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Abstract
The local progenitor population in the olfactory bulb (OB) gives rise to mitral and tufted
projection neurons during embryonic development. In contrast, OB interneurons are derived from
sources outside the bulb where neurogenesis continues throughout life. While many of the genes
involved in OB interneuron development have been characterized, the genetic pathways driving
local progenitor cell differentiation in this tissue are largely unknown. To better understand this
process, we used transcriptional profiling to monitor gene expression of whole OB at daily
intervals from embryonic day 11 through birth, generating a compendium of gene expression
encompassing the major developmental events of this tissue. Through hierarchical clustering,
bioinformatics analysis, and validation by RNA in situ hybridizations, we identified a large
number of transcription factors, DNA binding proteins, and cell cycle-related genes expressed by
the local neural progenitor cells (NPCs) of the embryonic OB. Further in silico analysis of
transcription factor binding sites identified an enrichment of genes regulated by the E2F-Rb
pathway among those expressed in the local NPC population. Together these results provide initial
insights into the molecular identity of the OB local NPC population and the transcription factor
networks that may regulate their function.

Keywords
olfactory; olfactory bulb; development; neural precursor; neurogenesis; transcription factor

Introduction
The myriad cell types in the central nervous system (CNS) presents extraordinary challenges
for charting the genetic pathways involved in its development. The human cerebral cortex,
for example, is estimated to have 1000 types of neurons and supporting cells (Nelson et al.,
2006; Stevens, 1998). To unravel the regulatory networks underlying the differentiation of
neuronal lineages, we turned to the developing olfactory bulb (OB). Compared to the
cerebral cortex, this structure has a more limited number of major cell types: mitral and
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tufted projection neurons, granule and periglomerular interneurons, and glia, with some
heterogeneity within these major cell types (Whitman and Greer, 2009). As in the cortex,
OB interneurons and projection neurons are generated from distinct populations of neural
progenitor cells (NPCs); we will define NPCs to include both multipotent as well as
restricted progenitors (Fasano et al., 2007). Production of interneurons begins embryonically
and continues throughout life (Batista-Brito et al., 2008; Whitman and Greer, 2007). During
embryogenesis, the majority of their NPCs are located outside the bulb, in the lateral
ganglionic eminence and the septum, although there is evidence that some GABAergic
originate from local progenitors (Vergano-Vera et al., 2006). OB interneuron precursors are
generated postnatally from astrocyte-like stem cells within the subventricular zone (SVZ) of
the forebrain (Doetsch et al., 1999; Garcia et al., 2004; Merkle et al., 2007; Merkle et al.,
2004). In both cases, interneuron precursors migrate tangentially in long chains to the OB as
part of the rostral migratory stream (RMS). A growing list of transcription factors (TFs) and
RNA splicing factors involved in their development has been identified (Lim et al., 2006;
Lledo et al., 2008; Long et al., 2007; Whitman and Greer, 2009).

In contrast to OB interneurons, the projection neurons arise from local NPCs in the OB
germinal zone and then migrate radially to their appropriate locations. Mitral cells are born
roughly between embryonic days (E)11 and E13, while tufted cells originate between E13
and E18. As neurons differentiate, the germinal zone becomes smaller and disappears by the
time of birth (Hinds, 1968a, b). A small number of genes involved in OB projection neuron
development has been identified. The TF Pax6 is highly expressed in the NPC’s of the OB
(Long et al., 2007) and may play a role in neuronal identity and radial migration (Brill et al.,
2008; Haubst et al., 2004; Kohwi et al., 2005; Nomura and Osumi, 2004). The TF Tbr1 is
required for the post mitotic development of projection neurons (Bulfone et al., 1995;
Bulfone et al., 1998), and Dlx5 plays a non-cell autonomous role in the morphogenesis of
mitral cells (Long et al., 2003). Igf signaling is involved in local NPC proliferation and in
mitral cell development. (Otaegi et al., 2006; Vicario-Abejon et al., 2003). Little else is
known, however, about the genetic networks that regulate local NPC development in the
OB.

In the present study we used genome-wide transcriptome profiling to generate a
compendium of gene expression in the developing OB. We then used hierarchical clustering
and bioinformatics analysis to identify TFs, DNA binding proteins, and cell cycle-related
genes expressed by the local NPC population. Further in silico analysis identified an
enrichment of genes regulated by the E2F-Rb pathway among those expressed in the NPC
population. These results provide initial insights into the molecular identity of the local NPC
population in the OB and the TF networks regulating their development.

Materials and Methods
Microarray analysis of gene expression during OB development

OBs from CD1 mice (Charles River Laboratories, Wilmington, MA), were isolated from
embryos daily between E11 and postnatal day zero (P0), for a total of nine time points. RNA
was purified with TRIzol reagent (Invitrogen, Carlsbad, CA), subjected to two rounds of
amplification, labeled, and hybridized to Affymetrix Mouse Genome 430.2 GeneChip
microarrays (Affymetrix Inc., Santa Clara, CA, USA) using Affymetrix reagents and
protocols (http://www.affymetrix.com). One microarray for each time point using RNA
from the OBs of one individual embryo. In this experimental paradigm, correlations between
adjacent time points serve as surrogate replicates for neighboring data points. Our overall
approach (which also included several statistical filtering steps as described below) is
validated by the relative smoothness of the curves shown in Figures 1, 4 and 5 – i.e., for any
given gene, large jumps in expression levels are not observed. Moreover, as we are
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interested in overall patterns in expression, rather than expression levels at individual time
points, the present experimental design is well suited for our purposes (Yang and Speed,
2002). Microarray data were normalized using the RMA algorithm (Bolstad et al., 2003;
Irizarry et al., 2003a; Irizarry et al., 2003b). Normalized microarray data will be submitted to
the Gene Expression Omnibus (GEO) public functional genomics data repository upon
acceptance of this manuscript.

Statistical and bioinformatic analysis of gene expression data
Our experimental design is predicated on the logic that changes in the abundance of a cell
type in the OB during embryogenesis will be reflected in changes in the relative abundance
of transcripts expressed by that cell in the intact tissue. We therefore filtered the microarray
probeset-derived data for transcripts that changed significantly in relative abundance over
time. A probeset is a set of oligonucleotides that together are used to measure expression of
a given transcript. To be significant, the changes for a probeset had to meet three criteria: (1)
at least one time point had an intensity value (A value) greater than 6, where A is a measure
of transcript level and can range between 0 – 16 on a log2 scale (Bolstad et al., 2003; Irizarry
et al., 2003a; Irizarry et al., 2003b); (2) the log2 ratio of the A values between at least one
time point and E11 was greater than 0.75; (3) p value < 0.02 for differential expression over
the time course, where p values were calculated based on a moderated F statistic from a
cubic regression model using the Limma package in Bioconductor (Gautier et al., 2004).
Seven thousand nine hundred and ninety (7990) probesets (out of a total of 45,102 on the
microarray) representing 5570 met these criteria and were operationally defined as
differentially expressed.

The differentially expressed genes were clustered using Hierarchical Ordered Partitioning
and Collapsing Hybrid (HOPACH) (Pollard and van der Lann, 2003), an algorithm for
clustering expression profiles exhibiting similar patterns. HOPACH is an improvement over
traditional hierarchical clustering methods in that it also provides statistically defined cluster
divisions at each sub-level, and each node can have up to nine splits with the order within a
node being directional (Pollard and van der Lann, 2003). The resulting clusters were
visualized as heat maps using Mapletree (http://rana.lbl.gov/EisenSoftware.htm). The
GenMapp-MappFinder (Dahlquist et al., 2002; Doniger et al., 2003) and Onto Express
(Khatri et al., 2002) programs were used to assign biological functions (as defined by Gene
Ontology or GO terms) to the genes within the clusters.

TF binding site analysis
The differentially expressed genes coding for TFs were identified by filtering for those
present in the RIKEN Transcription Factor Database (Kanamori et al., 2004). They were
then clustered using HOPACH and visualized using Mapletree
(http://rana.lbl.gov/EisenSoftware.htm). This subset of genes was further characterized by
assigning Interpro domain descriptions using the Ensembl mouse database (Flicek et al.,
2010).

The presence of binding sites for TFs in the 1000 bp upstream of each differentially
expressed gene was determined using the database from the web based program rVista
(Loots et al., 2002), which was filtered for genes present on the Affymetrix Mouse Genome
430.2 array. This database contains all the TRANSFAC database binding sites (Matys et al.,
2003; Matys et al., 2006) upstream of each gene that are conserved between mouse and
human genomes. For each of the 9 main HOPACH clusters, we plotted the average number
of binding sites per gene, as well as by the proportion of genes with upstream binding sites
in each cluster.
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To verify the overrepresentation of E2F sites in certain clusters we carried out a similar meta
analysis using two published datasets of E2F binding sites detected by chromatin
immunoprecipitation. One dataset contains a core set of approximately 450 genes
immunoprecipitated across seven primary mouse tissues and a mouse cell line using E2F4
antibody (Conboy et al., 2007). The other dataset is a list of the 100 most highly represented
genes immunoprecipitated by E2F1, E2F4, and E2F6 antibodies from chromatin of five
normal and tumorous cell types (Xu et al., 2007).

RNA in situ hybridizations
RNA in situ hybridizations were performed on 16–18 µm sections prepared from fresh
frozen tissue or tissue fixed in 4% paraformaldehyde, essentially as described previously
(Lin et al., 2004). Template DNA for generating probes was obtained either from the
RIKEN 19K mouse cDNA cloneset (Miki et al., 2001), or by PCR amplification of cDNA
generated from mouse head RNA isolated from E15 embryos. In the former case, antisense
digoxigenin-labeled RNA probes were synthesized using either T3 or T7 RNA polymerase
(Roche) depending on the orientation of the clone insert. In the latter case, probes were
prepared by PCR in a similar fashion, using either SP6 (Roche) or T7 polymerase via a
promoter incorporated into the 3’ PCR primer.

Double-label RNA in situ hybridizations were performed using a modification of the
protocol from (Mavropoulos et al., 2005). Fluorescein-UTP-labeled probe (250 ng, Roche)
was applied to each tissue section and hybridized overnight at 58°C. After washing in 0.2×
SSC at 65°C the slide was treated with 1:500 HRP-conjugated anti-fluorescein antibody
(Roche). For detection, the slides were washed, incubated for 10 minutes in tyramide-Cy3
(Perkin Elmer TSA Plus kit), followed by 30 minutes in 30% H2O2 to inactivate the
peroxidase. The second probe, labeled with digoxigenin-UTP (Roche), was similarly
detected using HRP-conjugated anti-digoxigenin and tyramide-FITC (Roche). Probes for
Blbp and Vim were labeled with fluorescein and visualized with Cy3. Probes for Hmgb2,
Dek, Tmpo, and Cdk were labeled with digoxigenin and visualized with FITC. Tissue
sections were scanned with a Nikon confocal fluorescence microscope. FITC was visualized
with an excitation wavelength of 488 nm, and Cy3 at wavelength 543 nm. Images were
processed with SimplePCI software and Adobe Photoshop.

Results
Transcriptome profiling of the developing olfactory bulb reveals stage-specific clusters of
gene expression

The overall goal of the present study is to identify the complement of genes expressed by
local NPCs in the embryonic OB. Relative to other cells in the structure, they are most
abundant at the earliest stages of development, and decrease over time as they differentiate
and as other mature cell types accumulate (Hinds, 1968a, b). Accordingly, transcripts of
genes expressed by the progenitor cell population should be relatively abundant early on and
decrease as embryogenesis proceeds. Conversely, levels of transcripts associated with the
terminal differentiation of OB cell types should increase over developmental time.

RNA from OBs collected at one-day intervals from E11 to postnatal day 0 (P0) was
hybridized to Affymetrix Mouse Genome 430 2.0 microarrays. Of approximately 34,000
genes represented by 45,102 probesets, 5570 (7990 probesets) meet relatively stringent
criteria for being differentially expressed. Hierarchical clustering using the HOPACH
algorithm sorted them into nine main groups with six sublevels of clustering based on their
expression profiles (Figure 1; see also Figure 3A for median expression levels of each
cluster). The differentially expressed genes can be assigned to two main groups: clusters 1–
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4, whose members exhibit an increase in expression during OB development, and clusters 5–
9, whose members exhibit a decrease.

To relate biological functions to individual clusters, the GO terms for each gene in a cluster
were tabulated. The most significant terms are listed in Figure 1A. Figure 2 shows the most
frequent GO categories overrepresented in clusters 6–9 and clusters 2–3. Clusters 6–9 are
overrepresented in GO terms associated with proliferation including cell cycle, cell division,
DNA replication, and mitosis. A substantial proportion of the known genes for the cell cycle
regulation and DNA synthesis are present in these clusters. Figure 3B shows the HOPACH
clustering data superimposed onto a diagram of the genetic pathways for these processes,
highlighting the substantial representation of cell cycle regulatory genes in clusters 6–9. In
addition, several of the most significant terms are related to transcription and RNA
processing. The decreasing expression profiles together with the prevalence of genes
involved in cell cycle regulation support the interpretation that clusters 6–9 represent genes
expressed by actively dividing NPCs.

In contrast, clusters 2–3, whose members exhibit an increase in expression over time
(Figures 1 and 3A), are enriched for genes expressed in terminally differentiating cells and
neurons. The GO terms nervous system development, axon guidance, negative regulation of
axon extension and cell differentiation are overrepresented in cluster 2, synaptic
transmission, calcium ion transport, regulation of exocytosis, and behavioral fear response
in cluster 3, and neurotransmitter secretion in both clusters. These clusters also contain
many recognized neuronal markers, including the genes encoding microtubule associated
proteins Tau/mapt and Map2/Mtap2 (Dehmelt and Halpain, 2005), synaptic vesicle protein
synaptotagmin (Syt1) (Rizo and Rosenmund, 2008), calcium/calmodulin dependent kinase 2
(Camk2/Camk2a) (Colomer and Means, 2007), calcium binding proteins S100beta, and
S100a6 (Calcyclin) (Heizmann and Cox, 1998) and voltage dependent ion channel subunits.

Cluster 4 has an eclectic set of GO terms (Figure 1A), with none as highly overrepresented
as the top-ranked categories in clusters 2–3 or clusters 6–9, suggesting that the genes in
cluster 4 are expressed in a diversity of cell types. Its expression profile shows a lag before
increasing (Figures 1A and 3A). Clusters 1 and 5 are small and not significantly associated
with any GO categories. These groups were not investigated further.

Identification and analysis of differentially expressed genes for TFs and DNA binding
proteins

Specification and differentiation of neuronal lineages is largely regulated at the
transcriptional level (Flames and Hobert, 2009; Guillemot, 2007; Isshiki et al., 2001; Ross et
al., 2003). Indeed, neurons may be most reliably classified by the combination of TFs
expressed in their developmental histories (Yuste, 2005). Considering the central role they
play in neuronal specification, we were particularly interested in identifying the TFs present
in our dataset of differentially expressed genes. Of the 5570 differentially expressed genes
identified in the OB time course, we found that 507 encode TFs (Figure 1B, Table S2). We
then used the Ensembl mouse database to identify the Interpro protein domains contained by
the encoded TFs. The TFs we identified match to 545 Interpro domain descriptions for a
total of 1696 matches, with many TFs containing multiple domains. The 22 classes with the
most members are listed in Table 1. Znf proteins represent the largest class of TF, containing
120 members, followed by Pro-rich containing 60 members, homeobox with 41 members,
and helix-loop-helix proteins with 33 members. The TFs remaining either mapped to other
miscellaneous domain names or were not documented by Interpro (Table 1).

Clusters 6–9, which comprise genes exhibiting decreasing transcript levels in the bulb over
developmental time, contain 320 TF genes, more than 60 % of the total present in the
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dataset. Strikingly, these clusters also contain all of the differentially expressed genes coding
for TFs with MCM, E2F, and AAA ATPase domains; these domains are associated with cell
cycle regulation. Moreover, 19 out of 24 HMG domain-containing transcripts and 4 out of 5
chromodomain-containing transcripts present in the dataset reside in these clusters. These
domains are associated with chromatin modification and remodeling (Hall and Georgel,
2007; Hock et al., 2007), processes involved in but not limited to stem cell self-renewal
(Keenen and de la Serna, 2009). Clusters 2–3 contain 108 TFs including 14 out of 33 of the
TFs present with HLH domains, and all of the TFs present with PAS domains (Table 1).

Genes from different clusters are transcribed in distinct OB cell populations
To verify that clusters 2–3 and clusters 6–9 are respectively enriched for genes associated
with terminally differentiating cells and mitotic progenitor cells, we performed RNA in situ
hybridizations for representative transcripts on OBs from E15 embryos. Figure 4 A–C shows
the expression patterns of three genes from the downward trending clusters 6–9: Vim, a
radial glial marker (cluster 7), Pax6, encoding a TF essential to the development of the
rostral telencephalon (cluster 8), and Ki67, a proliferation marker (Gatter et al., 1986)
(cluster 7). Vim and Pax6 are expressed by NPCs in the germinal zone of the OB (Bailey et
al., 1999; Hebert et al., 2003; Long et al., 2007). Probes for all three genes localize to this
region of the embryonic OB in the present analysis (Figure 4 A–C). Interestingly, these
probes also hybridize to the OB nerve layer where olfactory receptor axons and ensheathing
glia are located. We found this to be a fairly common phenomenon for transcripts expressed
in the OB germinal region (Table S2).

In contrast, transcripts belonging to the upward trending clusters 2–3 are expressed in a
variety of patterns distinct from that observed for the progenitor cell markers (Figure 4 D–I,
Table S2). For example, Mafb and Stmn2 (cluster 2) are expressed in a peripheral cell layer
in the OB in both E15 and E18 embryos (Figure 4 D and E). This pattern most likely
corresponds expression in the mitral cell layer since Id2 is expressed here at this
developmental stage (Neuman et al., 1993) (Figure 4F). Three other genes from cluster 3,
Nr2f1, Foxo1, and Heyl, are expressed in the olfactory nerve layer (Figure 4 G–I). None the
genes that we tested from clusters 2–3 are expressed in the OB germinal region.

RNA in situ hybridization analysis confirms that most genes of clusters 6–9 are
specifically expressed in OB progenitor cells

To assess the extent to which clusters 6–9 are enriched for genes expressed in NPCs, we
performed RNA in situ hybridizations on 60 genes from these clusters. Among these 60
representative genes were 55 genes from the list of 320 differentially expressed TF genes
found in these clusters, with choices spread among a range of p values and informed by the
identities of the genes themselves. Using this approach we confirmed that 50 genes from
clusters 6–9, including 45 of the 55 TF genes tested, are expressed in the OB germinal
region (Figure 5, Table 2, Table S2). This list of validated genes includes many genes
associated with proliferation, including cdk2 and cdk4, which are involved in cell cycle
regulation, and mcm2 and orc2l from the DNA replication pathway (Figure 3). The Mcm2
protein has both MCM, and AAA ATPase domains, both of which are overrepresented in
these clusters. Moreover, a large collection of genes containing the overrepresented E2F and
HMG domains are contained in clusters 6–9 and localize to the germinal zone. These
include E2F1, E2F5, E2F6, and E2F7, as well as Hmgb2 and Hmgb3. We also verified that
of a number of additional cortical NPC markers are expressed in the bulb germinal zone,
including Neurog1 (Fode et al., 2000), and Id4 (Yun et al., 2004). Many of the genes are
expressed specifically, but not exclusively in the germinal region, with a subset also
exhibiting expression in the nerve layer (Figure 5, Table S2). Genes tested from clusters 6–9
that do not have specific expression in the germinal layer predominantly exhibit low level
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staining throughout the OB. The exception was Bclaf1, which in addition to this non-
specific staining exhibits stronger specific expression in the mitral layer.

To confirm that transcripts localizing to the OB germinal region are indeed expressed in the
NPC population, we performed double-label RNA in situ hybridizations on four genes –
Dek, Hmgb2, Tmpo, and Cdk2 – exhibiting particularly strong staining in the OB germinal
region using the NPC markers Vim and Blbp. In each case, the activity of the candidate gene
co-localized with the NPC markers (Figure 6). Together these results suggest that clusters 6–
9 are highly enriched for genes that are preferentially expressed in OB progenitor cells. For
simplicity, we shall refer to these clusters as the NPC clusters.

Genes from NPC clusters are expressed in the OB prior to RMS migration
Neurons and glia in the OB arise from either the local progenitors that are present in the bulb
or from precursors that migrate into the OB from the ganglionic eminences. In the latter
case, these cells migrate to the bulb through the RMS in a Dlx1/Dlx2-dependent fashion,
arriving in the OB by E14.5 (Hinds, 1968a, b; Lledo et al., 2008). To determine whether
genes from the NPC clusters are expressed in local OB progenitor cells and not the
migrating precursors, we performed whole-mount RNA in situ hybridizations on 37
candidate genes from these clusters at E12 and/or E11, several days before the first
migratory OB interneuron precursor cells arrive in the OB. All of these genes are expressed
in the rostral tip of the telencephalon (the location of the developing OB), prior to the arrival
of cells from the RMS (Figures S1 and S2).

To further verify that the genes from the NPC clusters are expressed in local OB
progenitors, we carried out RNA in situ hybridizations on parasagittal sections of E13.5
heads, and compared the expression patterns of representative genes to those of Dlx1, Dlx2
and Dlx5 (markers of progenitors migrating to the OB in the RMS), the more general NPC
marker Nes, and the radial glial marker Vim (Figure 7). Robust expression of Dlx1, Dlx2 and
Dlx5 is restricted to the ganglionic eminences and septum at E13.5, with little or no
detectable expression in the OB (Figure 7A–C). In contrast, both Nes and Vim exhibit strong
staining at E13.5 in the germinal region of the nascent OB, as well as in the dorsal
telencephalon, septum, and ganglionic eminences (Figure 7 D–E). Representative genes
from the NPC clusters – Dek, Hmgb2, Tmpo and FoxM1 – all show expression patterns
similar to those of Nes and Vim, with unambiguous expression in the nascent OB (Figure
7F–I). Ngn1 shows a somewhat different pattern, with expression in the dorsal telencephalon
and nascent OB but exclusion from the septum and ganglionic eminences (Figure 7J). Thus,
although the genes we tested from the NPC cluster are not excluded from expression in the
RMS, they are expressed by the local NPC population in the developing OB, prior to the
arrival of the migratory OB interneuron precursor cells.

Identification of the E2F family of transcription factors as candidate upstream regulators
of genes expressed in OB local progenitor cells

The rather neat parsing of the genes in our dataset by function as well as cell type suggests
that these gene clusters represent synexpression groups. This term refers to collections of co-
regulated genes functioning in common processes, a widespread phenomenon both
prokaryotes and eukaryotes (Niehrs and Pollet, 1999). Since a major mechanism for
coordinated gene expression is the binding of TFs to common sites in the promoter regions
of multiple genes, we looked to see whether the genes of any cluster exhibited an
enrichment for a particular TF binding site(s). To this end, we mapped the putative binding
sites for 296 TFs identified in the rVista program database (Loots et al., 2002) to the
upstream regions of each differentially expressed gene in our dataset. We then plotted the
number of binding sites per cluster for each TF. Those for E2F1 and E2F4 protein
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complexes are enriched in the NPC clusters (Figure 8 A–C; Table S3). Consistent with the
notion that members of the E2F family may regulate gene expression in OB progenitor cells,
many of the E2F genes also localize to the NPC clusters (Table 2, Figure 3B, Figures S1 and
S2).

To confirm that the overrepresented E2F consensus sites correspond to bona fide E2F
binding sites, we carried out a similar analysis using two published E2F datasets obtained by
chromatin immunoprecipitation (ChIP) that include binding sites for E2F1, E2F4, and E2F6
identified in a number of different tissues and cell types (Conboy et al., 2007; Xu et al.,
2007). We found enrichment of these genes in the NPC clusters to be even greater than what
we observed for the rVista sites (Figure 8D, E).

Consistent with these results, E2F regulatory elements have been found to be over-
represented in genes expressed in the proliferative phase of each of 21 stem cell populations
(Joung et al., 2006). Moreover, combinations of E2F motifs significantly correlate with the
G1/S phase in expression data from synchronized HeLa cells (Das et al., 2006). Together
these observations implicate the E2F family of transcription factors as a regulator of gene
expression in OB progenitor cells. No binding sites are significantly over-represented in
other HOPACH clusters (including clusters 2–3), probably reflecting the heterogeneity of
the cell types they represent.

Gene expression in embryonic OB local progenitors is distinct from that of embryonic and
postnatal interneuron precursors

Previous studies have identified genes preferentially expressed by the cells of the adult SVZ
and the inner, neurogenic region of the adult OB (referred to as the olfactory bulb core or
OBC), as well as genes shared between these regions (referred to as the SO region),
presumed to represent those genes expressed in the RMS, the route of migratory neuroblasts
from the SVZ to the OB (Lim et al., 2006). While the local NPC population in the
embryonic OB only generates projection neurons during a specific time window of
embryogenesis, OB interneurons continue to be generated after birth for the life of the
animal. We were therefore interested in determining the extent to which the patterns of gene
expression overlap between the embryonic OB local progenitors (which give rise to the
projection neurons) and adult OB interneuron progenitors. Compared to other brain regions,
Lim et al. identified 67 genes enriched in the adult SVZ, 171 genes in the OBC and 65 genes
in the SO (Lim et al., 2006). Of these genes, 26 of the SVZ-enriched genes (39%), 32 of the
OBC-enriched genes (19%), and 24 of the SO genes (35%) are also found in the NPC
clusters of the embryonic OB dataset (Table S4); the remaining genes are either not
differentially expressed in the embryonic OB time course or are grouped in other clusters.
Similarly, a comprehensive analysis of gene expression ascribed to telencephalic interneuron
precursors identified 130 TFs expressed in these cells (Long et al., 2009), of which 31 (24%)
localize to clusters 6–9 of the embryonic OB dataset and 73 (56%) show no differential
expression (Table S5). Thus, although some genes are commonly expressed between the
embryonic OB local progenitor cells and interneuron precursors from both embryonic and
postnatal sources, based on this meta-analysis the patterns of gene expression manifested by
these progenitor cell populations are distinct.

Discussion
A compendium of gene expression in olfactory bulb local progenitor cells

We have identified 5570 genes that are differentially expressed during the embryonic
development of the OB using genome-wide transcription profiling followed by hierarchical
cluster analysis. These genes fall into 9 clusters based on their expression patterns. We were
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able to identify four clusters, 6–9, whose genes are predominantly expressed in the NPC
population. Several lines of evidence support this interpretation. First, the median expression
level of genes in these “NPC clusters” decreases over time (Figures 1A and 3A), following a
similar trend to the decreasing proportion of NPCs present in the OB during its maturation
(Hinds, 1968a, b). Second, they contain known NPC markers, including Hes1, Pax6, Nes,
and Vim (Figure 1A, Table 2). Third, the NPC clusters are significantly enriched for genes
belonging to GO categories representing pathways involved in regulating the cell cycle and
cell division – hallmarks of proliferating progenitor cells. Indeed, the majority of genes
comprising the canonical genetic pathways for the G1 to S transition and DNA replication
are located in these clusters (Figures 1 and 2). Fourth, the expression patterns of NPC genes
were verified by an extensive series of RNA in situ hybridization experiments. Over 80%
(50/60) of the genes tested by RNA in situ hybridization are expressed in the germinal
region of the embryonic OB at E15. Double-label fluorescent RNA in situ hybridizations
combined with RNA in situ hybridizations conducted at earlier time points verified that
these genes are expressed by local OB NPCs. (Figures 5, 6 and 7, Figure S1 and S2, Table
2).

Based on a similar analysis we conclude that clusters 2–3 (Figures 1A and 3A) are enriched
for genes expressed in differentiating or mature neurons of the OB. Their transcripts
increase with developmental time and include known neuronal markers. RNA in situ
hybridizations for a sample of these genes exhibited expression in cell layers of the OB
containing mature cells, including the mitral cell layer and olfactory nerve layer (Figure 4,
Table S2). Moreover, genes of these clusters are overrepresented for GO annotation terms
typical for differentiated cell types, including neurons (Figures 1A and 2).

The foregoing conclusions should be tempered by the following considerations. First, while
we have indeed succeeded in identifying a large number of genes expressed preferentially in
the OB local prognitor cell population, our studies cannot rule out the likely possibility that
other neuronal progenitors and other cell types – for example the precurors of cortical
projection neurons – also express many of these genes. Thus, the genes identified in this
study help to characterize the OB local progenitors, but at the present time cannot
necessarily be used to define a unique OB precursor cell signature. Second, since our
analysis was conducted on complex tissue samples containing many cell types, the gene
groupings generated by hierarchical clustering of gene expression data serve as a rough
guide to gene expression in the bulb, and not as a substitute for a direct analysis of purified
cell populations. Indeed, classification of gene expression patterns based on temporal
profiling can oversimplify the complexity of the underlying expression pattern. For example,
clustering of genes for the T-box transcription factors, Tbr2/Eomes, and Tbr1 (Bulfone et
al., 1998; Englund et al., 2005), which are known to be expressed in glutamatergic
progenitors (in proliferative and postmitotic cells, respectively) serve as a case in point. Tbr1
is re-expressed in differentiated glutamatergic projection neurons throughout the brain
(Bedogni et al., 2010; Hevner et al., 2001), and Tbr2/Eomes is expressed in intermediate
neural progenitors as well as Cajal-Retzius cells (Englund et al., 2005), complicating their
inclusion in a single group of genes. With respect to the time course data, Tbr1 appears in
cluster 9 (down-regulated during development), while Tbr2/Eomes appears in Clusters 1 and
2 (up-regulated during development).

Transcription factors and chromatin remodeling proteins expressed in OB local progenitor
cells: candidate regulators of OB projection neuron precursors

The NPC clusters include 320 genes encoding TFs, many of which are involved in cell cycle
regulation and chromatin structure and remodeling. Their known functions in other cell
types and cancers, as well as their involvement in the E2F-Rb pathway, suggest a potential
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role in regulating the proliferating local progenitor cells of the embryonic OB. Several
examples are highlighted below.

High mobility group (HMG) proteins—The HMG proteins are a group of chromatin
architectural proteins highly represented in the NPC clusters, which contain Hmga1, Hmga2,
Hmgb1, Hmgb2, Hmgb3, and Hmg20b; we verified by RNA in situ hybridizations that
Hmgb2 and Hmgb3 are specifically expressed in the OB germinal region (Figures 5–7,
Table 2). HMG proteins bind to chromatin in a highly dynamic fashion, altering its structure
and allowing the binding of additional factors that regulate the expression of specific target
genes (Catez and Hock). HMG proteins are involved in many biological processes including
transcription, cell proliferation and differentiation, and DNA repair. Their misexpression has
been associated with a number of types of cancer (Hock et al., 2007). Some tumors may
arise from alterations in the transcriptional activity of cell cycle control genes or enhanced
E2F1 activity (Fedele et al., 2006).

Dek—The proto-oncogene Dek (Figures 5–7) was originally identified as a fusion with the
nucleoprotein Nup214/Can in acute myeloid leukemia patients (von Lindern et al., 1992).
DEK is a chromatin architectural protein that plays a role in RNA processing and the
regulation of transcription. It also mediates DNA replication, inhibition of cell death, and
cell differentiation. It is frequently up-regulated in many types of malignancies including
retinoblastomas and gliomas and its expression is regulated by the E2F-Rb pathway (Sherr,
1996) (Carro et al., 2006).

Tmpo/Lap2—Tmpo/Lap2 (Figures 5–7) is another TF that interacts with chromatin and is
involved in cell cycle regulation. It affects cell cycle progression and differentiation through
the binding of Rb, and its expression is under the direct control of E2F transcription factors
(Dorner et al., 2006). Its expression is up regulated in a large number of cancers and
neuroblastoma lines (Dorner et al., 2006; Johnson et al., 2004; Markiewicz et al., 2002;
Parise et al., 2006; Wagner and Krohne, 2007).

Tardbp—In humans, TARDBP (Figure 5) plays a major role in neurodegenerative
disorders. Mutations in this gene are the main cause of ALS and frontotemporal lobar
dementia. Moreover the protein it encodes, TDP-43, is the primary component of
cytoplasmic inclusions formed in these diseases (Davidson et al., 2007;Neumann et al.,
2006). TDP-43 positive inclusions have also been identified in Alzheimer's disease,
Parkinson's disease and dementia with Lewy bodies (Gendron et al.). In mice, null mutations
are lethal, but heterozygotes for the null allele exhibit a loss of motor function (Kraemer et
al., 2010;Sephton et al., 2010;Wu et al., 2010). It is also involved in Rb and Rb2
phosphorylation thereby possibly playing a role in cell proliferation and survival (Ayala et
al., 2008).

The E2F family of transcription factors: candidate regulators of gene expression in OB
NPCs

Using bioinformatics analysis we identified an over-representation of predicted binding sties
for the E2F family of transcription factors in the upstream regions of genes localized to the
NPC clusters. The E2F-Rb pathway is a central regulator of the G1 to S phase transition and
is disrupted in virtually all human cancers, underscoring its crucial role in cell proliferation
(Nevins, 2001). E2F comprises an eight-member family that regulates the expression of
many of the genes necessary for cell-cycle progression. E2F activity is regulated at the post-
translational level through the binding of Rb protein family members. In a
hypophosphorylated state, these proteins can bind to E2F1-5 and sequester their
transactivation domain as well as recruit chromatin modification proteins to repress
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transcription. In the hyperphosphorylated state Rb family members no longer interact with
E2F. Rb phosphorylation during cell cycle progression is mediated by various cyclins and
cyclin-dependant kinases (Nevins, 2001; Swiss and Casaccia, 2010).

The eight E2F family members exhibit overlapping DNA recognition motifs and expression
patterns, making the relative contribution of individual members notoriously difficult to
ascertain. E2F1, E2F2, and E2F5 are all expressed in the germinal region of the mouse
telencephalon (Dagnino et al., 1997; Kusek et al., 2001). Mice lacking E2F4 exhibit a
reduction in overall telencephalon size, an absence of its ventral structures and impaired
renewal of neural precursor cells (Ruzhynsky et al., 2007). This protein is expressed in all
tissues and its activity is dependent on which Rb family member to which it is bound
(Moberg et al., 1996). E2F1 knockout mice have reduced neurogenesis in adult OB and
elsewhere (Cooper-Kuhn et al., 2002). Rb is expressed ubiquitously in the embryonic
nervous system, and knockouts die embryonically at E15 and display prominent neuronal
defects (Ferguson et al., 2002). Together with previous data linking members of the E2F
family with neurogenesis, telencephalic development, and expression by NPCs in the
telencephalic germinal zone, our analysis strongly suggests an important role of this TF
family in regulating the genes expressed by proliferating OB progenitor cells during OB
development. Future studies directly analyzing E2F binding sites in OB tissue and utilizing
either E2F gain- or loss-of-function approaches should clarify the role of this family of
transcription factors in OB progenitor cell function and the downstream genes whose
expression they regulate.

In summary, this study represents a comprehensive analysis of gene expression in the OB
during embryonic development, and provides a compendium of genes that are expressed by
OB local progenitor cells. Among these are over 320 genes encoding transcription factors,
with 45 out of 50 tested verified through RNA in situ hybridizations to be expressed by the
local progenitor cells of the embryonic OB. These transcription factors comprise a
promising and extensive set of candidates for future investigations aimed at identifying the
genes and pathways that regulate gene expression in this class of NPCs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

OB olfactory bulb

NPC neural p rogenitor cell

RMS rostral migratory stream

TF transcription factor

E embryonic day

P postnatal day

GEO Gene Expression Omnibus

HOPACH Hierarchical Ordered Partitioning and Collapsing Hybrid

SVZ subventricular zone

OBC olfactory bulb core.
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Figure 1. Time course of RNA expression in the embryonic olfactory bulb
(A) Microarray data from embryonic days E11 to P0 normalized to E11. Differentially
expressed genes were clustered using the HOPACH algorithm and displayed as a heat map.
Blue time points represent decreases from E11 values and yellow represent increases. Table
on left lists overrepresented GO terms for clusters 1–9, along with their corresponding p
values. P values indicated as 0.0 are less than 10−5. The locations of selected NPC markers
are indicated. (B) Heat map of differentially expressed TFs.

Campbell et al. Page 18

Mol Cell Neurosci. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Graphical representation of GO ontology terms enriched in clusters 6–9 and clusters
2–3
The number of genes with a particular GO ontology term in each cluster set is shown in
absolute numbers and as a percentage of all of the differentially expressed genes. Clusters 6–
9 are enriched for terms associated with proliferating cells, notably cell cycle, cell division,
mitosis, DNA repair and DNA replication. Terms enriched in clusters 2–3 include
differentiation, nervous system development and synaptic transmission. P values indicated
as 0.0 are less than 10−5.
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Figure 3. Cell proliferation markers are predominantly located in clusters 6–9
(A) Median log2ratio for expression values between time point and E11. Color key applies
for both panels. (B) HOPACH cluster information superimposed on G1 to S cell cycle and
DNA replication pathways. The cluster membership for each gene in the pathway is
indicated by color according to the key in panel A. Genes shaded in different colors for
foreground and border had two or more probes that localized to different clusters. Most of
the genes in these pathways are located in clusters 6–9, or are constitutively expressed.
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Figure 4. Expression patterns of genes with different profiles are expressed in distinct cell types
RNA in situ hybridizations of coronal sections of the OB at E15 and E18 along with time
course expression data for selected genes. (A–C) E15 OB in situs using probes to the neural
progenitor markers Vim, and pax6; and the proliferation marker Ki67. All three markers
label the germinal region of the OB. Vim and Ki67 also label the nerve layer which is a
common pattern for probes that label the germinal region. (D–F) E15 OB in situ
hybridizations for the TF genes Nr2f1, Fox01, and Heyl. These probes specifically label the
nerve layer. (G–I) OB in situ hybridizations for the TF genes Mafb, Stmn2 and Id2
performed at E15 and E18. At E15 the genes exhibited a diffuse ring of expression in the
OB; at E18, labeled cells could be identified as mitral cells. ONL: olfactory nerve layer. GZ:
germinal zone. MCL: mitral cell layer. Bar = 200 µm. For microarray expression plots, units
for the X-axis are time, log2ratio values are plotted on the left Y axis, A values on the right.
(see Materials and Methods).
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Figure 5. Localization of cluster 6–9 genes to the olfactory bulb germinal zone
RNA in situ hybridizations were performed on OBs from E15.5 embryos for the following
genes from clusters 6–9: (A) Tmpo, (B) Dek, (C) Hmgb2, (D) Orc2l, (E) Sox9, (F) Neurog1,
(G) FoxM1, (H) Cdk4, (I) Cdk2, (J) Mcm2, (K) Id4, (L) Zfp410, (M) Mycbp, and (N)
Tardbp. All probes hybridize to the germinal region (GZ in panel A) and to a greater or
lesser extent to the nerve layer (NL in panel A). Bar = 200 µm.
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Figure 6. Double-label fluorescent RNA in situ hybridization analysis of neural progenitor cell
candidate genes at E15.5
Representative genes were selected for co-localization with the NPC markers Vim (A–D)
and Blbp (E–G). Micrographs show the region of the OB including and immediately
surrounding the germinal zone. Dek (A, E), Hmgb2 (B, F), Tmpo (C, G) and Cdk2 (D) co-
localize with Vim and/or Blbp, indicating that they are expressed in the population of OB
NPCs. Bar = 200 µm.
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Figure 7. Expression patterns of genes from clusters 6–9 are distinct from those of Dlx1, Dlx2,
and Dlx5 in the early telencephalon
(A–C) By RNA in situ hybridizations were performed on parasagittal sections of OBs from
E13.5 embryos. Dlx1, Dlx2, and Dlx5 exhibit strong expression in the septum and medial
ganglionic eminence, but very little staining in the nascent OB. (D–E) In contrast, Nes and
Vim staining is present throughout the germinal region of the telencephalon including the
developing OB. (F–J) Candidate genes from clusters 6–9 including FoxM1, Dek, Hmgb2,
Tmpo, and Ngn1 (Neurog1) exhibit similar staining patterns to Nes and Vim, with Ngn1
expression excluded from the septum and ganglionic eminence. OB, olfactory bulb; DC,
dorsal cortex; SE, septum; MGE, medial ganglionic eminence. Bar = 200 µm.
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Figure 8. Genes with E2F binding sites are enriched in NPC clusters
(A–C) Three E2F binding sites in the rVista database were over-represented in NPC clusters
6–9: E2F1/DP1, E2F4/DP1, and E2F4/DP2. Cluster numbers are indicated below the X of
each plot. The Y axis indicates the mean number of binding sites per gene in each cluster.
The first column (column A) is the calculation for all genes on Affymetrix chip. (D, E)
Similar plots were generated for genes with binding sites for E2F4 (Conboy et al., 2007) and
E2F1/E2F4/E2F6 (Xu et al., 2007) as detected by chromatin immunoprecipitation (ChIP).
Note the enrichment of genes with E2F family binding sites in the NPC clusters using both
informatics predictions (A–C) and direct ChIP analyses (D, E).
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Table 1
Classes of TFs encoded by differentially expressed genes

TFs encoded by genes in differentially expressed genes matched to Interpro domain descriptions. Domains are
tabulated by the number of genes in clusters 6–9, number in clusters 2–3, and overall number in the dataset.
Many transcription factors contain more than one domain and therefore are included in more than one class.

Transcription Factor Class Number Overall Clusters 6–9 Clusters 2–3

Total TFs 507 320 135

Znf 120 73 34

Pro rich 60 28 21

Homeobox 41 28 7

HLH 33 16 14

HMG 22 19 3

ANK 21 11 8

Antifreeze 18 13 3

AAA ATPase 13 13 0

bZip 12 2 5

BTB/POZ 12 5 4

POU 12 9 1

Nuclear receptor 10 1 5

RNA Pol 9 7 2

WD40 7 5 2

MCM 7 7 0

p53_like_TF_DNA-bd 7 4 1

Forkhead 6 1 1

PAS 6 0 6

E2F 5 5 0

Ets 5 2 1

Chromodomain 5 4 1

EF Hand 4 1 1

No Match 102
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Table 2
Genes confirmed by RNA in situ hybridization to be expressed in the olfactory bulb
germinal zone

Genes with more than one cluster number reflect the behavior of different probe sets for the same gene and
may result the recognition of different splice forms.

Cluster Number Gene Symbol Gene Name Gene Function

6 E2f5 E2F transcription factor 5 Transcription Factor/DNA Binding Protein

6 Hes1 hairy and enhancer of split 1 Transcription Factor/DNA Binding Protein

6 Limd1 LIM domains containing 1 Transcription Factor/DNA Binding Protein

6 Mycbp c-myc binding protein Transcription Factor/DNA Binding Protein

6 Neurog1 neurogenin 1 Transcription Factor/DNA Binding Protein

6 Bmpr1a bone morphogenetic protein receptor, type 1A Receptor

6 Bmpr1b bone morphogenetic protein receptor, type 1B Receptor

6, 7 Tardbp TAR DNA binding protein Transcription Factor/DNA Binding Protein

6, 7 Tfdp2 transcription factor Dp 2 Transcription Factor/DNA Binding Protein

6, 8 Orc2l origin recognition complex, subunit 2-like Transcription Factor/DNA Binding Protein

6, 9 Zbtb20 zinc finger and BTB domain containing 20 Transcription Factor/DNA Binding Protein

7 Cdk2 cyclin-dependent kinase 2 Transcription Factor/DNA Binding Protein

7 Dek DEK oncogene Transcription Factor/DNA Binding Protein

7 E2f6 E2F transcription factor 6 Transcription Factor/DNA Binding Protein

7 Gabpa GA repeat binding protein, alpha Transcription Factor/DNA Binding Protein

7 Hmgb2 high mobility group box 2 Transcription Factor/DNA Binding Protein

7 Hmgb3 high mobility group box 3 Transcription Factor/DNA Binding Protein

7 mKi67 antigen identified by monoclonal antibody Ki 67 Proliferation Marker

7 Pcna proliferating cell nuclear antigen DNA Replication Factor

7 Plagl1 pleiomorphic adenoma gene-like 1 Transcription Factor/DNA Binding Protein

7 Rpo1-1 RNA polymerase 1-1 Transcription Factor/DNA Binding Protein

7 Tmpo thymopoietin Transcription Factor/DNA Binding Protein

7 Ttrap Traf and Tnf receptor associated protein Transcription Factor/DNA Binding Protein

7 Vim vimentin Intermediate filament

7 Whsc1 Wolf-Hirschhorn syndrome candidate 1 Transcription Factor/DNA Binding Protein

7 Zfp410 zinc finger protein 410 Transcription Factor/DNA Binding Protein

7, 8 Cdk4 cyclin-dependent kinase 4 Transcription Factor/DNA Binding Protein

7, 8 MCM2 minichromosome maintenance deficient 2 mitotin Transcription Factor/DNA Binding Protein

7, 8 Plagl2 Pleiomorphic adenoma gene-like 2 Transcription Factor/DNA Binding Protein

7, 8 Ssbp3 single-stranded DNA binding protein 3 Transcription Factor/DNA Binding Protein

7, 8 Zfp521 zinc finger protein 521 Transcription Factor/DNA Binding Protein

7, 8 Hes6 hairy and enhancer of split 6 Transcription Factor/DNA Binding Protein

8 Ankhd1 ankyrin repeat and KH domain containing 1 Transcription Factor/DNA Binding Protein

8 E2F1 E2F transcription factor 1 Transcription Factor/DNA Binding Protein

8 E2F7 E2F transcription factor 7 Transcription Factor/DNA Binding Protein

8 FoxM1 forkhead box M1 Transcription Factor/DNA Binding Protein
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Cluster Number Gene Symbol Gene Name Gene Function

8 Gli2 GLI-Kruppel family member GLI2 Transcription Factor/DNA Binding Protein

8 Mybbp1a MYB binding protein (P160) 1a Transcription Factor/DNA Binding Protein

8 Nes nestin Intermediate filament

8 Nr2e1 nuclear receptor subfamily 2, group E, member 1 Transcription Factor/DNA Binding Protein

8 Pax6 paired box gene 6 Transcription Factor/DNA Binding Protein

8 Rbl1 retinoblastoma-like 1 (p107) Transcription Factor/DNA Binding Protein

8 Sox9 SRY-box containing gene 9 Transcription Factor/DNA Binding Protein

8 Tcf3 transcription factor 3 Transcription Factor/DNA Binding Protein

8 Notch1 Notch gene homolog 1 Transcription Factor/DNA Binding Protein

8 Id4 inhibitor of DNA binding 4 Transcription Factor/DNA Binding Protein

8 Atf7ip activating transcription factor 7 interacting protein Transcription Factor/DNA Binding Protein

3, 8 Dnmt3a DNA methyltransferase 3A Transcription Factor/DNA Binding Protein

8, 9 Trp53 transformation related protein 53 Transcription Factor/DNA Binding Protein

8,9 Trim28 tripartite motif protein 28 Transcription Factor/DNA Binding Protein
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