BRIEF REPORT

Neurogenesis 2:1, €995524; January—December 2015; Published with license by Taylor & Francis Group, LLC

Identification and expression patterns of novel
long non-coding RNAs in neural progenitors of
the developing mammalian cortex

Julieta Aprea'', Mathias Lesche?", Simone Massalini', Silvia Prenninger’, Dimitra Alexopoulou?, Andreas Dahl?,
Michael Hiller***, and Federico Calegari'”*

'DFG-Research Center and Cluster of Excellence for Regenerative Therapies; Dresden, Germany; “Deep Sequencing Group, Biotechnology Center; Dresden, Germany;
3Max Planck Institute of Molecular Cell Biology and Genetics; Dresden, Germany; *Max Planck Institute for the Physics of Complex Systems; Dresden, Germany

fAuthors are equal contributing joint-first authors.

Keywords: neurogenesis, cortical development, IncRNAs

Abbreviations: IncRNAs, long non-coding RNAs.

Long non-coding (Inc)RNAs play key roles in many biological processes. Elucidating the function of IncRNAs in cell
type specification during organ development requires knowledge about their expression in individual progenitor types
rather than in whole tissues. To achieve this during cortical development, we used a dual-reporter mouse line to isolate
coexisting proliferating neural stem cells, differentiating neurogenic progenitors and newborn neurons and assessed
the expression of IncRNAs by paired-end, high-throughput sequencing. We identified 379 genomic loci encoding novel
IncRNAs and performed a comprehensive assessment of cell-specific expression patterns for all, annotated and novel,
IncRNAs described to date. Our study provides a powerful new resource for studying these elusive transcripts during

stem cell commitment and neurogenesis.

The rise of high-throughput sequencing has led to the identifi-
cation of novel transcripts on a massive scale and this has funda-
mentally changed our perception about the prevalence and
potential significance of non-coding RNAs.'” In particular for
long non-coding (Inc)RNAs, studies have reported that these
transcripts compete with conventional protein-coding mRNAs
for abundance and diversity.'® Although the proportion of
putative IncRNAs that are truly non-coding is being debated'"'*
it is clear that their various degrees of tissue specificity and, in
some cases, evolutionary conservation make them prime candi-
dates to play major roles in several biological functions.

In fact, a rapidly growing literature has addressed the role of a
few IncRNAs pointing out their involvement in functions as
diverse as chromatin remodeling, transcriptional coregulation,
molecular decoying or splicing.'™'° Yet, reflecting the novelty of
this field, annotation of a large proportion of IncRNAs is still
fragmentary and inconsistent. Moreover, while many studies
have identified IncRNAs in species as diverse as plants to human
and in a multtude of tissues from early embryos to senescent
brains®” very few have assessed their expression in specific cell
types representative of a given biological process.

In particular for IncRNAs of the mammalian central nervous
system, studies have focused on whole developing retinas, >

developing, adult or senescent brains'*"'® or portion of tissues from
different brain areas in order to bioinformatically infer the lineage
of neural stem cells.!” Although important, these studies could not
assess the expression of IncRNAs in specific cell populations owning
to the intrinsic difficulties associated with the identification and
sorting of individual cell types that coexist as intermingled popula-
tions in complex tissues. Yet, overcoming this limitation is funda-
mental to identify IncRNAs differendally expressed in specific cell
types as a prerequisite to study their putative function.

To identify specific cell types during mouse corticogenesis, our
group has generated and characterized a double-reporter mouse
line in which the 3 coexisting populations of neural progenitors
undergoing proliferative versus differentiative division and neu-
rons were identified by the combinatorial expression of 2 fluores-
cent reporters.'® Specifically, our approach was based on the
generation of a RFP line in which the expression of the red
reporter was under the control of Bzg2, a marker of neural progeni-
tors undergoing differentiative divisions to generate either basal
(intermediate) neurogenic progenitors or neurons.'’ This BthRFP
mouse line was then crossed to a previously described GFP line in
which expression of the green reporter was under the control of
Tubb3,*° an early marker of postmitotic neurons. In essence,

FAC-sorting of GFP— progenitors that were either RFP- or
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RFP+ allowed us to separate the 2 types of proliferative progeni-
tors (PP) and differentiating progenitors (DP), respectively. At the
same time, we were able to identify GFP+ newborn neurons inde-
pendently from the persistence of RFP fluorescence due to the
inheritance of the red reporter from their neurogenic mother
cells."®

Compared to previous transcriptome sequencing studies that
analyzed randomly selected individual cells, portion of tissues,
developmental stages or different species,m’24 our approach was
the first to compare 3 different cell types coexisting is space and
time.'® This allowed the identification of a small pool of tran-
scripts, referred to as switch genes and representing ca. 2% of the
whole transcriptome, that were specifically up-/down-regulated in
the transient DP population while showing an opposite pattern in
both PP and neurons (i.e. PP < DP > neuron or PP > DP< neu-
ron for on- and offswitch genes, respectively). Identification of
switch transcripts was particularly important because a remarkably
high proportion of differentially expressed genes were up-/downre-
gulated consistently in both DP and neurons (i.e., PP < DP < neu-
ron or PP > DP > neuron) with most transcripts among this group
being implicated in neuronal specification and maturation but not
necessarily in the switch from PP to DP proper.'® Hence, switch
transcripts represent differentially expressed genes characterizing
the signature of neurogenic commitment independently from the
specification, migration and maturation of postmitotic neurons
and differences among tissues, developmental stages or species.

Validating our approach, we found that essentially all
known markers of neurogenic commitment were switch tran-
scripts.'® Moreover, in vivo manipulation of coding as well
as non-coding switch transcripts that were either uncharacter-
ized or had no reported function in stem cell commitment or
cortical development led to evident phenotypes when overex-
pressed in neural progenitors of developing mouse embryos
(*® and %°). In essence, these findings indicated that switch
transcripts include a remarkably high proportion of genes
functionally involved in neurogenic commitment despite the
fact that several of them, particularly IncRNAs, were never
studied in any context before.

Given the increasing interest toward understanding the cell
biology and function of this elusive class of transcripts, we previ-
ously sought to identify novel switch IncRNAs and succeeded in
validating at least 2 that we named cortical switch IncRNA 1
(Cosll) and Btg2-AS1, the latter an antisense, genic IncRNAs
overlapping the DP marker Btg2.'® However, our previous data-
set was of limited use for the comprehensive, de-novo annotation
of new IncRNAs due to the use of single-end sequencing, which
makes it difficult to detect the exon-intron structure of novel
genes.”® Hence, we here decided to repeat our analysis by FAC-
sorting PP (Btg2"*"—/ Tubb3°*"-), DP (Bg2"""+/ Tubb3°""-)
and neurons (7ubb3°""+) at embryonic day (E) 14.5 followed
by poly-A extraction and 100 bp paired-end, strand-specific,
high-throughput sequencing. By this we aimed not only to assess
the differential expression, including switch behavior, of already
annotated IncRNAs whose profiles in specific neural cell types
was unknown but also to identify novel IncRNAs that are unre-
ported in any data set available to date.
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Figure 1. Flowchart summarizing the key steps undertaken to identify
novel IncRNAs including (from top to bottom) FAC-sorting of PP, DP and
neurons (N) of the E14.5 lateral cortex, followed by sequencing, tran-
script assembly and separation between not annotated (center) and
annotated (right) transcripts. Not annotated transcripts overlapping
annotated genes or to their 2 kb flanks were excluded together with
transcripts showing signatures of protein coding conservation or having
one single exon. The remaining multi-exon transcripts were subse-
quently divided into 3 categories including (from left to right): novel or
overlapping previously described IncRNAs by either less or more than
80% of their sequence. Numbers indicate transcripts or genomic loci
(within parentheses) being identified. Differential expression analyses
were performed for all categories except for not annotated, single-exon
transcripts.

We assembled reads from PP, DP and neurons in 3 biological
replicates independently for the new 100 bp paired-end as well
as for our previous 75 bp single-end sequencing data'® and ana-
lyzed the union of all resulting transcripts. To obtain a set of
bona fide novel IncRNAs, we applied a series of filtering steps
(Fig. 1) some of which are widely used to detect novel IncRNAs
by sequencing.”” First, we excluded all transcripts (2,769) already
annotated in Ensembl as IncRNAs. Second, we excluded tran-
scripts that overlapped, on the same strand, exons of known cod-
ing genes. Similarly, transcripts on the same strand and within
2 kb up-/downstream of an annotated coding gene were also

Volume 2 Issue 1



excluded as these are likely 5" or 3’ extensions of the correspond-
ing coding gene. In doing so, we observed that splice sites of
multi-exons transcripts allowed the unambiguous assignment of
the transcript to one strand whereas the strand information of
single-exon transcripts was often unreliable (data not shown).
Hence, we also excluded single-exon transcripts overlapping cod-
ing genes, or their 2 kb flanking regions, irrespective of their
strand orientation. Third, to increase the reliability of our analy-
sis we kept transcripts that had a higher estimated abundance
than their confidence interval®® in at least 2 of the 3 cell types
and, fourth, removed a small number of transcripts (37) that
showed signatures of protein-coding conservation across mam-
malian species and, thus, might represent unannotated coding
genes.

These steps ultimately provided us with a list of 3,275
IncRNAs (Supplementary File 1); 917 (28%) of which were
multi-exonic. Clustering transcripts by exon overlap, we found
that these 3,275 transcripts belonged to 2,644 loci and included
isoforms derived from alternative splicing of the same IncRNA
(examples in Fig. S1).

Next, we compared our list of transcripts to known
IncRNAs that may not necessarily be annotated in Ensembl
yet. To this end, we compiled a comprehensive list of all
IncRNAs reported in 4 sequencing studies focusing on this
class of trz1nscripts.8’12’l7‘29 To avoid matching transcripts that
differ in their exon-intron structure, we required a stringent
overlap (>80 % in similarity). We found that 82 of our 3,275
(2.5%) transcripts overlapped previously reported IncRNAs
(examples in Fig. S1B and C). This limited number of overlap-
ping transcripts can be explained by the following 3 reasons.
First, IncRNAs often have high cell- and tissue-specificity and
those expressed in PP, DP and neurons might differ from
IncRNAs obtained from the mixture of cell-types analyzed in
previous studies of whole brains, other tissues or species. Sec-
ond, alternative splicing produces high IncRNA transcript
diversity (Fig. SIB-E), which makes it difficult to find highly
similar transcript overlaps. Third, we found that prediction of
single-exon transcripts, which comprise the majority (72%) of
our 3,275 transcripts, is less reliable than that of multi-exon
transcripts (Fig. SI1A). In fact, while 6.8% (63) of our 917
multi-exon transcripts overlap previously reported IncRNAs,
this was the case for only 0.8% (19 of 2,358) single-exon tran-
scripts. To further support this, we counted overlaps down to
even a single base and found overlaps for 46.7% (429 of 917)
of multi-exon transcripts but only for 13.4% (317 of 2,358) of
single-exon transcripts. This bias is most likely explained by
the difficulties encountered by computational tools to correctly
annotate the boundaries of single-exon transcripts from RNA-
seq data. Supporting this, we noticed that a substantial propor-
tion of single-exon transcripts were located in larger genomic
regions that are transcriptionally active (example in Fig. S1A)
possibly indicating transcriptional noise arising, for example,
from open chromatin regions. Together with the fact that
strand-annotation of single-exon transcripts was unreliable (see
above), we decided to continue our analysis by focusing only
on the 917 multi-exon transcripts identified thus far.
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To provide a set of IncRNAs that are not in any gene annota-

. . . 812,172
tion and were not detected by previous studies 729

we con-
servatively removed all transcripts with partial overlaps (even
down to one individual base). Doing so led to 488 of our 917
multi-exon transcripts (379 distinct genomic loci) being truly
novel and described in our current study for the first time (Sup-
plementary File 2).

Next, we used RT-PCR to i) validate the presence of pre-
dicted new transcripts and ii) test the reliability in exon-intron
structure annotations in those cases in which our prediction dif-
fered significantly from IncRNAs described in other studies,
which might be due to alternative splicing and/or to the bioin-
formatics tools being used. To this aim, we selected 3 novel and
5 known IncRNAs (Fig. 2), the latter including transcripts sig-
nificantly extending previously predicted IncRNAs as well as
cases of high (>80 %) or low (<80 %) overlap (Fig. 2D, 2E-G
and 2H, respectively). RT-PCR was performed on cDNAs
obtained from the E14.5 brain using primers spanning across
different exons (Table S1). In all 8 cases, sequence and size of
the obtained PCR-amplicons were very closely resembling, if
not entirely identical, to the structure predicted based on our
sequencing data. In contrast, exon-intron structures differed,
even substantially, from the IncRNA annotation of previous
sequencing studies using different tissues and/or species®'>'”*?
(Fig. 2D-F). This not only confirms the existence of previously
unknown IncRNAs but also suggests that exon-usage of
IncRNAs is highly diverse and tissue-specific. As a result, predic-
tions of exon-intron structure based on sequencing analyses in
one tissue may not necessarily be confirmed in other dssues or
cell types.

An additional advantage of our approach is that transcrip-
tomes of individual cell types likely provide a much higher reso-
lution than whole organs to find IncRNAs with very specific
expression patterns. In particular, our transcriptome sequencing
in 3 cell populations allowed the classification of transcripts in 9
classes since 3 expression patterns (up-regulation, no change or
down-regulation) were defined in the transition from PP to DP
as well as in the transition from DP to neurons (Fig. 3A). (The
third transition from PP to neurons was not considered biologi-
cally relevant given the fact that neurons are generated from DP
and not PP.) LncRNA abundance was assessed by DESeq?2 after
pulling together those transcripts derived from the same locus. As
a threshold for differential expression we considered an up- or
down-regulation by > 50% (FDR 5%) in either PP or neurons
relative to DP (i.e. DP/PP or DP/neurons being either < 0.67
or > 1.5). As a validation of this analysis we assessed differential
expression of IncRNAs by using a genome-wide depository of 7z
situ hybridizations on the developing mouse brain.”> Among the
inspected IncRNAs included in this resource and providing a
robust signal above background, essentially all (20/20) displayed
a signal distribution within the tissue that was fully consistent
with sequencing data. In particular, transcripts highly expressed
in PP, DP or neurons were found to be enriched in the ventricu-
lar zone, subventricular zone or intermediate zone/cortical plate,
respectively (9 examples are shown in Fig. S§2). This confirms
and extends our previous study'® in which differential expression
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Figure 2. (A-H) RT-PCR validation of novel (A-C) and IncRNAs overlapping published transcripts (D-H) using E14.5 RNA brain extracts as templates and
primers spanning across different exons (Table S1). Various types of predicted, reported and validated transcripts are depicted by colors as indicated in
the legend (top-right), including regions containing neuronal enhancers (black) and/or coding genes (blue). Note the overall similarity in exon usage
between predicted (gray) and validated (red) IncRNAs in our study. Arrows indicate the directionality of transcription.

assessed by sequencing was validated at the tissue level for more
than 30 established markers of cell types and 24 uncharacterized
switch genes. Next, IncRNAs displaying any of the 9 possible
expression patterns were identified from the 3 groups of i)
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Ensembl-annotated IncRNAs (2,769) (Fig. 3B), ii) transcripts
predicted in our study with any degree of overlap with reported,
multi-exon IncRNAs (429) (Fig. 3C) and iii) novel, multi-exon
IncRNAs (379) (Fig. 3D). The proportion of IncRNAs
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Figure 3. (A) Expression patterns of transcripts in the transition from PP (gray) to DP (red) and DP to neurons (green). Up-, constant- or down-regulation
are represented by the slope of the lines connecting each cell type for a total of 9 combinations. (B-D) Distribution of transcripts according to their
expression patterns as shown in (A) in the 3 categories of Ensembl-annotated (B), overlapping published (C), and novel (D) IncRNAs. Transcripts were rep-
resented by dots of different color according to the statistical significance (FDR, as indicated in the legend; top) of their fold-change (log,) in DP relative
to either PP (DP/PP; y-axis) or neurons (DP/N; x-axis). Percentages within each quadrant indicate the abundance of a given expression pattern (B-D) rela-
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displaying any given expression pattern was then referred to the
total number of IncRNAs belonging to each group.

For the first group, this yielded 402 (14.5%) annotated
IncRNAs being differentially expressed between PP and DP.
Among these, 207 continued to be differentially expressed also in
the transition from DP to neurons with on- and off-switch
IncRNAs  representing 22 and 25 transcripts, respectively
(together, 1.7% of the total). In addition, 540 (19.5%) IncRNAs
were differentially expressed solely in the transition from DP to
neurons but not from PP to DP (Fig. 3B and Supplementary
File 3). Similar results were obtained with IncRNAs overlapping
transcripts  described in other studies corresponding to 97
(35.0%) IncRNAs being differentially expressed from PP to DP
including 11 and 5 on- and off-switch, respectively (together,
5.8% of the total) (Fig. 3C and Supplementary File 4). Finally,
analysis of novel IncRNAs yielded 130 (34.3%) loci being differ-
entially expressed from PP to DP with 31 and 3 on- and off-
switch IncRNAs, respectively (together, 9.0% of the total)
(Fig. 3D and Supplementary File 4).

Notably, the proportion of differentially expressed IncRNAs,
particularly on- and off-switch, was higher among the group of
novel transcripts compared to overlapping or annotated genes
(9.0%, 5.8% and 1.7%, respectively). This corroborates the con-
clusion that transcriptome analysis of individual cell types pro-
vides a better resolution than whole organs to identify differential
expression. Given the assumption that differential expression
provides a proxy for biological function, we conclude that our
list of novel IncRNAs is more significantly enriched in transcripts
functionally involved in neurogenic commitment than previous
datasets.

Moreover, knowing that a significant proportion of
IncRNAs overlap coding genes in antisense orientation we
next examined to which extent the expression of neighboring
coding and non-coding transcripts correlated. For this, we
grouped all IncRNAs predicted by our study and used
IncRNAs annotated in Ensembl as a second group of refer-
ence. In both groups, we observed a similar and strong corre-
lation, either negative or positive, between the expression of
adjacent coding- and Inc-transcripts (Fig. 4A and B). Inter-
estingly, this correlation did not seem to be influenced by the
distance of the loci in consideration since overlapping, genic
and intergenic IncRNAs, even well over 100 kb apart, dis-
played very similar trends (Fig. 4C).

Moreover, the association between coding- and Inc-RNAs
allowed us to assess gene ontology terms of the former to investi-
gate whether terms related to corticogenesis were proportionally
over-represented. Given that the correlation in the expression lev-
els of coding- and Inc-RNAs was undistinguishable in the 2
groups of known and novel IncRNAs, we decided to pull these
together and from this we selected all IncRNAs differentially
expressed in any cell type. Consistent with a previous report on
the developing brain,” gene ontology analysis of coding tran-
scripts adjacent to differentally expressed IncRNAs revealed a
consistent enrichment in GO terms related to regulation of neu-
rogenesis, transcription and development (Fig. 4D). Again, this
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feature was independent from the distance between coding and
non-coding loci (Fig. 4D).

All together, and to the best of our knowledge, our study
provides the most comprehensive, cell type-specific description
of differentially expressed IncRNAs during neurogenic commit-
ment of mammalian cortical progenitors. Surprisingly, and
despite the many exhaustive sequencing studies focusing on
IncRNAs, we were here able to substantially increase the num-
ber of loci driving the expression of nearly 500 multi-exonic
transcripts, several of which undergo alternative splicing.
Importantly, our estimation of the number of novel transcripts
represents a very conservative estimate given the fact that over
2 thousand single-exon transcripts could not be assessed reli-
ably due to the limitations in sequencing and bioinformatics
tools that are currently available. Moreover, with regard to the
prediction of exon usage derived from deep-sequencing data,
we observed that in all cases validated our assessment was closer
to the true variants expressed in the developing mouse cortex
than that of previous studies focusing on other tissues or spe-
cies.»'>!7?? These differences in splicing of IncRNAs indicates
the superiority of cell-specific analysis in identifying tissue-spe-
cific splice variants of these elusive transcripts. Supporting this,
we found a substantial increase in the fraction of differentially
expressed IncRNAs among the group of transcripts identified
in our study than in those previously reported. Hence, we
believe that our work provides the community with a highly
specific and powerful resource to study the role of IncRNAs in
stem cell commitment and brain development.

Materials and Methods

Animals, sorting and sequencing

The Btg2"""/ Tubb3°*" line and sorting of E14.5 PP, DP and
neurons was recently reported.'® Briefly, cortices were dissociated
using the papain-based neural dissociation kit (Milteney Biotec)
and FACS performed at 4°C in the 4-way purity mode gating
green (488 nm) and red (561 nm) fluorescence to collect ca. 1 x
10° cells from >3 embryos from different litters. Cells were
immediately lysed in WMACS™ mRNA Isolation Kit and
lysates cleaned on LysateClear Colums (Miltenyi) resulting in ca.
1 pg of poly-A RNAs with an integrity number > 9.2. Libraries
were prepared as described!® using oligo(dT) for transcripts selec-
tion, first strand ¢cDNA synthesis by random primers, second
strand synthesis, end-repair, adaptor ligation, dUTP cleavage and
enrichment with indexed primers. Sequencing was performed on
an Illumina HiSeq 2000 platform pooling samples in 2 lanes for
100 bp paired-end sequencing resulting in ca. 90 million reads
per sample. Raw data were deposited in NCBI-GO (accession
Nr. GSE65487).

Bioinformatics and statistics

Sequencing data were obtained for PP, DP and neurons in
3 biological replicates and assembly performed independently
for the new 100 bp paired-end and 75 bp single-end reads
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Figure 4. (A and B) Distribution of Pearson'’s correlation coefficients of expression levels for pairs of coding (blue) and non-coding (red) transcripts anno-
tated in Enembl (A) or predicted by our study (B). Loci overlapping in antisense (left) or adjacent (right) are depicted separately as indicated by the
respective legends (top-left). (C) Pearson'’s correlation coefficients (y-axis) of pairs of adjacent coding and non-coding transcripts annotated in Ensembl
(top) or predicted by our study (bottom) and represented as a function of their distance (bp; x-axis). Note that the vast majority of pairs of transcripts
have an almost perfect negative (-1.0) or positive (1.0) linear correlation that seems not to be influenced by their distance even up to 1 megabase.
(D) Gene ontology terms (DAVID) of coding transcripts overlapping (left), within (middle) or beyond (right) 1 kb distance from a differentially expressed

previously reported.'® The “Tuxedo Suite” of Bowtie, Tophat
and Cufflinks®'®* was used for transcript assembly. We
aligned reads to the mm9 mouse genome using the splice
junction mapper Tophat (version 2.0.10) that used Bowtie 2
(version 2.2.1) for mapping. Tophat was first called with the
paired-end data and called again with the single-end data and
junctions from the paired-end. We did not use any annota-
tion file for each of the alignments. In the second step, we
used Cufflinks on each Tophat run with the gene annotation
of Ensembl version 67 to guide a reference annotation based
transcript assembly. All transcript files were merged with
Cuffmerge. To obtain IncRNAs, we excluded transcripts that
overlap known gene annotations. Specifically, we merged
gene annotations (UCSC genome browser tracks knownGene,
vegaGene, ccdsGene, ensGene and

refGene, exoniphy,
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mgcFullMrna) with pseudogene tracks (vegaPseudoGene,
pseudoYale60, ucscRetroAlil). Bedtools (version 2.16.2) was
used to exclude multi-exon transcripts that overlap any tran-
script or its 2 kb up- and down-stream flanks on the same
strand. Overlapping single-exon transcripts were excluded
regardless of strand since this information for single-exon
transcripts was unreliable. Next, we removed transcripts that
had a lower estimated abundance than their confidence inter-
val.”’ Potentially coding genes were identified by RNAcode®
on exons of novel transcripts using the mouse mm9 genome
alignment with a total of 43 species36 (window of at least
30 bp; p<0.0001). For IncRNA annotations from other stud-
ies,®1%172% e matched the accession numbers against the
UCSC table mRNA to convert the loci from the mm5% to
the mm9 assembly and overlapped our transcripts with

€995524-7



known IncRNAs by requiring > 80% similarity as: (2*exonic
base overlap)/(exonic bases in our transcript + exonic bases

in a known transcript).

Validation of IncRNAs

ML, MH and FC conceived the project; JA performed the
experiments supported by SM and SP; ML, MH and JA per-

formed the bioinformatic analyses supported by DA and AD. FC
wrote the manuscript. All authors approved the manuscript.

Validation of IncRNAs was performed by RT-PCR of E14.5
mouse brains using primers designed on Cufflinks prediction
(Supplementary Data and Table S1). Amplicons were assessed
by size and Sanger sequencing.
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