single EBs, and three
197  separate pools, each composed of 20 untreated control EBs, were collected. Pooled EBs were next
198  washed with PBS, dissociated into single cells using TryplE and resuspended in E6 media.
199  Dissociated cells were then centrifuged, resuspended in PBS and filtered through a 35 pm nylon
200  mesh strainer cap fitter on flow cytometry tubes. Samples were kept on ice until sorting analysis.
201  Flow cytometry was carried out using an LSR Fortessa™ X-20 cell analyser with HTS (BD,
202  Biosciences). Data acquisition and analysis were performed using BD FACSDiva software
203  (v.8.02). GFP-positive cells were sorted, collected, and stored at -80°C until RNA extraction
204  (Suppl. Fig. 6b-d). For the perturbation experiments conducted in organoids, samples were treated
205  with dox (3 pg/mL) at each media change until the day of collection, with main downstream
206  analyses conducted at day 30 (Fig. 3d). In the neural induction (“early”) and neural differentiation
207  (“late”) perturbation conditions, dox treatment was initiated either prior to commitment (day 5) or
208  during commitment (day 9). GFP expression was routinely monitored by fluorescence microscopy.
209  Untreated control organoids were generated in parallel using identical conditions, except dox

210  administration.
211 5. Immunofluorescence

212 Organoids were washed three times with PBS, fixed in 4% paraformaldehyde for 30—-60 min
213 (depending on their age and size) at 4 °C, and washed three more times with PBS. With an
214  overnight incubation at 4 °C, organoids were let settle in 40% sucrose (in PBS) and then embedded
215  in 13%/10% gelatin/sucrose. Tissue blocks were stored at -80 °C. For sectioning, blocks were
216  processed into 10 um thick sections, using a cryostat. Sections were placed on slides and stored at
217  -80°C. To proceed with immunostaining, slides were incubated for 5 min with warm PBS to
218  remove the embedding solution and additionally fixed with 4% PFA for 10 min. After three washes
219  with PBS, sections were blocked and permeabilized in 0.1% Triton-X, 0.2% BSA, and 4% normal
220  goat or donkey serum in PBS for 1 h. Organoid sections were subsequently incubated with primary
221  antibodies overnight at 4°C in blocking solution. On the next day, they were washed three times
222 for 10 min with a washing solution (PBS supplemented with 0.1% Triton-X and 0.2% BSA).
223 Secondary antibody incubation was then performed at room temperature for 2 h, followed by three
224  washes, each of 10 min, in washing solution. DAPI (4',6-diamidino-2-phenylindole, final

225  concentration 1 pg/ml) was added to the last wash, in order to stain the nuclei. Samples were
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226  mounted with Prolong Gold Antifade mounting media (Thermo Fisher, catalog no. P36930) and
227  imaged with a Keyence BZ-X710 microscope and a Leica STELLARIS 8 confocal microscope.
228  Z-stacks and final images processing was done using Fiji-ImagelJ, version 1.53f51, Java 1.8.0 172

229  (64-bit).
230 6. Protein extraction and Western Blotting

231  Protein extraction was performed on both hiPSCs and organoids from different developmental
232 stages. hiPSCs were rapidly washed with PBS and harvested using 70 pL. of RIPA buffer (150 mM
233  NaCl, 5mM EDTA, 50 mM Tris, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS).
234  Depending on their age and size, 3-8 organoids were pooled together, washed once with PBS, and
235  collected in RIPA buffer. RIPA was previously supplemented with protease and phosphatase
236  inhibitors (Sigma-Aldrich, catalog no. 04693132001). Organoid samples were further
237  homogenized in silicate beads using a tissue homogenizer device (Precellys Evolution). HiPSC
238  and organoid-containing tubes were then cooled on ice for 30 minutes and centrifuged at 14000 g
239  for 20 minutes at 4 °C. Eventually, the supernatant, containing the extracted protein, was collected
240  and quantified using the Pierce BCA assay (Thermo Fisher, catalog no. 23225). To proceed with
241  Western Blotting (WB), 15-20 ug of protein was denatured at 70°C for 10 min and run on a 6%
242  polyacrylamide gel at 150 V in Tris-glycine buffer, together with a protein ladder (Page Ruler
243 Prestained Plus, Thermo Fisher catalog no. 26619). Subsequently, semidry blotting using the Bio-
244  Rad Trans-Blot Turbo Transfer system onto PVDF membranes was performed (Trans-Blot Turbo
245  Midi 0.2 pm PVDF Transfer Packs, Bio-Rad catalog no. 1704157). Membranes were next blocked
246  in 5% skimmed milk TBS-T for 1 h and probed with primary antibodies (diluted into 5% milk
247  TBS-T) overnight at 4 °C. Employed primary antibodies are listed in Table 3. The next day,
248  membranes were washed three times (each wash done for 30 min) in TBS-T and incubated for 1 h
249  with HRP-conjugated secondary antibodies. Membranes were then imaged using
250  chemiluminescent detection reagents (Thermo Fisher, catalog no. RPN2235) on a Vilber Fusion
251 FX7 Edge imager with the Evolution-CaptEdge Fusion FX Edge (v.18.09) software. Band

252  intensities were quantified using ImagelJ, version 1.53f51 (functions from Analyze/Gels toolbar).
253

254
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255 7. RNA extraction

256  Depending on their age and size, 2-6 organoids were pooled together, washed once with
257  phosphate-buffered saline (PBS), and collected into 300-500 ul of homemade TRIzol. Next,
258  organoids were homogenized in silicate beads using a tissue homogenizer device (Precellys
259  Evolution). RNA extraction was done using the Zymo Directzol RNA miniprep kit (Zymo, catalog
260  no. R2051), including DNase I digestion.

261

262 8. Target gene expression quantification
263  8.1. Quantitative real-time PCR (qPCR)

264  Depending on their age and size, 2-6 organoids were pooled together, washed once with
265  phosphate-buffered saline (PBS), and collected into 300-500 ul of homemade TRIzol. Next,
266  organoids were homogenized in silicate beads using a tissue homogenizer device (Precellys
267  Evolution). RNA extraction was done using the Zymo Directzol RNA miniprep kit (Zymo, catalog
268  no. R2051), including DNase I digestion. 200 ng of RNA were used for cDNA synthesis. For the
269  reverse transcription (RT) reaction, Maxima H minus reverse transcriptase (Thermo Fisher, catalog
270  no. EP0751) was used according to the manufacturer’s instructions with random hexamers as
271  primers. For the qPCR reaction, 4 ng of diluted cDNA were combined with SYBR green master
272  mix (Biozym, catalog no. 331416S) and 0.5 uM forward and reverse primers (Table 1). The qPCR
273  plates were processed by Roche 96 Light Cycler under the following cycling conditions: 95 °C for
274 10 min, then 40 cycles of 95 °C for 15 s and 60 °C for 1 min with fluorescence reading, and a final
275  melting curve step. qPCR results were imported and analyzed using the LightCycler Roche
276  Software 96 SW 1.1. Target mRNA expression was normalized to GAPDH, and relative
277  quantification was calculated using the comparative AACT method (Pfaffl, 2001).

278  8.2. nCounter mRNA Expression Analysis

279  To quantify targeted single RNA molecules, we utilized the nCounter technology (Nanostring
280  Technologies, USA), a probe-based, amplification-free method. Experiments were conducted
281  according to the manufacturer's protocol. In brief, 100 ng of pure total RNA was provided as input
282  material and incubated with a 72-plex Core Tag set, a custom-made probe mix (reporter + capture

283  probes), and the corresponding hybridization buffer. The reaction was carried out at 67°C for 18
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284  h, followed by a cooldown step at 4°C for 10 minutes. The hybridization products were then diluted
285  with RNase-free water to reach a final volume of 30 pul and injected into the nCounter gene
286  expression cartridge (12-sample panel). Samples were processed using the nCounter SPRINT™
287  Profiler instrument (Nanostring Technologies) for digital counting of RNA molecules.
288  Background subtraction was next applied to raw counts of mRNA molecules and normalization
289  done over the housekeeping controls GAPDH, RPLP(, and TUBB, using the nSolverTM Data
290  analysis software Version 4.0 (Nanostring Technologies). For the analysis of mRNA expression
291  across organoid development, raw data from all time points (day0 to day60) were normalized

292 jointly.

293 9. miRNA expression quantification

294  9.1. Tagman assays

295  To quantify individual miRNAs by qPCR, TagMan assays were performed. For each reaction, 100
296 ng of total RNA was reverse transcribed in a 20 pL volume using the following components:
297  SuperScript III (Invitrogen) (100 U/reaction), 20 U Ribolock (40 U/ul), 1 mM dNTPs, 1x first-
298  strand synthesis buffer, 1x TagMan RT primer per each miRNA of interest (Table 2), and
299  nuclease-free water. RT was performed under the following cycling conditions: 30 min at 16°C,
300 30 min at 42°C, and 5 min at 85°C. Following cDNA synthesis, each sample was diluted 1:2 with
301  nuclease-free water. qPCR was then conducted using TagMan Universal Master Mix I, No UNG
302  (Applied Biosystems, catalog no. 4440043). Target miRNA expression was normalized either to
303 U6 or RNU4S8, and relative quantification was calculated using the comparative AACT method
304  (Pfaffl, 2001).

305 9.2 nCounter miRNA Expression Analysis

306  Weutilized the nCounter miRNA Expression Assay (Human v3 miRNA CodeSet Kit 12 reactions,
307  Nanostring Technologies, Seattle, USA), enabling digital counting of ~800 human miRNAs.
308  Experiments were conducted according to the manufacturer's protocol. In brief, 100 ng of purified
309 total RNA was annealed and ligated to unique oligonucleotide tags via target-specific bridge
310  oligos. After a purification step, the tagged miRNAs were hybridized for 21 h at 65°C with
311  customized reporter and capture probes. The following day, the hybridization products were

312 directly injected into the nCounter gene expression cartridge (12-sample panel) and processed
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313  using the nCounterSPRINT™ Profiler instrument (Nanostring Technologies). Background
314  subtraction was next applied to raw counts of miRNA molecules, and normalization was done over
315  positive control probes of known concentration, employing the nSolver™ Data analysis software
316  Version 4.0 (Nanostring Technologies). For the analysis of miRNA expression across organoid
317  development, raw data from each time point (day 0 to day 60) was normalized jointly. In our
318  samples, a substantial proportion of miRNAs included in the panel were either not expressed or
319  expressed at very low levels, consistent with the context-specific nature of miRNA expression
320  (Suppl. Fig. 3a). In Fig. 1e and Suppl. Fig. 2b, a subset of miRNAs was categorized into specific
321  cell types (stem cell, neural progenitor, neuron, and non-neuronal) according to literature (Anokye-
322  Danso et al., 2011; Nowakowski et al., 2018; Balzano et al., 2018; Jopling et al., 2005; Xiao and
323 Rajewsky, 2009; O’Connell et al., 2007). In Fig. 2a and Suppl. Fig. 4, we analyzed the expression
324 distribution of biologically relevant miRNAs (> 100 counts in at least one of the four
325  developmental stages) for two independent hiPS cell lines. This filtered set comprised 106
326  miRNAs for hiPS cell line 1 and 186 miRNAs for hiPS cell line 2, corresponding respectively to
327  ~13% and ~23% of the total probe panel. MiRNA expression in DROSHA-perturbed hiPSC and
328  organoids was also quantified using the nCounter Assay (Fig. 3¢, g, Suppl. Fig. 5f and Suppl.
329  Fig. 7a-b)

330  10. Comparative analysis of miRNA expression in organoids and human fetal brain

331 miRNA expression profiles of forebrain organoids were compared with those of the human fetal
332 brain (Smal et al., 2024). For the fetal samples, miRNA expression from the frontal, temporal, and
333  parietal lobes was averaged and referred to as “anterior forebrain”, reflecting the regional identity
334  toward which our organoids are patterned. The fetal sample corresponds to ~ 28 postconception
335  weeks (196 days), representing a more advanced developmental stage than our latest-stage
336  organoids (day 60). Based on previous transcriptomic comparisons, 60-day-old brain organoids
337  approximate ~18 post-conceptional weeks of fetal development (Kelava and Lancaster, 2016)
338  (Suppl. Fig. 2¢). In Smal et al., raw small RNA-sequencing counts were normalized to total
339  mapped reads, and miRNAs with > 10 reads in at least one sample were retained, yielding 770
340 miRNAs. Of these, 475 miRNAs overlapped with the nCounter probe set used to quantify miRNAs

341  in our organoids. miRNAs not in common were excluded from the analysis. miRNAs from both
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342  datasets were subsequently ranked by expression level, and rankings were compared between

343  organoids and fetal anterior forebrain (Fig. 1d-e).

344  11. Bulk RNA sequencing experiments
345 11.1. Library preparation:

346  For control samples of hiPS cell line 1: Libraries were prepared from RNA of three biological

347  replicates (n = 3) for each time point (days 0, 15, 30, and 60). For the organoid samples, each
348  biological replicate consists of a pool of 6 organoids for day 15 and of 3 organoids for days 30 and
349  60. Samples were prepared as described in the "QuantSeq 3’ mRNA-Seq V2 Library Prep Kit FWD
350  with 12 nt Unique Dual Indices (UDIs)” protocol (Lexogen, catalog no. 191.96). In brief, 500 ng
351  of RNA were reverse transcribed and adapter-ligated, followed by a pilot qPCR to determine the
352 optimal PCR amplification. Library quality was assessed using Bioanalyzer DNA High Sensitivity
353 and Qubit Fluorometer High Sensitivity (Invitrogen, catalog no. Q33226). Samples were
354  sequenced on an Illumina NextSeq 500 using unique dual indexing with 1x84 bp.

355  For control samples of hiPS cell line 2 and DROSHA-perturbed samples of hiPS cell lines 1 and 2,

356  before library preparation, removal of ribosomal RNA was performed using the ribodepletion kit
357 NEBNext® rRNA Depletion Kit v2 (human/mouse/rat kit) (New England Biolabs, catalog no.
358  E7400X). Libraries were then prepared using the NEBNext Ultra II Directional RNA Library Prep
359  Kit for Illumina (human/mouse/rat kit) (New England Biolabs, catalog no. E7760), according to
360  the manufacturer's instructions. In brief, 500 ng of RNA was fragmented and subjected to reverse
361  transcription. The derived cDNA was ligated to sequencing adapters, followed by PCR
362  amplification. Library quality and average size were evaluated using the Agilent Bioanalyzer DNA
363  Chip. Libraries were quantified using Qubit. Eventually, libraries were pooled together and
364  sequenced on an [llumina NovaSeq X Plus 10B lane, 200 cycles, in paired-end modality with 100
365  bp for readl and read2.

366  11.2. Data processing and analyses:

367 Raw sequencing data (BCL files) were first converted to FASTA files and demultiplexed using
368  bcl2fastq v2.20 for the identification of reads based on sample-specific barcodes. Quality control
369  was performed using FastQC v. 0.12 (Andrews, 2010). Next, trimming of low-quality bases, poly-
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370 A tails, poly-G tails, and adapter sequences was carried out using Cutadapt v.5.0 (Martin, 2011),
371  discarding low-quality and short (<30 bp) sequences. Proper sequence processing was verified
372 with FastQC. The processed RNA-seq reads were mapped to the human genome assembly
373  GRCh38.p13 (GCF_000001405.39) using STAR Aligner v.2.6.1a (Dobin et al., 2013). Default
374  mapping parameters were used. Aligned reads were assigned to genes and quantified using
375 annotations from GENCODE (release 41) and featureCounts v.1.6.4 (Liao et al., 2014). The
376  resulting count table was used as input to conduct differential gene expression analysis (DEA).
377  DEA analyses were performed in RStudio software with R v.4.4.1, using DESeq2 v.1.44.0 (Love
378 etal., 2014), with default options and a unifactorial design (design = ~ condition). Human gene
379  annotation was obtained from the Ensembl database (GRCh38.p13, GCF_000001405.39). Data
380  were filtered for significance using an adjusted p-value (FDR) threshold of < 0.05 and an absolute
381  log fold change cutoff > 1 (Suppl. Fig. 1e). For the analysis of gene expression changes across
382  organoid development (from day 0 to day 60), principal component analysis (PCA) was first
383  performed to assess the overall quality of the dataset (Suppl. Fig. 1d). Sequencing counts were
384  normalized using DESeq?2 v.1.44.0 within RStudio with R v.4.4.1, and global expression changes
385  were visualized on volcano plots with filtering by baseMean>100 (Suppl. Fig. 1e and Suppl.
386  Fig. 7¢) or on MA plots (Fig. 4a) with filtering by baseMean>10. Expression changes of genes
387 of interest were visualized on heatmaps (Fig. 1¢, Fig. 4f and Suppl. Fig. 7d): sequencing
388  counts were first normalized on gene length and converted to log tpm (transcripts per million),
389  which were next z-scored. For Fig. 1¢, marker gene annotation was based on Hendricks et al.
390  (2024). For Fig. 4f, WNT and BMP gene signatures' categorization into ligands, receptors,
391  agonists, antagonists, and effectors was based on Klaus and Birchmeier (2008) and Clevers and
392 Nusse (2012) for WNT and on Lim et al. (2000) and Wang et al. (2014) for BMP. Transcriptomic
393  changes between control and DROSHA-perturbed organoids underwent a gene set enrichment
394  analysis (GSEA). This was focused on GO (Gene Ontology) BP (Biological Process) using the
395  enrichGO function in clusterProfiler (v4.0.5) (Yu et al., 2012). Multiple testing correction was
396  applied using the Benjamini-Hochberg (BH) method, with a p-value cutoff of 0.05 to identify
397  significantly enriched GO terms (Fig. 4b, d).

398
399
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400 12.5° RNA sequencing
401  12.1. Library preparation

402  Three libraries of 30-day-old organoids of "control," "early," and “late” conditions (hiPS cell line
403 1) were prepared. For each library, three organoids were pooled together and dissociated to single-
404  cell preparations using a papain- and trypsin-based method from the Neural Tissue Dissociation
405  Kit (P), according to the manufacturer's instructions (Miltenyi Biotec, catalog no. 130-092-628).
406  In brief, collected organoids were first chopped using a surgical blade and incubated consecutively
407  with two enzymatic mixes. After neutralization of the enzymatic reactions with a stop solution
408 (DMEM + FBY), filtering through a 70 um cell strainer, and centrifugation (300 g, 4°C, 10 min)
409  were performed. The cell pellet was next resuspended in PBS + 0.04% BSA and filtered through
410  a40 pm cell strainer. The number and viability of single dissociated cells were then assessed using
411  automated cell counting with trypan blue. Single cells were next fixed with the Fixation of Cells
412 & Nuclei for Chromium fixed RNA profiling kit (10x Genomics, catalog no. PN-1000414),
413  according to the manufacturer's instructions. Fixed cells with viability > 95% were directly used
414  for library preparation, which was kindly carried out by the Genomics Facility at BIMSB/MDC,
415  using the 10x 5' GEM Single Cell RNA-seq kit (10x Genomics, catalog no. PN-1000265). Cell
416  suspensions were adjusted to 1,600 cells/ul as input, aiming at a cell recovery of ~ ~20,000 cells.
417  Libraries were prepared following manufacturer’s instructions and sequenced on Illumina

418 NovaSeq X Plus 10B lane in paired-end modality with 100 bp for readl and read2, 100 cycles.

419  12.2.5' RNA sequencing data processing

420  Raw sequencing data (BCL files) were first converted to FASTA files and demultiplexed using
421  bcl2fastq v2.20, for the identification of reads based on sample-specific barcodes. Quality control
422  was performed using FastQC v.0.12 (Andrews, 2010). Next, trimming of low-quality bases, poly-
423 A tails, poly-G tails, and adapter sequences was carried out using Cutadapt v.5.0 (Martin, 2011),
424  discarding low-quality and short (<30 bp) sequences. Proper sequence processing was verified
425  with FastQC. The processed RNA-seq reads were mapped to the human genome assembly
426  GRCh38.p13 (GCF_000001405.39) using STAR Aligner v.2.6.1a (Dobin et al., 2013). Default
427  mapping parameters were used. The resulting BAM alignment files were converted to normalized
428  bigWig tracks using "bamCoverage’ from the "deepTools’ package v.3.5.6 (Ramirez et al., 2016)

429  and visualized using the Integrative Genomics Viewer Version 2.4.3 (Robinson et al., 2011).
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430  13. Single-cell RNA-seq cell
431  13.1. Single-cell RNA-seq data generation

432 Single cell RNA sequencing was conducted on organoids from hiPS cell line 1. For 15-day-old
433 samples, 6 organoids were pooled together and then dissociated to single cells using TrypleE and
434  filtered through a FACS tube. For 30- and 60-day old samples, 3 organoids were pooled and the
435  dissociation was conducted using 30a papain and trypsin-based method from the Neural Tissue
436  Dissociation Kit (P), according to manufacturer’s instructions (Miltenyi Biotec, catalog no. 130-
437  092-628). In brief, collected organoids were first chopped using a surgical blade and incubated
438  consecutively with two enzymatic mixes. After neutralization of the enzymatic reactions with a
439  stop solution (DMEM and % FBS), filtering through a 70 um cell strainer and centrifugation (300
440 g, 4°C, 10 min) was performed. The cell pellet was next resuspended in PBS containing 0.04%
441  BSA and filtered through a 40 pm cell strainer. Number and viability of single dissociated cells
442  were next assessed using automated cell counting with trypan blue. Single cells were subsequently
443  fixed with Fixation of Cells & Nuclei for Chromium-fixed RNA profiling (10x Genomics, PN-
444 1000414), according to the manufacturer's instructions. Fixed cells were stored at -80 °C until
445  processing. Single cell preparations with viability > 90% and ~ 1x1076 cells were used for library
446  preparation and sequencing with the probe-based “Chromium Human Transcriptome Probe Set
447  v1.0.1” according to manufacturer’s instructions (10x Genomics). To the 53,957 probes included
448  in the panel, we added customized probes targeting neon green (for simplicity, “GFP”) (Table 4).
449  Libraries were sequenced using the Seq388 / NovaSeq X Plus 10B lane, 100 cycles from Illumina.

450  13.2. Single-cell RNA-seq data processing

451  FASTQ files were generated using Cellranger v.8.0.1 (‘Cellranger mkfastq’) and aligned to the
452  GRCh38 human genome. A reference genome ('cellranger count’) to generate digital gene
453  expression matrices with default parameters. After quality filtering, we collected 67474 single-cell
454  transcriptomes across 6 samples from hiPSC cell line 1 (two biological replicates of each
455  condition). Then, we performed low-dimensional embedding and clustering of control and
456  DROSHA-perturbed samples. Filtered gene expression matrices were imported in R v4.4.3 for
457  downstream processing using Seurat v5.3.0. Single time points (days 15, 30, and 60) were merged

458  into independent Seurat objects, and cells with fewer than 100 detected genes and more than 10%
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459  mitochondrial transcripts were removed. Doublets were identified using scDblFinder, and cells

460  with a doublet score higher than 0.5 were removed. Raw gene expression counts were normalized.

461  13.3. Single-cell RNA-seq cell type identification

462  The top 2000 variable genes were used to compute 50 principal components and UMAP
463  coordinates. Clusters were identified using FindNeighbours and FindClusters (resolution = 0.2,
464  dims=1:10). Cluster annotation was performed by examining top 50 marker genes per cluster
465  obtained from FindMarkers, supported by known marker gene expression and label transfer scores
466  from Rybak-Wolf et al., 2023. Label transfer was performed using the standard Seurat v5.3.0
467  pipeline (FindTransferAnchors normalization.method= ‘SCT’, dims=1:10, non.method='"rann’),
468  eps=0.5), as previously shown in Rybak-Wolf et al., 2023.

469

470  13.4. Differential gene expression

471  To identify differentially regulated genes between “EARLY” and "LATE," we performed
472  pseudobulk analysis. For each annotated cluster, pseudobulk expression profiles were generated
473 by summing raw gene expression counts across all cells belonging to the same biological sample
474  within each cluster. Deprecated gene annotations were excluded from downstream analysis. For
475  pairwise condition comparison, differential gene expression analysis was performed using the
476  DESeq2 package (v1.38.3), and for each comparison, a DESeq2 dataset was created from the
477  pseudobulk count matrix. MA plots were generated using ggplot2. Genes with low expression
478  values (baseMean < 10) were filtered out, and genes with log.FC > 1 or -1 were highlighted.

479

480  13.5. Cell proportions quantifications

481  For each sample, the proportion of cells belonging to each cluster was calculated as the percentage
482  oftotal cells, based on cluster assignment, using the standard Seurat v5 pipeline. These proportions
483  were summarized and visualized with bar plots as a percentage of change from the control
484  condition.

485

486 13.6 Regional identity scoring
487  To assess the regional identity of cells across conditions, gene module scores were computed using
488  the AddModuleScore function from Seurat v5.3.0. Two gene sets were defined based on

489  established regional markers: a forebrain program (LHX2, EMX2, EMXI1, FOXG1, EOMES,

16


https://doi.org/10.64898/2026.03.30.715268
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.30.715268; this version posted April 1, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

490 TBRI, PAX6,GSX2, ASCL1) and a midbrain/hindbrain program (OTX2, LMO3, LMXI1A, ENI1,
491  EN2, TH, NR4A2, PAX2, PAXS, LMXIB). Scores were computed using 24 expression bins and
492 100 control genes randomly sampled from each bin (nbin = 24, ctrl = 100). Scores were projected
493  onto UMAP coordinates separately for each condition (Control, Early, Late). Negative scores are
494 render in grey to highlight cells with above-background program activity.
495

496  13.7. Regional marker gene expression across conditions

497  To compare the expression of genes from the forebrain and midbrain/hindbrain programs across
498  conditions at single-gene resolution, the percentage of cells expressing each marker gene (raw
499  count > 1) was computed per condition using SCT-normalized counts. Pairwise scatter plots were
500  generated comparing the percent-positive values between conditions (Control vs Early, Control vs
501  Late, Early vs Late).

502

503  13.8. Morphogen quantification

504  The average expression of morphogen gene sets was quantified for Cortical Hem/Choroid Plexus
505  cluster across condition using SCT-normalized counts. For each gene set, average expression was
506  calculated per gene and per cluster and condition. Expression values were then row-wise z-scored
507  to facilitate cross-gene comparison of relative expression patterns.

508

509 13.7. CellChat
510  Intercellular communication analysis was performed using CellChat package v2 to identify and
511  visualize morphogen signaling pathways, specifically WNT, BMP, FGF, and NOTCH. Data were
512 first split by experimental condition: "CONTROL," "EARLY," and "LATE," and a separate
513  CellChat object was constructed and analyzed for each condition using cluster and condition
514  groupings as cell identities. Interaction probabilities between cell populations were inferred using
515  CellChat’s built-in signaling pathway databases and statistical framework. Interaction networks

516  for selected pathways were visualized using circle plots.

517  14. Candidate miRNA identification and target predictions
518  To identify candidate miRNAs, the following filtering criteria were applied to our nCounter
519  datasets of miRNA expression in control and early-perturbed organoids: 1) miRNAs expressed at

520  >100 counts, in at least one developmental time point, in the control condition were retained; 2)
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521  miRNAs downregulated in 30-day-old organoids, upon “early” perturbation (log.FC > 0.5), were
522  kept. Moreover, those two parameters had to be met consistently across the two independent cell
523  lines. Applying this filtering yielded 6 candidate miRNAs of interest: ~ miR-15b, miR-93, miR-
524 221, miR-362, let-7b, and miR-149-5p. To select their target transcripts, predictions from
525  TargetScan (https://www.targetscan.org/vert 80/ McGeary et al., 2019) and miRDB

526  (https:/mirdb.org/, Liu and Wang, 2019; Chen and Wang, 2020) were integrated, considering

527  unique targets predicted by both tools. To those, additional stringency was imposed based on
528  TargetScan scoring metrics, focusing on transcripts with conserved 8-mer or 7-mer-m8 seed
529  matches and strong predicted repression. Gene expression profiles of the top 200 predicted targets
530  for each of the candidate miRNAs were examined in our bulk RNA-seq datasets (baseMean > 50).
531  Expression changes of targets versus non-target genes were visualized using cumulative
532 distribution function (CDF) plots. Differential gene expression (logz fold changes of “early” vs.
533 control) between predicted targets and background control was tested for significance using a two-
534  sided Kolmogorov-Smirnov test. A shift toward global target upregulation was observed for 5
535 (miR-15b, miR-93, miR-221, miR-362, and let-7b) of the 6 miRNA candidates.

536

537 15. miRNA gain-of-function experiments

538  miRNA gain-of-function experiments were conducted in a 2D culture system of neural progenitor
539  cells (NPCs). HiPSCs were seeded on 2% Geltrex-coated 6-well plates and cultured for 4 days in
540  neural forebrain induction media (E6 supplemented with 5 uM XAV, 10 uM SB and 0.1 uM
541  LDN). Subsequently, 250,000 cells were seeded per well onto Geltrex-coated 12-well plates and
542  transfected on days 4 and 9. For transfection, Lipofectamine RNAIMAX (Thermo Fisher, catalog
543  no. 13778150) was diluted in Opti-MEM according to the manufacturer's instructions. The
544  transfection mix contained either 50nM scramble control constructs- miRIDIAN microRNA
545 Mimic Negative Control #1 (CN-001000-01-05, Dharmacon) and #2 (CN-002000-01-05,
546  Dharmacon) for “CTRL” and “EARLY” conditions, or 50nM of a pooled combination of the five
547  candidate miRNA mimics: miRIDIAN miRNA mimic hsa-miR-15b-5p (C-300587-05-0002,
548  Dharmacon), hsa-miR-93-5p (C-300512-07-0002, Dharmacon), hsa-miR-221-3p (C-300578-05-
549 0002, Dharmacon), hsa-miR-362-5p (C-300664-05-0002, Dharmacon ), and hsa-let-7b-5p (C-
550  300476-05-0002, Dharmacon). At day 4, medium was exchanged 7h after transfection with neural
551  induction media without XAV supplementation, with doxycycline (3 pg/mL) added where needed.
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At day 9, medium was replaced 7h after transfection with neural differentiation medium (COM1).

Thereafter, the medium was changed every other day. From day 16 onward, cells were maintained

in neural maturation media (COM2). Cells were collected for downstream analyses at days 10, 15

and 30.

Tables-Methods
Tablel. Primers

Oligo Purpose Sequence

AGO2 F qPCR CAAGTCGGACAGGAGCAGAAAC

AGO2 R qPCR GACCTAGCAGTCGCTCTGATCA

DICER F qPCR GAATCAGCCTCGCAACAAAC

DICER R qPCR TCATGTGCTCGAAATTTCCTAA

DROSHA F | qPCR CACCCACTCCAACTACAAGAGC (27-28 exons DROSHA)

DROSHA R | qPCR CACCAAAGAGCTTCGCAACAAAGT (29-30 exons DROSHA)

DROSHA F | cloning CTAACATGCGGTGACGTGGAGGAGAATCCCGGCCCAATGATGCAGGGAAACACATGTCACAGAATGTCGTTCC
DROSHA R | cloning CTACAAATGTGGTATGGCTGATTATGATCTAGAGTCGCTCAATGGTGATGGTGATGATGACCGGTACGCGTAG
GAPDH F gPCR AAGGTGAAGGTCGGAGTCAAC

GAPDH R qPCR GGGGTCATTGATGGCAACAATA

The following primers were purchased from IDT (PrimeTime™ qPCR Primers): AXIN2, BMP2, EMX2,
FOXGI, FZD3, RSPO2, WNTI, WNT4, WNT3A4

Table2.Tagman probes
Tagman Probe Catalog Assay ID (Thermo Fisher Scientific)
hsa-miR-15b-5p 000390
hsa-miR-25-3p 000403
hsa-miR-130a-3p 000454
hsa-miR-135b-5p 002261
hsa-miR-17-5p 002308
hsa-miR-191-5p 002299
hsa-miR-302a* 002381
hsa-miR-302b-3p 000531
hsa-miR-302c¢-3p 000533
hsa-Let-7a-5p 000377
U6 snRNA 001973
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565 Table3.Antibodies

Target Purpose Dilution Supplier
DROSHA IF 1:250 Abcam ab12286
DICER IF 1:200 Abcam ab14601 13D6
AGO2 IF 1:250 Abcam ab32381
SOX2 IF 1:1000 Merck, AB5603
DCX IF 1:1000 Sigma-Aldrich AB22
MAP2 IF 1:1000 Novus Biological NBP2-25156
FOXGl IF 1:500 Abcam ab18259
TTR IF 1:100 BosterBio 52263
mNEON GREEN (referred to as GFP) IF 1:50 Fisher Scientific, 32F6
TBR2 IF 1:1000 Sigma-Aldrich AB2283
Z0-1 IF 1:1000 Invitrogen 339100
2ary Alexa Fluor 488 anti-chicken IF 1:500 Abcam ab150169
2ary Alexa 568 anti-mouse IF 1:500 Abcam ab157473
2ary Alexa 647 anti-mouse IF 1:500 Abcam ab150115
2ary Alexa 568 anti-rabbit IF 1:500 Abcam ab175471
2ary Alexa 647 anti-rabbit IF 1:500 Abcam ab150083
2ary Alexa 647 anti-goat IF 1:500 Thermo Fisher A21-447
AGO2 WB 1:500 Abcam ab32381
DICER WB 1:500 Abcam ab14601 13D6
DROSHA WB 1:300 Bethyl, catalog no. IMC-00389
V5 (mouse) WB 1:1000 Invitrogen, catalog no. 46-0705),
Alfa-tubulin WB 1:1000 Sigma T9026
Horseradish peroxidase (HRP) conjugated | WB 1:2000 Dako, catalog no. P0448
2ary anti rabbit
Horseradish peroxidase (HRP) conjugated | WB 1:5000 Invitrogen, catalog no. 31430
2ary anti mouse
566
567  Table4. Custom probes for 10x single cell RNA sequencing
Custom probe Sequences
NeonGreen(GFP)_1 GGAGCCAAAGATGTGTAACTCATGTGTCGCTGGGAGAGAGGCCATGTTAT
NeonGreen(GFP)_2 TAAGTCTTCTTCGACCTGCACCAGTCCGCAGCGGTCAGCGAGTTGGTCAT
NeonGreen(GFP)_3 GTCTTACGGAACACGTACATCGGCTGGTTCTTCAGATAGTTAGCCGCCAT

568
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569 Results

570

571 1. Brain organoids recapitulate mRNA programs and conserved neuronal miRNA
572 signatures of early human brain development

573

574  To model human brain development in vitro, we generated stem cell-derived forebrain organoids
575 by combined inhibition of WNT and SMAD signaling, followed by an optimized protocol based
576  on Walsh et al. (2024) (Fig. 1a).

577

578  Between days 6 and 10, neural induction occurs as defined by the emergence of neural progenitor
579  cells (radial glia), which express the key marker genes SOX2, PAX6, and NES. From day 10 to day
580 15, cells start to commit toward cortical neuronal lineages, giving rise to intermediate progenitors
581  and immature neurons, with neuronal maturation reached by day 60 (Fig. 1a). At day 15, organoids
582  form ZOl1+ ventricle-like structures, which are surrounded by SOX2+ radial glial cells. As
583  differentiation progresses, TBR2+ intermediate progenitors and DCX+ and MAP2+ immature
584  neurons emerge and localize radially to the progenitor structures (Suppl. Fig. 1a, c).

585

586  To systematically characterize the cellular composition of the organoids over time, we performed
587  single-cell RNA sequencing (Methods, Fig. 1b and Suppl. Fig. 1b-c). At day 15, radial glia cells
588  were the dominant cell type, representing ~85% of the total cell population. By day 30, progenitor
589  populations expanded and immature neurons appeared, together comprising approximately 40%
590  of the total cells. By day 60, neurons became the predominant population, accompanied by a
591  marked reduction in radial glia cells (Fig. 1b and Suppl. Fig. 1b).

592

593  Based on these characteristics, we focused on four key developmental time points: day 0
594  (pluripotent stem cell stage), day 15 (neural commitment), day 30 (onset of neurogenesis), and day
595 60 (neuronal maturation). For a more robust molecular characterization, we conducted bulk RNA
596  sequencing (Methods, Fig. 1¢ and Suppl. Fig. 1d-e). Principal Component Analysis (PCA)
597 revealed a clear separation between hiPSCs and brain organoids, with the latter aligning
598  sequentially along a developmental trajectory (Suppl. Fig. 1d). This was consistent with the

599  differential gene expression observed across time points (Suppl. Fig. 1e).
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600  We next examined the temporal expression of key developmental markers (Fig. 1¢ and Suppl.
601  Fig. 2a). Pluripotency and proliferation genes were highly expressed at the earliest time points and
602  decreased rapidly upon neural induction (Fig. 1¢ and Suppl. Fig. 2a). By day 15, neural progenitor
603  markers confirmed proper acquisition of a neuroectodermal fate (Fig. 1c and Suppl. Fig. 2a),
604  followed by increased expression of intermediate progenitor markers, TBR2 (EOMES) and HES6,
605  and immature neuronal markers, DCX and MAP2, as development advanced (Fig. 1¢). Day 30
606  shows a highly plastic stage in cell fate specification, marked by ongoing neurogenesis and still
607  relatively high levels of progenitor proliferation. By day 60, distinct neuronal subtypes became
608  detectable, including immature deep-layer projection neurons, expressing NEUROD4, NEURODI,
609  and MAPT; and callosal projection neurons, marked by SA7B2 expression (Fig. 1¢). Additionally,
610 markers for Cajal-Retzius cells (RELN and CALB?2) and astrocytes (GFAP and S100B) were
611  detected at this stage. High FOXG1 expression by day 60 confirmed organoid patterning towards
612  an anterior-dorsal fate (Fig. 1¢ and Suppl. Fig. 2a).

613

614 In summary, these complementary approaches demonstrate that our forebrain organoids
615  recapitulate expected gene expression programs and cellular diversity characteristic of early
616  human neurogenesis, providing a foundation for subsequent miRNA functional studies (Figs. 1a-
617 o).

618

619  We next profiled miRNA expression, utilizing a high-throughput, probe-based Nanostring
620 platform (Methods) that enables direct quantification of ~800 microRNA species. First, we
621  compared miRNAs expressed in 60-day-old forebrain organoids with human fetal anterior
622  forebrain (post-conceptional day 196) (Smal et al., 2024) (Fig. 1d-e). We assessed global
623  similarities in miRNA profiles by ranking from high to low all overlapping miRNAs expressed in
624  both systems (Methods) (Fig. 1d). Notably, neuron-specific miRNAs showed the highest
625  similarities between organoid and fetal samples, highlighting conserved regulatory programs (Fig.
626  1d, purple). Specifically, members of the let-7 family, miR-9, miR-125, miR-100, miR-181a, and
627  miR-98 displayed the same expression pattern in both systems (Fig. 1d, purple). On the other hand,
628 miRNAs known to regulate the differentiation from stem cells to neural progenitors (Anokye-
629 Danso et al., 2011; Gioia et al., 2014; Jauhari et al., 2018; Yang et al., 2021) ranked higher in
630  organoids (Fig. 1d, orange and dark blue), highlighting different developmental stages- more
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631  advanced in the fetal tissue compared to the organoids. Conversely, a group of miRNAs, "non-
632  neural", is found expressed uniquely in the fetal samples (Fig. 1d, light blue). This group comprises
633  miRNAs associated with immune activation, such as miR-103-3p (Chen et al., 2020; Huang et al.,
634  2021), and endothelial cell differentiation, such as miR-143-3p (Wang et al., 2020; Gonzalez-
635  Lopez et al., 2024), consistent with the absence of microglia and endothelial cells in our model.
636

637  We next focused on a subset of miRNAs, associated with specific cell types (stem cell, neural
638  progenitor, neuron, and non-neuronal) according to literature (Anokye-Danso et al., 2011; Jonsson
639 etal., 2015; Nowakowski et al., 2018; and Balzano et al., 2018) (Fig. 1e and Suppl. Fig. 2b). We
640  observed dynamic shifts in miRNA expression mirroring the developmental progression of human
641  brain organoids, with the latest stage (day 60) most closely resembling miRNA profiles from
642  human fetal forebrains (Fig. 1e).

643

644  As expected, in organoids, the expression of stem cell-specific miRNAs such as the miR-302/367
645  cluster (Anokye-Danso et al., 2011) declined after induction, consistent with loss of pluripotency,
646  whereas (also as expected) neural-specific miRNAs, such as miR-130a, miR-135b, miR-17, and
647 miR-9 (Nowakowski et al., 2018), increased over time (Fig. le). By day 60, we observed
648  upregulation of all let-7 family members, along with miR-125, miR-181a, miR-124, and miR-7,
649  consistent with the acquisition of neuronal identity. Negative controls, i.e. non-neuronal miRNAs,
650 including the liver-specific miR-122 (Jopling et al., 2005) and immune cell-specific miRNAs
651 (Xiao and Rajewsky, 2009) such as miR-150 (Monticelli et al., 2005) and miR-155 (Vigorito et
652  al, 2013), exhibited very low or undetectable expression (Fig. 1e and Suppl. Fig. 2b).

653

654  Altogether, our data show that miRNAs can serve as robust molecular markers of organoid
655  differentiation, with neuronal miRNA expression patterns in maturing organoids closely matching
656  those observed in developing human fetal forebrain.

657

658 2. Developmental stage specific expression of miRNAs and their biogenesis machinery
659

660  We quantified global miRNA expression (Methods) during organoid development (Fig. 2a and
661  Suppl. Fig. 4a). In both independent cell lines, we found that most miRNAs show a fluctuating
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662  expression pattern over time, suggesting stage-specific regulatory roles (Fig. 2a and Suppl. Fig.
663  4a). In particular, we observed peaks at days 15 and 60, with day 15 representing the neural
664  commitment phase and day 60 reflecting the stage of neuronal maturation. This group of miRNAs
665  comprises a mixture of neural progenitor, neuron-associated, and uncharacterized miRNAs (Fig.
666  2b). Other smaller groups follow different expression dynamics: 1) peak at day 0 (stem cell-
667  enriched families) 2) peak at day 60 (neuron-enriched) (Suppl. Fig. 3c¢).

668

669  To relate these patterns to miRNA processing, we examined the expression of core components of
670  the miRNA biogenesis machinery. DROSHA and DICER were highly transcribed at day 15,
671  coinciding with the peak in miRNA expression and neural commitment (Fig. 2¢, Suppl. Fig. 3d
672  and Suppl. Fig. 4b). In contrast, AGO?2 transcripts remained stable across all time points (Fig. 2¢
673  and Suppl. Fig. 4b). At the protein level, all three miRNA biogenesis machinery components were
674  strongly expressed at day 15 (Fig. 2d-f and Suppl. Fig. 3f-g). At days 30 and 60, miRNA
675  machinery protein levels did not change, indicating an early transient boost at day 15 followed by
676  stabilization (Suppl. Figs. 3f-g). In an independent cell line, this early peak of the machinery at
677  day 15 extended over time, until day 30 (Suppl. Fig. 4c-d). Inmunostaining at day 15 and day 30
678  revealed a ubiquitous distribution of DICER, DROSHA and AGO?2 proteins within and around the
679  neuroepithelial loops (Fig. 2f), with pronounced downregulation of DICER at day 30 in both
680  neural progenitors and neurons (Fig. 2f).

681

682  Single-cell transcriptomics analysis from day 15 to day 60 confirmed that the biogenesis transcripts
683  are broadly expressed across all time points and cell types, reflecting shifts in organoid
684  composition: high at day 15 in radial glia and enriched in neurons at day 60 (Suppl. Fig. 3e).

685  In summary, we found that the abundance of miRNAs and their biogenesis machinery fluctuate
686  during organoid differentiation, with a peak at the stage of neural commitment. These results
687  suggest that miRNA production is regulated within a critical temporal window that coincides with
688  neural specification (Fig. 2).

689

690
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691 3. Overexpression of an inducible, dominant-negative DROSHA dampens mature

692 miRNA expression

693  To test the hypothesis of a temporal requirement for miRNA function during early forebrain
694  organoid development, we engineered two independent hiPSC lines to express a dominant-
695 negative DROSHA mutant (c.G3439A, p.E114K) (Rakheja et al., 2014; Torrezan et al., 2014),
696 along with a GFP reporter, upon doxycycline (dox) administration (Fig. 3a). Employing this
697  inducible mutant, which specifically blocks maturation of miRNAs, allowed us to overcome the
698 lethality phenotype of a constitutive knockout, as described in previous studies (Dicer: Bernstein
699 etal, 2003; Ago2: Morita et al., 2007; DGCRS8: Wang et al., 2007, reviewed in detail by Alberti
700  and Cochella, 2017).

701

702 Administering dox for 3 days resulted in an average 4-fold upregulation of DROSHA mRNAs
703 (Suppl. Fig. 5a-b) and the specific expression of the mutant protein (Fig. 3b and Suppl. Fig. S¢).
704  Interestingly, expression of the DROSHA mutant altered the levels of other components of the
705  miRNA biogenesis pathway, particularly an increase of DICER levels (Suppl. Fig. Sd-e).
706  Consistently with previous reports, disruption of a core miRNA biogenesis factor can trigger
707  compensatory upregulation of others within the pathway (Kim et al., 2016).

708

709  As expected for the dominant-negative DROSHA mutant, we observed a significant global
710  downregulation of miRNAs upon perturbation across both hiPSC lines (average of ~2.6-fold
711  reduction) (Fig. 3¢ and Suppl. Fig. 5f-g). Stem cell-enriched miRNAs, particularly the miR-302
712 family, were among the most significantly reduced (Fig. 3¢, right; Suppl. Fig. 5f, right and Suppl.
713 Fig. 5g).

714

715 We also examined whether the perturbation affected non-canonical, transcription-related functions
716  of DROSHA as proposed by Gromak et al. (2013) (Suppl. Fig. Sh). Using 5° RNA sequencing
717 (Methods), we detected no changes between control and perturbed organoids in the transcription
718  start sites usage for previously validated DROSHA-regulated genes, suggesting that the
719  transcriptional activity at these loci was unaffected by the mutant (Suppl. Fig. Sh).
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720  To assess perturbation penetrance, we sorted GFP* cells via flow cytometry in early embryoid
721  bodies (EBs). Approximately 30% of cells were GFP*, indicative of a mosaic effect (Suppl. Fig.
722 6a-c, e). Enriching for GFP* cells significantly augmented miRNA downregulation, resulting in
723 an average 4-fold reduction (Suppl. Fig. 6d). Considering the known miRNA long half-life
724 (Gantier etal., 2011; Guo et al., 2015) and the observed peak of miRNA production at day 15 (Fig.
725  2), we next perturbed miRNA biogenesis at two distinct developmental stages: 1) during neural
726  commitment, starting at day 10 (“late”) (Fig. 3d, blue) and 2) prior to neural commitment, starting
727  atday 6 (“early”) (Fig. 3d, orange). Of note, following DROSHA perturbation, we did not observe
728  any morphological abnormalities: organoids retained normal size and shape and developed
729  neuroepithelial loop structures comparable to controls (Fig. 3e and Suppl. Fig. 6e). Interestingly,
730  transgene-expressing GFP+ cells localized predominantly outside neuroepithelial loops and co-
731  localized with TBR2+ intermediate progenitors and DCX+ maturing neurons (Fig. 3e and Suppl.
732 Fig. 6e). This suggested that DROSHA perturbation predominantly affected neurogenic lineages,
733 likely due to the hUBC promoter driving the TetON system, known to be more active in neurons
734  (Wilhelm et al., 2011).

735

736  Single-cell RNA-seq further supported this observation: at day 15, neuronal progenitors showed
737  stronger GFP expression (19% - 28% of the total number of cells in the “early” and “late”
738  conditions, respectively) compared to radial glia (3% - 7% of the total number of cells in the
739  “early” and “late” conditions, respectively) (Fig. 3f). Total GFP expression was higher in “late”
740  (35% at day 15 and 62% at day 30) organoids compared to “early” (23% at day 15 and 27% at day
741  30) (Fig. 3f). Correspondingly, DROSHA mutant protein levels were more elevated in “late”
742  organoids than "early" ones (Suppl. Fig. 6f).

743

744  In summary, we established an inducible system to perturb miRNA biogenesis in forebrain

745  organoids, allowing the temporal dissection of miRNA function during human development.

746 4. MicroRNAs are critical for cell fate acquisition and tissue patterning during early

747 neurogenesis

748  Next, we quantified miRNA expression in DROSHA-perturbed organoids derived from two
749  independent hiPSC lines (Fig. 3g and Suppl. Fig. 7a-b).
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750  We observed consistent and significant global miRNA dysregulation in both “early” and “late”, at
751  both days 15 and 30 (average log2 fold change = -1.4 at day 15 and average log2 fold change = -
752 0.7 at day 30) (Fig. 3g). However, while “late” showed a uniformly downregulated miRNA
753  population at day 30 (Suppl. Fig. 7a-b, blue), the dysregulation in “early” was driven by a specific
754  subset of miRNAs (Suppl. Fig. 7a-b, orange), suggesting distinct underlying molecular effects.
755  We focused subsequent analyses on 30-day-old organoids, as this stage captures most cell types
756  and key lineage transitions (Fig. 1b-c and Suppl. Fig. 2a).

757

758  Total bulk transcriptomic profiling revealed a global divergence between “early” and “late” for
759  both cell lines (Fig. 4a and Suppl. Fig. 7¢). In “late”, only a limited number of genes were
760  significantly altered (Fig. 4a, left and Suppl. Fig. 7¢c, left), while “early” organoids showed
761  widespread transcriptional dysregulation (Fig. 4a, right and Suppl. Fig. 7¢, right). Subsequent
762  gene ontology analysis revealed a robust enrichment of the WNT signaling pathway in both
763  conditions (Fig. 4b-e, top 500 upregulated). Uniquely in the “early” perturbation, we found: 1)
764  enrichment of terms associated with regionalization, pattern specification, and dopaminergic
765  differentiation (Fig. 4d-e, top); and 2) downregulated pathways related to forebrain development,
766  neuronal fate commitment, telencephalon development, and neurogenesis (Fig. 4d-e, bottom).
767

768  We further examined key transcriptional signatures belonging to these biological processes.
769  Forebrain-specific transcription factors, including FOXGI, EMXI, and EMX2, were extensively
770  suppressed only in “early”, indicating disrupted regional identity, despite the forebrain-directed
771  differentiation (Fig. 4f and Suppl. Fig. 7¢, right). In contrast, midbrain/hindbrain markers such as
772  NR4A2, TH, and EN2 were strongly induced in “early” (Fig. 4f and Suppl. Fig. 7c, right). We
773  further observed strong WNT pathway activation in “early”, characterized by the consistent
774  upregulation of WNT ligands and agonists, together with a mixed regulation of WNT receptors
775  and effectors (Fig. 4f and Suppl. Fig. 7¢, right).

776

777  Given the well-established crosstalk between WNT and BMP signaling during early neurogenesis
778  (Kasai et al., 2005; Kleber et al., 2005), we examined the expression of key BMP pathway genes.

779  We observed consistent upregulation of BMP ligands and agonists, with a mixed regulation of
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780  other pathway components (Fig. 4f). By contrast, FGF and NOTCH signaling were not remarkably
781  altered in either “early” or “late” (Suppl. Fig. 7d).

782

783  Together, these findings suggest that only pre-commitment perturbation (“early”) led to large-scale
784  reorganization of key patterning programs. This divergence aligns with transcriptional
785  upregulation of WNT and BMP pathway components and downstream targets.

786

787  To further investigate these hypotheses, we performed single-cell RNA sequencing (Methods). We
788  identified seven major cell populations, which we annotated based on cell-type-specific marker
789  genes (Methods) (Fig. Sa and Suppl. Fig. 8a-b). These included radial glia, cortical excitatory and
790  inhibitory neurons, cortical hem/choroid plexus cells, and subcortical neurons (Fig. 5a and Suppl.
791  Fig. 8a-b). The global cell-type distribution reflected the expected developmental trajectory
792 (Suppl. Fig. 8b).

793

794  Interestingly, the overall composition changes were more pronounced in “early” compared to
795  "late," confirming the critical time dependency of the perturbation (Fig. 5b and Suppl. Fig. 8c).
796  Specifically, we observed: 1) a substantial increase of cortical hem/choroid plexus cells (“early”:
797  ~120%; “late”: ~30% over control); 2) an increase of subcortical neurons (“early”: ~450%; “late”:
798  ~280% over control); and 3) a particular population of radial glial cells with high expression of
799  WNT and BMP ligand genes (“early”: ~300%; “late”: ~270% over control) (Fig. 5b and Suppl.
800  Fig. 8c).

801

802  While forebrain progenitors in "early" and "late" showed a similar decrease in cell proportion, their
803 transcriptional signatures diverged extensively (Fig. Sb and Suppl. Fig. 8d). In these progenitors,
804  "early" displayed upregulation of midbrain-hindbrain boundary markers — EN1, PAXS, DMBXI1,
805 FGF8, FGF17, and FOXCI. This suggests that the forebrain program is disrupted uniquely in
806  “early”, consistent with posterior progenitor re-patterning (Suppl. Fig. 8d). This was further
807  supported by the expansion of subcortical neurons (SLC17A7*/NR4A2"/CHAT") at the expense
808  of excitatory (TBR17/vGLUTI1*/RELN") and inhibitory (GAD*/DLX*/SST*) cortical forebrain
809  neurons (Fig. Sb and Suppl. Fig. 8c¢), suggesting a unique disruption of the forebrain program

810  selectively in "early".
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811  Concordantly, subcortical neurons in “early” were enriched for posterior hindbrain (HOXA2,
812  CYP26CI1, SPRY4) and brainstem interneuron markers (NPY, NOS1), whereas “late” retained the
813  dorsal forebrain identity (TRBI, DLX2, SLC32A41 (vGAT), NEUROGI) (Suppl. Fig. 8d).
814  Importantly, cortical fate clusters showed strong depletion of forebrain progenitors in both “early”
815 and “late” (“early”: ~25-28%; “late”: ~24% over control), but only “early” displayed the
816  consequent reduction of cortical neurons (excitatory: ~25%; inhibitory: ~7%; Fig. Sb and Suppl.
817  Fig. 8c and f). Together, this data revealed that the mispatterning occurring only in the “early”
818  perturbation consists of the loss of cortical neurons and the increase of posterior markers
819  (midbrain/hindbrain) (Fig. Sb; Suppl. Fig. 8c and f).

820

821  We next examined transcriptional activation of forebrain and midbrain/hindbrain programs.
822  Uniquely in “early” we found an inhibition of the forebrain program (including FOXGI, LHX2,
823  PAX6, TBRI, EOMES, GSX2, and EMXT) within the radial glial populations. with a simultaneous
824  enrichment of midbrain/hindbrain program activity (including ENI, EN2, LMXIB, LMXIA,
825  NR4A2, and OTX2) mostly across WNT/BMP+ radial glia and neuronal clusters (Fig. Sc-d).

826

827  In agreement, we found that when the neuronal fate is fully defined (60-day-old organoids), the
828  FOXGI protein is visibly reduced uniquely in the “early” condition (Fig. 5¢). Moreover, in “early”
829  we detected a strong expansion of the cortical hem/choroid plexus (Fig. Sb and Suppl. Fig. 8a).
830  The cortical hem is a known source of WNT and BMP morphogens (Furuta et al., 1997; Grove et
831 al, 1998).

832

833  Thus, we investigated WNT and BMP ligand expression patterns across all cell populations
834  (Suppl. Fig. 8e). In “early” we observed a stronger activation of both WNT and BMP ligands
835  localized in the cortical hem (Fig. 5f and Suppl. Fig. 8e). Consistently with this, the choroid plexus
836  marker 77R was substantially enriched at the RNA (Fig. 5g) and protein levels (Fig. Sh). We
837  hypothesized that in “early” the high levels of WNT and BMP morphogens derived from the
838  cortical hem organizer would imbalance the forebrain development, and consequently, this would
839 lead to a shift in patterning. To investigate ligand-receptor interactions of WNT and BMP
840  morphogens among cell types, we performed CellChat analysis (Methods). We observed that

841  radial glia cells were the main senders and receivers of WNT and BMP communication in the
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842  control condition, whereas in the perturbed contexts (“early” and “late”), the main source of
843  signaling shifted to the cortical hem and choroid plexus (Fig. 5i).

844

845  In summary, miRNA perturbation prior to neural commitment (“early”) induces WNT/BMP
846  signaling overactivation, cortical hem expansion, and a shift of developmental trajectories from a
847  forebrain towards midbrain/hindbrain identity. In contrast, perturbation during neuronal
848  commitment (“late”) causes only modest changes without patterning defects. These findings
849  highlight a crucial, stage-specific requirement for miRNAs in coordinating brain organoid

850  development and tightly controlling morphogen balance for establishing regional identities.

851 5. Five forebrain-patterning miRNAs partially restore the original cell fate

852  To identify the specific miRNA-target interaction changes driving the molecular and cellular
853  phenotypes in early-perturbed organoids, we selected 6 potential miRNA candidates based on the
854  following criteria: 1) miRNAs robustly expressed during organoid development and 2) miRNAs
855  consistently downregulated in “early” (Fig. 6a and Suppl. Fig. 9a-b).

856

857  We then examined the expression of their predicted conserved targets defined by two independent
858  algorithms (TargetScan and miRDB, Methods). Loss of a miRNA is expected to derepress its
859  direct targets, leading to a global trend toward target upregulation. We used the stem cell-specific
860 miR-302 family as a positive control and miR-122 and miR-155 as negative controls (liver- and
861  immune cell-specific miRNAs) (Fig. 6b and Suppl. Fig. 9¢). In 30-day-old early-perturbed
862  organoids, 5 miRNA candidates, including miR-15b, miR-93, miR-221, miR-362, and let-7b,
863  displayed a pronounced global upregulation of their predicted targets, while miR-149 did not (Fig.
864  6b). Notably, the combined enriched GO terms of the candidate miRNA predicted targets
865  converged on WNT signaling pathways (Suppl. Fig. 6¢-d), supporting the idea that miRNA loss
866  primarily derepresses WNT-related transcripts.

867

868  We next tested whether these 5 miRNAs directly contribute to the observed phenotypes. We
869  performed a miRNA gain-of-function experiment in a neuronal-specific setup, using 2D neural
870  forebrain progenitor cells (NPCs). We co-transfected the mimics corresponding to all 5 miRNA

871  candidates during the pre-commitment window, concomitantly with DROSHA perturbation (Fig.
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872  6¢, Methods). First, we confirmed the upregulation of DROSHA in perturbed conditions (“Early”
873  and “Early+mimics”), with a peak at day 10 (5.5-fold increase) (Suppl. Fig. 9e¢). This strong
874  induction of DROSHA is in line with the activity of the neural-specific hUBC promoter. miRNA
875 mimic expression peaked at day 10 of NPC differentiation (average of 40-fold), indicating
876  effective miRNA availability within the appropriate temporal window, prior to lineage
877  commitment (Suppl. Fig. 9f).

878

879  Predicted WNT pathway targets (FZD3, RSPO2, WNT1, and WNT3A) were significantly repressed
880 by the mimics (Fig. 6d and Suppl. Fig. 9g), confirming WNT activation as the primary effect of
881  the miRNA perturbation. Forebrain transcription factors previously found downregulated in early-
882  perturbed organoids (Fig. 4f, Fig. 5e), including PAX6 and EMX?2, were partially restored upon
883  mimic overexpression, to levels closer to the control conditions (Fig. 6f and Suppl. Fig. 9h).

884

885  These results demonstrate that these five miRNAs act as key pre-commitment determinants of
886  dorsal forebrain fate, likely by constraining WNT/BMP signaling, within the pre-commitment
887  window.

888

889

890  Discussion

891

892  MicroRNAs are highly abundant in the mammalian brain, yet their precise temporal requirements
893  in human neurodevelopment have remained elusive, largely due to the lack of suitable models.
894  Here, we addressed this gap by using forebrain organoids. We provide, to the best of our
895  knowledge, the first comprehensive analysis of miRNA function in the human developing brain,
896  showing that miRNAs are required for proper human brain development from its earliest stages.
897 We demonstrate that our organoid model (across two independent lines) recapitulates
898  neurodevelopmental miRNA signatures (for the cell types covered) and that neurogenic-specific
899  miRNAs are expressed similarly to fetal forebrain, despite differences in developmental stage and
900  cell composition (Smal et al., 2024) (Fig. 1). As we expected, key developmental transcriptional
901  programs fluctuate dynamically over time (Fig. 1¢). Interestingly, we also observed that miRNAs

902  and their main biogenesis machinery proteins undergo temporal fluctuations in expression levels,
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903  coinciding with specific neurodevelopmental transitions (Fig. 1d, Fig. 2). This dynamic behavior
904  is notable, given that miRNAs and their processing proteins are highly stable molecules with long
905  half-lives (Gantier et al., 2011; Guo et al., 2015); for instance, phenotypic consequences of Dicer
906  deletion are typically reported long after the genetic perturbation (Schaefer et al., 2007; De Pietri
907  Tonelli etal., 2008; Kawase-Koga et al., 2009). Similar temporal expression peaks have previously
908  been reported in simpler systems, such as Dicer during sea urchin embryogenesis (Song et al.,
909  2011); in C.elegans before gastrulation (Stoeckius et al., 2009), as well as miRNA-target patterns
910  in the human fetal brain (Nowakowski et al., 2018).

911

912 We propose that the boost in miRNA production observed at the time of cell commitment (day 15)
913  functions to precisely regulate morphogen signaling at a critical patterning stage - when cell fates
914  are defined and programmed (Fig. 2). Afterward, the reduced demand for de novo miRNA
915  synthesis suggests that the established miRNA pool is sufficient to fine-tune later stage-specific
916  processes. Whether this surge in miRNA production is exclusively required for the developmental
917  events occurring at commitment or also primes for upcoming phases remains an open question.
918  Notably, the uniform expression of the biogenesis machinery across cortical-like structures,
919 including neuroepithelial loops and neurons, indicates that machinery components are
920  ubiquitously required in different cell types (Fig. 2h).

921

922 Collectively, our findings support the hypothesis that, during human embryogenesis, miRNA
923  abundance is tightly coupled to developmental stages and is not restricted to specific cell
924 populations. This hypothesis fits with the heterochronic role identified for miRNAs in model
925  organisms (Ruvkun et al., 1989; Lee et al., 1993; Wightman et al., 1993). To directly test miRNA
926  temporal requirements, we globally dampened miRNA biogenesis (maturation) by expressing a
927  dominant-negative DROSHA mutant at two developmental stages: prior neuronal commitment
928  ("early," from day 6) and during commitment ("late," from day 10) (Fig. 3). This resulted in a
929  time-dependent (pre-commitment) forebrain-midbrain imbalance (Figs. 4-5). We propose that,
930  during normal human neurodevelopment, miRNA activity is required to establish forebrain
931 identity within a specific pre-neuronal commitment window. Herein, we observed that forebrain

932  commitment gene programs are enabled as a consequence of direct forebrain-patterning miRNA-
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933  mediated repression of WNT/BMP morphogen signaling, which consequently inhibits
934  midbrain/hindbrain programs and in turn favors forebrain patterning (Fig. 7A).

935

936  When forebrain-patterning miRNAs are dysregulated during neuronal commitment, WNT/BMP
937  activation remains mild, and the forebrain fate is preserved (Figs. 4-5, 7B). In contrast, forebrain-
938  patterning miRNA loss during neural induction leads to a strong derepression of WNT/BMP
939  signaling, resulting in a patterning shift from forebrain to midbrain/hindbrain fates (Fig. 7B).
940  Notably, a similar upregulation of WNT/BMP signaling was also reported upon Drosha
941  knockdown in sea urchin embryos (Song et al., 2011), indicating that this regulatory
942 “heterochronic” relationship is extremely old and fundamental to tissue patterning. Reintroduction
943  of five forebrain-patterning miRNAs during the pre-commitment window (early) represses
944  WNT/BMP-related transcripts, consequently reversing the mis-patterning and partially restoring
945  the forebrain regional identity (Fig. 6-7C). Nevertheless, we of course cannot exclude the
946  possibility that other miRNA candidates would also influence the regionalization.

947

948  Recent work showed that temporally restricted activation (day 6 to 11) of WNT/BMP in human
949  forebrain organoids redirects differentiation from cortical neurons toward cortical hem identities
950  (Amin et al., 2024). Remarkably, this timeframe precisely coincides with our pre-commitment
951  miRNA perturbation. Although we target the upstream regulators of WNT/BMP, the miRNAs, we
952  observed a similar shift in cell fate (Figs. S and 7), indicating that timing is the critical determinant.
953  Nevertheless, our analysis focuses on a crucial but very early and temporally restricted phase of
954  neurodevelopment. Therefore, additional bursts in miRNA activity may occur at much later stages,
955  regulating distinct gene programs, such as synaptogenesis, neuronal activity, axonogenesis, and
956  synaptic pruning.

957

958  Altogether, our findings establish miRNAs as key heterochronic regulators of human
959  neurodevelopment and delineate the specific developmental window during which their function
960 isessential. We believe that this study will contribute to a better interpretation of the complex gene
961  regulatory landscape of early human brain development. We also think that our study strongly
962  argues that miRNAs should be added to the toolbox of (brain) organoid bioengineering.

963
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964  Model Limitations and Implications

965
966  Forebrain organoids faithfully model early neurogenesis but lack vascularization, microglia, and

967 late-maturing cell types, potentially limiting insights into full cellular complexity of developing
968  brain. Our hUBC-driven perturbation exhibited a neurogenic bias, which may understate effects
969 in radial glia. Therefore, future Cre- or lineage-specific drivers could address this. The rescue
970  effect was partial, suggesting contributions from additional miRNAs or indirect effects.
971  Additionally, the rescue experiment was performed in forebrain patterned NPCs, not organoids, as
972  efficiency of lipofection was too low in 3D models. Nevertheless, our study establishes miRNAs
973  as essential temporal gatekeepers of human forebrain regionalization, with implications for
974  neurodevelopmental disorders involving patterning defects (e.g., holoprosencephaly). A
975  comprehensive understanding of how gene regulation shapes human brain development is
976  fundamental for identifying new opportunities for disease intervention and therapeutic strategies.
977  Together, we provide a framework for dissecting miRNA functions across brain development

978  stages and highlight organoids as a powerful platform for such analyses.
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1264  Figures

1265  Fig.1. Neurodevelopmental mRNA and miRNA signatures are present in human brain
1266  organoids
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1269  a. Forebrain organoids recapitulate the sequential cell type transitions of early human brain
1270  development. The forebrain organoid generation protocol is initiated from hiPSC (=human
1271  induced pluripotent stem cell; "Methods"), across two independent cell lines. Brightfield images
1272 at different organoid developmental stages are shown, together with an overview of key cell
1273  transitions and corresponding marker genes.

1274

1275  b. The cellular composition of organoids shifts from neural stem cells toward neurons, over time.
1276  Proportions of cell types across organoid development, from single cell RNA-sequencing analysis.
1277  Cluster annotation at each time point is shown. Day15=pool of 5 organoids; day30 and day60=pool
1278  of 3 organoids. Data derived from hiPS cell linel.

1279

1280  ¢. Marker genes of major brain cell types are activated and silenced in the expected temporal order
1281  across organoid development. Gene expression quantified by bulk RNA sequencing, with
1282  expression values displayed as z-scores of log2 tpm (transcripts per million; "Methods"). Each
1283  column represents one biological replicate (Day15=pool of 6 organoids, day30 and day60= pool

1284  of 3 organoids). n = 3 for hiPS cell
1285  linel.
1286

1287  d. The neuronal miRNA profile of 60-day organoids closely resembles that of the human fetal
1288  forebrain. Comparison of miRNA expression rankings in 60-day old organoids (nCounter) and in
1289  human fetal forebrain tissue (small RNA-seq from Smal et al., 2024). miRNA ranking difference
1290  (organoid rank — fetal rank), with positive and negative values respectively indicating organoid-
1291  enriched and fetal-enriched miRNAs. The dotted line at zero marks equal ranking (highest
1292  similarity) between the two systems. Crosses represent a single miRNA and are color-coded
1293  according to miRNA category. Selected miRNAs are labeled as representative examples of each
1294  category.

1295

1296  e. miRNA signatures reflect the progression of human neurodevelopment. Expression of selected
1297  miRNAs split by cell type in human brain organoids and fetal brain. Direct quantification using
1298  nCounter ("Methods"), with expression values displayed as log10 normalized counts of miRNAs.
1299  Left heatmap: expression of miRNAs across organoid development ("Methods"), where each
1300  column represents one biological replicate (Day15=pool of 6 organoids, day30 and day60= pool
1301  of 3 organoids). n = 3 for hiPS cell linel. Right heatmap: expression of miRNAs in human fetal
1302  forebrain (195 days post-conception) (Smal et al., 2024).
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1316  Fig.2 Expression dynamics of miRNAs and biogenesis machinery highlights specific
1317  developmental stages
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1321 a. Global miRNA expression changes dynamically over organoid development. Direct
1322 quantification using nCounter ("Methods"). Each dot represents the average logl0 normalized
1323 counts (filtering: > 100 counts at least at one stage) deriving from three biological replicates.
1324  (Dayl5=pool of 6 organoids, day30 and day60= pool of 3 organoids). n = 3 for hiPS cell linel.
1325  Median line and fold are displayed. Significance assessed using Wilcoxon rank-sum test.

1326  b. A subset of miRNAs fluctuates over development, suggesting stage-specific regulatory roles.
1327  Direct quantification using nCounter ("Methods"). Each line represents the average loglO
1328  normalized counts of three biological replicates (Day15=pool of 6 organoids, day30 and day60=
1329  pool of 3 organoids). n = 3 for hiPS cell linel.

1330  ¢. Transcripts of miRNA biogenesis machinery- DROSHA, DICER and AGO2- change
1331  dynamically across organoid development. Quantification from bulk RNA-sequencing
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1332 (Dayl5=pool of 6 organoids, day30 and day60= pool of 3 organoids, "Methods"). Each dot
1333 represents an individual biological replicate. n = 3 for hiPS cell linel. Horizontal bars represent
1334 the mean. Holm-Bonferroni adjusted p-values are shown.

1335 d. DROSHA, DICER and AGO2 protein levels peak at commitment (dayl5). Western blot at
1336  different time points of organoid development, with a-TUBULIN serving as loading control. Each
1337  lane represents an individual biological replicate (Day15=pool of 8 organoids, day30 = pool of 3
1338  organoids, "Methods"). n = 3 for hiPS cell linel.

1339  e. Quantification by densitometry of DROSHA, DICER and AGO2 proteins confirms their peak
1340  at commitment. Each dot represents an individual biological replicate (n=5 for hiPS cell linel,
1341  from two independent batches). Each protein is normalized to a-TUBULIN. Horizontal bars
1342 represent the mean. Holm-Bonferroni adjusted p-values are shown.

1343  f. DROSHA, DICER and AGO?2 proteins are ubiquitously distributed throughout the organoid
1344 tissue. Immunofluorescence images (n=3, for hiPS cell linel) of 15 and 30 day-old organoids.
1345  Nuclei are stained by DAPI. Scale bar= 100 pm.

1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371

49


https://doi.org/10.64898/2026.03.30.715268
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.30.715268; this version posted April 1, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1372 Fig.3. Expression dynamics of miRNAs and biogenesis machinery highlights specific
1373  developmental stages
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1375 a. A doxycycline-inducible dominant-negative DROSHA system enables temporal control of
1376  miRNA biogenesis. A TetOn construct, encoding TRE (tetracycline responsive element), GFP and
1377 DROSHA mutant (c.G3439A tagged with V5) was stably integrated in the hiPSCs, through
1378  PiggyBac (PB) transposase. Upon doxycycline (DOX) addition, the mutant protein is co-expressed
1379  with GFP via a T2A self-cleaving peptide, allowing live tracking of perturbed cells.

1380  b. DROSHA mutant protein is expressed upon DOX treatment. Western blot for total DROSHA
1381 and V5 (DROSHA mutant) proteins in control (CTRL) and perturbed (DOX) hiPS cells
1382 ("Methods"). a-TUBULIN serves as loading control. Each lane is a biological replicate for hiPS
1383 cell line 1.

1384  ¢. DROSHA perturbation (DOX) broadly reduces miRNA levels in hiPSCs, with the stem cell-
1385  specific miR-302 family among the most depleted (zoomed-in). Direct quantification using
1386  nCounter ("Methods"). Each dot represents the average log2 normalized counts (> 50) for three
1387  biological replicates of hiPS cell line 1. Dotted lines represent a log2 fold change of 1. Insert:
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1388  global shift in miRNA distribution, with median line displayed. Significance assessed using
1389  Wilcoxon rank-sum test.

1390  d. Experimental design of DROSHA perturbation time windows in human forebrain organoids.
1391  Organoids were DOX-treated from day 6 (“EARLY” = pre-neural commitment) and from day 10
1392  (“LATE” = during neural commitment). Most downstream analyses were conducted on 30-day
1393  old samples.

1394  e. DROSHA perturbation is mainly targeting neural progenitors and neurons in 30-day organoids.
1395  Immunofluorescence images of 30-day old control (CTRL) and perturbed (“EARLY” and
1396  “LATE”) organoids showing GFP (perturbed cells), TBR2 (intermediate progenitors) and DCX
1397  (early neurons). Scale bar= 50um. hiPS cell linel.

1398  f. DROSHA perturbation predominantly affects neural cells. Percentage of GFP positive cells
1399  within each cell type identified by single cell RNA-sequencing ("Methods"). GFP was quantified
1400 in 15 and 30-day old organoids control and perturbed (“EARLY” and “LATE”)
1401  conditions.

1402  g. miRNA depletion is sustained throughout organoid development. Distribution of miRNA
1403  expression levels (nCounter) at days 15 and 30 in control (CTRL) versus perturbed (LATE and
1404 EARLY). Each dot represents the mean log2 normalized count (=50) from three biological
1405  replicates of hiPS cell line 1 (dayl5) and cell line 2 (day30). Fold change and significance
1406  (Wilcoxon rank-sum test) are indicated.
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1418  Fig.4 MiRNAs regulate forebrain patterning within a critical developmental window
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1421
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1426

a. EARLY perturbation causes a stronger transcriptional response than LATE perturbation. MA
plot shows differentially expressed genes in: “LATE” (left) and “EARLY” (right) relative to
control (CTRL) at 30-day organoids ("Methods"). Upregulated genes are shown in red,
downregulated in blue; grey dots are not significant (adjusted p-value > 0.05, [log2FC| > 1). Grey:
not significant. Data from three biological replicates per condition (n = 3; each pool consists of 3
organoids), from hiPS cell line 1.
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1427  b. WNT signaling is the dominant pathway upregulated in LATE miRNA perturbation. Dot plot
1428  shows the top 10 enriched Gene Ontology (GO) Biological Process (BP) terms among the 500
1429  most upregulated genes in “LATE” versus control (CTRL) organoids. Dot size corresponds to the
1430  number of associated genes. Color gradient represents the enrichment significance. P-values:
1431  Benjamini-Hochberg-corrected GSEA test.

1432 c. Primary upregulated genes driving WNT pathway enrichment in LATE organoids. Network plot
1433 connects enriched GO terms for “LATE” versus control (CTRL) organoids (beige nodes) with
1434 upregulated genes (outer nodes). The color intensity and the size of each gene node correspond to
1435  the magnitude of upregulation.

1436  d. Early perturbation activates both WNT signaling and broad developmental patterning programs,
1437  while suppressing forebrain-specific gene expression. Dot plot shows the top 10 enriched Gene
1438  Ontology (GO) Biological Process (BP) terms among the 500 most upregulated genes in
1439  “EARLY” versus control (CTRL) organoids. Dot size corresponds to the number of associated
1440  genes. Color gradient represents the enrichment significance. P-values: Benjamini-Hochberg-
1441  corrected GSEA test.

1442 e. Upregulated genes in EARLY -perturbed organoids converge on WNT-driven patterning, while
1443  downregulated genes reflect loss of forebrain and neurogenic identity. Network plot connects
1444  enriched GO terms for “EARLY” versus control (CTRL) organoids (beige nodes) with upregulated
1445  (top) and downregulated (bottom) genes (outer nodes). The color intensity and the size of each
1446  gene node correspond to fold-change magnitude.

1447  f. Forebrain transcription factors are progressively silenced, while WNT/BMP signaling
1448  components are induced in EARLY-perturbed organoids. Heatmap shows gene signatures of
1449  forebrain identity, midbrain/hindbrain identity, WNT and BMP signaling in control (CTRL),
1450  “LATE” and “EARLY” 30-day organoids. Expression values are displayed as z-scores of log tpm
1451  (transcripts per million; "Methods"). For WNT and BMP signatures, gene symbols are annotated
1452 by functional role (ligand, receptor, agonist, antagonits, effector). Each column represents one
1453  Dbiological replicate (n = 3; each pool consits of 3 organoids) from hiPS cell linel.

1454

1455
1456

1457
1458
1459
1460

1461

53


https://doi.org/10.64898/2026.03.30.715268
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.30.715268; this version posted April 1, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1462  Fig.5 MiRNA disruption causes WNT/BMP imbalance redirecting organoid patterning and
1463  neural identity
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1465  a. Single-cell transcriptomic landscape of 30-day organoids across all three conditions (CTRL,
1466  “EARLY”, “LATE”). Uniform manifold approximation and projection (UMAP) visualization of
1467  single cell RNA-sequencing data with annotated clusters, revealing the major neural progenitor
1468  and neuronal populations present (“Methods”). Cluster annotation is shown. Two independent
1469  Dbiological replicates per condition from hiPSC linel.

1470  b. Early and late miRNA perturbation shift cortical neuronal composition in opposite directions
1471  and forebrain progenitor populations are differentially affected between the two perturbation
1472 windows. Bar plots show the percentage of cell type proportion changes for “EARLY” (orange)
1473  and “LATE” (blue) relative to control (CTRL); "Methods").
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1474  c. Forebrain identity is progressively lost while midbrain/hindbrain identity expands with
1475  “EARLY” miRNA perturbation. UMAPs show per-cell activity scores of Forebrain (purple) or
1476 ~ Midbrain/Hindbrain (orange) gene programs across conditions (CTRL, “EARLY”, “LATE”;
1477  “Methods”). Grey cells score at/or below background. Data from two independent biological
1478  replicates per condition.

1479  d. Individual regional marker genes shift expression in a program-consistent manner across
1480  conditions. Scatter plots compare the percentage of cells expressing each Forebrain (purple) and
1481  Midbrain/Hindbrain (orange) marker genes between conditions. Positive cells > 1 normalized
1482  count. Dashed lines represent +0.5 logl0 (~3 folds). Data from two independent biological
1483  replicates per condition from hiPSC linel.

1484 e. FOXGI protein, key forebrain transcription factor, is reduced in perturbed organoids.
1485  Immunofluorescence images of 60-day organoids stained for FOXG1 (magenta) and DAPI (blue;
1486  nuclei) across CTRL, “EARLY” and “LATE” conditions. Scale bar= 50um.

1487 f. WNT and BMP ligand expression is upregulated in the cortical hem/choroid plexus upon
1488  perturbation. Heatmap shows pseudobulk expression of WNT and BMP ligands ("Methods"), for
1489  cortical hem/choroid plexus cluster across conditions (CTRL, “EARLY”, “LATE”). Data from

1490  two independent biological replicates per condition.

1491  g. TTR, a choroid plexus marker, expands markedly in “EARLY” perturbed conditions. UMAP
1492 show per-cell TTR expression across conditions (CTRL, “EARLY”, “LATE”). Data from two
1493  independent biological replicates per condition.

1494 h. TTR protein confirms choroid plexus expansion in “EARLY” perturbed organoids.
1495  Immunofluorescence images of 60-day organoids stained for TTR (magenta) and DAPI (blue;
1496  nuclei). Scale bar = 100um.

1497 i. miRNA perturbation rewires WNT and BMP intercellular signaling networks. Cell
1498  communication analysis (CellChat; “Methods”) showing predicted signaling interactions among
1499  cell clusters for WNT and BMP pathways across all conditions (CTRL, “EARLY”, “LATE”).
1500  Node size reflects the number of signaling interactions per cluster. The thickness of the edges
1501  represents the strength of the communication between sender and receiver populations.
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Fig.6 Specific pre-commitment miRNAs partially restore the forebrain specification
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a. Pipeline for identifying miRNA candidates and their predicted mRNA targets in 30-day old
organoids. miRNAs expressed in control organoids and downregulated in “EARLY” were
selected. Target predictions intersected two databases (TargetScan and miRDB) and used only
conserved targets with strong predicted repression. Top 200 predicted targets were used as input
for downstream analyses ("Methods").

b. Shift of the cumulative target distribution indicates that predicted targets are preferentially
upregulated upon “EARLY” perturbation, consistent with loss of miRNA activity. Cumulative
distribution of log2 fold changes (EARLY vs CONTROL) for the top 200 predicted targets
(yellow) versus all non-target genes (black), for each miRNA candidate. Significance determined
with two-sided Kolmogorov-Smirnov test. Data from bulk RNA-seq of hiPSC line 1 (n=3 per
condition; "Methods").

c. Design of the miRNA gain-of-function experiment ("Methods”). NPCs were transfected at two
time points (asterisks) with either scramble constructs or a cocktail of five miRNA mimics in the
context of early perturbation (EARLY + mimics). Cells were collected at day 30 for downstream
analyses. Grey= mock control; orange= “EARLY”; cyan= “EARLY + mimics”.
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1525  d. miRNA mimics repress the expression of some predicted WNT-pathway genes, validating those
1526  as direct targets. Normalized gene expression, quantified by qRT-PCR and z-scored across
1527  conditions in day 10 NPCs, for three replicates across three independent experiments. Significance
1528 assessed using  stratified = Wilcoxon-Mann-Whitney  test accounting for  batch
1529  effects.

1530  e. Forebrain transcription factor expression is partially restored by miRNA mimics. Normalized
1531  gene expression z-scored across conditions in day 30 NPCs, for three biological replicates. PAXG6,
1532 TBR2, LHX2, TBRI, ASCLI and DLX2 were quantified using nCounter, while FOXGI and EMX]
1533 by gqRT-PCR. Global significance of the EARLY+MIMICS vs EARLY shift across all 8 genes
1534  was assessed by Wilcoxon signed-rank test and confirmed by linear mixed model.

1535

1536  Fig.7. Model of miRNA temporal requirement in human neurodevelopment
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1538  a. We propose that miRNA activity pre-commitment is required to establish forebrain identity.
1539  Herein, forebrain patterning is enabled, while midbrain/hindbrain programs are silenced, as a
1540  consequence of direct miRNA-mediated repression of WNT/BMP morphogen signaling.

1541  b. When miRNAs are dysregulated during neuronal commitment (blue, right), WNT/BMP
1542 activation remains modest and the forebrain fate is preserved. In contrast, miRNA loss during
1543 neural induction (orange, right) leads to a strong derepression of WNT/BMP signaling, resulting
1544  in a patterning shift from forebrain to midbrain/hindbrain.

1545  ¢. Reintroduction of five forebrain-specific miRNAs within the pre-commitment window represses
1546  WNT/BMP signaling, consequently reversing the mis-patterning and restoring the forebrain
1547  regional identity.
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Supplementary Figures
Suppl.Fig.1
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a. Representative immunofluorescence images of 15, 30 and 60 day-old brain organoids stained
for. SOX2 (neural progenitor), ZO-1 (neuroepithelial tight junction), TBR2 (intermediate
progenitors), DCX and MAP2 (neurons). Nuclei are stained by DAPI. Scale bar = 0.5 um.

b. UMAP of single cell RNA-sequencing analysis across organoid development. Cluster

annotation at each time point is shown. Day15=pool of 5 organoids; day30 and day60=pool of 3
organoids. Data derived from hiPSC linel.
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1561 . Feature plots derived from single cell RNA-sequencing, displaying the distribution of exemplary
1562  markers for five main cell populations across organoid development. Day15=pool of 5 organoids;
1563  day30 and day60=pool of 3 organoids. Data derived from hiPSC linel.

1564 d. PCA (Principal Component Analysis) of bulk RNA-sequencing (“Methods”). Individual
1565  biological replicates (n = 3) are shown for hiPS cell line 1.

1566  e. Volcano plots showing differential gene expression analyses from bulk RNA-sequencing of
1567  hiPSCs (day0) and organoids collected at different time points (days 15,30 and 60) ("Methods").
1568  From left to right: 1) day 15 versus day 0, 2) day 30 versus day 15, and 3) day 60 versus day 30.
1569  Red dots represent significantly differentially expressed genes (adjusted p-value > 0.05). Dotted
1570  lines indicate log2 fold change >1 or <-1. Grey: not significant. Plotted data is the mean change
1571  from three biological replicates (n = 3) per condition, from cell line 1.
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1588  Suppl. Fig.2
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1590  a. Heatmap showing the expression of selected marker genes split by cell type, over the course of
1591  organoid development. Direct quantification using nCounter ("Methods"). Expression values are
1592 displayed as z-scores of normalized counts. Each column represents a single biological replicate
1593  (Dayl5=pool of 6 organoids, day30 and day60= pool of 3 organoids). n = 3 for hiPS cell line2.

1594  b. Heatmap showing the expression of selected miRNAs split by cell type, over the course of
1595  organoid development ("Methods"). Direct quantification using nCounter ("Methods").
1596  Expression values are displayed as log10 normalized counts. Each column represents a biological
1597  replicate (Day15=pool of 6 organoids, day30 and day60= pool of 3 organoids). n = 3 (day 0, day
1598 30 and day 60), n = 2 (day15), for hiPS cell line2.

1599  ¢. Schematic showing comparison of developmental temporal progression between human brain
1600  organoids (here unpatterned, whole brain samples) and fetal brain, based on transcriptomic data
1601  from Mariani et al., 2015; Camp et al., 2015. This comparison is outlined by Kelava and Lancaster,
1602  2016. pcw= post-conceptional week.
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1604  Suppl. Fig.3
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a. Heatmap showing the expression of microRNA species (~800) across organoid development
("Methods"). Direct quantification using nCounter ("Methods"). Expression values are displayed
as log10 normalized counts of miRNAs with no expression filtering applied. Each lane represents
the mean of three biological replicates for hiPS cell linel (Day15=pool of 6 organoids, day30 and
day60= pool of 3 organoids).
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1611  b. Violin plot showing miRNA distribution across time points, with no expression filtering applied.
1612  Direct quantification using nCounter ("Methods"). MiRNA expression is displayed as logl0
1613  normalized counts. Each dot represents the average of log2 normalized counts for n = 3 of hiPS
1614  cell line 1. Horizontal bar represents the median.

1615  c. Line plot showing expression dynamics of stem-cell specific (left, peak at day 0) and neuronal
1616  miRNAs (right, peak at day 60) over time. Direct quantification using nCounter ("Methods"). Each
1617  line represents the average of three biological replicates (Day15=pool of 6 organoids, day30 and
1618  day60=pool of 3). n =3 for hiPS cell linel.

1619  d. Quantification of DROSHA, DICER and AGO?2 transcripts, based on single cell RNA-seq,
1620  analyzed as pseudobulk (all reads per sample were normalized and converted to TPM). Each bar
1621  represents one biological replicate for hiPS cell linel (Dayl5=pool of 6 organoids, day30 and
1622 day60= pool of 3 organoids). TPM= transcripts per million.

1623  e. Quantification of DROSHA, DICER and AGO?2 transcripts per cell cluster, from single cell
1624  RNA-seq (Dayl5=pool of 6 organoids, day30 and day60= pool of 3 organoids). Each dot
1625  represents one biological replicate for hiPS cell linel (Dayl5=pool of 6 organoids, day30 and
1626  day60= pool of 3 organoids).

1627 f. Western blot membrane showing DROSHA, DICER and AGO2 proteins over organoid
1628  development; a-TUBULIN serves as loading control. Each lane represents an individual biological
1629  replicate (Dayl5=pool of 8 organoids, day30 = pool of 3, "Methods"). n = 2 for hiPS cell linel.

1630  g. Western blot quantification by densitometry of DROSHA, DICER and AGO2 proteins over
1631  organoid development. Each dot represents an individual biological replicate (n = 2 for hiPS cell
1632 line 1). Each protein is normalized to a-TUBULIN.
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1643  Suppl. Fig.4
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1645 a. Violin plot showing miRNA distribution miRNA expression distribution over organoid
1646  development. Direct quantification using nCounter ("Methods"). Each dot represents the average
1647  logl0O normalized counts (filtering: > 100 counts at least at one stage) deriving from three
1648  biological replicates for days 0,30 and 60, and from two biological replicates for day15 of hiPS
1649  cell line2 (Day15=pool of 6 organoids, day30 and day60= pool of 3 organoids). Median line and
1650  fold are displayed. Significance assessed using Wilcoxon rank-sum test.

1651  b. qRT-PCR measurement of DROSHA, DICER and AGO2 mRNAs normalized on GAPDH,
1652  across organoid development. Each dot represents an individual biological replicate for hiPS cell
1653  line 2 (n = 3). Two-sided t-test p-values computed between days, with Holm’s correction for
1654  multiple testing.

1655 ¢. Western blot membrane showing DROSHA, DICER and AGO2 proteins over organoid
1656  development; a-TUBULIN serves as loading control. Each lane represents an individual biological
1657  replicate (Dayl5=pool of 8 organoids, day30 = pool of 3, "Methods"). n = 2 for hiPS cell line 2.

1658  d. Western blot quantification by densitometry of DROSHA, DICER and AGO2 proteins over
1659  organoid development. Each dot represents an individual biological replicate (n = 2 for hiPS cell

1660  line 2). Each protein is normalized to a-TUBULIN.
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1662  Suppl. Fig.5
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1664  a. Schematic of DROSHA perturbation experiments conducted in hiPSCs. Cells were treated for
1665  three days with doxycycline (DOX), followed by downstream analyses.
1666  b. qRT-PCR measurement of total DROSHA mRNA. Plotted are fold changes of doxycycline
1667  (DOX)-treated over untreated control (CTRL), normalized on GAPDH. Each dot represents a
1668  Dbiological replicate for two independent hiPSC lines and horizontal bars the mean of all
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1669  replicates. Two-sided t-test p-values computed between control and dox-induced
1670  samples.

1671  c¢. Representative western blot membrane showing total DROSHA and V5 (DROSHA mutant)
1672  proteins in control (CTRL) and perturbed (DOX) hiPS cells ("Methods"). a-TUBULIN serves as
1673  loading control. Each lane is a biological replicate for hiPS cell line 2.

1674  d. Western blot membrane of miRNA biogenesis proteins in control and doxycycline (DOX)-
1675  treated cells. Each lane is a biological replicate for hiPS cell lines 1 (on the left) and 2 (on the
1676  right). a-TUBULIN serves as loading control.

1677  e. Western blot quantification of d. Each protein is normalized to a-TUBULIN. Horizontal bars
1678  represent the mean. For each target, significance was assessed using Wilcoxon rank-sum test, with
1679  Bonferroni correction for multiple comparisons.

1680  f. Scatter plot of miRNA expression in control (CTRL) and perturbed (DOX) hiPSCs, quantified
1681 by nCounter ("Methods"). Dotted lines represent a log2 fold change of +1. Insert: violin plot
1682  showing miRNA distribution, with horizontal bar representing the median. Significance assessed
1683  using Wilcoxon rank-sum test. Each dot represents the average of log2 normalized counts (> 50)
1684  for three biological replicates of hiPS cell line 2. Right: quantification of stem cell-specific miRNA
1685  family (miR-302) in (CTRL) and perturbed (DOX) hiPSCs. Here, one dot represents one biological
1686  replicate for hiPS of cell line 2.

1687  g. MiRNA quantification in hiPSCs done with Tagman Assays. Plotted are log2 fold changes of
1688  miRNA expression in perturbed (DOX) over control (CTRL), normalized on U6. Each dot
1689  represents an individual biological replicate ("Methods"). Data are derived from two independent
1690  cell lines. Horizontal bars represent the mean of all replicates per condition. Significance assessed
1691  using Wilcoxon rank-sum test, merging the two cell lines. P-values were adjusted for multiple
1692  testing using the Bonferroni correction.

1693  h. Genome browser tracks showing 5" RNA-seq read coverage for control (CTRL) and perturbed
1694  30-day old organoids (“EARLY” and “LATE”) of hiPS cell linel. For each condition, three
1695  organoids were pooled together (“Methods”). Peaks reflect the distribution of transcript 5" ends,
1696 illustrating transcription start site usage.
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1705  a. Schematic of DROSHA perturbation experiments in embryoid bodies (EBs). EBs were treated
1706  for three days with doxycycline (dox), before proceeding with downstream analyses.

1707  b. Representative microscopy images (bright-field and GFP) of control and dox-induced EBs,
1708  taken three days after doxycycline administration. Scale bar=200um.

1709  ¢. Flow cytometry quantification plots of control and induced EBs (GFP+ cells) ("Methods").

1710  d. MiRNA quantification in embryoid bodies (EBs) by Tagman Assays. Plotted are log2 fold
1711  changes of miRNA expression in GFP-sorted samples (DOX) over uninduced controls (CTRL),
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1712  normalized on U6. Each dot represents an individual biological replicate ("Methods"). Data are
1713 derived from two independent cell lines. Horizontal bars represent the mean of all replicates per
1714  condition. Significance assessed using Wilcoxon rank-sum test, merging the two cell lines. P-
1715  values were adjusted for multiple testing using the Bonferroni correction.

1716  e. Representative immunofluorescence images (hiPS cell linel) of 30-day old control (CTRL) and
1717  perturbed (“early” and “late”) organoids stained with GFP, TBR2 (intermediate progenitors) and
1718  DCX (neurons). Nuclei are stained by DAPI. Scale bar= 50um.

1719  f. Top: western blot membrane showing total DROSHA and V5 (DROSHA mutant) proteins in
1720  control (CTRL) and perturbed (DOX) 30-day old organoids ("Methods"). a-TUBULIN serves as
1721  loading control. Each lane is a biological replicate for hiPS cell line 1. Bottom: western blot
1722 quantification by densitometry. Each protein is normalized to a-TUBULIN. Horizontal bars
1723 represent the mean. For each protein target, significance was assessed using Wilcoxon rank-sum
1724  test, with Bonferroni correction for multiple comparisons.
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1743 a. Scatter plots of miRNA expression in control (CTRL) and perturbed (“LATE” = blue;
1744  “EARLY” =orange) 30-day old organoids, quantified by nCounter ("Methods"). Dotted lines
1745  represent =1 fold. On the right of each scatter plot: violin plot showing miRNA distribution, with
1746  horizontal bar representing the median. All miRNA species (~800) included in the panel are
1747  displayed, with no expression filtering. Significance assessed using Wilcoxon rank-sum test. Each
1748  dot represents the average of log2 normalized counts of one miRNA, from two (left plot,
1749  “EARLY") or three biological replicates (right plot, “LATE”) of hiPS cell line 1.

1750  b. Scatter plots of miRNA expression in control (CTRL) and perturbed (“LATE” = blue;
1751  “EARLY” =orange) 30-day old organoids, quantified by nCounter ("Methods"). Dotted lines
1752 represent £1 fold. On the right of each scatter plot: violin plot showing miRNA distribution, with
1753  horizontal bar representing the median. All miRNA species (~800) included in the panel are
1754  displayed, with no expression filtering. Significance assessed using Wilcoxon rank-sum test. Each
1755  dot represents the average of log2 normalized counts of one miRNA, for three biological replicates
1756  (n=23) of hiPS cell line 2.

1757  ¢. MA plot showing differential gene expression (on the left: “LATE” vs control; on the right:
1758  “EARLY” vs control) from bulk RNA sequencing of 30-day old organoids ("Methods"). Red and
1759  blue dots respectively indicate significantly up and downregulated genes (adjusted p-value > 0.05).
1760  Dotted lines indicate log2 fold change >1 or <-1. Grey: not significant. Plotted is the mean
1761  expression change from three biological replicates (n = 3) per condition, from hiPS cell line 2 of
1762  two batches. One biological replicate consists of a pool of three organoids. Specific gene
1763  signatures are highlighted in colors.

1764  d. Heatmap displaying gene signatures for NOTCH and FGF signaling in control (CTRL), “late”
1765  and “early” 30-day old organoids, quantified with bulk RNA sequencing ("Methods"). Expression
1766  values are displayed as z-scores of tpm (transcripts per million; "Methods"). Each column
1767  represents a biological replicate (pool of 3 organoids). n = 3 for hiPS cell linel.
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a. Proportions of cell types across conditions (CTRL, “EARLY”, “LATE”), from single cell RNA-
sequencing analysis. Cluster annotation is shown (“Methods”). Data from two independent
biological replicates per condition from hiPSC linel.
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1782  b. Feature plots derived from single cell RNA-sequencing, displaying the distribution of
1783  exemplary markers for four main cell populations in 30-day old organoids conditions (CTRL,
1784  “EARLY”, “LATE”). Data from two independent biological replicates per condition from hiPSC
1785  linel.

1786

1787  e¢. Proportions of cell types across conditions (CTRL, “EARLY”, “LATE”), from single cell RNA-
1788  sequencing analysis separated by replicate. Cluster annotation is shown (“Methods”). Data from
1789  two independent biological replicates per condition from hiPSC linel.

1790  d. MA plots showing mRNA expression changes in “EARLY” versus “LATE” for clusters of
1791  interest. Plotted is the mean change of two independent biological replicates per condition. Orange
1792 dots: “EARLY™, enriched genes (log2FC>1). Blue dots: “LATE” enriched genes (log2FC>1)
1793 ("Methods").

1794  e. Uniform manifold approximation and projection (UMAP) plots of cells colored by WNT and
1795  BMP expression in each cell and separated by condition (CTRL, “EARLY”, “LATE”). Data from
1796  two independent biological replicates per condition from hiPSC linel.

1797  f. Dotplots showing the expression of selected marker genes in the seven major cell populations
1798  identified from single cell RNA-sequencing, across conditions (CTRL, “EARLY”, “LATE”).
1799  Separated by Forebrain (left) and midbrain/hindbrain (right). Color indicates average, scaled
1800  expression values and dot size shows the percentage of expressing cells in each condition.
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1815 a. Candidate miRNA quantification over organoid development. Direct quantification using

1816 nCounter ("Methods"), expression values are displayed as logl0 normalized counts of
1817 miRNAs. Each dot represents an individual biological replicate (Day15=pool of 6 organoids,
1818 day30 and day60= pool of 3 organoids). n = 3 for hiPS cell lines 1 and 2, and n = 2 for hiPS
1819 cell line2 at day15. Horizontal bars represent the mean of all replicates per time point.

1820

1821  b. Candidate miRNA quantification in 15-day old organoids. Direct quantification using
1822 nCounter ("Methods"), expression values are displayed as logl0 normalized counts of
1823 miRNAs in CTRL and “EARLY” conditions. Each dot represents an individual biological
1824 replicate (Day15=pool of 6 organoids, day30 and day60= pool of 3 organoids). n =3 for hiPS
1825 cell line 2, and n = 2 for hiPS cell line 1.

1826  ¢. Cumulative distribution function (CDF) plot of gene expression comparing top 200 predicted
1827 targets of miRNA candidates (in cyan) to non-target genes (in red) in hiPSCs. Log2 fold
1828 changes derived from differential gene expression analysis of bulk RNA-seq of control
1829 (CTRL) versus perturbed hiPS of cell line 1 (n=3) ("Methods"). Significance determined with
1830 two-sided Kolmogorov-Smirnov test.

1831 d. Gene Set Enrichment Analysis (GSEA) on Gene Ontology (GO) BP (Biological Process) term,

1832 performed on the combined, upregulated (“EARLY” vs control) predicted targets for the 5
1833 miRNA candidates over background genes. Left: the top 10 enriched GO terms are displayed.
1834 P-values: Benjamini-Hochberg-corrected GSEA test. The size of each dot corresponds to the
1835 number of genes associated with the respective GO term and the color gradient to the
1836 enrichment significance, expressed as adjusted p-value. Right: network plot showing the
1837 association between the combined, upregulated (“EARLY” vs control) predicted targets for
1838 the five miRNA candidates and enriched Gene Ontology (GO) terms. The central beige nodes
1839 represent significantly enriched GO terms, while the outer the individual genes associated with
1840 these terms. The color intensity and the size of each gene node correspond to the magnitude of
1841 the log. fold change, with larger darker nodes indicating higher upregulation. Edges indicate
1842 gene-to-GO-term associations.

1843 e. gRT-PCR measurement of total DROSHA mRNA in NPCs collected at day 10 of protocol.

1844 Plotted are log2 fold changes of 1) control (CTRL) over “EARLY” and 2) “EARLY-+mimics”
1845 over “EARLY”, normalized on GAPDH. Each dot represents a biological replicate from three
1846 independent experiments conducted in NPCs. Horizontal lines denote the mean.

1847 f. MiRNA quantification in NPCs collected at day 10 of protocol by Tagman Assays. Plotted is

1848 logl0 miRNA expression relative to RNU48. Each dot represents an individual biological
1849 replicate ("Methods"). Each dot represents a biological replicate from three independent
1850 experiments conducted in NPCs. Horizontal lines denote the mean.

1851 g. miRNA mimics repress the expression of some predicted WNT-pathway genes, validating

1852 those as direct targets. QRT-PCR was performed in NPCs collected at day 10. Log2 fold
1853 changes are shown for control (CTRL) versus “EARLY” and for “EARLY-+mimics” versus
1854 “EARLY?”, normalized on GAPDH. Raw GAPDH Cts values serve as technical control. Each
1855 dot represents one replicate across three independent experiments. Horizontal lines within
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1856 each box denote the median. Significance assessed using stratified Wilcoxon-Mann-Whitney
1857 test accounting for batch effects.

1858  h. Quantification of forebrain mRNAs across conditions in NPCs collected at day 30 of protocol

1859 (“Methods”). Direct quantification using either qRT-PCR (for FOXGI and EMXI) or
1860 nCounter. Expression values are displayed as expression relative to GAPDH for qRT-PCR or
1861 as normalized counts for nCounter ("Methods"). Each dot represents one biological
1862 replicate.
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