I'ennl u kieTku | Genes & cells
OpurnnansHoe uccienosanue | Original Study Article
DOI: https://doi.org/10.23868/9c568125
OJOBPEHA K IIYBJIUKAIIUH | PUBLISHED AHEAD OF PRINT

NeuroD 2/6 perynnpyroT 6anaHc 3aKcnpeccum TPaHCKPUNLMOHHbIX
tpakTOpPOB, KOHTPONMPYHOLNX LUTOAPXUTEKTYPY KOPbI FOSTOBHOIO
Moa3ra

E.B. KOHILaKOBal, M.C. FaBpHml, B.C. Tapa6I>IKI/IHl’ 2 K. Yan?

! HayuHo-MCCIeI0BATENbCKHIT ~ MHCTUTYT — HEHpoHayK  HalMOHATBHOTO — MCCIIE0BATENbCKOIO
Hwxeroponckoro rocyaapctBeHHoro yHuBepcutera uM. H.M. JloGaueBckoro, Hmxuuit Hosropon,
Poccuiickas ®@eneparus;

2 WuctuTyT KinetoyHoil Ouonoruu u HeipoOuonoruu, Meauuunckuii yausepcutet Ulapute, bepnum,
I'epmanus

AHHOTALUA

O6ocuoBanue. I'ennr cemeiictBa NeuroD, Bkmouas NeuroD1, NeuroD2, NeuroD6, xoHTpommpyroT
BBDKMBAeMOCTh, IU(epeHINpOBKY, CO3pEBaHNe HEHPOHOB M (JOPMUPOBAHHE HEHPUTOB B HEPBHOM
cucreme. B mosre mpmmeit gemeruss NeuroD1 mpuBoauT K MONHOW moTepe 3yO4YaTod W3BIITMHBI
TUNIIOKaMIIa BCIIEACTBHE amonTo3a HeipoHoB. NeuroD2 HeoOxomuM ansi BEDKHBAHHUS HEWPOHOB B
MO3KEUKE M MHTETPAaLUHU TaJaMOKOPTHKAJIBHBIX CBSA3E€H B HOBOH KOpe, a Takke Al (OpMHUPOBAHUS
COMAaTOCEHCOPHOW KOpbl. B HemaBHHX paboTax aBTOPOB ITOKa3aHO, YTO y MBIIIEH C JBOWHBIM
nedurmrrom NeuroD2/6 akcoHBI MO30JKCTOrO Teja AeEeKTHBI W3-3a HAPYIICHUH Tepeaadl CUTHAJIOB,
orocpenoBaHHbIXx OenkomM EfnA4. Jlnsg Toro 4troObl OXapakTepH30BaTh MOJEKYJSPHBIE KacKaJpbl,
perynupyembie Oenkamu  NeuroD2/6, aBTOpbI HCCIEIOBAINM OKCIPECCHIO KIFOUEBBIX (DAKTOPOB
TPAHCKPHUIILMH, KOTOPbIE KOHTPOJHUPYIOT Pa3jIM4HbIE ACHEKThl PAa3BUTUS KOPHI TOJOBHOTO MO3ra y
mbre# ¢ nedpurmrom NeuroD2 u NeuroD6.

Hear wuccienoBaHMsi — M3y4YCHHE BO3MOXKHBIX M3MEHEHHMH mporpamMMm IudQepeHIupoBKI
TPAHCKPHUIIITUOHHBIX (PAKTOPOB, CBA3aHHBIX ¢ NeuroD2/6.

MeTtoabl. B skcriepiMeHTax MCIOIb30BaIl SMOPHOHBI ¢ qBOMHBIM aeduiturom NeuroD2/6. T'enotum
OTIPENEIIsUId METOJIOM IOJMMEpPa3HOW LENMHON peakuuu. bepeMeHHbIX Mblleil, HeCyIuX 3MOpPHOHBI
E13.5, onepupoBanu st BHYTpUYTPOOHOH 3iekTponopanuu. Jljisi W3ydeHus MaTTepHa DKCIPECCHU
TeHOB-MHUIIIEHEeH MpoBOIWIN IN Situ rubpuausaimio ¢ cuHreTHdeckoi PHK Ha pasHbIX cTagmsx
SMOpHOHANBHOTO pa3BUTHA. [l aHanM3a aKTUBHOCTH IPOMOTOPOB COOTBETCTBYIOIIMX T'€HOB
¢dparmentsl reHomuoi JIHK, comepskarine MOoTHBBI CBsi3biBaHuss NeuroD2/6, KIIOHHpOBaiu B BEKTOP
PMCS-GL ans u3mepeHuss akTHBHOCTH mouudepasbl. OTHOCHTENbHBIE KOJIWYECTBEHHBIC JIaHHbIC
AQHAJIM3UPOBAJIH C TIOMOIIBIO MAPHOIO OJHOCTOPOHHETO t-Kputepus CtThropeHTa. I'paduku clenaHsl C
MOMOIIBI0 MporpaMMHoro obecnieuenus GraphPad Prism u mpezncraBieHsl Kak cpeAHee 3HAUYeHHE +
CTaHJapTHAs OLIMOKA.

PesyabraTbl. YcTaHoBieHO, uro 3Kcmpeccuss NeuroDl  skTonMuYeckdM  akTUBHUPYETCS B
NOCTMHTOTHYECKHX HEHpOHAaX HEOKOpTeKca W THINoKammna B JBoiiHOM Hokayte NeuroD2/6.
OOHapy>keHO TaKKe, YTO IKCIPeccHs TpaHCKpUNIMOHHBIX (akropos Cuxl, Tbrl, Lhx2, Id2 napymena
B n1BoitHOM HOKayTe NeuroD2/6. IToka3zano, uro Cux1 sBisiercst npsimoii Mutenbto NeuroD2/6. Kpome
TOT0, BBIABJIEHO, YTO KOJIMYECTBO NpeamecTBenHukoB Olig2” yBennunBaeTcst B HEOKOPTEKCE MbIIIEH ¢
nBoitHeIM HokayToM NeuroD2/6, a skcmpeccus NeuroD2/6 u Olig2 sBisieTcs B3aMMOUCKITIOYAIOIICH.
Takum oOpa3oMm, ycraHoBieHO, 4To NeuroD2/6 perynupyroT SKCHPECCHIO HECKOJIBKUX (AaKTOpOB
TPAHCKPHIILUH B Pa3BUBAIOIIEMCS] MO3TE.

3axmovyenue. KymymnsatusHoe aericTBie 000MX T€HOB HEOOXOAMMO U WHULHALMU U TOAJACPKAHUSI
skcnpeccur Gaxkropos Tpanckpumuu Cuxl, Tbrl, Lhx2, Id2 u Olig2.

KiroueBbie cioBa: NeuroD; ¢akTopsl TpaHCKpUILKH; SKTOIMYECKAsi SKCIPECCHS; KOpa TOJOBHOTO
MO3ra.
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ABSTRACT

BACKGROUND: Genes of the NeuroD family, including NeuroD1, NeuroD2, and NeuroD®6, control
neuronal survival, differentiation, maturation, and neurite patterning 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.
For further investigating 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
NeuroD6 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 with preliminary synthesis of probes 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: Our 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, Cuxl, Tbrl, Lhx2, and 1d2. Additionally, Cux1 was a direct target of NeuroD2/6.
Moreover, Olig2" progenitors 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 NeuroD6 is required to
initiate and maintain the expression of transcription factors Cux1, Thrl, 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
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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: I and Il, 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 NeuroD6 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 NeuroD6
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
NeuroD6 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 NeuroD6 deficient
mutants. Our results indicated that cumulative action of both genes is required to initiate and maintain
the expression of TFs Cuxl, Tbrl, 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.

MATERIALS AND METHODS

MOUSE MUTANTS

Generation of NeuroD2/6 DKO embryos: a male and female in NRX line (NeuroD6°"“"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
NeuroD6°"“"*/NeuroD2"") were used as controls in the project. 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 (EQ.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

Mostly, pregnant mice carrying E12.5 or E13.5 embryos were subjected to surgery. Plasmids (1 pg/ul)
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, 35V 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
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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
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-ul PCR reaction was used
containing 10x buffer 2 pl (Promega, USA), 0.4 ul 10 mM dNTPs (Invitrogen, USA), 10 nmol/ml each
of 0.5 ul primers, 0.1 ul Go-taq polymerase (Promega, USA), 2 ul isolated tail DNA, and 14 ul
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 pg linearized plasmids as
template, 2 ul 10x transcription buffer (Roche, Switzerland), 2 ul Digoxigenin-labeled RNA mix
(Roche, Switzerland), 1 ul RNAse inhibitor (NEB), 2 ul T7 or Sp6 RNA polymerase (Roche,
Switzerland), and up to 20 ul DEPC-treated H,O. The synthesized anti-sense RNA probes were mixed
with 3 pl lithium chloride (4 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 pul 70% ethanol before they were resuspended in 33 ul DEPC-treated H,O. 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),
5% 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 ul probe
in 160 ul 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 KCI, 1% Triton X-100) for 10 min each. Subsequently,
the sections were incubated in a blocking solution (KTBT containing 20% sheep serum (Sigma-
Aldrich, USA)) for 2h 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 NacCl, 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 (O. Kindler).

IMMUNOHISTOCHEMISTRY

Immunohistochemistry: on day 1, cryo-sections (16 um 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
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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 maotifs (E-boxes) within 5 kbp
upstream region of Cuxl transcriptional origin were cloned into pMCS-Gaussia Luc vector for
luciferase assays (pPMCS-GL vector) (Thermo Scientific, USA) for luminescence measurement.
The following primers were used for PCR amplification:

E1Fw: 5-AGGCTGGCCCTGAACTTAGAGATCG-3’

E1Rv: 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’

E5Fw: 5'-AAAGCTTAAGCTCTGGGCCTCCCAA-3’

E5Rv: 5-TAAAGGTGGCTAGACAAAATGGGCA-3’

E6Fw: 5'-CCGAGGTCCGCAGTGTCCCGCCTGG-3’

E6Rv: 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
pPMCS-GL containing each of the genomic fragment (empty pMCS-GL vector used as baseline) were
co-transfected into HEK293 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
ImageJ.

STATISTICS

The relative guantitative 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 + 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 differentiation. The phenotype of NeuroD2/6 DKO mice
was unexpectedly 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 (12); it is
immediately downregulated in neurons, once they begin moving toward CP [9, 10]. We expected
NeuroD1 expression 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-
immunofluorescent (IF) staining of NeuroD1 with either Ctip2 or Satb2 at E15.5 showed that NeuroD1
upregulation occurred in Ctip2" and emerging Satb2" neurons (not shown) suggesting that NeuroD1
was activated in deep layer (DL) and upper-layer (UL) neurons of NeuroD2/6 DKO brains.
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NEUROD2/6 REGULATE EXPRESSION OF TRANSCRIPTION FACTORS IN THE DEVELOPING BRAIN

To identify downstream molecular mechanisms responsible for the previously described developmental
defects, including 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.

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 Cuxl, a
widely used gene marker of UL neurons. Its expression was reduced in DKO, as shown by ISH
(Fig. 1, a, @’). Additionally, we tested the expression level by IHC staining (Fig. 1, d, d’). Most Brn2*
UL neurons co-expressed Cux1 in controls; however, 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, 1d2, was dramatically reduced in CP of E16.5 DKO embryos (Fig. 2, b, b*).
Id2 encodes an HLH protein that lacks a basic DNA binding domain, but is still able to interact with E-
box proteins. 1d2 is, thus, considered a dominant negative repressor of class Il bHLH TFs [13]. 1d2
might be downstream of NeuroD2/6 to serve as a regulator of NeuroD2/6 function through a negative
feedback loop. It would be interesting to investigate the mechanisms by which NeuroD factors regulate
Id2 expression and other potential antagonists. Lhx2 (Fig. 2, ¢, ¢’,) was also downregulated in CP of
DKO brains at E16.5.

Thbrl is essential for specifying layer VI neurons and patterning of corticothalamic axon projection
[14]. To establish which subpopulations of DL neurons were reduced in NeuroD2/6 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 (Fig. 2, e, €”).

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

To test, if NeuroD2/6 directly controls Cuxl1 expression, we performed a bioinformatical analysis of
the genomic region 5 kbp upstream of the mouse Cuxl 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 genomic fragment and NeuroD6
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 Cuxl, 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 gliogenesis, 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 controls
(Fig. 5, b, b’). We quantified 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 NeuroD genes would be expressed in glial progenitors. To address this, we performed co-
staining of Cre (co-expressed with NeuroD6) 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 a’,c’). Theresults indicated that production of Olig2”™ cells in
electroporated has a secondary effect caused by the premature differentiation of SVZ/VZ (ventricular
zone) progenitors forced by NeuroD2 overexpression.

DISCUSSION
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NeuroD family TFs redundantly regulate cell differentiation in genetically linked pathways. Stages of
neuronal differentiation in the mammalian telencephalon are defined by sequential, but overlapping
expression of neuronal bHLH proteins. Ngnl and Ngn2 are expressed in proliferating neuronal
progenitors that reside in VZ or SVZ. Ngnl/2 synergizes as the earliest neuron-specific determinants
and facilitates the initial phase of radial migration away from the neurogenic 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 cells. The dynamics of NeuroD1 expression suggest a function in neuronal differentiation
and delineate a border between precursor and postmitotic compartments. Sequential expression of
Ngnl/2 and NeuroD1 is conserved and found in VZ of frogs’ and rats’ developing spinal cords [20].
The onset of NeuroD2/6 expression followed by NeuroD1 and robust NeuroD2/6 expression was
mostly confined to postmitotic neurons that migrate in 1Z 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, disorganized dendritic
morphology, and a reduction in glutamatergic synapses [9]. Ngnl/2, NeuroD1, and NeuroD2/6, thus,
coordinate the sequential phases of pyramidal neuron development in the neocortex: determination,
differentiation, and maturation (Fig. 6).

Neocortical neurogenesis was much more severely affected in Ngn1/2 DKO mice than either of the
single mutant mice, suggesting that they share a largely redundant function [17]. Likewise, the genetic
inactivation of NeuroD2 and NeuroD6 results in callosal agenesis and some abnormalities in the
developing cerebral cortex [9]. Our results confirmed that the functional redundancy of NeuroD2 and
NeuroD6 in single restoration of either NeuroD2 or NeuroD6 expression in vivo was sufficient to
rescue pyramidal neuron differentiation and callosal axon growth in NeuroD2/6 DKO mice [10].
NeuroD family TFs are assumed to promote neuronal survival and differentiation. Genetic deletion of
NeuroD1 led to a nearly complete loss of the hippocampal dentate gyrus because of activated Bax
dependent apoptosis of immature granule neurons [21, 22]. NeuroD2 single-deficient mice exhibit a
high prevalence of programmed cell death in cerebellum and dentate gyrus [22]. Our findings indicated
that NeuroD1 was activated ectopically upon NeuroD2 and NeuroD6 deletions. Ectopic NeuroD1
expression in CP of NeuroD2/6 DKO embryos might contribute to the partial rescue of NeuroD2/6
deficiency and protect NeuroD2/6 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 need to generate NeuroD1/2/6 triple deficient mice. Nevertheless, downregulation of
expression of many TFs involved in cortical development, such as Lhx2, 1d2, and Cuxl, indicates
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 instance, Ngn1/2 and Mashl are mainly expressed in dorsal and ventral subpopulations of
telencephalic progenitors [17]. Their reciprocally graded expression contributes to neocortical
patterning, as indicated by the observation that Mash1 is aberrantly expressed in the dorsal lineage and
activates normally ventrally specific markers in Ngnl1/2 double mutant embryos [15]. Additionally,
overexpression of Ngn2 in vivo can induce the expression of later bHLH TFs, such as NeuroD1 and
NeuroD2, suggesting that Ngn2 acts upstream of NeuroD1/2 to induce neuron differentiation [16]. This
hypothesis was further substantiated by another finding that NeuroD1 expression was disrupted in
Ngn2/Mashl 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
immediately 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
transcription activators, we speculate that it induces other immediate transcription regulator(s) that in
turn repress NeuroD1 expression (See Fig. 5). The hypothesized repressor(s) is/are yet to be identified.

CONCLUSION
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Our findings indicated that the cumulative action of NeuroD2 and NeuroD6 genes is required to initiate
and maintain the expression of TFs Cux1, Thrl, Lhx2, and 1d2. Additionally, both genes are required
prevention of premature differentiation of Olig2” glial precursors.
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Immunostaining for NeuroD1, Tbr2, Paxé

Control
(E15.5)

Double deficient
(E15.5)

Fig.1. Ectopic expression of NeuroD1 in the developing neocortex and hippocampus caused by inactivation of NeuroD2/6:
a, @ — immunofluorescent staining of NeuroD1 (green), Tbr2 (red), and Pax6 (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 pm.

Puc. 1. UnaktmBauma NeuroD2/6 Bbi3biBaeT akTonu4veckyio akcnpeccuto NeuroD1 B pa3BuBatolleMcsi HeoKopTekce WU
runnokamne: a, a8 — WmMmyHochnyopecueHTHoe okpawmBaHue Ha NeuroD1 (3enéHbii kaHan), Tbr2 (kpacHbIin
kaHan) n Pax6 (cuHun kaHan); b, b’ — yBenuyeHHble n3obpaxeHns obnacten B KBagpaTHbIX pamKax; Cc, ¢’ —
yBeNMYEHHble u300paxeHUsi obrnacted B MNpAMOYrofibHbIX pamkax; d, d° — wuMMyHodnyopecueHTHoe
okpawmBaHue Tonbko Ha NeuroD1 (3enéHbin KkaHamn); obpaljaeT Ha cebss BHMMaHMe OTCYTCTBME IKCMpeccum
NeuroD1 B aukom Tune (d) n akTonu4yeckasi akcnpeccusi y ABonHoro mytaHTa (d’). VZ — BeHTpuKynsipHas 30Ha, 1Z
— npoMexyTo4yHas 3oHa, CP — kopTuKanbHas nnactuHka. Benbimu ctpenkammu o6osHauyeHo: b, ¢ — obnacTb
KOPTUKanbHOM NNacTUHKW, B KOTOpPOW OTCyTcTBYeT akcnpeccuss NeuroD1; b’, ¢’ — aHanorMyHas o6nacTtb B
KOPTMKaNbHOW NracTuHKe ABOMHOrO MyTaHTa, B KOTOPOW MPUCYTCTBYET 3KTonmuyeckas akcnpeccusa NeuroD1.
MmmyHodbnyopecLieHTHOe OKpaluMBaHvWe NMPOBOAUINM Ha Cpe3ax rorioBHOro mosra oco6en ogHoro nomera Ha 15-n
AeHb 3MOpuoHanbHoro pa3suTtus. Bap — 10 MKm.



I'ennl u kieTku | Genes & cells
OpurnnansHoe uccienosanue | Original Study Article
DOI: https://doi.org/10.23868/9c568125
OJOBPEHA K IIYBJIUKAIIUH | PUBLISHED AHEAD OF PRINT

‘ Control ‘ Double deficient ‘
| Cux1 ISH E16.5

‘ Control Double deficient ‘
I | Cux1 IHC E18.5 |

7

a a
Id2 ISH E16.5 |

dl

| Thr1 IHC E18.5

b %
] Lhx2 ISH E16.5 |
o y & e’ e
: ¢
N

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

Puc. 2.

patterns in upper-layer neurons were disrupted in NeuroD2/6 double deficient cortex: in situ hybridization for Cux1
(a, @), 1d2 (b, b’), Lhx2 (c, c’); Il — expression of Cux1 and Tbrl is impaired in upper-layer neurons of NeuroD2/6
double deficient mice and the number of cells in the deep layer expressing Tbrl is reduced: immunofluorescent
staining of Cuxl1l (green, d, d’) and Tbr1 (red, 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 ym.

NeuroD2/6 koHTponupyeT 3Kcnpeccuio ApPYrux hakTopoB TPaHCKPUNLUUKM B pa3BuBaloLleNCcA Kope FoNIoBHOro
mo3zra: | — naTTepHbl 3KCMpeccuu reHoB B HEMPOHAX BEPXHMX CNOEB ObINMKM HapyLleHbl B KOpe rofloBHOrO Mo3ra
MbIlei ¢ ABOMHbLIM HokayToM NeuroD2/6: ru6pmuamusaums in situ gna Cuxl (a, @), Id2 (b, b’), Lhx2 (c, ¢’); Il —
aknpeccusa Cux1 m Thr1 HapylleHa B HEAPOHaxX BEPXHUX CIOEB Yy Mblliel ¢ ABOWHbIM HokayTom NeuroD2/6, u
KONMUYeCTBO KIeTOK B TFNYyGOKUX crnosix, 3kcnpeccupyrowmx Tbr1, ymeHbLeHO: MMMYHodnyopecLeHTHoe
okpawmBaHue Ha Cux1 (3enéHbiv kaHan, d, d’), Tbr1 (kpacHbI kaHan, e, €’). F’mépuaunsaumio in situ nposogMNyu Ha
16-1 pOeHb 3MOPUOHaNbLHOrO pas3BUTUA, a WMMYHOIIyopecLueHTHOe OKpawumBaHue — Ha 18- pOeHb
3MOpUOHaNbLHOro pa3BuTUA. YBenuyeHue, NpyM KOTOPOM NoryvyeHbl u3obpaxeHus rubpuansaumm in situ — x5. bap
— 100 MKM.



I'ennl u kieTku | Genes & cells
OpurnnansHoe uccienosanue | Original Study Article
DOI: https://doi.org/10.23868/9c568125
OJOBPEHA K IIYBJIUKAIIUH | PUBLISHED AHEAD OF PRINT

NeuroD2 “"into DKO: Cux1 and GFP

Fig. 3. NeuroD2/6 acts autonomously to control Cux1 expression. Cuxl expression is restored in NeuroD2 electroporated
cells in double deficient brains: immunofluorescent staining for green fluorescent proteins (GFP) (NeuroD2,
green) and Cux1 (red). Arrowheads 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 ym.

Puc. 3. NeuroD2/6 penctByeT Ha KINeTKy aBTOHOMHO, KOHTponupysa 3kcnpeccuto Cux1. Okcnpeccusa Cuxl
BOCCTaHaBNMMBaeTCsi B  KneTKaxX, 3nekTpornopupoBaHHbIx NeuroD2 B Mo3re Cc [ABOWHbIM  HOKayTOM:
MMMyHodnyopecueHTHoe okpawmnBaHue Ha NeuroD1 (3enéHbiv kaHan) n Cux1 (kpacHbi kaHan). CTpenku ykasbiBaloT Ha
oTpuuaTtenbHy obnacte Cux1 B Mo3re ¢ ABOMHbLIM HOKayToM. In utero anekTponopauus 6bina BbinonHeHa Ha 13- AeHb
3MOGpPUOHANbLHOro pa3BUTUs, @ MO3r 3achmKcupoBaH Ha 18- AeHb aIMOpUoHanbLHoro pa3Butus. bap — 100 MkM.
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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 Cuxl 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
NeuroD6 relative to cells co-transfected with pMCS-GL and GFP. Transfection with pMCS-GL empty backbone
(w/o) was set as 100% baseline. Two most proximal fragments (E6 and E7) to Cuxl 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 noundepasHolr akTUBHOCTU npoMoTopa 5’-o6nacten Cux1 B knetkax HEK293: Cemb c¢parmenHtoB OHK
(E1-7, anuHa BapbupyeTca oT 290 go 530 n.o.) reHOMHOW obnacTu, HaxoAsLlWencs Ha 5 T.N.H. Bbllle MbILWHOIO
reHa Cux1, KnoHupoBanu B nnasMuabl akcnpeccuun nouudepasbl (PMCS-GL). Kaxabin coparmeHT cogepxuTt 3-5
E-60kcoB ¢ koHceHcycHon nocnepoBatenbHocTbido CANNTG (kpacHble cTpenku). CTonbuku nokasbiBaroT
HOPManu3oBaHHYK aKTMBHOCTb niouudepasbl B KneTkax (B TPEX 3k3emnnsipax), KOTopbie ObliiM COBMECTHO
TpaHcceumpoBaHbl pMCS-GL u NeuroD6, no cpaBHeHMIO C KlleTKaMu, KOTOpble GbINM NOABEPrHyTbl COBMECTHOM
TpaHcdekummn pMCS-GL u GFP. TpaHcdekumio nyctbim BekTopom pMCS-GL npuHMManu 3a UCXOAHbIA YPOBEHb
100%. [Ba HanGonee npokcumanbHbIX pparmeHTa (E6 u E7) oTHocutenbHo Havyana TpaHckpunta Cux1 (TATA)
MOFyT 3Ha4YuTeNIbHO YBenuYuBaTb TPAHCKPUMNLMOHHYK 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 (aBycTOpOHHMUW t-KpuTEpUNn); *** p <0.001.



I'ennl u kieTku | Genes & cells
OpurnnansHoe uccienosanue | Original Study Article
DOI: https://doi.org/10.23868/9c568125
OJOBPEHA K IIYBJIUKAIIUH | PUBLISHED AHEAD OF PRINT

Control (E18.5) Double deficient (E18.5) = —
Cre Olig2 Merged 4004
200+

Fig. 5. Inactivation of NeuroD2/6 causes overproduction Olig2+ cells: immunofluorescent staining of Cre (a, 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. Unaktnsauua NeuroD2/6 Bhi3biBaeT nepenponsBoacTeo knetok Olig2™: nmmyHodnyopecueHTHOe OKpalmMBaHve Ha
Cre (a, @) n Olig2 (b, b’) Ha cpe3ax Mo3ra MbIlWeln KOHTpPoribHOW rpynnbl E18.5 u ronoBHoro mo3sra mbliwen ¢
ABOWHbLIM HOKayTOM, a TaKXe HanoxeHue cnoes (c, c¢’). MacwrabHas nuHenka: 100 Mkm. KonuyectBeHHas oueHka
Olig2-akcnpeccupyrowwmx kneTok (d) B KOHTPONIbHOM MO3re U MOo3re MbIllei C ABOWHbIM HOKayTOM Ha 18- AeHb
amMbpuoHanbHoro pa3suTtusa (n=3). Bap — 100 mkm. 0,001< p <0,01.
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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. Ngnl/2 promoted expression of later
bHLH transcriptional factors; however, genetic interaction between NeuroD1 and NeuroD2/6 remains still elusive.

Puc. 6. NocnegoBartenbHaa 3Kcnpeccus NMpoHenpanbHbIX TPAHCKPUNLUMOHHBLIX ¢hakTopoB bHLH B HeokopTtekce: Ngnl/2,
NeuroD1 u NeuroD2/6 guddepeHLManbLHO 3KCNpeccUpyroTcs B pa3BuBaloLencs Kope ronoBHoro mosra. Ngni/2
MOXeT cnoco6cTBOBaTh IKCNpeccun Gornee NO3[HMX TPAHCKPUNLUMOHHBLIX chakTopoB bHLH, oaHako reHeTu4eckoe
B3aumogeincTeue mexay NeuroD1 n NeuroD2/6 ocTtaéTcsi He KOHLA U3YYEHHbIM.



