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NeuroD2/6 perynupyioT 6anaHc aKcnpeccum | Shegktor
TPAHCKPUNLUOHHBIX PaKTOPOB, KOHTPOJMUPYIOLLUX
LLMTOAPXUTEKTYPY KOpbl FOJIOBHOro MoO3ra
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AHHOTALMA

O6ocHoBaHue. [eHbl ceMenctea NeuroD, Brntovas NeuroD1, NeuroD2, NeuroD6, KOHTPORMpYIoT BblKMBaEMOCTb, andde-
PEHLMPOBKY, CO3peBaHNe HEMPOHOB U (OpPMMPOBaHME HEMPUTOB B HepBHOW cucteMe. B Mosre mbiwein geneuna NeuroD1
MPVMBOAMT K MOJHOM noTepe 3y6uyaToM M3BMAMHBLI FMMMNOKaMMNa BCleCTBME anonto3a HenpoHoB. NeuroDZ Heobxogum
LNA BbIXMBAHWA HEMPOHOB B MO3MKEUKE M MHTErpaLum TanaMoKOPTUKaNbHbIX CBA3EM B HOBOW KOpe, a Takke AnA ¢op-
MWPOBaHWA COMaTOCEHCOPHOW Kopbl. B HepaBHMX paboTax aBTOPOB MOKa3aHO, YTO Y MblLEN € OBOMHLIM AepULMTOM
NeuroD2/6 aKkcoHbl MO30AMCTOrO Tefla AedEKTHbI M3-3a HapYLLEHWIA NepefaYn CUrHanoB, onocpeoBaHHbIx 6enkom EfnA4,
[nsa Toro yTobbI OXapaKTepu30BaTh MONEKYNAPHbLIE KacKagdbl, perynupyeMble 6enkamm NeuroD2/6, aBTopbl UcCneaoBanm
IKCMPECCMIO KMIOYEBbIX (PAKTOPOB TPAHCKPUMLMM, KOTOPbIE KOHTPONMPYIOT pasfinyHble acneKTbl pa3BUTHA KOpbl FOI0BHOMO
Mo3ra y Mblilen ¢ gepuumntom NeuroD2 v NeuroDé6.

Lenb nccnepoBaHma — M3y4eHWe BO3MOXKHbBIX M3MEHEHWI nporpaMM anddepeHLMpOBKY TPAHCKPUMNLIMOHHBIX (aKTopOB,
cBA3aHHbIX ¢ NeuroD2/6.

MeTogbl. B sKcnepuMeHTax ucnonb3oBany asM6pUOHLI ¢ ABOMHLIM aeduumtom NeuroD2/6. TeHoTun onpegensany MeToLoM
NoNMMepas’HoM LenHoW peakumuun. bepeMeHHbIX Mbiluer, Hecylmx aMbpuoHbl E13.5, onepupoBanu ana BHyTpUyTpobHOIM
aneKTponopaumu. [nA nsyyeHns natrepHa aKCNPeCCUM reHOB-MULLEHEW MPOBOAUAN in Situ TMBPUAM3aLMIo C CUHTETUYE-
ckov PHK Ha pasHbix cTagusax aM6puoHanbHOro passutuA. [nA aHanmsa akTMBHOCTM MPOMOTOPOB COOTBETCTBYIOLLMX FEHOB
¢parmenTbl reHomHon [HK, cogepatme motvebl cBAsbiBaHuA NeuroD2/6, knoHuposanu B Bektop pMCS-GL anA usme-
PEHUA aKTUBHOCTM Nioumpepasbl. OTHOCUTENbHBIE KONMYECTBEHHbIE AaHHbIE aHANM3MPOBA/IM C MOMOLLbI0 MApPHOr0 OJHO-
cTopoHHero t-Kkputepua CtblofeHTa. [padykm caenaHbl ¢ noMoLLbio nporpaMmHoro obecneyenusa GraphPad Prism v npep-
CTaBfeHbl KaK CpefiHee 3HayeHue + CTaHAapTHaA oLMbKa.

PesynbTatbl. YcTaHoBneHo, YTo akcnpeccua NeuroD1 sKTonuYecku akTMBMpYeTCA B MOCTMUTOTUYECKMX HEMPOHaX HEOKOp-
TEKCa W runnokamna B ABOVWHOM HokayTe NeuroDZ/6. O6HapyeHO TaKe, YTO 3KCMPECCUA TPAHCKPUMLMOHHBIX (aKTo-
poB Cux1, Thr1, Lhx2, |d2 HapyweHa B nBorHOM Hokayte NeuroDZ2/6. TokasaHo, yto Cux1 ABMAETCA NpAMOM MULLEHbIO
NeuroD2/6. KpoMe Toro, BbIfIBNEHO, YTO KONMYECTBO NpefwectBeHHMKoB Olig2* yBenuMumBaeTcA B HEOKOPTEKCE MbILLEN
C [BOMHbIM HoKayToM NeuroD2/6, a skcnpeccua NeuroD2/6 un Olig2 sBnseTtcA B3auMoWcKoYaloLen. Takum 0bpasoM,
yctaHoBneHo, 4to NeuroD2/6 perynupyioT sKCpeccuio HECKONbKMUX GaKTOpOB TPAHCKPUMLMM B pa3BMBAIOLLEMCA MO3re.
3aknioueHune. KyMynatuBHoe geicTere 060Mx reHoB He06X0AMMO ANA UHULMALMK U NOLAEPHKaAHNA IKCPeccum $paKkTopos
TpaHckpunuum Cux1, Tbr1, Lhx2, 1d2 v Olig2.

Kniouesble cnoBa: NeuroD; ¢paKTopbl TPAaHCKPUMLIMK; SKTOMMYECKasA SKCMIPECCUA; KOpa FONIOBHOM0 Mo3ra.
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NeuroD2/6 regulate expression balance
of transcription factors controlling
neurocortical cytoarchitecture

Elena V. Kondakova', Maria S. Gavrish', Victor S. Tarabykin?, Kuo Yan?

" National Research Lobachevsky State University of Nizhny Novgorod, Nizhny Novgorod, Russian Federation;
Z Institute of Cell Biology and Neurobiology, Charité Medical University, Berlin, Germany

ABSTRACT

BACKGROUND: Genes of the NeuroD family, including NeuroD1, NeuroD2, and NeuroDé, control neuronal survival,
differentiation, maturation, and neurite specification in the nervous system. Deletion of NeuroD1 in the mouse brain results
in complete loss of dentate gyrus because of neuronal apoptosis. NeuroD2 is required for neuron survival in the cerebellum
and integration of thalamo-cortical connections into neocortex and formation of somatosensory whisker barrel cortex.
In NeuroD2/6 double deficient (DKO) mice, callosal axon projections are defective due to abnormal EfnA4 signaling. In order to
investigate the NeuroD2/6 controlled molecular cascade, we explored the expression of key transcription factors that control
various aspects of cortical development in brains of NeuroD2 and NeuroDé deficient mutants.

AIM: To investigate possible changes in differentiation programs downstream of NeuroD2/6 transcription factors.
METHODS: Embryos with NeuroD2/6 double deficiency were used in the experiments, and pregnant mice carrying E13.5
embryos were operated for in utero electroporation. We performed in situ hybridization at various stages of embryonic
development to study the expression pattern of target genes. Analyzing the activity of a gene promoter, genomic DNA
fragments containing NeuroD2/6 motifs were cloned into pMCS-Gaussia Luc vector for luciferase assays. Charts were made
with GraphPad Prism software and data were presented as mean + standard error.

RESULTS: Qur findings showed that NeuroD1 expression is ectopically upregulated in postmitotic neurons of NeuroD2/6
DKO neocortex and hippocampus. We detected changes in expression of key transcription factors, Cux1, Tbr1, Lhx2, and Id2.
Additionally, Cux1 was shown to be direct target of NeuroD2/6. Moreover, Olig2* progenitors were increased in NeuroD2/6
DKO neocortex and expression of NeuroD2/6 and Olig2 was mutually exclusive. Thus, NeuroD2/6 regulates the expression of
transcription factors in the developing brain.

CONCLUSION: Our findings indicate that cumulative action of NeuroD2 and NeuroDé is required to initiate and maintain the
expression of transcription factors Cux1, Tbr1, Lhx2, and Id2. Additionally, both genes are required to prevent premature
differentiation of Olig2 positive glial precursors.

Keywords: NeuroD; transcription factors; ectopic expression, cerebral cortex.
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INTRODUCTION

The mammalian cerebral cortex is a highly organized
structure, consisting of various cell types, including
subclasses of progenitors, neurons, and glia cells [1, 2].
Neurons are the main functional cell populations and can
be categorized into two major groups: ~20% GABAergic
inhibitory interneurons and ~80% glutamatergic excitatory
pyramidal neurons [3]. While interneurons establish local
circuits with adjacent cells, cortical pyramidal neurons tend
to form long-range projections. Glutamatergic projections
contact and transmit signals to the contralateral hemisphere,
thalamus, and spinal cord [4].

Helix-loop-helix (HLH) proteins are generally
transcriptional activators involved in the regulation of cell
survival, differentiation, migration, and fate specification.
They can be categorized into two subclasses: | and I,
the former termed E-box proteins and the latter as basic HLH
(bHLH) transcription factors (TFs). E-box proteins and bHLH
TFs form intersubclass heterodimers during DNA binding
and recognize an E-box motif with CANNTG elementary
sequence [5].

NeuroD1, NeuroD2, and NeuroDé6 are three
phylogenetically closely related bHLH TFs, collectively
called NeuroD family TFs that control neuronal survival,
differentiation, maturation, and neurite patterning in
the nervous system. In the developing cerebral cortex,
NeuroD1, NeuroD2, and NeuroDé genes are expressed
in pyramidal neurons. Their expression initiates after
a cell leaves the mitotic cycle and begins to differentiate
while residing in the subventricular zone (SVZ). NeuroD1
expression decreases when a neuron begins migrating
toward its final position, but the expression of NeuroD2 and
NeuroDé is maintained in postmigratory neurons [6].

NeuroD1 deletion in the mouse brain results in complete
loss of the hippocampal dentate gyrus owing to neuronal
apoptosis [7]. NeuroD2 is required for neuron survival
in the cerebellum, and it is essential for integrating
thalamo-cortical connections into neocortex and formation
of somatosensory whisker barrel cortex [8]. In NeuroD2/6
double deficient (DKO) mice, callosal axon projections are
defective due to abnormal EfnA4 signaling [9, 10].

To further investigate NeuroD2/6 controlled molecular
cascade, we explored the expression of key TFs that
control various aspects of cortical development in brains
of NeuroD2 and NeuroDé deficient mutants. Our results
indicated that cumulative action of both genes is required
to initiate and maintain the expression of TFs Cux1, Tbr1,
Lhx2, and Id2. Additionally, both genes are required to
prevent premature differentiation of Olig2 positive glial
precursors.

Aim — this study investigated the possible changes
in differentiation programs downstream of NeuroD2/6
transcription factors.
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MATERIALS AND METHODS

Mouse mutants

Generation of NeuroD2/6 DKO embryos: a male and
female in NRX line (NeuroDé““*/NeuroD2*-) were bred
to produce embryos with mixed genotypes (25% incidence
of NeuroD2/6 double mutants: NeuroD6“® /NeuroD2™").
The embryos of the other genotypes (NeuroD6“*‘/
NeuroD2* and NeuroDé‘*/“*/NeuroD2*~) were used
as controls in the study. The mice of all genotypes were
originally from C57BL/6 genetic background. The day on
which the plug was detected was considered embryonic day
0.5 (E0.5). Male and female embryos were used in this study.
The experiments were approved by the Bioethics Committee
of National Research Lobachevsky State University of Nizhny
Novgorod (protocol N 14 dated 01.19.2018).

In utero electroporation

Pregnant mice carrying E12.5 or E13.5 embryos were
subjected to surgery. Plasmids (1 pg/pl) were mixed
with fast green dye (1:20,000). During the entire process,
the pregnant mice in surgery were laid down on a heating
pad and anesthetized by constant inhalation of isoflurane
mixed with oxygen. The abdominal region was cleaned
with 70% ethanol and iodine followed by subcutaneous
administration of Tamgesic before the operation started.
An incision of ~15 mm was made on the fur and skin along
the abdomen midline. The embryos wrapped in the uterine
wall were gently pulled out with ring-headed forceps without
damaging the blood vessels and visceral organs. DNA loaded
in a fine glass capillary (pulled by HEKA-PIP6 capillary
puller) was forced by a vacuum pico-pump into either of the
cerebral lateral ventricles (fast green dye spreading over
the injected hemisphere). Electrodes were placed on both
sides of the head, with positive on the electroporated side.
Electroporation was achieved by an electroporator (CUY21,
Sonidel) using the following settings: 6 times pulses, 35 V
voltage, 50 ms pulse duration, and 999 ms interval time.
Consistent application of 1xPBS, containing antibiotics
(1,000 units/ml of Penicillin-Streptomycin, Gibco, USA) to
each operated embryo, was performed during and after
electroporation. After all embryos were electroporated,
they were returned carefully into the abdominal cavity
filled with more 1xPBS containing antibiotics. The skin was
sewn up with sterilized sutures. The fur was closed with
surgical staples. After surgery, the mice were put back into
individual cages marked with genes and electroporation
dates. The operated mice were monitored every day for their
health and sacrificed when embryos reached E18.5.

Genotyping and polymerase chain reaction

The double mutant genotype was determined by
polymerase chain reaction (PCR) using the following
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primers: NDRFFw: 5°-TTC TCG CTC AAG CAG GAC-3’,
NeoRFw: 5 '-AGT GAC AAC GTC GAG CAC AG-3", NDRFRev:
5’-CCC ACA GCT AAG AGA GCA CG-3". A 20-pl PCR reaction
was used containing 10x buffer 2 pl (Promega, USA), 0.4 pl
10 mM dNTPs (Invitrogen, USA), 10 nmol/ml each of 0.5 pl
primers, 0.1 pl Go-taq polymerase (Promega, USA), 2 pl
isolated tail DNA, and 14 pl distilled deionized water
(ddH,0). The amplification program was as follows: 94 °C
for 15°s, 60 °C for 18 s, 72°C for 1 min; amplification was
set for 35 cycles. The final elongation for 5 min at 72 °C and
samples were cooled down to room temperature for DNA
gel electrophoresis.

In situ hybridization

To perform in vitro transcription for synthesis of in situ
hybridization (ISH) probes, the following reaction mixture
was prepared before it was incubated for 3 h at 37 °C:
2 g linearized plasmids as template, 2 pl 10x transcription
buffer (Roche, Switzerland), 2 pl Digoxigenin-labeled RNA
mix (Roche, Switzerland), 1 pl RNAse inhibitor (NEB), 2 pl
T7 or Sp6 RNA polymerase (Roche, Switzerland), and up
to 20 pl DEPC-treated H,0. The synthesized anti-sense
RNA probes were mixed with 3 pl lithium chloride (& M)
and incubated at 20 °C O/N. The probe precipitation was
achieved by centrifugation (13.2 krpm at 4 °C for 20 min).
RNA pellets were washed twice by centrifugation in 150 pl
70% ethanol before they were resuspended in 33 pl DEPC-
treated H,0. A volume of 3 pl of each probe was subjected
to fast DNA gel electrophoresis to monitor RNA quality, and
the remaining was mixed with 170 pl hybridization buffer
(HB, 50% deionized formamide (AppliChem, Germany), 5x
SSC, 1% blocking reagent (Roche, Switzerland), 5 mM EDTA,
0.1% Tween20 (Sigma-Aldrich, USA), 0.1% CHAPS (Sigma-
Aldrich, USA), 0.1 mg/ml Heparin (Sigma-Aldrich, USA),
and 100 pg/ml yeast RNA (Invitrogen, USA)). The probes
were maintained at -20 °C. ISH: on day 1, tissue sections
were dried in a vacuum for 30 min, and fixed in 4%
paraformaldehyde (PFA) dissolved in DEPC-treated 1xPBS
(DPBS) for 15 min followed by twice quick washes in DPBS
(5 min each) before they were incubated in pK solution
(20 mM Tris pH7.5, 1 mM EDTA pH8.0, 20 pg/ml proteinase K)
for 2.5 min. Subsequently, sections were washed in 0.2%
glycine (AppliChem, Germany) in DPBS, quickly washed
twice in DPBS, and post-fixed in 4% PFA containing 0.2%
glutaraldehyde (Sigma-Aldrich, USA) in DPBS for 15 min,
quickly washed twice in DPBS, prehybridized in HB at 65 °C
for 2 h, and eventually hybridized with the denatured probes
(10 pl probe in 160 pl HB, heated at 90 °C for 5 min, kept on
ice) at 68 °C O/N. On day 2, the sections were washed once
in 2x SSC pH 4.5, incubated in RNase solution (0.5 M NaCl,
10 mM Tris pH8.0, 20 pg/ml RNase (Sigma-Aldrich, USA)) for
30 min at 37 °C, washed once in 2x SSC pH 4.5, stringently
three times in 50% formamide/2xSSC pH 4.5 (30 min each)
at 63 °C, and eventually three times in KTBT buffer (50 mM
Tris pH 7.5, 150 mM NaCl, 10 mM KCl, 1% Triton X-100)
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for 10 min each. Subsequently, the sections were incubated
in a blocking solution (KTBT containing 20% sheep serum
(Sigma-Aldrich, USA)) for 2 h before they were incubated
with anti-digoxigenin antibody (alkaline phosphatase (AP)-
conjugated, Roche, 1:1,500) in blocking solution at 4 °C
O/N. On day 3, the sections were washed four times in
KTBT for 30 min each time, twice in NTMT buffer (100 mM
Tris pH 9.5, 100 mM NaCl, 50 mM MgCl2, 0.1% Tween20)
for 15 min each, and were eventually incubated in NTMT
containing NBT/BCIP (AP substrates, Roche, Switzerland).
The staining was monitored hourly until the signals showed
up. The stained sections were subjected to an ascending
alcohol series (50-100%), incubated in a clearing solution
(benzyl alcohol:benzyl benzoate = 1:2) for 5 min, and finally
mounted using Eukitt (0. Kindler).

Immunohistochemistry

Immunohistochemistry: on day 1, cryo-sections (16 pm
thick) were dried in a vacuum for 30 min, and fixed in 4%
PFA (dissolved in 1xPBS) for 15 min followed by twice quick
washes in 1xPBS. Subsequently, the sections were incubated
in a blocking solution (blocking solution, 1xPBS containing
0.5% Triton X-100, 2% BSA, and 10% horse serum (Sigma-
Aldrich, USA)), before they were incubated with primary
antibodies in blocking solution at 4 °C O/N. The following
day, sections were quickly washed three times in 1x PBS,
and incubated with secondary antibodies in blocking solution
for 1.5 h and three times for 10 min each. The slides were
then mounted with DAKO anti-artifact medium (DAKO).

Luciferase promoter assay

Seven genomic DNA fragments containing 3-5 potential
NeuroD2/6 motifs (E-boxes) within 5 kbp upstream region
of Cux1 transcriptional origin were cloned into pMCS-
Gaussia Luc vector for luciferase assays (pMCS-GL vector)
(Thermo Scientific, USA) for luminescence measurement.
The following primers were used for PCR amplification:

E1Fw: 5'-AGGCTGGCCCTGAACTTAGAGATCG-3 "

ET1Rv: 5'- CAGAGGACCTGAGTTCAGCTCCCAG-3*

E2Fw: 5°- AAAATTTCACTTCTTTATCATTAGT-3"

E2Rv: 5'-AATTCTTTTCCTTATTATTCTAACA-3"

E3Fw: 5 '-TGAGTAGATAACAGGAATGCACCAC-3°

E3Rv: 5°-TCTTGTATTATTACCCAAAACAGTG-3"

E4Fw: 5 -AAGCTTTTTTTCCTGCGTCAGAGCC-3°

E4Rv: 5°-GATGTTTAGAACAAGTATAGTCATA-3'

ESFw: 5 '-AAAGCTTAAGCTCTGGGCCTCCCAA-3'

E5Rv: 5'-TAAAGGTGGCTAGACAAAATGGGCA-3 '

E6Fw: 5°-CCGAGGTCCGCAGTGTCCCGCCTGG-3

EéRv: 5 -GTTTGAGGGCTTAGCGTTATTCGGT-3

E7Fw: 5'-AGTCGCGGCGGCAGCAGCCGCAGGC-3 "

E7Rv: 5°-TGCGCTGCGGCAGCGGGGCGCGGGC-3°

A mass of 100 ng pCMV-AP (for normalization), 250 ng
pCAG-GFP or pCAG-NeuroD2, and 250 ng pMCS-GL
containing each of the genomic fragment (empty pMCS-GL
vector used as baseline) were co-transfected into HEK293
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cells in triplicate wells of a 24-well plate by lipofectamine
2000. After a 48 h incubation, the supernatants were
collected and used for assays. The assay was performed with
Secrete-Pair Dual Luminescence assay kit (GeneCopoeia,
USA), as previously described [10, 11]. Luminescent signals
were measured by Glomax luminescence reader (Promega,
USA). We used ApE plasmid editor program, generated at
Erik Jorgensen’s lab, MIT, for bioinformatic analysis [12].

Microscopy and image acquisition

Bright field images (for ISH results) were obtained with
the microscope Olympus BX60 and software AxioVision 4.8
(Carl Zeiss, Germany). Fluorescent images (for IHC results)
were obtained with confocal microscope Leica TCS SL
and configured software (Leica Microsystems, Germany).
The same manipulations (such as background subtraction,
contrast adjustment, and photomerge) were performed on
the paired images of the control and DKO brain sections by
Adobe photoshop CS3 or ImagelJ.

Statistics

The relative quantitative data of luciferase assays were
analyzed with a paired one-tailed t-test. The charts were
made with GraphPad Prism software and presented as mean +
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standard error; p-values <0.05 were considered significant:
0.01<p < 0.05 (*), 0.001< p < 0.01(**), and p <0.001(***).

RESULTS

NeuroD1 expression is ectopically upregulated
in postmitotic neurons of NeuroD2/6 double
deficient neocortex and hippocampus

NeuroD family TFs promote cell survival and differen-
tiation. The phenotype of NeuroD2/6 DKO mice was unex-
pectedly mild [9, 10]. The size and layering of neocortex
were not significantly affected. These results indicate that
a compensation mechanism could have been activated in
DKO. The closest member of NeuroD family, NeuroD1, is
normally expressed in SVZ and intermediate zone (I2); it is
immediately downregulated in neurons, once they begin
moving toward CP [9, 10]. We expected NeuroD1 expres-
sion to be maintained in DKO brains. Indeed, we found that
NeuroD1 expression was maintained in migrating neurons
of NeuroD2/6 DKO CP (Fig. 1, a’—c’). Additionally, co-im-
munofluorescent (IF) staining of NeuroD1 with either Ctip2
or Satb? at E15.5 showed that NeuroD1 upregulation oc-
curred in Ctip2* and emerging Satb2* neurons (not shown)

Immunostaining for NeuroD1, Thr2, Paxé

Double deficient
(E15.5)

Fig. 1. Ectopic expression of NeuroD1 in the developing neocortex and hippocampus caused by inactivation of NeuroD2/é: a, a" —
immunofluorescent staining of NeuroD1 (green), Tbr2 (red), and Paxé (blue); b, b’ — enlarged views of the areas in square frames;
¢, ¢’ — enlarged views of areas in rectangular frames; d, d’ — immunofluorescent staining for NeuroD1 (only green); note the lack of
NeuroD1 expression in the wild type (d) and ectopic expression in the double deficient (d’). VZ — ventricular zone, IZ — intermediate
zone, CP — cortical plate. Arrowheads indicate: b, c — area of the cortical plate in which NeuroD1 expression is absent; b’, ¢’ represents
a similar region in cortical plate of double deficient that exhibits ectopic expression of NeuroD1. IF staining was performed on sections
of E15.5 littermate control and double deficient brains. Scale bars: 10 ym.

Puc. 1. WHaktmeauma NeuroD2/6 BbisbiBaeT aKkTonmueckyto akcnpeccuio NeuroD1 B pasBuBaloLLeMcA HEOKOPTEKCE M MMMMOKaMMe:
a, ' — vMMyHodnyopecueHTHoe okpalumBaHue Ha NeuroD1 (3enéHbiit KaHan), Tbr2 (KpacHbii KaHan) u Paxé (cvHwii KaHan); b, b' —
yBENWUYEHHbIe M306parKeHWA 0bnacTe B KBagpaTHbIX paMKax; ¢, ¢’ — YBENUYEHHbIE M306parKeHWA obnacTe B NPAMOYrobHbIX paMKax;
d, d’ — nMMyHodnyopecLieHTHoe OKpallmBaHue TonbKo Ha NeuroD1 (3enéHbifi KaHan); obpallaeT Ha ceba BHUMaHWEe OTCYTCTBME IKC-
npeccumn NeuroD1 B AnKoM Tune (d) M 3KTONMYeCKana 3Kcnpeccus Y ABOMHOro MyTaHTa (d). VZ — BeHTpUKynApHas 30Ha, IZ — npo-
MeyTOuYHasA 30Ha, CP — KopTWKanbHas nnacTuHKa. benbiMu cTpenkamu 0603HayeHo: b, ¢ — 061acTb KOPTUKaNbHOW MNACTUHKMK,
B KoTOpOit oTcyTCTBYET 3Kcnpeccusa NeuroD1; b, ¢’ — aHanoruyHas 0611acTb B KOPTUKabHOW NAACTUHKe ABOMHOMO MyTaHTa, B KOTOPOW
MpUCYTCTBYET 3KTONMYecKkan akcripeccua NeuroD1. ViMMyHognyopecLieHTHOe OKpalLvBaHWe NMPOBOAMIM Ha Cpe3ax rofoBHOMO0 Mo3ra
ocoben ofHoro nometa Ha 15-i fieHb 3MbpuoHanbHoro passutua. bap — 10 MkM.
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suggesting that NeuroD1 was activated in deep layer (DL)
and upper-layer (UL) neurons of NeuroD2/6 DKO brains.

NeuroD2/6 regulate expression of transcription
factors in the developing brain

To identify downstream molecular mechanisms respon-
sible for the previously described developmental defects, in-
cluding corpus callosum agenesis, caused by genetic deletion
of NeuroD2/6 [9, 10], we performed an extensive ISH-based
gene expression screen using E16.5 control and DKO brain
tissues. We tested the expression of 300 genes (including cell
skeleton proteins, transcriptional factors, adhesion molecules,
and intracellular kinases) in developing DKO brains.
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Most tested genes showed normal expression patterns in
NeuroD2/6 DKO brains, but some were downregulated in DKO
cerebral cortex. Herein, we will present results of changes
in expression patterns of TFs only. One of the TFs, whose
expression was changed in DKO brains, was Cux7, a widely
used gene marker of UL neurons. Its expression was re-
duced in DKO, as shown by ISH (Fig. 1, a, a'). Additionally,
we tested the expression level by IHC staining (Fig. 1, d, d').
Most Brn2* UL neurons co-expressed Cux1 in controls; how-
ever, Brn2+ cells in DKO brains rarely showed Cux1 staining
(not shown). Interestingly, Brn2 expression, a gene marker
of upper neocortical layer neurons, was not changed.

Expression of another TF, Id2, was dramatically reduced
in CP of E16.5 DKO embryos (Fig. 2, b, b'). Id2 encodes an

Control Double deficient
Cux1ISH E16.5
)’-‘;)‘-"J;J- . .
N Control Double deficient
A VoA I Cux IHC E18.5
(e} Ha
1d2 ISH E16.5
-
Thr1 IHC E18.5
Lhx2 ISH E16.5

Fig. 2. NeuroD2/6 controls expression of other transcription factors in developing cerebral cortex: | — gene expression patterns in

upper-layer neurons were disrupted in NeuroD2/6 double deficient cortex: in situ hybridization for Cux1 (a, a’), 1d2 (b, b"), Lhx2 (c, ¢’);
Il — expression of Cux1 and Tbr1 is impaired in upper-layer neurons of NeuroD2/6 double deficient mice and the number of cells in the
deep layer expressing Thr1 is reduced: immunofluorescent staining of Cux1 (green, d, d’) and Tbr1 (red, e, e’); in situ hybridization was
performed on E16.5, and immunofluorescent staining was performed on E18.5 littermate control and double deficient brains. Microscope
magnification for in situ hybridization images — 5x. Scale bars for in situ hybridization images — 100 pym.

Puc. 2. NeuroD2/6 KoHTponupyeT 3Kcnpeccuio Apyrux GakTopoB TPaHCKPUMNLMM B pa3BMBalOLLEliCcA Kope rofloBHOro Mo3ra: | — narttep-
Hbl 3KCMPECCUM FeHOB B HEMPOHAX BEPXHMX CNOEB ObinM HapyLUEeHbl B KOpe MoMI0BHOMO MO3ra MblLLew ¢ ABOMHBIM HoKayToM NeuroD2/6:
rmbpuamnsauus in situ gna Cux1 (a, a’), 1d2 (b, b’), Lhx2 (c, ¢’); Il — 3xnpeccusa Cux1 v Tbr1 HapyleHa B HepoHax BEpXHUX CIOEB
Y MbiLLEN ¢ ABOMHbIM HokayToM NeuroD2/6, 1 KONMYECTBO KNETOK B FYBOKKUX CNOAX, 3Kcnpeccupyiowmx Tbr1, yMeHbLUeHO: MMMyHOTyO-
pecLieHTHoe oKpalnBaHue Ha Cux1 (3enéHbiIn KaHan, d, d’), Tbr1 (KpacHbin KaHan, e, e’). Tubpuamsaumio in situ npoBoamnm Ha 16-1 feHb
3MOpMOHaNbHOr0 pasBuTUA, @ UMMYHOGTYOPECLIEHTHOE OKpallMBaHue — Ha 18-/ [eHb 3MOPUOHaNbHOMO pasBUTUA. YBENUYeHue,
NPV KOTOPOM Mony4eHbl U306paeHns rubpuamnsaumu in situ, — x5. bap — 100 MKM.

DAI: https://doi.org/10.23868/gc568125
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HLH protein that lacks a basic DNA binding domain, but is
still able to interact with E-box proteins. Id2 is, thus, consid-
ered a dominant negative repressor of class Il bHLH TFs [13].
Id2 might be downstream of NeuroD2/6 to serve as a reg-
ulator of NeuroD2/6 function through a negative feedback
loop. It would be interesting to investigate the mechanisms
by which NeuroD factors regulate 1d2 expression and other
potential antagonists. Lhx2 (Fig. 2, c, ¢',) was also downreg-
ulated in CP of DKO brains at E16.5.

Tbr1 is essential for specifying layer VI neurons and pat-
terning of corticothalamic axon projection [14]. To establish
which subpopulations of DL neurons were reduced in Neu-
roD2/6 DKO brains, we performed IF staining of this marker
on E18.5 sections control and DKO brains. Thr1* neurons
were markedly reduced in DKO brains (See Fig. 2, e, €’).

To test if NeuroD2/6 controls Cux1 cell expression lev-
el autonomously, we reintroduced NeuroD2 into developing
brains of NeuroD2/6 DKO through in utero electroporation.
Cux1 expression was restored in cortical neurons electropo-
rated with a respective genetic construct (Fig. 3).

To test, if NeuroD2/6 directly controls Cux1 expression,
we performed a bioinformatical analysis of the genomic re-
gion 5 kbp upstream of the mouse Cux1 gene (Fig. 4). We
identified seven regions containing consensus sequences
for E-boxes (CANNTG). These DNA fragments (E1-7 of 290-
530 bps length) were cloned into luciferase expression
plasmids (pMCS-GL). Each fragment contained 3-5 E-boxes
with the consensus sequence. After co-transfection of each

NeuroD2°™ into double deficient: Cux1 and GFP

Fig. 3. NeuroD2/6 acts autonomously to control Cux1 expres-
sion. Cux1 expression is restored in NeuroD2 electroporated cells
in double deficient brains: immunofluorescent staining for green
fluorescent proteins (GFP) (NeuroD2, green) and Cux1 (red). Ar-
rowheads indicate the Cux1 negative area in double deficient. In
utero electroporation was performed at E13.5 and the brain was
fixed at E18.5. Scale bars — 100 pm.

Puc. 3. NeuroD2/6 peiicTByeT Ha KneTKy aBTOHOMHO, KOHTPONUPYS
akcnpeccuio Cux1. Irkenpeccma Cux1 BoccTaHaBNMBAETCA B KNETKaX,
3aneKTponopupoBaHHbix NeuroD2 B Mo3re ¢ [BOMHBIM HOKAyTOM:
MMMyHO(yOpeCLLEHTHOE OKpaLLMBaHME Ha 3eNeHbli ¢ryopecLieHT-
HbI 6enok (GFP) (NeuroD1, 3enéHbif KaHan) u Cux1 (KpacHbli Ka-
Han). CTpenku yKasbIBaloT Ha oTpuLaTenbHylo obmactb Cux1 B Mo3re
C ABOVHBIM HOKayTOM. In utero aneKTponopauua bbina BbINOSHEHa
Ha 13-/ foeHb 3MOPMOHANbHOMO PasBUTKSA, @ MO3r 3aUKCMPOBaH
Ha 18-1 fieHb aMbpuoHanbHoro passuTuA. bap — 100 MKkM.
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genomic fragment and NeuroDé relative to cells that had
been co-transfected with pMCS-GL and GFP, we tested for
luciferase activity. Two fragments, E6 and E7, the closest
regions to 5 TATA box of Cux1, had a threefold increase in
luciferase activity (See Fig. 4). These results suggest that
Cux1 is a direct target of NeuroD2/6 genes in the developing
neocortex.

Olig2* progenitors are increased in NeuroD2/6
double deficient neocortex

To investigate possible effects of NeuroD2/6 on glio-
genesis, we performed IHC staining of the glial progenitor
marker, TF Olig2. During embryonic development, Olig2
is mainly expressed in progenitors that will differentiate
into astrocytes and oligodendrocytes [15, 16]. We found
that the numbers of Olig2* cells were substantially higher
at E18.5, but not at E16.5 and DKO brains relative to con-
trols (Fig. 5, b, b'). We guantified the total number of Olig2*
cells for three pairs of E18.5 littermate control and DKO
brains (at similar coronal planes in each pair). The number
of Olig2* cells in DKO was approximately twice as high as
control samples [control: 234+53; DKO: 456+35; p=0.0053]
(Fig. 5, d).

NeuroD2/6 and Olig2 expression is mutually
exclusive

To test if an increase in the number of Olig2* cells has
a direct effect on NeuroD2/6 inactivation, we tested if Neu-
roD genes would be expressed in glial progenitors. To ad-
dress this, we performed co-staining of Cre (co-expressed
with NeuroDé) and Olig2 to examine their colocalization. Cre
and Olig2 expression did not overlap in neocortex of E18.5
control or DKO brains, despite the increase of Olig2* cells
in DKO (Fig. 5, a, c and d’, ). The results indicated that
production of Olig2* cells in electroporated has a second-
ary effect caused by the premature differentiation of SVZ/
VZ (ventricular zone) progenitors forced by NeuroD2 over-
expression.

DISCUSSION

NeuroD family TFs redundantly regulate cell differen-
tiation in genetically linked pathways. Stages of neuronal
differentiation in the mammalian telencephalon are defined
by sequential, but overlapping expression of neuronal bHLH
proteins. Ngn1 and Ngn2 are expressed in proliferating neu-
ronal progenitors that reside in VZ or SVZ. Ngn1/2 synergizes
as the earliest neuron-specific determinants and facilitates
the initial phase of radial migration away from the neuro-
genic territory [17-19]. Young neurons begin to express
NeuroD1 as they enter SVZ, shortly after leaving VZ. There
is still some controversy as to whether NeuroD1 is active
in mitotically dividing SVZ cells or expressed in postmitotic
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Fig. 4. Luciferase promoter assay of Cux1 5’ regions in HEK293 cells: seven DNA fragments (E1-7 with 290-530 bps lengths) of the
genomic region 5 kbp upstream of mouse Cux1 gene were cloned into luciferase expression plasmids (pMCS-GL). Each fragment
contains 3-5 E-boxes with the consensus sequence CANNTG (red arrow heads). The bars show normalized luciferase activity in cells
(triplicates), co-transfected with pMCS-GL and NeuroDé relative to cells co-transfected with pMCS-GL and GFP. Transfection with
pMCS-GL empty backbone (w/o0) was set as 100% baseline. Two most proximal fragments (E6 and E7) to Cux1 transcript start (TATA)
remarkably increased the transcriptional activity of NeuroD2: E1=95.53+4.61%, p=0.39; E2=97.99+4.22%, p=0.66; E3=97.98+4.77%,
p=0.69; E4=98.05+4.22%, p=0.67; E5=78.17+4.30%, p=0.0071; E6=236.20+10.54%, p=0.0002; E7=244.90+15.62%, p=0.0008 (two-tailed
t-test); *** p <0.001.

Puc. 4. AHanu3 noumgepasHon akTMBHOCTM npoMoTopa 5'-obnacten Cux1 B kneTkax HEK293: cemb ¢pparmentos [IHK (E1-7, anunHa
Bapbupyetca o1 290 go 530 n.0.) reHOMHoV 06/1acTH, HaXOAALLENCA Ha 5 T.N.H. BblLe MbiWHOMO reHa Cux 1, KNOHWpOBanM B Nnas-
MuUAbl akcnpeccuu nioumdepasbl (PMCS-GL). Kampabi dparMeHT copeput 3—5 E-60KCOB C KOHCEHCYCHOM MOC/e0BaTeNbHOCTbI0
CANNTG (KpacHble cTpenku). CTonbukM nokasblBaloT HOPMaNM30BaHHYKD aKTUBHOCTb NtoLMdepasbl B KneTkax (B TPEX 3K3emnnsa-
pax), KoTopble 6binu coBMecTHO TpaHcdeumpoBaHbl pMCS-GL 1 NeuroDé, no cpaBHeHWIO C KNeTKaMK, KoTopble 6bln NogBeprHyTHI
coBMecTHoM TpaHcderumm pMCS-GL u GFP. TpaHcdekuumio nycTbiM BekTopoM pMCS-GL npuHuManu 3a ucxopgHbiv yposeHb 100%.
[lBa Hambonee npokcMManbHbiX GparmenTa (E6 v E7) oTHocuTenbHo Havana TpaHckpunta Cux1 (TATA) MoryT 3HauuTenbHO yBe-
JIMYMBaTh TPaHCKpUNLUMOHHY0 akTuBHOCTb NeuroD2: E1=95,53+4,61%, p=0,39; E2=97,99+4,22%, p=0,66; E3=97,98+4,77%, p=0,69;
E4=98,05+4,22%, p=0,67; E5=78,17+4,30%, p=0,0071; E6=236,20+10,54%, p=0,0002; E7=244,90+15,62%, p=0,0008 (aBycTOpPOHHMN
t-kputepun); *** p <0,001.

Control (E18.5) Double deficient (E18.5)
Cre Olig2 Merged Cre Olig2 Merged

600 = —_—

Control Double
E18.5 deficient E18.5

Fig. 5. Inactivation of NeuroD2/6 causes overproduction Olig2* cells: immunofluorescent staining of Cre (@, a’) and Olig2 (b, b’) on the
sections of E18.5 littermate control and double deficient brains and the overlays (c, c¢’). Quantification of Olig2* cells (d) in E18.5 control
and double deficient brains (n=3). Scale bar — 100 pm. 0.001< p < 0.01.

Puc. 5. WHaktuBauma NeuroD2/6 Bbi3biBaeT nepenpou3BoacTeo Knetok Olig2*: uMMyHodnyopecLieHTHoe oKpalumBaHue Ha Cre (a, a’)
1 Olig2 (b, b’) Ha cpe3ax Mo3ra MbilLel KOHTPONbHOM rpynmbl E18.5 1 rofioBHOro Mo3ra Mbilleii ¢ JBOMHBIM HOKAYTOM, a TaKHe Ha-
noreHue cnoes (c, ¢’). MacwrabHas nuHelika: 100 MKM. KonmuectBeHHas oueHka 0lig2-3Kcnpeccupyiowwmnx KNeToK (d) B KOHTPOIbHOM
MO3re ¥ MO3re Mbllei C ABOVHbIM HOKayTOM Ha 18-11 AeHb aMbpuoHanbHoro passutus (n=3). bap — 100 mkm. 0,001< p <0,01.
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cells. The dynamics of NeuroD1 expression suggest a func-
tion in neuronal differentiation and delineate a border be-
tween precursor and postmitotic compartments. Sequential
expression of Ngn1/2 and NeuroD1 is conserved and found
in VZ of frogs’ and rats’ developing spinal cords [20]. The on-
set of NeuroD2/6 expression followed by NeuroD1 and ro-
bust NeuroD2/6 expression was mostly confined to postmi-
totic neurons that migrate in IZ and CP. Thus, switch from
NeuroD1 to NeuroD2/6 expression marked the maturation
of pyramidal neurons. In contrast, in Ngn1/2 deficient mice,
neuronal specification was disrupted [18]. NeuroD2/6 DKO
mice exhibited mainly defects in later neuronal functions,
including impaired commissural tract formation, disorgan-
ized dendritic morphology, and a reduction in glutamatergic
synapses [9]. Ngn1/2, NeuroD1, and NeuroD2/é, thus, co-
ordinate the sequential phases of pyramidal neuron devel-
opment in the neocortex: determination, differentiation, and
maturation (Fig. 6).

Neocortical neurogenesis was much more severely af-
fected in Ngn1/2 DKO mice than either of the single mutant
mice, suggesting that they share a largely redundant function

Tom 18, Ne 4, 2023
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[171. Likewise, the genetic inactivation of NeuroD2 and Neu-
roDé results in callosal agenesis and some abnormalities
in the developing cerebral cortex [9]. Our results confirmed
that the functional redundancy of NeuroD2 and NeuroDé in
single restoration of either NeuroD2 or NeuroDé expression
in vivo was sufficient to rescue pyramidal neuron differen-
tiation and callosal axon growth in NeuroD2/6 DKO mice
[10]. NeuroD family TFs are assumed to promote neuronal
survival and differentiation. Genetic deletion of NeuroD7
led to a nearly complete loss of the hippocampal dentate
gyrus because of activated Bax dependent apoptosis of im-
mature granule neurons [21, 22]. NeuroD2 single-deficient
mice exhibit a high prevalence of programmed cell death
in cerebellum and dentate gyrus [22]. Our findings indicat-
ed that NeuroD1 was activated ectopically upon NeuroD2
and NeuroDé deletions. Ectopic NeuroD1 expression in CP
of NeuroD2/6 DKO embryos might contribute to the partial
rescue of NeuroD2/6 deficiency and protect NeuroDZ2/6 null
pyramidal neurons from apoptosis and mis-differentiation.
To investigate the contribution of all three NeuroD genes
in various aspects of neocortical development, one would

VZ ——> activation
——— inhibition

Fig. 6. Sequential expression of proneural bHLH transcriptional factors in neocortex: Ngn1/2, NeuroD1, and NeuroD2/6 were ventro-
dorsally differentially expressed in developing cerebral cortex. Ngn1/2 promoted expression of later bHLH transcriptional factors; how-
ever, genetic interaction between NeuroD1 and NeuroD2/6 remains still elusive. Here: VZ — ventricular zone, IZ — intermediate zone,

CP — cortical plate, SVZ — subventricular zone.

Puc. 6. MocnenosatensHan sKCnpeccA NPoHepanbHbIX TPAHCKpUNLUMOHHBIX ¢akTopos bHLH B HeokopTekce: Ngn1/2, NeuroD1 n Neu-
roD2/6 nnddepeHumanbHO IKCnpeccypyloTca B pa3BuBaloLLeicA Kope ronoBHoro Mosra. Ngn1/2 MoxeT cnocobcTBoBaTh 3KCMpeccum
6onee No3gHMX TPAHCKPUNLMOHHLIX ¢arTopoB bHLH, ogHaKo reHeTuyeckoe B3ammopmeiicTaune Mexay NeuroD1 n NeuroD2/6 octaérea
He [0 KOHLA M3y4eHHbIM. 3aeck: VZ — BeHTPUKYNAPHaA 30Ha, |Z — npoMexyTouyHas 30Ha, CP — KopTuKanbHasa nnactuHka, SVZ —

CyOBEHTPUKYNAPHAA 30Ha.
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need to generate NeuroD1/2/6 triple deficient mice. Never-
theless, downregulation of expression of many TFs involved
in cortical development, such as Lhx2, 1d2, and Cux1, indi-
cates merely partial substitution of NeuroD1 for NeuroD2/6.
The survival of most UL and DL pyramidal neurons, despite
defective inter-hemispheric connectivity in NeuroD2/6 DKO
mice, suggests that excitatory pyramidal neurons do not
depend on extrinsic trophic factors secreted by innervated
contralateral axons, unlike in cerebellar granule cells [23].
Instead, the survival of cortical pyramidal neurons might
largely depend on intrinsic regulation or locally diffusible
signals.

Complementarily expressed bHLH TFs can regulate
cellular behaviors in a genetically related fashion. For in-
stance, Ngn1/2 and Mash1 are mainly expressed in dorsal
and ventral subpopulations of telencephalic progenitors [17].
Their reciprocally graded expression contributes to neocor-
tical patterning, as indicated by the observation that Mash1
is aberrantly expressed in the dorsal lineage and activates
normally ventrally specific markers in Ngn1/2 double mutant
embryos [15]. Additionally, overexpression of Ngn2 in vivo
can induce the expression of later bHLH TFs, such as Neu-
roD1 and NeuroD2, suggesting that Ngn2 acts upstream
of NeuroD1/2 to induce neuron differentiation [16]. This hy-
pothesis was further substantiated by another finding that
NeuroD1 expression was disrupted in Ngn2/Mash1 double
mutants [17]. However, to date, little attention has been paid
to the genetic relationship between NeuroD1 and NeuroD2/6.
In wild-type brains, migrating projection neurons immedi-
ately lose NeuroD1 expression as soon as they reach CP.
In this study, the results show that NeuroD1 is ectopically
upregulated in NeuroD2/6 null UL and DL neurons, indicating
that NeuroD2/6 may regulate NeuroD1 expression in vivo.
Considering that NeuroD2/6 frequently serves as transcrip-
tion activators, we speculate that it induces other immediate
transcription regulator(s) that in turn repress NeuroD1 ex-
pression (See Fig. 5). The hypothesized repressor(s) is/are
yet to be identified.

CONCLUSION

Our findings indicated that the cumulative action
of NeuroD2 and NeuroDé genes is required to initiate and
maintain the expression of TFs Cux1, Tbr1, Lhx2, and Id2.
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