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Abstract

Transmission of olfactory information to higher brain regions is mediated by olfactory bulb (OB)
projection neurons, the mitral and tufted cells. Although mitral/tufted cells are often characterized
as the OB counterpart of cortical projection neurons (also known as pyramidal neurons), they
possess several unique morphological characteristics and project specifically to the olfactory
cortices. Moreover, the molecular networks contributing to the generation of mitral/tufted cells
during development are largely unknown. To understand the developmental patterns of gene
expression in mitral/tufted cells in the OB, we performed transcriptome analyses targeting purified
OB projection neurons at different developmental time points with next-generation RNA
sequencing (RNA-seq). Through these analyses, we found 1,202 protein-coding genes that are
temporally differentially-regulated in developing projection neurons. Among them, 388 genes
genes temporally changed their expression level only in projection neurons. The data provide
useful resource to study the molecular mechanisms regulating development of mitral/tufted cells.
We further compared the gene expression profiles of developing mitral/tufted cells with those of
three cortical projection neuron subtypes, subcerebral projection neurons, corticothalamic
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projection neurons, and callosal projection neurons, and found that the molecular signature of
developing olfactory projection neuron bears resemblance to that of subcerebral neurons. We also
identified 3,422 events that change the ratio of splicing isoforms in mitral/tufted cells during
maturation. Interestingly, several genes expressed a novel isoform not previously reported. These
results provide us with a broad perspective of the molecular networks underlying the development
of OB projection neurons.
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Introduction

The sense of smell influences our mood, emotion, behavior, and health. The OB is the first
relay station of odor signals generated by olfactory sensory neurons, and olfactory
information must go through the OB before reaching higher brain regions (Mori and Sakano,
2011). In the mouse main OB there are two basic populations of projection neurons, mitral
cells and tufted cells, mediating the transmission of olfactory information to the olfactory
cortex (Nagayama et al., 2014). Mitral/tufted cells are often presented as the OB counterpart
of cortical pyramidal neurons. However, the mitral/tufted cells are generated in the
embryonic brain earlier than cortical pyramidal neurons and morphologically differ from
cortical neurons in several respects. For example, while cortical pyramidal neurons typically
possess apical and basal dendrites that receive axonal synapses, mitral/tufted cells possess
two characteristic apical dendrites: 1) a primary apical dendrite that extends radially and
arborizes in a single glomerulus where it receives input from olfactory sensory neurons; and
2) secondary dendrites that extend horizontally in the external plexiform layer (EPL). The
secondary dendrites make reciprocal dendrodendritic synapses with a population of
interneurons, granule cells and the apical dendrites with periglomerular cells, both of which
modulate mitral/tufted cell activity (Nagayama et al., 2014). Despite our understanding of
their anatomy, the molecular mechanisms regulating mitral/tufted cell development remain
largely unknown.

A constellation of molecular networks contributes to the generation of neuronal diversity in
the mammalian brain. The genome-wide transcriptome analysis reveals the myriad
molecules expressed in target regions, in specific types of cells, and in single cells. It has
been applied to a wide variety of animals including human, monkey, rat, and mouse, and
provided us with a comprehensive view of the spatiotemporal dynamics of gene expression
needed to identify the molecular networks unique to specific neuronal types (Okaty et al.,
2011). Regarding the olfactory system, RNAs expressed in the developing mouse OB from
embryonic day (E) 11 to postnatal day (P) 0 were previously identified, revealing
approximately 5,570 genes that temporally change their expression level (Campbell et al.,
2011). While understanding the temporal framework of gene expression is critical, spatial
information is necessary to discriminate the molecules and pathways involved in
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development of specific types of neurons. To fill this void, we performed transcriptome
analyses that specifically targeted the developing mitral/tufted cells.

Neurotensin (NTS) is a neuropeptide expressed by developing mitral/tufted cells (Kiyama et
al., 1991). In a transgenic mouse in which the Afsallele was replaced with Nts-IRES-tauGfp
(Nts-Gfp), only the mitral/tufted cells express GFP in the main OB during development
(Walz et al., 2006). In this study, we utilized this transgenic mouse and performed genome-
wide transcriptome analysis against GFP+ cells purified with FACS from Nts-Gfp mice at
different embryonic days from E13 to PO. This work provides a comprehensive and
systematic characterization of the spatiotemporal dynamics of the molecular signatures
underlying mitral/tufted cell development in the OB.

Material and methods

Animals

Nts-Gfo mice, created by Dr. Mombaerts' laboratory (Nts™MomM/NMomJ) (Walz et al., 2006),
were obtained from the Jackson Laboratory (Stock#: 006702). The dams were checked every
day for a copulation plug. The day on which we found a copulation plug was called EQ, and
the succeeding days of gestation were numbered in order. Prenatal embryos were harvested
after pregnant dams were euthanized by CO2 inhalation, and PO pups were rapidly
decapitated. Whole litters were used to prepare total RNA from purified GFP+ and GFP-
cells in the OB at each time point (8, 8, 7, and 8 mice for E13, E15, E17, and PO,
respectively). All animal care and use was approved by the Yale University Animal Care and
Use Committee.

Immunohistochemistry

Animals were fixed in 4% paraformaldehyde (PFA) overnight. The fixed brains were
cryopreserved in 30% sucrose (wt/vol) in 0.1 M phosphate buffer (pH 7.4), and embedded in
optimal cutting temperature compound (Sakura Finetek). The olfactory tissues were cut on a
cryostat into 20 pm slices and stored at =20 °C until use. The slices were pretreated for 30
min in 0.025 M HCl at 65 °C, and rinsed with 0.1 M borate buffer (pH 8.5), PBS and TBS-T
(10 mM Tris-HCI (pH 7.4), 100 mM NaCl with 0.3% Triton-X100 (vol/vol)). The slices
were then blocked with blocking buffer (5% normal donkey serum (vol/vol) in TBS-T) at 20
— 25 °C for 1 h and incubated with primary antibodies diluted in blocking buffer overnight at
4 °C. Sections were washed with TBS-T, then incubated with secondary antibodies with
4’6-diamino-2-phenylindole dihydrochrolide (DAPI; Invitrogen) or DRAQS5 (Biostatus Ltd.)
for nucleus staining for 1 h. The immunoreacted sections were washed and mounted with
Gel/Mount mounting medium (Biomeda).

For primary antibodies, we used chicken anti-GFP (Abcam, #ab13970, immunogen:
recombinant full length GFP, dilution 1:1000) and rabbit anti-Thrl (Abcam, #ab31940,
immunogen: synthetic peptide conjugated to KLH derived from within residues 50 - 150 of
Mouse TBR1, dilution 1:5000). Western blot analysis from mouse cardiomyocytes
overexpressed with GFP plasmid with the anti-GFP antibody showed a single band (~25
kDa) corresponding to the molecular weight of GFP. Western blot analysis from mouse
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hippocampus whole cell lysate with the anti-Tbrl antibody showed a single band (~74 kDa)
corresponding to the molecular weight of Thrl. Donkey anti-chicken Cy2 (Jackson
Immunochemicals, 1:200) and donkey anti-rabbit Alexa555 (Life Technologies, 1:200) were
used as secondary antibodies.

FACS purification and RNA preparation

Once the OB was dissected in cold Hanks' Balanced Salt Solution (HBSS), the tissue was
immediately enzymatically digested for 30 minutes using the Papain Dissociation System
(Worthington Biochemical Corporation; Lakewood, NJ), according to manufacturer
instructions. The cell suspension was maintained on ice (also in dark) until FACS sorting to
minimize unwanted transcriptional changes. Dissociated GFP+ and GFP- cells were
purified with FACSVantage SE (BD) or MoFlo (Beckman-Coulter). The sorted cells were
spun down at 300 rcf for 5 minutes to exclude with the excess buffer. Total RNA was
extracted using RNeasy mini kit (Qiagen) and snap frozen at -80C for later analyses.

Library Preparation and Sequencing for mRNA

Optical density values of extracted RNA were measured using NanoDrop (Thermo
Scientific) to confirm an Aygo:Aogg ratio above 1.9. RNA integrity number (RIN) was
measured using BioAnalyzer (Agilent) RNA 6000 Pico Kit to confirm RIN above 7. The
cDNA libraries were prepared using the Ovation RNA-seq System V2 (NUGEN) as per the
manufacturer's instructions. The unique barcode sequences were incorporated in the adaptors
for multiplexed high-throughput sequencing. The final product was assessed for its size
distribution and concentration using BioAnalyzer High Sensitivity DNA Kit (Agilent) and
Kapa Library Quantification Kit (Kapa Biosystems). The libraries were pooled and diluted
to 2 nM in EB buffer (Qiagen) and then denatured using the lllumina protocol. The
denatured libraries were diluted to 10 pM by pre-chilled hybridization buffer and loaded
onto TruSeq SR v3 flow cells on an Illumina HiSeq 2000 (Illumina) and run for 75 cycles
using a single-read recipe (TruSeq SBS Kit v3, lllumina) according to the manufacturer's
instructions. lllumina CASAVA pipeline (released version 1.8, Illumina) was used to obtain
de-multiplexed sequencing reads (fastq files) passed the default purify filter. Additional
quality filtering used FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit) to keep only
reads that have at least 80% of bases with a quality score of 20 or more (conducted by
fastq_quality_filter function) and reads left with more than 10 bases after being trimmed
with reads with a quality score of less than 20 (conducted by fastg_quality_trimmer
function).

Transcriptome Assembly and Quality Control

A bowtie2 index was built for the GRCm38 genome assembly using bowtie version 2.2.3.
The RNA-seq reads of each of the 8 samples were mapped using Tophat version 2.0.9
(Trapnell et al., 2009) supplied by Ensembl annotation file; GRCm38.78.gtf. Each sample's
transcripts were assembled and their expression quantified using Cufflinks version 2.2.1
(Trapnell et al., 2010) supplied by GRCm38.78.gtf. The resulting assemblies were merged
into a master transcriptome by Cuffmerge which was subsequently used by Cuffquant and
Cuffnorm to generate normalized expression in FPKM and count tables for each sample.
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Normalization was performed via the median of the geometric means of fragment counts
across all libraries, as described in Anders and Huber (Anders and Huber, 2010).

Coverage by chromosome of the mapped reads was calculated using the depth function of
the samtools version 0.1.19 module. Exon coverage was calculated by using the intersectBed
function of the bedtools version 2.20.1 module to intersect the chromosomal depths with the
exons in GRCm38.78.gtf. Violin plots were generated using the vioplot version 0.2 R
package. The density plots of FPKM values were generated by ggplot2 version 1.0.1 R
package. RnaSegMetrics function under Picard tools (v.1.102; http://picard.sourceforge.net)
was used to compute the 5'-3" coverage bias along gene body as well as the number of
bases assigned to various classes of RNA.

The limma version 3.20.9 R package was used to perform quantile normalization of the log,
of the FPKM values of the reliably expressed protein coding genes, where reliably expressed
protein coding genes were defined as two or more samples having FPKM >= 1 and protein
coding genes were extracted by using the GENCODE Release M4 (GRCm38.p3) gene
annotations. A Principal Component Analysis (PCA) plot was generated using the prcomp
function of the R version 3.1.1. software. Z-scores of the gene expression values were used
to create a heatmap by using the heatmap.2 function of the gplots R package, with
parameters “average” for clustering method and 1-correlation for distance.

Differential Expression and Clustering Analysis

The genes given with any of “FAIL”, “LOWDATA”, or “HIGHDATA” frags by Cufflinks
quantification status output (ref: http://cole-trapnell-lab.github.io/cufflinks/file_formats/) or
with no expression in all samples were excluded from further analyses. Log,+1 transformed
FPKM values were used for differential expression analyses. An R package maSigPro
(Conesa et al., 2006) was used to identify temporally and spatially differentially expressed
genes (DEX) across the developmental axis and/or cell type specificity; using developmental
age (E13, E15, E17, and P0) as a quantitative factor and cell type (GFP+ or GFP-) as a
qualitative factor. Differentially expressed genes were identified using Polynomial degree=2,
R=0.4 and alpha=0.1 as significance cutoffs. R packages edgeR (Robinson et al., 2010) and
TCC(Sun et al., 2013) was used to identify genes that are consistently highly expressed in
GFP+ cells. Paired gene expression comparison between GFP+ and GFP- cells was
conducted at each of 4 developmental stage after excluding genes that were called either
temporal or spatial DEX from maSigPro analysis. A corrected p<0.05 was applied to
determine significant differences.

Log,FPKM+1 values of 1,202 protein-coding positive DEX (ppDEX) were applied to vegan
an R package (http://CRAN.R-project.org/package=vegan) to determine optimal number of
clusters. The function cascadeKM was used to create several partitions forming a cascade
from a small to a large number of groups formed by k-means based on Calinski criterion
index (Calinski and Harabasz, 1974). K-means clustering was performed using MeV
software (Howe et al., 2011). Median expression values for each ppDEX clusters were
plotted by an R package ggplot2 (Wickham, 2009).
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Functional Annotation Enrichment Analysis

Ingenuity Pathway Analysis (IPA, www.giagen.com/ingenuity) was used to identify
upstream regulators associated with genes listed in each of 5 inferred ppDEX clusters.
Significance was measured by Fisher's exact test by having q<0.05 cut-off. Likewise, these 5
clusters were compared against 20 distinct clusters identified by Molyneaux et al
(Molyneaux et al., 2015). Heatmaps were generated using the heatmap.2 function of the
gplots R package.

Alternative Splicing Analysis

The juncBASE (Junction-Based Analysis of Splicing Events) version 0.9 software was used
to identify and classify exon-centric alternative splicing events based on splice junction
reads from Cufflinks and Cuffmerge (see Transcriptome Assembly above) and exon
coordinates from GRCm38.78.gtf. For the identification of alternative splicing events and
quantifying of events from each sample (step 5 of juncBASE) the following parameters were
used: an sqlite de novo transcript database created from the Cuffmerge output (step O of
JuncBASE) for the “txt_dbl1” and “txt_db2” parameters and an sqlite transcript database
created from the exons in GRCm38.78.gtf for the “txt_db3” parameter. In addition, the
pairwise Fisher's Exact test function from juncBASE using the Benjamini & Hockberg
multiple-testing correction method across the multiple splicing events tested was used to
identify pairwise differentially spliced events. Spatially and temporally differentially spliced
events were calculated for each event category: alternative acceptor, alternative donor,
alternative first exon, alternative last exon, cassette, intron retention, AA only junction, AD
only junction and mutually exclusive spliced events. The counts of the results were
displayed using the VennDiagram version 1.6.9 R package.

Cuffdiff was used to identify isoform-centric alternative splicing events across 4 different
time points. --min-reps-for-js-test option was set to either 1 or 2 depending on the number of
replicates and q<0.05 was used to identify significance.

For the exon specific RT-PCR, an aliquot from the same total RNA that was used in the
RNA-seq experiment was reverse transcribed using High Capacity cDNA reverse
transcription kit (Life Technologies), and 1 ng of each cDNA was applied to PCR. The
following primer pair was designed to target the upstream and downstream exons of the
predicted novel alternative exon X, respectively: forward primer, 5’-
CCGAATGTTTGCCGACCCTC -3’; reverse primer, 5’-
AAGGACGAAGAGCCAGTCTTG -3’. Semiquantitative PCR was performed for 35 cycles
(initially 94 °C for 2 min, denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s and

72 °C for 60 s, and then 72 °C for 60 s). The 112-bp and 181-bp products for Claspl were
applied to a BioAnalyzer High Sensitivity chip (Agilent Technologies) for quantification of
each band that is specific to either inclusion or exclusion of an alternative exon.

Data Deposition

The data reported in this paper have been deposited in the Gene Expression Omnibus (GEO)
database, www.nchi.nlm.nih.gov/geo (accession no. GSE70896).
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Results

Transcriptional landscape of developing olfactory projection neurons

In order to characterize the gene expression signature in developing OB projection neurons,
we used the Nis-Gfp mouse which expresses GFP specifically in developing mitral and
tufted cells of the main OB, but not in OB interneurons or in mitral cells of the accessory
OB (Walz et al., 2006). Mitral cells, the first neuron to populate the main OB, are generated
around E11 + 2 days (Imamura et al., 2011). During this period, precursors of mitral cells
are generated from progenitors in the ventricular zone (VZ) of the presumptive OB, and
migrate radially to the intermediate zone (1Z) where they differentiate into mitral cells
(Blanchart et al., 2006; Imamura et al., 2011; Imamura and Greer, 2013). At E13, GFP+
cells were found only in the 1Z, and expressed TBR1. There were also TBR1+ cells that
were GFP—, suggesting that GFP expression starts after TBR1 expression in likely newly
born mitral/tufted cells (Fig. 1A1). Therefore, the GFP- cells are a mixed cell population,
including both developing projection neurons and other cell types, especially at younger
ages including E13. At PO, GFP+ cells localized predominately in the mitral cell layer
(MCL) of OB, and some in the superficial granule cell layer (Fig. 1A2). Given that GFP+
cells outside the MCL are TBR1+, they are likely tufted cells migrating toward the EPL.

To characterize the spatiotemporal dynamics of molecular signatures in developing mitral/
tufted cells, we purified GFP+ and GFP- cells with FACS from OBs at E13, E15, E17, and
at birth (P0). To avoid significant contamination of GFP- cells in the population of GFP+
cells, we only collected cells that represented a departure from major cell populations toward
the stronger GFP side. As for GFP- cells, we only collected cells from the lowest GFP
intensity. The percentages of cells collected as GFP+ and GFP- cells collected were no more
than 15% and 20% of total cells, respectively (Fig. SLA). Then, RNA was extracted from
each population for genome-wide transcriptome analysis, RNA-seq analysis. To obtain
comprehensive transcriptome information from a limited number of cells, we used NUGEN's
Ovation RNA-Seq V2 System which can capture both poly-A and non-poly-A RNAs
starting from as low as 500 pg (50 cells equivalent amount) of total RNA. All of the RNA
and sequencing libraries were prepared at the same time and sequenced in the same flow cell
to eliminate as much as possible any confounding factors. We obtained 17.9 + 1.2 million
high quality reads at 1x75 bp per each sample. Tophat alignment utilized Ensembl reference
genome and annotation file (GRCm38, build 38, release 78), which is robust and
comprehensive, as it incorporates manual gene annotation by Vega/Havana into its automatic
annotation including a comprehensive list of both coding and non-coding genes. The
registered number of coding genes is 22,606, non-coding genes is 11,622, pseudogenes is
8,015, and gene transcripts is 103,734 under the current build (Flicek et al., 2013).

We first monitored sequencing quality and robustness across mouse genome/chromosomes.
The aligned reads contained minimum ribosomal RNA contamination (approximately 5%).
They consisted of approximately 20% of the mouse whole genome, approximately 50% of
the exonic regions (transcriptome), and there was minimal 5" to 3" bias (Fig. S1B), which
can lead to false-positive differential gene expression callings. Interestingly, only 0.4% was
transcribed from the Y chromosome, while almost 100% was transcribed from the
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mitochondrial chromosome (Fig. S1C). The distribution of FPKM values is consistent across
samples, with a typical abundance in protein-coding genes over non-coding genes (Fig
S1D). The transcription occurred not only within the coding region (~18%), but also within
intronic regions of known protein-coding genes (~40%), which may suggest the existence of
novel alternative splicing isoforms such as intron retention (Fig. S1E). The remaining ~8%
of reads aligned within intergenic regions (Fig. S1E), suggesting the expression of novel
transcripts. To assess similarities and differences among samples, we performed a principal
component analysis (PCA) analysis. The results demonstrate that samples cluster first
according to the type of the cells (PC1: 43.7% explained variance) and second to the age of
the mouse (PC2: 18.5% explained variance) (Fig. S1F), indicating genome-wide
transcriptional architecture was more influenced by the cell type rather than the
developmental stage of the cell.

We evaluated our study with previously known markers of projection neurons and
interneurons in the OB. First, expression of Nts was much higher in GFP+ than GFP- at all
ages, indicating the success of purification of developing projection neurons expressing Nts
(Fig. 1B). We then extended the analysis more broadly to a cohort of genes that are known
as markers for specific populations in the OB. Because GFP- cells are a mixed cell
population of projection neurons and interneurons in younger ages, we focused our analyses
on GFP+ cells. As anticipated, the GFP+ cell population showed significant expression of 11
genes that are known to express in developing OB projection neurons. These genes include
Tbrl, Eomes (also known as 76r2) (Imamura and Greer, 2013), Cdhrl (Pcdh21) (Nagai et
al., 2005), Slc17a7 (vGluT1) (Gabellec et al., 2007), T/ap2e (APZ2¢) (Feng et al., 2009),
Reelin (Imamura et al., 2006), Emx1, Emx2 (Mallamaci et al., 1998), Sa//1 (Harrison et al.,
2007), Nrpl1, and LIcam (Inaki et al., 2004). While less or no expression was observed for
12 genes whose expression in OB projection neurons is not observed. They are Pax6
(Imamura and Greer, 2013), Rbfox3 (NeuN), GadZ2 (Gad65), Gadl (Gad67) (Imamura et al.,
2006), DIx1, DIx2, Dix5and DIx6 (Brill et al., 2008), Sa//3 (Harrison et al., 2008), Arx
(Yoshihara et al., 2005), Sp8 (Waclaw et al., 2006), and Asc/I (Shaker et al., 2012) (Fig.
1C).

Temporal changes were also evaluated. We previously suggested that TBR1 precedes the
expression of TBR2 in mitral cell precursors, which is different from the cortical projection
neurons in which the maturational sequence is reversed with TBR2 appearing prior to TBR1
(Imamura and Greer, 2013). Since TBR1 appears prior to GFP in Nts-Gfp mouse OB, 7br1
expression was always high at all ages examined. In contrast, 76r2expression in GFP+ cells
at E13 was slightly less than later ages (Fig. 1D). This result indicates that 76r2appears
later than 7br1 in GFP+ cells, which is consistent with our previous finding. Together, these
data demonstrate that FACS purification based on GFP from Nis-Gfp mice can be utilized to
obtain high-quality RNA to resolve transcriptional dynamics of developing mitral/tufted
cells.

Differential Gene Expression

We employed R package maSigPro (Conesa et al., 2006) to identify differentially-expressed
genes (DEX) across the developmental axis and/or cell type; using developmental age (E13,
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E15, E17, and PO) as a quantitative factor and cell type (GFP+ or GFP-) as a qualitative
factor. Using Polynomial degree=2, R=0.4 and alpha=0.1 as significance cutoffs, we
identified 1,514 genes (among 23,792 genes with FPKM>0 at least in one sample = 6.3% of
all expressed genes) that were significantly different across ages within GFP+ cells (pDEX)
(Table S1), while 1,664 genes (7.0% of all expressed genes) were significantly different with
age within GFP- cells (nDEX) (Fig. 2A). Among these, more than two-thirds (1,126, 4.7%
of all expressed genes) were common in pDEX and nDEX groups, which are considered to
be the genes with the most robust expression changes in the entire OB. Moreover, 388 genes
were differentially regulated in GFP+ cells, but did not show significant temporal changes in
GFP- cells. These genes that increase or decrease with age only in GFP+ cells are also
interesting, as they may represent key regulators of mitral/tufted cell development. Ingenuity
Pathway Analysis (IPA) revealed “Axon Guidance Signaling” as the most significant
canonical pathway (p=4.13E-04), which is consistent with the fact that interneurons in the
OB are mostly anaxonic.

In addition to the temporal DEX (pDEX and nDEX), we explored genes that are spatially
differentially expressed at consistent expression levels throughout the developmental periods
we monitored. After excluding temporal DEX, we used R packages edgeR (Robinson et al.,
2010) and TCC (Sun et al., 2013) to conduct paired gene expression comparison between
GFP+ and GFP- cells at each of the 4 developmental stages. This approach identified 881
protein-coding genes significantly and consistently upregulated in GFP+ mitral/tufted cells,
which is analogous to the expression profile of Nisgene (g<0.05, Fig. 2B and Table S2). In
addition to Nts, these genes included many marker genes for mitral/tufted cells such as
Reelin, Slc17a7, and Cnin2 (Tag-1) (Gabellec et al., 2007; Nakajima et al., 2001; Wolfer et
al., 1998). This analysis also identified a similar number of genes significantly and
consistently down-regulated in mitral/tufted cells (data not shown).

To decipher the developmental signature of the transcriptome within mitral/tufted cells, the
downstream analysis focused on the temporal differences in GFP+ cells. Among the 1,514
pDEX genes, only protein-coding genes were extracted (1,202 genes, Table S3, protein-
coding positive DEX: ppDEX) for cluster analysis. We further classified these ppDEX genes
into distinct clusters based on k-means clustering (Forgy, 1965) (Fig. 2C and Table S4). By
calculating the Calinski criterion index (Calinski and Harabasz, 1974), the optimal number
of clusters was set at 5 (Fig S2A). Each cluster represented gene expression trajectories
either in increasing or decreasing patterns across development (Fig. 2C and Fig. S2B).
Furthermore, IPA was used to find potential upstream regulators of each cluster. Top five
potential upstream regulators suggested with this analysis were unique to each cluster (Fig.
2D). These results are useful to explore molecular determinants that may regulate
developmental events occurring during mitral/tufted cell development and fate
determination.

Alternative Splicing Events

We utilized the RNA-seq data to further explore alternative splicing events. Analysis of
alternative splicing can be performed using two different approaches; isoform centric
approach or exon centric approach (Hooper, 2014). Isoform-centric approaches, including
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Cuffdiff (Trapnell et al., 2010), will utilize a model that assumes genes are expressing
arbitrarily many isoforms through alternative splicing, but the accuracy and the sensitivity
will be dependent on sequencing methods and depths. Our Cuffdiff analysis predicted 1,850
isoform switches, 551 promoter switches, 1,087 CDS switches, respectively, when the
temporal changes were taken into account in GFP+ cells (Fig. 3A). Exon-centric approaches,
including JuncBASE (Brooks et al., 2011), will consider an inclusion ratio of each
individual exon, which can be included in multiple transcript isoforms and excluded in
another set of isoforms. We find the latter is more robust in predicting comprehensive
alternative splicing events, so we extended our focus on this latter data set.

Using JuncBASE, we analyzed eight basic splicing modalities: cassette exon, mutually
exclusive exon, coordinate cassette exons, alternative 5 or 3" splice site, alternative first or
last exon, and retained intron (Fig. 3B). We found a total of 3,422 alternative splicing events
that were significantly differentially regulated across the developmental time points, among
which alternative acceptor and alternative donor events were the the most frequent among 8
different modalities (757 and 636, respectively). Additionally, alternative splicing events
were split into known and novel groups (Fig. 3B), 1,304 and 2,118 events were defined as
known or novel events, respectively.

From these novel groups predicted by JuncBASE, we confirmed the expression of as-yet-
unknown isoforms. As an example, we identified a novel cassette exon of ClaspI gene, a
microtubule-associated protein involved in the regulation of microtubule dynamics (Galjart,
2005). There are four transcripts registered for mouse Claspl. We detected reads that span
an exon common to all C/aspI transcript variants (exon 26, 28, 25, and 26, respectively) and
a cassette exon not previously reported; hereafter we refer to this new exon as exon X (Fig.
3C). Exon X consists of 69 base pairs, and therefore, inserts a novel 23 amino acids
sequences into known CLASP1 isoforms. We previously employed RNA-seq analysis
against the cells in developing mouse primary somatosensory neocortex (Fertuzinhos et al.,
2014). However, the expression of a CLASP1 isoform with exon X was not identified. While
Clasplis a ubiquitously expressed gene, expression of exon X may be specific to cells in the
OB. We also found that exon X expression was temporally regulated. Among the GFP+ cell
populations, the junction that connects exon X and the previous exon was detected only at
PO, while total C/aspZ mRNA expression level was not significantly changed during
development. We confirmed this observation by exon specific RT-PCR analysis comparing
E15 and PO. A 112 base pair fragment without exon X was amplified from both RNAs
purified from PO and E15 GFP+ cell, while a 181 base pair fragment containing exon X was
amplified only from RNAs purified from PO GFP+ cells (Fig. 3D).

In addition, we identified a novel cassette exon of CrebI gene, cCAMP responsive element
binding protein 1 (Fig. S3). No Creb1 transcript with this exon has been previously
predicted. Like exon X of Clasp, this exon was not included in the CrebI isoforms
expressed in developing mouse primary somatosensory cortex (Fertuzinhos et al., 2014).
Because CREBL is a transcription factor, this isoform that is a novel find in the OB may
regulate the transcription of genes that endow characteristic features of OB projection
neurons. All significantly differentially spliced events based on Fisher's pair wise
comparisons are summarized in Table S5.
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Concordant Gene Expression Signature between Developing Mitral/Tufted cells and
Neocortical Projection Neurons

Since the OB emerges from the anterior tip of the telencephalic vesicle during embryonic
development (Miller et al., 2010), mitral/tufted cells are often presented as the OB
counterpart of cortical projection neurons. Comparison of the temporal dynamics of
molecular signatures of developing projection neurons in the cerebral cortex and OB will
inform us about the similarity of molecular expression patterns in these neurons. Several
studies have performed genome-wide transcriptome analyses on developing cortical
projection neurons (Cahoy et al., 2008; Darmanis et al., 2015; van de Leemput et al., 2014).
In particular, a recent report from Dr. Arlotta's laboratory is suited for the comparison with
our data because the age and methods used were similar to those we employed here
(Molyneaux et al., 2015). The authors sub-classified the developing cortical projection
neurons at E15.5, E16.5, E18.5 and P1 based on the expression patterns of 3 transcription
factors; callosal projection neurons (CPN) (BCL11B!oW, TLE4low SATB2hig) subcerebral
projection neurons (ScPN) (BCL11BMgh TLE4low SATB2!oW) and corticothalamic/
subplate neurons (CThPN) (BCL11B™Med, TLE4Nigh SATB2!oW) and purified each cell
population using FACS. To determine whether there is any significant and concordant gene
expression signature between the temporally differentially-regulated genes in mitral/tufted
cells (pDEX genes) and the specific gene clusters of the reported cortical projection neurons,
we performed Fisher's exact test between each of the 5 k-means clusters of pDEX and the
curated 20 gene sets of distinct neuronal specification signatures provided by Molyneaux et
al. (Molyneaux et al., 2015). The result revealed that there was a significant concordance
between the gene sets of clusterD and Molyneaux's cluster18 (p=2.96E-12), which was one
of the ScPN signature clusters, and showed significant concordance also with clusterC
(p=7.72E-07) and clusterE (p=1.35E-05). It is noteworthy that both clusterD and
Molyneaux's cluster18 consist of genes that increase gradually during development (Fig. 4),
while clusterD did not show significant concordance with Molyneaux's cluster5 (p>0.05)
and 9 (p=0.05) consisting of genes gradually increasing in CPN and CThPN, respectively.
ClusterA and clusterB were significantly concordant with Molyneaux's cluster19
(p=7.92E-12 and 8.14E-10, respectively) that is a cell-type independent cluster. These
results indicate that the molecular signature of developing olfactory projection neuron bears
a stronger resemblance to that of ScPN than CPN or CThPN. This is consistent with the
finding that developing mitral/tufted cells showed the highest Bcl11b and the lowest Satb2
expression levels at E13; FPKM values of Bcll1lb, Tle4, and Satb2 in GFP+ cells at E13 are
99.7, 12.8, and 0.04, respectively.

Discussion

Here, we revealed the temporal dynamics of molecular signatures in developing projection
neurons in the mouse OB. We identified 2,052 genes that are temporally differentially-
expressed in the developing OB over 6 days, from E13 to PO. Previous microarray
experiments reported 5,570 genes that temporally change their expression level in the
developing OB from E11 to PO (Campbell et al., 2011). Although the difference in the
number of identified genes may be due to the different methods, it is also possible it reflects
changes in OB development from E11 to E13. In fact, the microarray analysis found genes
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that increase or decrease expression level between E11 and E13 and are unchanged
thereafter. The authors classified these up-regulated and down-regulated genes into cluster2
and cluster6, respectively. We found that 20.7% (182/881) of genes listed in the NTS cluster,
which shows significantly higher expression in GFP+ than GFP—- cells and does not change
expression level during the 6 days analyzed, were also found in cluster2 of the microarray
analysis. Since mitral cells are mostly generated between E10 and E12, these genes may be
involved in the generation of mitral cells.

The general laminar organization and elaborate morphologies of OB projection neurons have
been well known for several decades, but we continue to lack insight into their
developmental mechanisms. Previous studies revealed the timeline of anatomical changes of
developing mitral cells; following mitral cell generation, cells with definitive axons and
dendrites appear around E12 or E13 (Blanchart et al., 2006; Hinds, 1972), dendrites
integrate with olfactory sensory neuron axons to form protoglomeruli around E16 (Treloar et
al., 1999), and synapse formation in glomeruli and olfactory cortex is robust during late
embryonic and early postnatal stages (Hinds and Hinds, 1976). The next step is to
understand the molecular determinants and pathways regulating the specific anatomical
changes occurring during mitral/tufted cell development. A significant finding of our
analysis is identification of 1,202 protein-coding genes temporally regulated in developing
mitral/tufted cells. It is generally suggested that subsets of neurotransmitter receptors and
synaptic mMRNAs are often appear at the later stages of neuronal mauration. In this study, we
classified the 1,202 genes into 5 different clusters with different temporal regulation
patterns. In doing so we found several mMRNAS of genes associated with synapse
development, such as syntaxinl0, syntaxinl12, and synaptopodin, in clusterD that represents
gradually increased expression during development. On the other hand, most of mMRNAs for
neurotransmitter receptors, such as GABA receptors and glutamate receptors, are listed in
NTS clusters. This may indicate that signals from neurotransmitter receptors stimulate
synapse maturation in developing mitral/tufted cells.

We also performed the s analysis suggesting upstream regulators that may regulate
expression of genes listed in each 5 cluster. For example, suggested top 2 upstream
regulators for genes in clusterA were Rin4, and Eomes (Tbr2), which were found in clusterA
and D, respectively. ClusterA and D include the genes whose mRNA levels gradually
decrease and increase in developing mitral/tufted cells, respectively. Since RTN4 is also
known as a negative regulator of neurite outgrowth, down-regulation of Rtn4 gene
expression may be a critical step to down-regulate the expression of other genes in clusterA
and to initiate the neurite outgrowth in developing mitral/tufted cells. In contrast, Fomes
may negatively regulate expression of genes in clusterA to promote the differentiation of
mitral/tufted cells. Our IPA analysis also shed light on many molecules that are not included
in either NTS cluster or clustersA-E as potential upstream regulators. For example, /tgb1
was ranked as the most significant upstream regulator for clusterD. ITGB1 activation is
known to be required for axonal formation (Lei et al., 2012). Although its gene expression
stays consistently high in all samples we analyzed (data available in the GEO (accession no.
GSE70896)), increased activation of the ITGB1 protein across the time might be associated
with the maturation of mitral/tufted cells. Further studies are necessary to reveal the
importance of these molecules in development of OB projection neurons. Together with the
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anatomical timeline, the results have a strong potential to provide a new foundation for
understanding the molecular pathways involved in each event.

In the developing cerebral cortex the identities of projection neuron subtypes are largely
determined by a combination of expressed transcription factors (Kwan et al., 2012;
Molyneaux et al., 2007; Shibata et al., 2015) Our analysis also suggested that the temporal
dynamics of molecular signatures in developing mitral/tufted cells bears a strong
resemblance to that of SCPN, which consists largely of neocortical projection neurons
located in deep-layer 5 and extending projections to the brainstem and spinal cord. The
development of ScPN is controlled by a transcription factor, BCL11B, also known as CTIP2
(Arlotta et al., 2005). Here we found that Bc/11b is highly expressed by developing mitral/
tufted cells as well. Albeit the background strain used by Dr. Arlotta's laboratory, CD1, was
different from Nis-Gfp mouse, 129xC57BL/6J, no strain difference in development of
mitral/tufted cells has been suggested. Therefore, the molecular pathways regulated by
Bcll1b for the differentiation of SCPN may also play important roles in development of
mitral/tufted cells.

In contrast, mitral/tufted cells possess a unique dendritic morphology as well as
characteristic axonal projection patterns; projecting to the ventral telencephalon, olfactory
cortex, which is not innervated by cortical projection neurons. Information on molecular
pathways unique to the developing OB projection neurons is necessary to understand how
these characteristic features are acquired. In addition to Bcl11b, development of ScPN is
regulated by another transcription factor, FEZF2 (also known as FEZL or ZFP312),
expressed by layer 5 projection neurons (Chen et al., 2005a; Chen et al., 2005b; Molyneaux
et al., 2005). In contrast, layer 6 projection neurons express TBR1 that promotes the identity
of CthPN and represses ScPN fates by reducing expression of Fezf2and Bc/11b(Han et al.,
2011; McKenna et al., 2011). Interestingly, developing OB projection neurons express all
three of these transcription factors. Although the mechanisms of how Fezf2 and Bc/11bslip
through TBR1-mediated suppression remain to be elucidated, the novel combination of
transcription factors may activate unique molecular pathways in developing mitral/tufted
cells. For example, unlike cortical projection neurons, developing mitral cells express 7br1
prior to 7br2which is involved in dendritic specification during postnatal development
(Mizuguchi et al., 2012).

In addition, we found several previously unknown isoforms in the analyses of unreported
alternative splicing. Such highly dynamic splicing events may be an underlying mechanism
for mitral/tufted cells to acquire characteristic properties.

Defects in the development of the OB are expected to cause severe impairment in
mammalian olfaction. In fact, olfactory dysfunction is a major symptom of Kallmann and
CHARGE syndromes that are frequently associated with the malformation of OB
(Koenigkam-Santos et al., 2011; Pinto et al., 2005). Mutations in Chd7, an ATP-dependent
chromatin remodeling enzyme and a potential regulator of gene expression, that cause
CHARGE syndrome have been identified (Lalani et al., 2006). However, the role of CHD7
in OB development remains largely unknown. Here, we also identified Chd7is included in
the clusterD, which represents increased expression during the development of mitral/tufted
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cells (Fig. S2B). Significantly higher expression of Chd7at E15, E17 and PO than E13 was
independently confirmed by quantitative real-time PCR (qRT-PCR) (Fig. S4). These suggest
possible roles for CHD7 in the development of OB projection neurons, and that the genes
co-clustered with Chd7 might be either upstream or downstream regulators of Chd?7.

Conclusions

In this study, we generated a temporally-dynamic and cell-type-specific RNA-seq data set
within the mouse OB. Our analysis provides fundamental information about the
spatiotemporal dynamics of molecular signatures during OB projection neuron development.
This information can be used to reveal: 1) the molecular mechanisms regulating mitral/tufted
cell development; 2) the molecular pathways that endow mitral/tufted cells with
characteristic anatomical features; and 3) the molecular functions in olfactory dysfunction
diseases.
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Highlights

. We performed transcriptome analysis targeting developing OB
projection neurons.

. 1,202 protein-coding genes are temporally regulated in OB projection
neurons.

. These genes were classified into 5 co-expression clusters.

. We compared the molecular signatures of OB and cortical projection
neurons.

. We identified several genes expressing a novel isoform not previously
reported.
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Figure 1. Purification of developing olfactory bulb projection neurons
(A) Sections of E13 (A1) and PO (A2) Nts-GFP mouse OBs immunohistochemically labeled

with antibodies to GFP (green) and TBR1 (red). All nuclei are stained with DRAQS5 (blue).
Scale bars, 20um in (Al); 100um in (inset of A1), and 200um in (A2). (B) RNA-seq
expression profiles for Nts in GFP+ and GFP- cells at each age, confirming purification of
cells expressing Nts. (C) Heatmap of expression patterns for genes known to be expressed
and not expressed in OB projection neurons; confirming the identity of GFP+ cells as
projection neurons. The g-values indicate significances of up-regulation or down-reguation
in GFP+ populations. (D) Time course of Tbrl, Tbr2, and Pax6 expression in GFP+ cells.
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Figure 2. Clustering of genes expressed in developing mitral/tufted cells
(A) Venn diagram representing the number of genes significantly different across age within

GFP+ (pDEX) and GFP- cells (nDEX). (B) Developmental trajectories of genes in NTS

cluster that show significantly higher expression in GFP+ than GFP- cells and do not

cluster E
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Pleg

Barx2
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change their expression level during the 6 days analyzed. (C) Developmental trajectories of
5 gene clusters classified with differential expression profiles in GFP+ cells. (D) Lists of the
top upstream regulators identified with IPA for the 5 clusters genes expressed in GFP+ cells.
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Figure 3. Alternative splicing events in developing mitral/tufted cells

(A) Venn diagram describing the total number of significant regulatory events identified with
Cuffdiff analysis. (B) Numbers of known (blue) and newly identified (red) temporally
regulated splicing events identified with JuncBASE analysis. Diagram of each event is
adapted from the manual of JuncBASE (REF). (C) Reads coverage in the Claspl gene
region including a novel exon X. The yellow box highlights the temporal coverage of
mRNA-seq reads mapped to exon X. Black bars/boxes underneath the exonic read
distribution indicate exon junctions. Red arrows depict location of exon-specific PCR

primers. (D) Exon-specific PCR of the cassette exons flanking exon X in the mouse OB at
E15 and PO.
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Figure 4. Comparison of gene clusters between developing OB and cortical projection neurons
A heatmap representing the concordance between the gene sets of 5 clusters of developing

OB projection neurons and 20 clusters of developing cortical projection neurons reported by
Molyneaux et al (2015). Fisher's exact test was performed to evaluate statistical significance.
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