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Temporal transcriptome analysis of neuronal
commitment reveals the preeminent role of the
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Abstract

INcRNA genes can be genic or “intergenic”. “Genic” RNAs can be further divided into six biotypes. Through genome-
wide analysis of a publicly available data set on corticogenesis, we found that the divergent IncRNA (XH) biotype,
comprising the IncRNA and the coding gene being in opposite directions in a head-to-head manner, was most
prominent during neural commitment. Within this biotype, a coding gene/divergent RNA pair of the BASP1 gene and
the uncharacterized RNA 10c285696 (hitherto referred as BASP1-AS1) formed a major HUB gene during neuronal
differentiation. Experimental validation during the in vitro differentiation of human neural progenitor cells (NNPCs)
showed that BASP1-AS1 regulates the expression of its adjacent coding gene, BASP1. Both transcripts increased
sharply on the first day of neuronal differentiation of hNPCs, to fall steadily thereafter, reaching very low levels in
differentiated neurons. BASP1-AST RNA and the BASP1 gene formed a molecular complex that also included the
transcription factor TCF12. TCF12 is coded by the DYX1 locus, associated with inherited dyslexia and
neurodevelopmental defects. Knockdown of BASP1-AS1, BASP1, or TCF12 impaired the neuronal differentiation of
hNPCs, as seen by reduction in DCX and TUJ1-positive cells and by reduced neurite length. There was also increased
cell proliferation. A common set of critical genes was affected by the three molecules in the complex. Our study thus
identified the role of the XH biotype and a novel mediator of neuronal differentiation—the complex of BASP1-AS1,

BASP1, and TCF12. It also linked a neuronal differentiation pathway to inherited dyslexia.

Introduction

Long noncoding RNAs (IncRNAs) are emerging as key
regulators of coding genes' ™. LncRNA transcripts have a
low coding potential and are more than 200 ribonucleo-
tides long. The number of IncRNAs in the human genome
surpasses the number of coding genes. The brain, the
most specialized organ in the body, comprises a diversity
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of cell types, with a complex structural and functional
organization. In total, 40% of all IncRNAs are expressed in
distinct brain regions™”. The functions of IncRNAs in
pluripotency and neuronal differentiation®” are now
emerging.

IncRNAs"® are annotated on the basis of their genomic
position with respect to the protein-coding genes’.
According to such a classification, IncRNA biotypes
broadly fall into two types—genic IncRNA (<5kb to a
coding gene) and intergenic IG. Genic IncRNAs are fur-
ther categorized into six biotypes: divergent or antisense
head-to-head (XH), convergent or antisense tail-to-tail
(XT), antisense outside (XO), antisense inside (XI), sense
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downstream (SD), and sense upstream (SU). Studies point
to the prominent role of divergent IncRNAs (XH) during
development and cell fate determination®'% Of late,
there has been an exponential growth in high-quality
annotated data available for public access. Analysis of
such data helps in identifying the possible functions of
IncRNA biotypes, followed by the role of individual genes.
Accompanied by experimental validation, it could lead to
the identification of novel cellular pathways, including
neuronal differentiation.

The “CORTECON” database'® provides an atlas of
mRNA expression of the in vitro development of the
cerebral cortex from human embryonic stem cells (ESCs).
This is from the ESC stage (day 0) to day 77, when the
morphological organization and markers of the cortex are
very evident. We have analyzed the IncRNA-associated
coding genes of this database with respect to markers.
Based on expression of markers, day 0 was taken as
equivalent to ESCs, and day 7 as equivalent of human
neural progenitor cells (hNPCs). Subsequent stages were
indicated by markers of differentiated neurons. While
there could be lack of synchrony in the in vitro cortex
differentiation model between cells and various stages, the
predominant markers were taken to be representative of
major cell types ranging from ESCs, hNPCs, to differ-
entiated neurons. Based on different forms of clustering
analyses, we were able to identify a major association of
the XH IncRNA biotypes with the neuronal commitment
stage. Within this, by using algorithm for the recon-
struction of accurate cellular networks (ARACNe) and
hierarchal clustering, we have been able identify the
BASP1 gene as a major HUB gene during neuronal dif-
ferentiation (day 7). BASP1 is the coding partner of an
uncharacterized XH IncRNA gene (1oc285696, hitherto
referred as BASP1-AS1).

This prompted us to study the role of the BASP1/
BASP1-AS1 pair in a model where human fetal-derived
hNPCs were differentiated into neurons under defined
conditions in vitro. Both transcripts were high in hNPCs,
increased further on day 1, and started dropping subse-
quently to reach low levels in differentiated neurons.
During astrocyte differentiation, they dropped sharply on
day 1. BASP1-ASI regulated the expression of BASP1, but
not vice versa. BASP1-AS1 and BASP1 formed a mole-
cular complex that also included the transcription factor
TCF12. The TCF12 gene is coded by the DYX1 locus, and
has been associated with inherited dyslexia and neuro-
developmental defects. Abrogation of either of the three
components of the complex, impaired neuronal differ-
entiation. Hence, the analysis of IncRNA biotypes in our
study led to a divergent IncRNA-coding gene pair that was
part of a novel neuronal differentiation pathway along
with a transcription factor implicated in predisposition to
inherited dyslexia.
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Results
IncRNA biotypes during cortical neuronal differentiation
We performed the comparative analysis of IncRNA
biotypes”'*'* during in vitro neuronal differentiation
using publicly available data, following the biotype clas-
sification of Luo et al.” (Supplementary Fig. S1). We
analyzed the Cortecon data set (GSE56796)'°, which
provides RNA-seq data during in vitro cortical develop-
ment (neuronal differentiation) from human embryonic
stem cells (hESCs) for 77 days. About 73-95% of all
coding genes were expressed at different stages of cortical
development (Fig. 1a, b). Using Gene ontology, we esti-
mated the percentages of different biotypes of IncRNA-
associated coding genes involved in neuronal differentia-
tion (as compared with overall cortical development). XH
IncRNA-associated coding genes (7%) showed maximum
enrichment with neuronal differentiation-related genes,
which was followed by XI (5%), SD (3%), and SU (1%)
biotypes. There was reduction in enrichment in IG and
XO by 7%, and no change for XO (Fig. la—c).

Clustering analyses to identify stage-specific IncRNA
biotypes during corticogenesis

We constructed IncRNA biotype-specific co-expression
networks using weighted gene co-expression network
analysis (WGCNA) that combined all the temporal gene
expression data of cortical development (day 0, day 7, day
12, day 19, day 26, day 49, day 63, and day 77). The
combined data set of all the IncRNA genes during cortical
development was clustered with the genes specifically
altered during neuronal differentiation. Our analysis
showed numerous transcriptional modules (Fig. 1d-i).
XH IncRNA biotypes show maximum co-expression
module (n =4) that was followed by IG (n=3), XI (n=
2), and SD (rn=2). SU and XO biotypes did not show any
co-expression modules.

We used fuzzy c-mean clustering analysis to identify
stage-specific clusters of biotypes during different days of
neuronal differentiation during corticogenesis. Clusters
were generated based on similar changes in expression
patterns during corticogenesis and classified into different
development stages as described in CORTECON"?. We
classified them into three categories: “pluripotency”,
“neuronal commitment stage”, and “later development
stage” based on the association (higher membership
number) with genes from each category. The marker
genes are Pluripotency—POUS5SF (OCT4), NANOG,
NODAL, and TDGF corresponding to day 0; neuronal
commitment stage—PAX6 and SOXI1, corresponding to
day 7; for later development stages (day 26 to day 77)—
EMX2 (cortical specification), TBR1 (deep-layer forma-
tion), and CTIP2, CACNAIE, PRSS12, and CARTPT
(upper-layer formation). IG and XI were higher at the
pluripotency stage (DO0) as compared with XH, while other
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(see figure on previous page)

Fig. 1 Weighted gene co-expression network analysis (WGCNA) and m-fuzz clustering analysis reveals the overall and stage-specific
IncRNA biotypes during cortical neuronal differentiation. A synopsis of INcCRNA biotypes during cortical neuronal differentiation. a Percentage of
INcRNA biotype-associated coding genes with >1 RPKM value during in vitro cortecogenesis. b Percentage of INcRNA biotype-associated coding
genes significantly involved in neuronal differentiation as per the Gene Ontology database. ¢ Change in the percentage of IncRNA biotype-associated
coding genes during neuronal differentiation as compared with overall cortical differentiation. d-i Topological overlapping matrix generated using
WGCNA on expression data of different IncRNA biotypes. Clustering is based on the comparison of overall corticogenesis with neurogenesis.
Maximum numbers of INcRNA gene-forming clusters during neuronal differentiation belong to the XH biotypes, followed by IG, XI, and SD. While SU
and XO do not show any cluster with significantly higher membership score. j-1 M-fuzz clustering analysis of different IncRNA biotypes at different
stages of cortical neuronal differentiation. The upper panel shows the expression association of different biotypes of IncRNA-associated genes with
DO- (Pluripotency) stage markers (POU5F (OCT4), NANOG, NODAL, and TDGF). The clustering sharply drops from day 0 to day 7. The middle panel
shows the expression association of different biotypes of INcCRNA genes associated with D7- (neuronal commitment) stage markers (PAX6 and SOX1).
Clustering has sharply increased from day O to day 7. The lower panel shows the expression association of different biotypes of IncRNA-associated
genes with later development-stage markers (EMX2, TBR1, CTIP2, CACNATE, PRSS12, and CARTPT). m The number of IncRNA biotype-associated
genes enriched at different stages of cortical neuronal development. IG with a maximum number of genes involved, which are around 30 and at DO

and later development stage, respectively, while at D7, XH biotypes showing the maximum involvement that is around 30.

biotypes remained very low. At day 7 or neuronal com-
mitment stage, XH was most abundant (Fig. 1j—m).

To visualize the daywise cluster of these biotypes, we
used t-distributed stochastic neighbor embedding (t-SNE)
that computes principal components and cluster data on
the basis of gene expression in two dimensions. Only the
XH biotype formed a cluster on day 7. Other biotypes
failed to form a cluster on any of the days (Fig. 2a; Sup-
plementary Figs. S2a—c, S3a, b). Further, to understand
the exact function of XH IncRNA biotype, we did GO
analysis of only those IncRNA-associated genes that had a
higher membership score with the DO and D7 marker
genes. The XH IncRNA-associated genes were highly
enriched with the overall nervous system development on
DO (pluripotency stage) and on day 7, the neuronal
commitment stage (Supplementary Figs. S4, S5).

Gene co-expression network analysis (for genes modu-
lated in a similar manner) using Cytoscape, for the Cor-
tecon data, from embryonic stem cells to neuronal
commitment showed an increase in the network (mea-
sured by “partner of multiedge node pairs”) of the XH
biotype from day 0 to day 7 (neuronal commitment stage)
from 22 units to 26 units (p < 0.005), while there was a
drop in the network of other two biotypes from 38 units
to 14 units and 26 units to 16 units for IG and XI,
respectively (p <0.0005). These abundance, expression,
and clustering analysis results show the prominent
involvement of the XH biotype in cell fate determination
and neuronal development (Fig. 2b).

Identification of the BASP1 as the major hub gene during
cortical neural differentiation

Among the XH-associated coding genes, we identified
BASP1 as a coding partner of a key IncRNA (BASP1-AS1)
associated with the neuronal commitment marker genes
at D7 (Pax6 and Sox1). It was a HUB gene in association
with other candidates using the Cytoscape Network
Inference  Toolbox  (http://apps.cytoscape.org/) by
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ARACNe (Supplementary Fig. S6). It was also second in
the list of genes identified by hierarchical clustering (Fig.
2¢) for neuronal differentiation-associated genes. Hence,
we studied the BASP1-AS1 IncRNA and its role in neu-
ronal differentiation.

BASP1-AS1 is localized in the nucleus and expressed in
fetal brain

The UCSC genome browser shows that the IncRNA
LOC285696 located at 5p (UCSC database transcript ID
AC091878.1 and GENCODE database ID
ENST00000399760.2, hitherto referred as BASP1-ASI) is
an uncharacterized divergent RNA (XH biotype), tran-
scribed in the opposite direction to the protein-coding
gene BASP1 (Fig. 3a). The 5’ ends of the IncRNA and
BASPI1 gene share an overlapping region of 599 bps.
BASP1-ASI IncRNA is 3316-bp long with three exons.

The low score of BASPI-AS1 (Fig. 3a) by the Fickett
score'® and ORF coverage'® and phyloCSF'”, CPC'®, and
CPAT tool'® analysis indicated that BASPI-ASI has no
coding potential (Fig. 3b). RT-qPCR in nuclear and
cytoplasmic fractions of hNPCs showed that BASP1
transcript was over 15-fold greater in the nucleus than the
cytoplasm, a feature of noncoding RNAs (Fig. 3c). BASPI-
AS1 is expressed largely in different regions of the brain,
in addition to whole blood in the genotype-tissue
expression project (GTEx) RNA-seq™® database (Fig. 3d).
In situ hybridization in human fetal brain sections showed
also demonstrated its abundant expression (Fig. 3e).
GTEx data sets showed the highest expression of both
BASP1 and BASP1-AS1 in the frontal cortex (Supple-
mentary Fig. S7a, b). Although the expression of BASP1
was higher than BASP1-AS1, they were highly correlated
(R*=0.97) in all the brain regions (Supplementary Fig.
S7c). Based on databases and experimental results, one
can say that BASP1-AS] is a noncoding IncRNA expres-
sed in the brain, including the developing brain, in a
manner very similar to its coding gene pair BASP1.
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pair analysis of biotypes (IG, XH, and XI) from DO to D7. ¢ Hierarchal clustering of XH IncRNA biotypes during cortical neuronal differentiation.

Heatmap showing expression of 160 XH IncRNA-associated genes during cortical development. Red arrow showing the position of BASP1 gene and
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BASP1-AS1 regulates expression of BASP1 during the
neuronal differentiation of fetal-derived hNPCs

We have studied the expression of BASP1 and BASP1-
AS1 transcripts during lineage-specific differentiation of
hNPCs, following the pre-established protocol for hANPC
maintenance and differentiation®' "> (Supplementary Fig.
S8a—f). We observed that the expression of both BASPI-
ASI and BASPI paralleled each other, which was the
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highest in the undifferentiated hNPCs, significantly lower
in neurons, and least in astrocytes (Fig. 4a). When the
hNPCs were differentiated in vitro, the expression of both
the transcripts was moderately high in hNPCs, rose
sharply on the first day of neuronal differentiation
(BASP1-AS1 =5.7-fold, p<0.05, and BASP1 = 2.8-fold,
p <0.05), and then fell markedly by day 3 and continued at
a much lower level. Astrocytic differentiation resulted in
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BASPI-AST transcript, indicates that it is a noncoding transcript. b Table showing BASP1-AS1 coding potential values and its cutoff using different
coding potential calculators. For PhyloCSF, a score lower than 41 represents that the transcript is noncoding; a score above the cutoff is likely to be
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score equal to or lower than zero cutoff means that the transcript is noncoding. Same is the cutoff for CPAT, where a score near zero indicates that it
is noncoding. By all the three indications, BASP1-AS1 is a noncoding transcript. ¢ Nuclear and cytosolic fractionation followed by RT-gPCR for
indicated mRNAs and for BASPT-AST (represented as log2 expression values). The result indicates nuclear localization of the BASP1-AST as a feature of
IncRNAs. As expected, control GAPDH was cytoplasmic, while unspliced GAPDH and U6 were predominantly nuclear (n =3, mean + SD of three
independent experiments). d Localization of BASP1-AS1. Reads per kilobase per million (RPKM) values for BASP1-AST transcript (AC091878.1) in
indicated tissue samples, as obtained from the GTEx RNA-seq database indicated that it was mainly expressed in the CNS and whole blood. e ISH for
BASPI-AST in human SVZ fetal brain sections, indicating its expression in human fetal brain.

marked reduction (BASP1-AS1 = 75% reduction, p < 0.05,
and BASP1 = 64% reduction, p < 0.05), on day 1 itself (Fig.
4b—c). The experiment was continued till day 21.

Knockdown of BASPI-AS1 in the hNPCs markedly
reduced the BASPI transcript (66% reduction, p <0.005)
(Fig. 4b—c), though knockdown of the BASPI gene in
hNPCs had no effect on BASP1-AS1 expression, indicat-
ing that BASPI1-AS1, like other divergent IncRNAs, reg-
ulates BASPI expression (Fig. 4d—f)*>%.
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BASP1-AS1 influences neuronal differentiation

We conducted knockdown experiments on days 1 and 3
of neuronal differentiation of hNPCs. There was a sig-
nificant reduction in the number of cells staining for the
early neural differentiation marker, double cortin (DCX)
both on days 1 and 3, and Tujl on day 1 as seen by
immunohistochemistry, indicating impaired neuronal
differentiation. The percentage of DCX- positive cells was
reduced from 13.1% + 0.94% to 3.2% + 0.84% (p < 0.0005)



Prajapati et al. Cell Death Discovery (2020)6:28

Page 7 of 17

A B 5
8 - N hNPCs
* g
12 - 71 Bl Neurogenesis
g mmm BASPI ‘%6 4 . .
g 1 - BASP1-AS1 8 < Astrogliogenesis
g 0.8 - =
» LTJ 4 -
M 0.6 - o *
[} 231
Z 0.4 4 k=P
= )
2 0.2 4 T R 1 - * \‘: * \: s
o *okk EEE *ok
i - , . . NN NNE TN
hNPCs Neurons  Astrocytes Day 1 Day 3 Day 7 Day 21
N | D siRNA#1 E siRNA#2  F
41 ™ hNPCs == SCR m=SCR B SCR
B BASP1-ASI B BASP1-ASI B BASP1
= x [ | Neurogenesis B knockdown knockdown 4 knockdown
9 12
2 3 1 Astrogliogenesis 1 12
E.‘ 1
1
Sl E 08 g 08 g
&) ‘@ k7] 7]
2 4 2 208
b= 5,06 3,06 a
- 153 1 0.6
2 1 4} e | 4}
» 04 g i - =
= k = g
o 02 O 02 Q02
0 22 [~4 [~4
NILEEN ! 09
Day 1 Day 3 Day 7 Day 21 © & O EAC
%Q\ D ‘;3\ Q)YV QY" %Q\’
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t test). d, e This figure shows that BASP-AST knockdown results in a fall in BASP1 transcript levels in hNPCs. **p < 0.005 (n = 3 biological replicates,
mean + SD, Student's two-tailed t test). f This figure shows that BASP-AS1 knockdown results in a fall in BASP1 transcript levels in hNPCs. **p < 0.005
(n = 3 biological replicates, mean + SD, Student's two-tailed t test), but no significant effect on BASP1-AS1 transcript on BASP1 knockdown.

on day 1, and 18.01% *2.02% to 9.8% + 0.80% (p < 0.005)
on day 3 (Fig. 5a—f). The percentage of Tujl-positive cells
was reduced from 13.9% + 3.6% to 6.7% + 1.70% on day 1
(Fig. 5g—i) (p <0.05). The live/dead assay showed no sig-
nificant difference between scrambled and BASP1-AS1
siRNAs (Supplementary Fig. S9a—f).

As BASP1 has been shown to induce neurite out-
growth®®, we studied the effect of BASP1-AS1 knockdown
on neurite formation. On day 3 of neural differentiation,
there was a reduction of 1.8-fold in the neurite length
(from 3546.79 +977.5 units to 1934.63 +249.37) (Fig.
5j-1). These experiments strongly implicate the role of
BASPI-ASI in neuronal differentiation.

BASP1-AS1 knockdown was also associated with higher
cell proliferation, as indicated by increased Ki67-positive
cells, from 15.7% + 2.12% in the hNPC culture to 28.17%
+3.3% on day 1 after knockdown (p <0.05) (Fig. 6a—c).
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On day 3, the increase was from 17.1% + 2.74% to 25.5% +
4.11% (p < 0.05) (Fig. 6d—1).

FACS analysis showed an increase in the percentage of
cells in the S phase in hNPCs 24 h post knockdown. The
percentage of cells in the G0/G1, S, and G2/M phase of
the cell cycle in knockdown samples was 53.53 + 3.10%,
36.12+1.4%, and 13.4+1.10% and 62.53 +2.76% (p<
0.05), 23.76 +5.36% (p<0.05), and 11.34+1.85% (p<
0.05), in the scrambled, respectively (Fig. 6g—i).

Molecular interaction involving BASP1-AS1 and the BASP1
genomic locus

Divergent IncRNAs regulate the corresponding genes by
direct interactions with the coding gene’. To elucidate the
interaction of BASPI gene and BASPI-ASI RNA, we
performed chromatin isolation by RNA purification
(ChIRP)?. In ChIRP, tiling biotinylated oligonucleotides
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Fig. 5 BASP1-AS1 affects neuronal differentiation and neurite length of hNPCs. a-f Percentage of DCX + cells decreases significantly after
BASP-AS1-KD as compared with scrambled controls on both DAY1 and DAY3 of neural differentiation, respectively. We found that there were
approximately fourfold higher DCX 4 cells in control as compared with BASP1-AS1-KD samples on day 1 of neural differentiation, and approximately
twofold higher on day 3. **p <0.005 and ***p < 0.0005. Scale bar, 50 um (n = 3 biological replicates, mean + SD, Student's two-tailed t test).

g-i Percentage of Tuj1™ cells decreases significantly after BASP-AS1-KD as compared with scrambled controls on DAY1 of neuronal differentiation.
We found that there were approximately twofold higher Tuj1™ cells in control as compared with BASP1-AS1-KD samples on day 1 of neuronal
differentiation. *p < 0.05. Scale bar, 50 um. (n = 3 biological replicates, mean £ SD, Student's two-tailed t test). j-I There is a significant decrease in
neurite length on DAY3 of neural differentiation in BASP1-AS1-KD as compared with scrambled controls. As determined by ImageJ with plugin called
“Neurite Tracer”. *p < 0.05. Scale bar, 50 um (n = 3 biological replicates, mean + SD, Student's two-tailed t test).
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Fig. 6 BASP1-AS1 affects neuronal proliferation and alters cell-cycle dynamics. a—f There is an increase in Ki67-positive cells significantly after
BASP1-AS1-KD as compared with scrambled controls on both DAY1 and DAY3 of neural differentiation, respectively. *p < 0.05. Scale bar, 50 um (n =3
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using FACS 24 h post transfection of either scrambled siRNA or BASP1-AS1 siRNA in human hNPCs. i Bar graph shows quantitative analysis of data
obtained from Pl staining depicting the percentage of cells in G0/G1, S phase, and G2/M phase of the cell cycle in indicated groups. *p < 0.05 (n =3
biological replicates, mean + SD, Student's two-tailed t test).

were designed specific to BASP1-AS1 to retrieve the
IncRNA-bound DNA, measured by qPCR (Supplementary
Fig. S10a-b). We designed 14 primer pairs mapping to
exon 1, exon 2, and to 1500 bp upstream and 1000 bp
downstream of the BASP1 gene (Supplementary Fig.
S10c). BASP1-AS1 RNA pulldown was done for each
biotinylated probe using streptavidin-coated magnetic
beads, followed by real-time PCR to identify the enriched
genomic regions of BASP1. BASP1 has two exons sepa-
rated by ~58-kbp intron”’. The BASP1-AS1 gene is about
3.3 kb, and is transcribed in the opposite orientation. Both
overlap by 599 bps in the 5’ region. Of the 14 segments
(R1-14), spanning the entire 5’ and 3'UTR and the exons
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of the BASPI gene we studied, only three regions—R3 (5
UTR), R11 (spanning exon 2 and adjacent 3'UTR,) and
R14 (3'UTR) were enriched (Fig. 7a, b). The locations of
interacting regions at the two ends of the long (~58 kb)
BASPI gene suggest the formation of a looped structure.

Genomic looping has been demonstrated in literature
by Hi-C technique. We have used Hi-C database of
GM1287, the B-lymphocyte origin cells generated ear-
lier*®, to identify genomic looping in the BASP1 locus™
We identified a looped structure at BASPI gene ends in
GM12878 cell lines. Also, chromatin loops are frequently
anchored with the convergent CTCF motifs. The matrix
with a resolution of 0.5 kb is shown, indicating genomic
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|

locations of BASP1 and LOC285696 (BASPI1-ASI—chr5:
172717224-17219214) and their CTCF sequence orien-
tation (Fig. 7c). The presence of both CTCF sequences
and a chromatin loop signature is indicative of loop for-
mation at the BASPI locus.
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Interaction of the transcription factor TCF12 with the
BASP1 gene

The UCSC ChIP-seq database showed the binding of
TCF12, among the different transcription factors. TCF12
is a product of the DYXI locus, linked to dyslexia®
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Fig. 7 Molecular interaction involving BASP1-AS1, BASP1 genomic locus, and transcription factor TCF12. a Bar graph showing BASP1-AS1
retrieval after ChIRP followed by gPCR showed that ChIRP retrieved about 80% of BASP1-AST RNA, while GAPDH was almost undetectable. b
Pulldown of different genomic regions of BASP1. Regions of the BASP1 gene corresponding to R3, R11, and R14 were enriched maximally. R3 that is
located at the 5" end and R11 and R14 at the 3/ end of the 58-kb BASP1 gene showed the maximum pulldown. R1, R2, R4-R10, and R12 and R13 had
undetectable levels of the target (n = 3 biological replicates, mean + SD). ¢ Hi-C data of GM12878 represent loop formation at the genomic locus of
BASP1. This image was generated using Juicebox package. The GM12878 cells Hi-C data set was used to visualize the contact domain within the
BASP1 gene locus. The matrix with a resolution of 0.5 kb is shown, indicating genomic locations of BASPT and LOC285696 (BASPI1-AS1—chr5:
172717224-17219214), CTCF sequence orientation (red represents “reverse’—chr5: 17216900 and green represents “forward” orientation—chr5:
17283500), and CTCF-binding track. The presence of a chromatin loop is indicated in the track with annotated peaks (cyan, peakl—chr5: 17220001-
17230000 and peak2—chr5: 17270001-17280000). Chromatin loops are frequently anchored with the convergent CTCF motifs; here at BASP1
genomic locus, both the CTCF sequences read in a convergent fashion as shown in panels 2 and 3. d Image adopted from UCSC browser showing
proximity of DYX1C1 and TCF12, both genes being components of the DYXT locus. e Enrichment of the R11 region of the BASPT gene after ChIP
analysis following TCF12 pulldown, indicating binding of TCF12 to the specific region (n = 3 biological replicates, mean + SD). f The E-box-binding
domain on the R11 fragment (red) that has been earlier predicted to bind to TCF12. g A regulatory model showing the interaction of BASPT-AST RNA,

BASP1, and TCF12 and possible other transcription factors, to form a looped structure.

(Supplementary Fig. S2). The DYX1 locus comprises two
genes DYX1C1 and TCF12 (Fig. 7d). TCF12 is linked to
expansion of neural stem cells (NSCs) and NPCs during
neurogenesis>’. It is also reported to be associated with
early cell fate determination of progenitors into neurons
in the midbrain®®, CHIP assay using the TCFI2 antibody
(Fig. 7e) demonstrated a strong signal at R11 at the 3’ end
of the BASP1 gene (region R11). R11 was also positive in
the ChIRP assay for the BASP1-AS1/BASPI gene inter-
action. The TCF12 is a member of the basic
helix—loop—helix (bHLH) E-protein family that recognizes
the consensus-binding site (E-box) CANNTG>***, The
sequence of R11 (on BASP1) pulldown has this E-box
motif (Fig. 7f). A pictorial representation based on the
above findings depicts the possible molecular complex
(Fig. 7g). However, the role of other putative transcription
factors in this regulation has yet to be established.

All three components of the complex, BASP1-AS1, BASP1,
and TCF12, are essential for neural differentiation from
hNPCs

To study the impact of BASP1 and TCF12 on neuro-
genesis, we conducted knockdown experiments on days 1
and 3 of neuronal differentiation of hNPCs. Knockdown
of BASPI in hNPCs resulted in impaired neural differ-
entiation as indicated by a significant reduction in the
number of cells staining for the early neural differentia-
tion marker, double cortin (DCX) on days 1 and 3: from
15.01% £ 2.2% to 3.9% +1.04% (p <0.05) on day 1 and
33.04% + 2.21% to 13.5% + 2.12% (p < 0.005) on day 3 (Fig.
8a, b). On day 1, Tujl-positive cells reduced from 14.15%
+4.06% to 8.63% +0.8% (p<0.05) (Fig. 8c). There was
also higher cell proliferation, as indicated by increased
Ki67-positive cells (Fig. 8d-e), which increased from
15.35% + 1.03% to 29.02% +2.64% on day 1 and from
11.6% + 3.4% to 27.2% + 1.8% on day 3 (p < 0.05).

For TCF12 knockdown, the percentage of DCX-positive
cells reduced from 12.67% +1.07% to 4.9% +1.55%
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(p <0.005) on day 1 and from 27.23% + 4.21% to 15.43% +
2.26% on day 3 (p<0.05) (Fig. 8f-g). Tujl-positive cells
reduced from 14.15% + 4.06% to 3.80% + 1.08% (p < 0.005)
(Fig. 8h) on day 1. This was also associated with increased
Ki67-positive cells (Figure 8i—j), which increased from
12.49% + 1.20% to 24.68% + 3.32% (p < 0.05) on day 1 and
from 16.63% + 3.71% to 23.2% + 1.33% (p < 0.05).

A panel of 37 genes involved in hNPC differentiation
was studied using quantitative RT-PCR after knockdown
of BASP1-AS1, BASP1, or TCFI2 of proliferating hNPCs.
Gene expression was measured on the first day of differ-
entiation (8k-m). Three genes, NEURODI1, NEUROG2,
and HESI, which are important in neural differentiation
and in NOTCH signaling, were downregulated by all (Fig.
8n-o0). While the panel is by no means exhaustive, the
results indicate a commonality of the downstream process
of the three components of the complex, and further
support the involvement of all three components in
neurogenesis.

Discussion

The annotated number of IncRNA genes has surpassed
the number of coding genes in the genome, highlighting
their important roles in biological processes, including
cellular differentiation and cell fate determination. These
include coding gene-associated IncRNAs that control the
expression of their neighboring coding genes. Most
reports point out to the important role of the divergent
IncRNA biotype in cell development. In our previous
study, we observed that divergent IncRNAs are more
involved during neuronal, but not in astrocytic differ-
entiation®. Here, we initially studied the comparative role
of different IncRNA biotypes during cortical neuronal
differentiation. Our analyses suggest that for cortical
neural differentiation, three biotypes XH, IG, and XI
could be involved. Based on different forms of clustering
and network analyses, we felt that the XH biotype was
more prominent in cortical neuronal differentiation.
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Fig. 8 BASP1-AS1, BASP1, and TCF12 are essential for neural differentiation from hNPCs. a, b Percentage of DCX + cells decreases significantly
after BASP1-KD as compared with scrambled controls on both DAY1 and DAY3 of neural differentiation, respectively. We found that there were
approximately threefold higher DCX + cells in control as compared with BASP1-KD samples on day 1 of neural differentiation and approximately
twofold higher on day 3. **p <0.005 and *p < 0.05 (n = 3 biological replicates, mean + SD, Student's two-tailed t test). ¢ Percentage of Tuj1™ cells
decreases significantly after BASP1-KD as compared with scrambled controls on DAY1 of neuronal differentiation. We found that there were
approximately twofold higher Tuj1* cells in control as compared with BASP1-KD samples on day 1 of neuronal differentiation. *p < 0.05. (n =3
biological replicates, mean + SD, Student's two-tailed t test). d, e There is significant increase in Ki67-positive cells after BASP1-KD as compared with
scrambled controls on both DAY1 and DAY3 of neural differentiation, respectively. *p < 0.05 (n = 3 biological replicates, mean + SD, Student's two-
tailed t test). f, g Percentage of DCX + cells decreases significantly after TCF12-KD as compared with scrambled controls on both DAY1 and DAY3 of
neural differentiation, respectively. *p < 0.05 (n = 3 biological replicates, mean = SD, Student's two-tailed t test). h Percentage of Tuj1™ cells decreases
significantly after TCF12-KD as compared with scrambled controls on DAY1 of neuronal differentiation. **p < 0.005 (n = 3 biological replicates, mean
+ SD, Student's two-tailed t test). i, j There is significant increase in Ki67-positive cells after TCF12-KD as compared with scrambled controls on both
DAY1 and DAY3 of neural differentiation, respectively. *p < 0.05 (n = 3 biological replicates, mean + SD, Student's two-tailed t test). k, m Heatmaps
showing the effect of BASP1-AST, BASP1, and TCF12 knockdown, respectively on an array of neurogenesis-related genes. n Venn diagram illustrating
the differential expression of overlapping genes in three indicated knockdown conditions. o Bar graph showing that a common set of three genes
(NEUROG2, NEUROD1, and HES1) were significantly downregulated in all the indicated three conditions of knockdown (BASP1-AS1, BASP1, and

Student's two-tailed t test).

TCF12). *p < 0.05, **p < 0.005. The results are expressed in the ratio of knockdown/scrambled (KD/SCR) (n = 3 biological replicates, mean + SD,

Hub gene identification by ARACNe of coding genes
associated with XH IncRNAs showed that the BASP1
forms the major hub gene during neuronal differentiation.
It was also second in the list of genes identified by hier-
archal clustering. We investigated the divergent IncRNA
associated with BASP1 (BASP1-AS1) to further under-
stand its role during neuronal differentiation. Even though
this IncRNA has been reported in the databases as
loc285696 (UCSC), its functions are as yet unknown.
BASPI, a suppressor of Wnt signaling, is a nerve-ending
“signal” protein. It is highly expressed in neurons during
brain development?, and induces neuronal differentiation
in K562 cells® and neurite growth in hippocampal neu-
rons>”. We have been able to demonstrate that BASP1-
AS]1 regulates BASP1 in hNPCs, and has a critical role in
neuronal differentiation.

These form two components of a molecular complex
that we have described. The third component of the
complex is TCFI12, a protein coded by the DYX1 locus
replicated in several studies in inherited dyslexia. There
have also been suggestions of the role of TCFI2 in neu-
rodevelopment because of its implication in cranioste-
nosis®® and increased transcription during expansion of
precursor cell population during rodent neurogenesis®".
Our study has identified a distinct role for the same in
progenitor differentiation. Though an understanding of
the exact mechanism by which the complex induces
neuronal differentiation is still preliminary, this study has
identified a set of common genes that are regulated by the
complex. It appears that both the IncRNA and TCF12
finally influence the expression of BASP1, which then
participates in subsequent differentiation steps.

To conclude, our study has not only identified a novel
role for a IncRNA in the neuronal differentiation of
hNPCs, but also shown the critical contribution of the
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complex comprising the divergent IncRNA, coding gene,
and a transcription factor in the process. While there have
been strong indicators of the role of both BASP1 and
TCF12 in neurogenesis, we have been able to demonstrate
their specific functions in the process of neuronal differ-
entiation of hNPCs, and identify a novel pathway critical
to this process. We have also been able to indicate a link
connecting inherited dyslexia to neuronal differentiation
through TCF12. Our work also indicates the importance
of identifying divergent IncRNAs involved in specific
developmental processes to obtain leads that could be
used to identify their cellular and molecular regulatory
roles.

Materials and methods
Bioinformatics analysis
M-fuzz clustering for stage-specific cluster identification
during neurogenesis

For identification of stage-specific IncRNA biotype
cluster from the different days of differentiation of RNA-
seq corticogenesis data set, we have performed the non-
hierarchical fuzzy c-means (FCM) clustering algorithm
using M-fuzz and Mfuzzgui package® in the Bio-
conductor R-based package (R Development Core Team
2011) available at https://www.biologie.hu-berlin.de/en/
gruppenseiten-en/sfb618/publications/Kumar2007. M-fuzz
clustering is a soft clustering, which produces gradual
membership values of a gene between 0 and 1 repre-
senting the membership of this gene for a particular
tightly co-expressed gene cluster. Fuzzy c-means pro-
duces gradual membership values p;; of a gene i between 0
and 1, indicating the degree of membership of this gene
for cluster j. At this point, the standardization method was
time based, the Fuzzy C-means (m) taken as 1.25 and
minimum membership value (min.acore) as 0.5. Thus,
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soft clustering can effectively reflect the strength of a
gene’s association with a cluster. Gradual membership
values allow the definition of cluster cores of tightly co-
expressed genes.

t-Distributed stochastic neighbor embedding (t-SNE)

For visualization of stage-specific biotype cluster, we
have used t-SNE and Rtsne packages for R environment
(R Development Core Team 2011). t-Distributed sto-
chastic neighbor embedding (t-SNE) is a nonlinear
dimensionality reduction algorithm predominantly well
appropriate for the exploring of high-dimensional data
sets. t-SNE reduced the discrepancy between two dis-
tributions, and discerned patterns in data by identifying
an observed cluster based on the resemblance of data
points with various features. t-SNE and Rtsne are a robust
way to spot daywise specific cluster of a particular biotype
during neurogenesis.

Weighted network analysis of Cortecon data sets

In order to perform the overall biotype-wise correlation
network analysis of transcriptomic data of neurogenesis
(Cortecon data set after GO enrichment analysis), we first
tied the IncRNA biotype files having genes enriched with
neuronal differentiation process using Galaxy tool
(https://usegalaxy.org/) and then filtered out biotype (IG,
XH, XI, SD, SU, and XO)-associated gene involved during
neurogenesis. Based on stage-specific markers, day 0 was
taken as equivalent to ESCs (ESC makers are OCT4,
NANOG, NODAL, and TDGF), day 7 as an equivalent of
human neural progenitor cells (hNPCs) (hNPC markers—
PAX6 and SOXI1). Subsequent stages indicated differ-
entiated neurons (markers—EMX2, TBR1, CTIP2, CAC-
NAIE, PRSS12, and CARTPT).

We have used WGCNA package®® from Comprehensive
R Archive Network (CRAN) and dependencies from
Bioconductor. To uncover modules of highly correlated
genes, we started with generation of Pearson correlations
and then transformed into an unsigned adjacency matrix
by means of a power function. This produce scale-free
adjacency matrix, ie., the weighted co- expression net-
work. Further, the adjacency matrix was converted into a
topological overlap matrix (TOM); we used hierarchical
clustering to group genes derived from the topological
overlap of their connectivity to spot a cluster of highly co-
regulated genes; each module was designated a distinctive
(and arbitrary) color identifier.

Key network identification within stage-specific biotype
cluster

After identification of Stage specific biotype cluster via
fuzzy means algorithm, we performed network analysis
through Network Analyzer tool in Cytoscape®*® (https://
cytoscape.org/). We used ARACNE (Algorithm for the
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Reconstruction of Accurate Cellular Networks)*' algorithm
for the identification of key network and hub gene within a
stage-specific cluster available through the Cyni Toolbox**
panel under the Infer Network plugin in Cytoscape.

Cell culture

Handling of human tissues was carried out by the
guidelines of Institutional Human Ethics Committee and
Stem Cell and Research Committee of National Brain
Research Centre, India, and Indian Council of Medical
Research (ICMR), India. A well-characterized culture
system of human neural precursor cells (hNPCs) derived
from telencephalon of 10-15-week-old aborted human
fetuses was employed for the study, as described pre-
viously®'. Derived hNPCs were >99% positive for Nestin
(neural stem cell marker) and formed neurospheres with a
high degree of efficiency. hNPCs were either exposed to
media supplemented with BDNF and PDGF to induce
neurogenesis or with serum to induce astrogliogenesis.
The extent of differentiation was determined at various
time points (days 1, 3, 7, and 21) after exposure to the
differentiation medium by assessing morphology and
various markers.

Immunocytochemistry

For immunocytochemistry, hNPCs were plated at a
density of 20,000 cells per well in eight-well paranox
chamber slides (Nunc, Kamstrupvej, Denmark). Cells
were fixed with 4% paraformaldehyde for 20 min, washed
three times with 1x PBS, blocked, and permeabilized by
normal 10% goat serum (Vector Labs, Burlingame, CA,
USA) containing 0.5% Triton X-100. Cells were incubated
overnight with the following antibodies at 4°C: DCX
(Abcam, Cambridge, UK, 1:1000), SOX2 (Cell Signaling
Technology, Denver, MA, USA, 1:200), MAP2 (Millipore,
Billerica, MA, USA, 1:200), Nestin (Millipore, Billerica,
MA, USA, 1:200), GFAP (Santa Cruz Biotechnology,
1:200), Tujl (Promega, Madison, WI, USA, 1:3000), and
anti-Ki67 (Novacastra, Wetzlar, Germany, 1:1000). After
incubation, cells were washed three times and incubated
with fluorophore-tagged secondary antibody Alexa Fluor
488 and Alexa Fluor 594 (Invitrogen). Slides were
mounted with DAPI containing Vectashield mounting
media (Vector Labs). At least from five random fields,
images were captured for each group using Axiolmager.
Z1 microscope (Carl Zeiss, Heidenheim, Germany).
Numbers of cells were counted using Image] software,
and neurite lengths were measured using the Image]
plugin “Neurite Tracer”*’.

RNA isolation, RT-PCR, and gene expression analysis using
qPCR

RNA was isolated from cells using Trizol reagent
(Invitrogen, Eugene, USA). The ¢cDNA was synthesized
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using BluePrint™ 1st strand cDNA synthesis kit (Takara
Bio Inc.), according to the manufacturer’s protocol. qPCR
with specific primer pairs for BASP1-AS1, BASPI, and
various relevant genes was used to detect their respective
expression (a list of primer pairs is available with Sup-
plementary S1). This was done by using SYBR" Green
PCR master mix (Applied Biosystem, USA) and Rotor-
Gene Q (Qiagen, Germany).

siRNA transfection

siRNA-mediated knockdown was employed to down-
regulate cellular expression of BASPI, BASPI-ASI, and
TCFI2 in NPCs. Predesigned siRNA (Invitrogen) was
used at a concentration of 40 pmoles. Cells were seeded at
80% confluency in 12-well format. According to the
manufacturer’s protocol, knockdown was carried out
using RNAimax (Invitrogen). For the control group,
scrambled siRNA (Sigma) was used at a concentration of
40 pmoles. Transfection was carried out for 24 h, and
samples were processed as per experimental requirement.
To check the effect of BASPI-AS1-KD on the third day of
differentiation, we performed knockdown on days 1 and 2
using siRNA.

Chromatin isolation by RNA purification (ChIRP)

For this method, biotinylated probes were designed
against BASP1-AS1 transcript and the RT-qPCR primers
for mapping genomic loci of BASPI gene that are inter-
acting with the BASPI-ASI. We designed the antisense
oligo biotinylated probes (listed in Supplementary S1)
using the online probe designer singlemoleculefish.com.
In total, 31 probes were designed in the frequency of one
probe per 100 bp, and the probes were encompassed in
the entire BASP1-ASI transcript. Next, we designed 14
primer pairs for the BASPI gene. These primer pairs map
to exons 1 and 2, and to 1500 bp upstream and 1000 bp
downstream of the gene. BASP1-ASI RNA pulldown was
done for each using streptavidin-coated magnetic beads
and followed by real-time PCR to identify enriched
genomic loci of the BASPI gene.

ChIRP was performed as previously described*®. NPCs
on day 1 of differentiation were cross-linked with 1%
glutaraldehyde at room temperature, and the reaction was
quenched by 1/10th volume of 1.25M glycine at room
temperature after 10 min. The cell pellet was resuspended
in lysis buffer (10x the mass of the pellet) consisting of
50 mM Tris-Cl (pH 7.0), 10 mM EDTA, 1% SDS, protease
inhibitor, and RNase inhibitor (Superase-in, Ambion) and
subjected to lysis by sonication in bioruptor at maximum
setting with 30 s ON and 60 s OFF pulse intervals for 30
cycles. Chromatin was hybridized with a mixture of 31
biotinylated probes in a hybridization buffer consisting of
750 mM NaCl, 1% SDS, 50 mM Tris-Cl (pH 7.0), 1 mM
EDTA, 15% formamide, a protease inhibitor, PMSF, and
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RNase inhibitor at 37°C for 4h (sequences for biotin-
labeled probes are provided in Supplementary S1). The
biotin—probe—chromatin complexes were pulled down
with streptavidin magnetic beads and washed with 1 ml of
wash buffer five times at 37 °C with shaking for 5 min. The
last bit of wash buffer (2x SSC, 0.5% SDS, and add PMSF
fresh) was removed completely with a sharp 10-ul pipette
tip. Both RNA and DNA were eluted from these beads by
different elution protocols according to the required
downstream assays.

Nuclear and cytoplasmic fractionation

Approximately 2 million cells were scraped with 500 pl
of nuclear fractionation buffer (sucrose 1.2 M, HEPES
20 mM, KCI 10 mM, MgCl, 2mM, EDTA 1mM, and
EGTA 1 mM), and the cell suspension was passed through
a 25-gauge needle ten times using a 1-ml syringe, and the
cell suspension was incubated on ice for 20 min. Nuclei
were then pelleted at 3000 rpm for 5min, and the
supernatant was stored for cytoplasmic RNA isolation.
Pelleted nuclei were washed with 500 pl of fractionation
buffer and passed again through a 25-gauge syringe needle
ten times and centrifuged again at 3000 rpm for 10 min.
After discarding the supernatant, the pellet was used for
RNA isolation. RNA was isolated by Trizol reagent
(Invitrogen, Eugene, USA) according to the manu-
facturer’s instruction.

In situ hybridization (ISH) of BASP1-AS1

A protocol for in situ detection of long noncoding RNA
BASPI-AS1 was adapted from Fatima et al.?>. Formalin-
fixed, paraffin-embedded sections were derived from the
brain region containing the SVZ area of an autopsied 23-
week-old human fetus, obtained from Human Brain Tis-
sue Repository, National Institute of Mental Health and
Neurosciences, Bangalore, India. Sections were depar-
affinized, dehydrated, treated with DEPC for 1 min,
washed thrice with 1x PBST, and then treated with pro-
teinase K (Invitrogen, USA) for 15 min following three
washes with 1x PBST. Brain sections were fixed using 4%
paraformaldehyde for 10 min. Hybridization buffer was
composed of 50% formamide, 500 pug/ml yeast RNA
(Ambion, USA), and 10% dextran sulfate (Sigma-Aldrich,
St. Louis, MO, USA) with 0.16 M EDC (Sigma-Aldrich, St.
Louis, MO, USA). Fixed sections were prehybridized at
59°C with hybridization buffer for 4h in a humified
chamber. Sections were incubated with 40 nM of LNA 3/
and 5 DIG-labeled IncRNA probe (Exiqon, Vedbaek,
Denmark) overnight at 59°C in a humidified chamber.
Sections were washed for 5 min 6 times with wash buffer
(50% 2x SSC and 50% formamide) at hybridization tem-
perature. After 2h of blocking with 20% sheep serum
(Abcam, Cambridge, UK), sections were incubated over-
night with anti-DIG AP-labeled antibody (Abcam,
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Cambridge, UK). After the incubation, sections were
washed six times with AP buffer composed of 100 mM
Tris-HCL, pH 9.5, 50mM MgCl,, 100 mM NaCl, and
0.1% Tween 20. NBT/BCIP solution (Roche, Mannheim,
Germany) was diluted in AP buffer, and sections were
incubated with diluted NBT/BCIP for 10h in a dark
chamber. Sections were rehydrated, washed in xylene,
mounted in DPX, and photographed using Olympus
BX51 (Tokyo, Japan).

Chromatin immunoprecipitation (ChlIP)

In total, 5 x 10° NPC cells were fixed with 1% glutar-
aldehyde at room temperature for 10 min. The reaction
was then quenched with using 1.25 M glycine. The cells
were pelleted and washed with 1x PBS twice. The pellet
was resuspended in 1x lysis buffer (50 mM HEPES-KOH,
pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.1% SDS, and 1 mM PMSE). In all, 50 pl of Dynabeads
(Invitrogen, USA) were washed thrice in 1 ml of block
solution (1x PBS and 0.5% BSA) using a magnetic strip.
Dynabeads were resuspended in 750 pl of block solution,
and 10 pg of TCF12 primary antibody (Novus Biologicals,
USA) was added to the beads and incubated overnight at
4.°C on a rotator. The beads were washed thrice in 1 ml of
block solution. The cell pellet resuspended in lysis buffer
was sonicated using Bioruptor’ Plus sonication device
(Diagenode, Belgium) with 30s ON and 60s OFF pulse
intervals for 30 cycles and centrifuged at 20,000¢ for
10 min at 4 °C. In total, 50 pl of the supernatant was kept
to be used as input DNA. Calibrated beads were added to
the remaining supernatant and incubated overnight at
4°C on a rotator. Three different buffers were used to
wash the beads: (1) IP1 (lysis buffer and 500 mM NaCl),
(2) IP2 (10 mM Tris-HCI, 250 mM LiCl, 1 mM EDTA,
0.5% NP-40, and 0.5% sodium deoxycholate with a final
pH 8.0), and (3) TE (10mM TRIS, pH 7.4, and 1 mM
EDTA). Beads complexes were washed with lysis buffer
five times, and six times each with IP1, IP2, and TE, and
centrifuged at 960 g for 3 min at 4 °C. For elution of DNA,
210 pl of elution buffer (TE and 1% SDS) was added to the
beads, and incubated at 65 °C for 15 min in a water bath.
Beads containing elution buffer were centrifuged at
16,000 g for 1 min at room temperature. In total, 200 pl of
supernatant is further processed for DNA isolation as
described in “CHIRP Method” section discussed above.
Isolated DNA was used for detection of BASP1 chromatin
interacting with TCF12 using qPCR. Sequences of the
primers used are provided in Supplementary file S2.

Statistical analysis

Data are represented as mean = S.D. All experiments
were carried out using three biological replicates. Sig-
nificance of the comparison between scrambled and dif-
ferent treated groups was computed using Student’s ¢ test.

Official journal of the Cell Death Differentiation Association

Page 16 of 17

P<0.05 was considered as minimum or statistically
significant.

Acknowledgements

We thank P. Manish of NBRC for his technical assistance. We thank the Human
Brain Tissue Repository for Neurobiological Studies, Department of
Neuropathology, and National Institute of Mental Health and Neurosciences,
Bangalore, India, for autopsy brain sections. The project was supported by core
funds from NBRC and a research grant of the Cognitive Science Research
Initiative [DST No: SR/CSRI/210/2016 (G)], India to P.S. and SS. and J C Bose
fellowship to S.S.,, both from the Department of Science and Technology (DST).
B.P. received a fellowship from CSIR-UGC, India and NBRC core.

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

The online version of this article (https://doi.org/10.1038/541420-020-0263-6)
contains supplementary material, which is available to authorized users.

Received: 11 August 2019 Revised: 19 March 2020 Accepted: 2 April 2020
Published online: 24 April 2020

References

1. Cabili, M. N. et al. Integrative annotation of human large intergenic noncoding
RNAs reveals global properties and specific subclasses. Genes Dev. 25,
1915-1927 (2011).

2. Derrien, T. et al. The GENCODE v7 catalog of human long noncoding RNAs:
analysis of their gene structure, evolution, and expression. Genome Res. 22,
1775-1789 (2012).

3. Mondal, T, Rasmussen, M, Pandey, G. K, lsaksson, A. & Kanduri, C. Char-
acterization of the RNA content of chromatin. Genome Res. 20, 899-907
(2010).

4. Hu, H. Y, He, L. & Khaitovich, P. Deep sequencing reveals a novel class of
bidirectional promoters associated with neuronal genes. BMC Genomics 15,
457 (2014).

5. Mercer, T. R, Dinger, M. E, Sunkin, S. M, Mehler, M. F. & Mattick, J. S. Specific
expression of long noncoding RNAs in the mouse brain. Proc. Natl Acad. Sci.
USA 105, 716-721 (2008).

6. Guttman, M. et al. lincRNAs act in the circuitry controlling pluripotency and
differentiation. Nature 477, 295-300 (2011).

7. Ng,S.Y, Johnson, R & Stanton, L. W. Human long non-coding RNAs promote
pluripotency and neuronal differentiation by association with chromatin
modifiers and transcription factors. EMBO J. 31, 522-533 (2012).

8. (Cao, J. The functional role of long non-coding RNAs and epigenetics. Biol.
Proced. Online 16, 11 (2014).

9. Luo, S. et al. Divergent IncRNAs regulate gene expression and lineage dif-
ferentiation in pluripotent cells. Cell Stem Cell 18, 637-652 (2016).

10. Gibbons, H. R. et al. Divergent INcRNA GATA3-AS1 regulates GATA3 tran-
scription in T-helper 2 cells. Front. Immunol. 9, 2512 (2018).

11, QOu, F. et al. The LncRNA ZBED3-AST induces chondrogenesis of human
synovial fluid mesenchymal stem cells. Biochem. Biophy. Res. Commun. 487,
457-463 (2017).

12. Sigova, A. A. et al. Divergent transcription of long noncoding RNA/mRNA
gene pairs in embryonic stem cells. Proc. Natl Acad. Sci. USA 110, 2876-2881
(2013).

13. van de Leemput, J. et al. CORTECON: a temporal transcriptome analysis of
in vitro human cerebral cortex development from human embryonic stem
cells. Neuron 83, 51-68 (2014).

14, Subhash, S. et al. H3K4me2 and WDR5 enriched chromatin interacting long
non-coding RNAs maintain transcriptionally competent chromatin at diver-
gent transcriptional units. Nucleic Acids Res. 46, 9384-9400 (2018).

15.  Fickett, J. W. Recognition of protein coding regions in DNA sequences. Nucleic
Acids Res. 10, 5303-5318 (1982).


https://doi.org/10.1038/s41420-020-0263-6

Prajapati et al. Cell Death Discovery (2020)6:28

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Frith, M. C. et al. Discrimination of non-protein-coding transcripts from protein-
coding mRNA. RNA Biol. 3, 40-48 (2006).

Lin, M. F, Jungreis, |. & Kellis, M. PhyloCSF: a comparative genomics method to
distinguish  protein  coding and non-coding regions. Bioinformatics 27,
i275-i282 (2011).

Kong, L. et al. CPC: assess the protein-coding potential of transcripts using
sequence features and support vector machine. Nucleic Acids Res. 35,
W345-W349 (2007).

Wang, L. et al. CPAT: coding-potential assessment tool using an alignment-
free logistic regression model. Nucleic acids Res. 41, e74 (2013).

Mele, M. et al. Human genomics. The human transcriptome across tissues and
individuals. Science 348, 660-665 (2015).

Fatima, M. et al. Tripartite containing motif 32 modulates proliferation of
human neural precursor cells in HIV-1 neurodegeneration. Cell Death Differ. 23,
776-786 (2016).

Fatima, M. et al. Novel insights into role of miR-320a-VDACT axis in astrocyte-
mediated neuronal damage in neuroAIDS. Glia 65, 250-263 (2017).
Prajapati, B. et al. Identification and epigenetic analysis of divergent long non-
coding RNAs in multilineage differentiation of human Neural Progenitor Cells.
RNA Biol. https.//doi.org/10.1080/15476286.2018.1553482 (2018).

Vance, K W. et al. The long non-coding RNA Paupar regulates the expression
of both local and distal genes. EMBO J. 33, 296-311 (2014).

Korshunova, I. et al. Characterization of BASP1-mediated neurite outgrowth. J.
Neurosci. Res. 86, 2201-2213 (2008).

Chu, C, Quinn, J. & Chang, H. Y. Chromatin isolation by RNA purification
(ChIRP). J. Vis. Exp. https//doi.org/10.3791/3912 (2012).

Hartl, M, Nist, A, Khan, M. I, Valovka, T. & Bister, K. Inhibition of Myc-induced
cell transformation by brain acid-soluble protein 1 (BASP1). Proc. Natl Acad. Sci.
USA 106, 56045609 (2009).

Rao, S. S. et al. A 3D map of the human genome at kilobase resolution reveals
principles of chromatin looping. Cell 159, 1665-1680 (2014).

Durand, N. C. et al. Juicebox provides a visualization system for Hi-C contact
maps with unlimited zoom. Cell Syst. 3, 99-101 (2016).

Grigorenko, E. L. et al. Susceptibility loci for distinct components of develop-
mental dyslexia on chromosomes 6 and 15. Am. J. Hum. Genet. 60, 27-39 (1997).

Official journal of the Cell Death Differentiation Association

31

32

33

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 17 of 17

Uittenbogaard, M. & Chiaramello, A. Expression of the bHLH transcription
factor Tcf12 (ME1) gene is linked to the expansion of precursor cell
populations during neurogenesis. Brain REs. Gene Exp. Patterns 1, 115-121
(2002).

Mesman, S. & Smidt, M. P. Tcf12 is involved in early cellfate determination and
subset specification of midbrain dopamine neurons. Front. Mol. Neurosci. 10,
353 (2017).

Zhang, Y. et al. HTF4: a new human helix-loop-helix protein. Nucleic Acids Res.
19, 4555 (1991).

Hu, J. S, Olson, E. N. & Kingston, R. E. HEB, a helix-loop-helix protein related to
E2A and [TF2 that can modulate the DNA-binding ability of myogenic reg-
ulatory factors. Mol. Cell. Biol. 12, 1031-1042 (1992).

Goodfellow, S. J. et al. WT1 and its transcriptional cofactor BASP1 redirect the
differentiation pathway of an established blood cell line. Biochemical J. 435,
113-125 (2011).

Sharma, V. P. et al. Mutations in TCF12, encoding a basic helix-loop-helix
partner of TWISTT, are a frequent cause of coronal craniosynostosis. Nat. Genet.
45, 304-307 (2013).

Kumar, L. & M, E. F. Mfuzz: a software package for soft clustering of microarray
data. Bioinformation 2, 5-7 (2007).

Langfelder, P. & Horvath, S. WGCNA: an R package for weighted correlation
network analysis. BVIC Bioinforma. 9, 559 (2008).

Shannon, P. et al. Cytoscape: a software environment for integrated models of
biomolecular interaction networks. Genome Res. 13, 2498-2504 (2003).

Bell, G. W. & Lewiitter, F. Visualizing networks. Methods Enzymol. 411, 408-421
(2006).

Margolin, A. A. et al. ARACNE: an algorithm for the reconstruction of gene
regulatory networks in a mammalian cellular context. BVIC Bioinforma. 7(Suppl
1), S7 (2006).

Guitart-Pla, O, Kustagi, M, Rugheimer, F, Califano, A. & Schwikowski, B. The
Cyni framework for network inference in Cytoscape. Bioinformatics 31,
1499-1501 (2015).

Pool, M, Thiemann, J, Bar-Or, A. & Fournier, A. E. NeuriteTracer: a novel Image)J
plugin for automated quantification of neurite outgrowth. J. Neurosci. Methods
168, 134-139 (2008).


https://doi.org/10.1080/15476286.2018.1553482
https://doi.org/10.3791/3912

	Temporal transcriptome analysis of neuronal commitment reveals the preeminent role of the divergent lncRNA biotype and a critical candidate gene during differentiation
	Introduction
	Results
	lncRNA biotypes during cortical neuronal differentiation
	Clustering analyses to identify stage-specific lncRNA biotypes during corticogenesis
	Identification of the BASP1 as the major hub gene during cortical neural differentiation
	BASP1-AS1 is localized in the nucleus and expressed in fetal brain
	BASP1-AS1 regulates expression of BASP1 during the neuronal differentiation of fetal-derived hNPCs
	BASP1-AS1 influences neuronal differentiation
	Molecular interaction involving BASP1-AS1 and the BASP1 genomic locus
	Interaction of the transcription factor TCF12 with the BASP1 gene
	All three components of the complex, BASP1-AS1, BASP1, and TCF12, are essential for neural differentiation from hNPCs

	Discussion
	Materials and methods
	Bioinformatics analysis
	M-fuzz clustering for stage-specific cluster identification during neurogenesis
	t-Distributed stochastic neighbor embedding (t-SNE)
	Weighted network analysis of Cortecon data sets
	Key network identification within stage-specific biotype cluster

	Cell culture
	Immunocytochemistry
	RNA isolation, RT-PCR, and gene expression analysis using qPCR
	siRNA transfection
	Chromatin isolation by RNA purification (ChIRP)
	Nuclear and cytoplasmic fractionation
	In situ hybridization (ISH) of BASP1-AS1
	Chromatin immunoprecipitation (ChIP)
	Statistical analysis

	Acknowledgements




