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Abstract

The complexity of the adult brain is a result of both developmental processes and experience-
dependent circuit formation. One way to look at the differences between embryonic and adult
brain is to examine gene expression. Previous studies have used microarrays to address this in a
global manner. However, the transcriptome is more complex than gene expression levels alone, as
alternative splicing and RNA editing generate a diverse set of mature transcripts. Here, we
developed a high-resolution transcriptome dataset of mouse cerebral cortex at embryonic and adult
stages using RNA sequencing (RNA-Seq). We found many differences in gene expression,
splicing and RNA editing between embryonic and adult cerebral cortex. Each dataset was
validated technically and biologically, and in each case we found our RNA-Seq observations to
have predictive validity. We propose this dataset and analysis to be a helpful resource for
understanding gene expression in the embryonic and adult cerebral cortex.

Neurons are produced during embryogenesis then migrate and form circuits during
development and into adulthood. This circuit formation and optimization is critical for the
fine-tuning of behaviors and is necessary for information processing in the adult brain 1.2, Of
the many molecular events during brain development, gene expression levels are known to
undergo substantial changes. Using microarrays, it is estimated that approximately 17% of
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assayed genes are differentially expressed between embryonic day 16 (E16) and postnatal
day 30 (P30)3.

However, gene abundance represents only part of the complexity of the transcriptome.
Specific exons are included or excluded from mature mMRNAS by alternative splicing, which
adds proteomic diversity by generating unique isoforms from the same gene. Alternative
splicing also influences the regulation of transcript expression by changing the stability of
the MRNA, affecting the efficiency of translation, altering the number of miRNA sites or
switching localization signals #:5. Splicing plays an important role in neurodevelopment and
synaptic plasticity and strength®. For instance, isoforms of Dscam mediate axon guidance’,
while neurexin splice variants are involved in synaptogenesis®.

Additional complexity is generated at the single base level via RNA editing by adenosine
deaminase (ADAR), which convert adenosine to inosine (A to | editing)®, or APOBEC1,
which replaces cytosine with uracil®. These base modifications can result in a change in the
amino acid sequence or differences in splicing or nuclear retention of the transcript1-13, Of
the three known genes encoding ADARs, Adar and Adar1b are ubiquitously expressed, but
their expression levels are highest in the brain. Adarb2 is exclusively expressed in the
brain®. Editing creates multiple isoforms of neurotransmitter receptors, including AMPA-
subtype glutamate channels such as Gria2. Mice unable to edit Gria2 die of seizures shortly
after birth4 and many other examples of A to I editing change the properties of proteins
important in neuronal function1®. There are substantial differences in the proportion of
edited RNA between adult and embryonic brain tissue for specific genes?S.

Although expression, splicing, and editing all occur in the brain and are regulated during
development and aging, few studies have examined these at a genome wide scale and in
concert. This means that while the adult brain may be more complicated at a circuit level,
we do not have an unbiased view of whether the adult brain transcriptome is inherently more
complex, or simply different from, the embryonic brain.

Here, we used RNA sequencing (RNA-Seq) to develop a high-resolution transcriptome data
set of the embryonic and adult brain mouse cerebral cortex. Compared to microarray
technologies, RNA-Seq has an improved dynamic range in estimates of gene expression
levels and better precisionl’ and allows for estimation of exon-specific and single base pair
events. We used the rich literature of developmental expression as an estimation of the
accuracy of results and performed technical and biological validation of various levels of
gene expression changes. We show that there are large numbers of differences in gene
expression levels and exon utilization as the brain develops as well as a clear tendency for
more complete editing in the adult brain.

Overall quality parameters of the RNA-Seq dataset

We used RNA-Seq to measure the transcriptome of three adult (3-4 months old) female
mice and four embryonic day 17 (E17) female mice. We chose the inbred C57BI/6J strain
used for the mouse genome (http://www.ncbi.nlm.nih.gov/assembly/165668/) to minimize
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genetic heterogeneity as genetic background effects can influence gene expression!® and
might complicate interpretation of single base pair sequences.

We generated ~30million reads with high quality scores (Supplementary Fig. 1) and mapped
75-80% of those reads to the mouse genome (Supplementary Table 1) equivalently for all
samples. Values for base mean, i.e. sequencing depth for each transcript normalized to
library size 19, used an estimate of the overall expression levels, varied over a wide range,
reflecting the dynamic nature of RNA expression (Supplementary Figs. 2 and 3). Because
the libraries used were based on poly-adenylated RNA, we were concerned that coverage
might vary across features of the RNA. To address this, we separated features into the most
5’ exons, (generally 5 untranslated region [UTRY]), 3’ exons (i.e., 3 UTR) and intervening
coding sequences (Supplementary Figs. 2). Both 3’ UTR and coding sequences (cds) were
represented with a similar (~10°-fold) range of base mean values compared to 5 UTR
sequences, suggesting that the library construction method was able to capture
transcriptional complexity across different elements of genes.

Differential Gene Expression

We first considered overall gene expression for transcripts irrespective of alternate exon
usage. Using this analysis, we could completely separate the two groups of embryonic and
adult mice (Fig. 1a). Similar to the analysis of 5/, 3’ and coding features, base mean values
for genes varied over a 108-fold range (Supplementary Fig. 3). Although the overall number
of expressed genes was similar in the two groups, there was a modest excess of moderate to
low abundance mRNAs in the adult animals, assuming that genes with higher base mean
values are more expressed than those with lower base mean.

We next compared differential expression of genes between the two groups (Fig. 1b) using a
negative binomial test!®. There were 4125 genes with differential expression of 4-fold or
greater and p<0.05 after false discovery rate (FDR) correction. Of these, 1152 had higher
expression levels in embryonic brain, while 2973 were more highly expressed in adult brain
(Supplementary Table 2). The overall distribution of differences between embryonic and
adult brains was slightly asymmetric with a tendency for higher fold differences in the adult
(Supplementary Fig. 4). We did not find a distinct group of genes with on/off expression,
but rather a smooth distribution from equivalence to high divergence between groups.

The single gene that showed the largest difference between embryo and adult was Mobp
(myelin-associated oligodendrocytic basic protein), which was ~9000 fold higher in adult
compared to embryonic brain (FDR adjusted p=6x10~137). Myelination is a major event that
occurs postnatally in the mouse brain, reflected by the higher expression in the adult brain of
other myelin genes including myelin associated glycoprotein (Mog, 440-fold,
Pagj=4.2%10732) or myelin basic protein (Mbp, 147-fold, pagj=7.3%1036;Supplementary
Table 2).

We performed technical validation using quantitative reverse transcription-PCR (QRT-PCR).
We selected a series of eight genes that showed a range of differential expression as well as
different estimated expression levels in embryonic or adult tissue. These were Vax1, 1gf2bpl
and Wipfl as low expression genes, Draxin, Nrpl and Caly as moderately expressed genes
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and Ttr and Mobp as highly expressed genes. We also chose two reference genes that
showed low variance and were not differentially expressed between groups; Ppid, encoding
cyclophilin 40 or cyclophilin D, or Ubc, encoding the ubiquitin C gene. We found high
agreement between measurements of relative gene expression with RNA-Seq and gRT-PCR
normalized to Ppid for all of the eight tested genes (Fig. 1c). We obtained similar results
using Ubc as a reference (Supplementary Fig. 4). In either case, our estimates of fold
difference, on a log2 scale, were sufficiently close with two techniques to have an overall r?
value for regression of 0.979 (n=8, p=2.8x1075).

We also examined a group of eight genes whose expression differences were close to the 4-
fold cutoff used to generate the differential expression list. Four genes were higher in the
adult (ATP10a, Grm4, Sparc, Baiap3) and four were higher in the embryonic brain (Ncapg2,
Tetl, Cecnd2, Ooep). We confirmed differential expression in all cases by gRT-PCR and the
estimates of fold expression were consistent between both techniques (Supplementary Fig.
5). These results show that the false positive rate is low even around the cutoff values we
chose for differential gene expression.

For biological validation, we extracted RNA from multiple developmental stages (E15, E17,
PO, P14, P28 and adult; E are embryonic samples, P are postnatal samples; adult animals
were 3-4 months old), from an independent set of animals. We were able to confirm that
each of the eight genes tested showed changes consistent with the original RNA-Seq dataset
using qRT-PCR (Fig. 1d). In most cases there was a substantial change between PO and P14.
Comparing the E17 and adult data points only, we saw concordance between quantitative
estimates of difference between RNA-Seq and qRT-PCR (Supplementary Fig. 6) with an
overall r2 value for regression of 0.992 (n=8,p=9.4x1077). Together, these results show that
the RNA-Seq dataset accurately captures estimates of expression differences and these can
be replicated in independent biological cohorts.

To provide some information on regional brain expression, we examined expression of our
eight validated genes in the Allen brain atlas (http://mouse.brain-map.org/). Although most
of the genes were not present in this database, we were able to recover probes for Mobp and
Draxin (Supplementary Fig. 7). There was a clear difference in expression of Mobp, with
low expression at E18.5 and robust expression at P28. This was seen in multiple brain
regions suggesting that Mobp expression increases in the cortex can be generalized. The
differences in Draxin also matched the RNA-Seq pattern of decreased expression at P28
compared to embryonic brain, but here expression in the cortex was relatively low and a
more dramatic difference was seen in the developing hindbrain. This suggests that as well as
developmental differences in gene expression, there are regional differences, but that RNA-
Seq is sufficiently sensitive to detect genes expressed at low levels in the cerebral cortex
such as Draxin.

Gene ontology analysis using DAVID (Database for Annotation, Visualization and
Integrated Discovery)!® performed separately on genes more highly expressed in the
embryonic brain or in the adult brain showed that the former were enriched in genes
involved in cell division whereas the latter included genes involved in neurotransmission or
ion homeostasis (Table 1). These differences presumably reflect the expected change from
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the developing embryonic brain towards the mature postmitotic nervous system with stable
synaptic transmission. Although we did not select genes for validation because of gene
ontology category membership, Caly is involved in endocytosis, both Nrpl and Vax1 are
found in the gene ontology category of neuron differentiation.

Alternative Exon Utilization

Alternative splicing and UTR usage was estimated by quantifying counts for each exon
relative to total gene expression count to correct for changes in overall expression. There
were 387 (Supplementary Table 3) significant differential alternative events (FDR adjusted
p<0.05), approximately equally divided between those that are higher in adult or in embryo
(Fig. 2a). These changes in the ratio of specific exons to overall expression of the gene were
separated into 3’UTR, 5’UTR, single exon inclusion, and multiple exon inclusions with
alternate 5’ or 3’UTR. The number of single exon inclusion events and multiple exon
inclusions with alternative 5’"UTR usage were similar in embryonic and adult cortex (86 to
98 and 21 to 23 respectively). However, there was more alternative 3’UTR usage and
multiple exon inclusions including the 3’'UTR in embryonic brain versus adult (17 to 13 and
11 to 3 events respectively). We found that 123 events (31%) were within genes that did not
show any statistically significant differential gene expression.

Gene ontology analysis was performed for the list of genes containing differentially utilized
exons, separately considering those that had higher expression of given exons relative to
overall gene expression in the adult and those that had higher exon inclusion in the embryo.
We found that categories of genes with higher exon ratios in the adult, i.e. where more exons
tended to be expressed, included several aspects of the actin cytoskeletal system (Table 2).
Genes with higher exon inclusion ratios in the embryonic brain included regulation of small
GTPases and several aspects of signal transduction in the nervous system (Table 2). The
categories of genes with differential exon usage (Table 2) showed very little overlap with
the categories of genes with differential overall expression (Table 1), suggesting
independence of splicing and expression (see Discussion).

We next validated these results by comparison to the literature. One well-studied gene with
differential splicing is Mapt, coding for microtubule associated protein tau. This gene was
included in the gene ontology category of actin filament-based processes in the adult
enriched exons (Table 2). Three exons in Mapt showed statistically significant differences in
inclusion between embryo and adult, after correcting for overall Mapt expression. Exons 2
and 3, which code for N-terminal repeats, are not utilized in embryonic tau, which we
confirmed in our data (Supplementary Fig. 9). Previous data suggest that, in mouse brain,
incorporation of exon 10 rises from less than 10% in fetal tau to nearly 100% by postnatal
day 24 20 and our data shows 11-fold higher usage of this exon in adults than embryonic
animals.

Having established that this dataset includes known events, we validated novel examples of
differential alternative splicing. An alternative exon of Abr, a GTPase activating family
member that is in the gene ontology category of regulation of small GTPase mediated signal
transduction, was expressed at approximately 50-fold (adjusted p=6.9x107°) higher levels in
the embryonic brain (Fig. 2b). We interpret this exon as an alternate 5’UTR because it
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contains a predicted ATG start site and because individual RNA-Seq reads did not contain
junctions to more 5 regions (Supplementary Fig. 9). Although not present in the RefSeq
gene model, this sequence was present in the UCSC expressed sequence tag (EST) database
(Supplementary Fig. 10). In RT-PCR validation using technical replicates, this candidate
alternative 5’UTR was only amplified in embryonic samples (Fig. 2¢) and in E15, E17 and
PO brains but not in the P14, P28, or adult brain samples from the biological replicate group
(Fig. 2d). We confirmed that the identity of the RT-PCR products matched the RNA-Seq
data by sequencing (data not shown).

In contrast, a 42bp insert after exon 12 of the kinesin family member Kiflb was included in
adult brains but excluded in the embryonic tissue (Fig. 2e). As for Abr, there was EST
support for this exon (Supplementary Fig. 10). We confirmed this difference using RT-PCR
in technical (Fig. 2f) and biological replication (Fig. 2g). Sequencing these products
identified spliced MRNA identical to exons 12-13 of NM_008441.2, but also products
containing inserts, consistent with the RNA-Seq data (Supplementary Fig. 11). These data
show that we could validate both of the alternate events that we examined.

Because RNA-Seq provides sequence information, we next considered RNA editing. We
identified and quantified candidate RNA edit sites, limiting our search to A to | changes, as
these account for over 90% of editing events in recent studies of the human transcriptome??,
and further restricted candidate edit sites by limiting to those shared by all samples within at
least one group. In total, 176 A to | candidate edit sites were found (Supplementary Table 4)
of which only 19 were in the Darned database (http://darned.ucc.ie/). Most sites were,
however, supported by the EST database on UCSC suggesting that they are robust even if
not widely recognized as editing.

Candidate edits showed a tendency to be higher in the adult compared to the embryonic
tissues (Fig. 3a). Of all candidate edit sites, 77% were found in UTRs, while 23% were
within the coding region (Fig. 3a). All but three of the UTR candidate edit sites were in the
3'UTR, an enrichment previously described in adult mouse?2. All but 5 of the candidate
coding edit sites were non-synonymous, also consistent with previous observations23. The
majority of the 3’UTR candidate edit sites were in repeat regions, particularly rodent specific
Alu sequences. The propensity for A-to-1 edits to be found in highly repetitive regions such
as Alu elements has been noted previously 24-26,

We chose ten candidate differential edit sites for validation using cDNA cloning and
sequencing (Fig. 3b-c), including amino acid changing and synonymous edit sites plus three
sites in the heavily edited UTR of Rpal that encodes for Replication protein Al. In all cases,
the cloned cDNA sequences were a mixture of A/G but sequencing genomic DNA revealed
Adenosine, demonstrating that these are not polymorphisms (Fig. 3d-f and Supplementary
Fig. 11). We also confirmed editing at the Q/R site of Gria2 mRNA by sequencing (data not
shown). We found quantitative agreement with the estimates of editing in the RNA-Seq and
cloning approaches (Fig. 3b-c; r2=0.984, p=8.83x10799 for embryonic samples; r?=0.987,
p<2.49x10709 for adult; n=12 sites). We further confirmed these effects in the biological
replicate series for three edit sites; a highly edited site that results in a Lysine substitution
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(K/E) at position 320 of the Cyfip2 protein (Cytoplasmic FMRL1 interacting protein 2;
sequences are shown in Fig. 3d and quantitation from the biological replicates in Fig. 3g), a
non-synonymous amino acid (R/G) edit site in the DNA binding protein Son (encoding the
protein son/Negative regulatory element-binding protein (Nrebp); Fig. 3e, h) and a
synonymous site in the same gene (Fig. 3f, i).

Candidate amino acid changing edits were more fully edited in adult versus embryonic
brains but candidate edits in untranslated regions were not. We tested whether the current
resource could be used to examine expression and editing in the same samples. Some edited
transcripts also showed differential expression but there was no relationship between editing
and expression levels or differential expression (Supplementary Fig. 13). Therefore, editing
and expression could not explain the tendency towards higher levels of editing in the adult
animals. We were able to measure expression of ADAR genes in the RNA-Seq data. In the
initial dataset, Adarbl but not Adar had statistically significant differential expression
between embryonic and adult brain after correction for multiple testing. However, in our
biological replicate set we noted that both enzymes showed increased expression with
maturation of the brain, although the increase in expression was much greater for Adarbl
than Adar (Fig. 3j,k). This analysis shows that multiple aspects of editing and expression can
be queried in this dataset.

DISCUSSION

We have used RNA-Seq to measure differential gene expression, splicing and editing
between embryonic and adult mouse cerebral cortex. We present this as a resource for
examining these events in brain development.

We saw a very large number of expression changes between E17 and adult and many genes
and pathways overlap with those identified using microarrays. For example, we found that
many of the genes more highly expressed in embryonic tissue are involved in cell

division 327-29, We additionally found pathways that have not previously been reported,
such as DNA damage response and repair in embryonic brain, and immune response in adult
brain. This RNA-Seq dataset can therefore be used to generate novel insights into biological
processes and testable hypotheses. For example, the association with DNA damage might be
a consequence of apoptosis in development.

Part of utility of this resource is the high rate of both technical and biological validation of
proposed gene expression changes. We found quantitative agreement between RNA-Seq and
gRT-PCR for eight genes across a range of expression levels and an additional eight genes
with smaller differences in expression, suggesting that the RNA-Seq dataset and analysis are
both accurate and predictive.

We also examined differential alternative exon utilization events and replicated known
events such as the alternative splicing of Mapt20 but, additionally, a number of novel
examples of splicing and UTR utilization. Although we used libraries generated using poly-
adenylated RNA with oligo-dT priming, which might be biased towards the 3’ end of
transcripts, we also recovered and validated 5 UTR usage differences. Approximately one
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third of the splicing events were in genes that did not have statistically significant
differential gene expression in agreement with previous estimates30-32, This suggests that
differential splicing and exon usage are independent ways to influence gene expression.

We identified some novel patterns of the types of genes where usage of specific exons
differed between adult and embryonic brain. Exons more utilized in the adult brain were
categorized using gene ontology analysis as related to the cytoskeleton, including Mapt,
which has more exons in the adult compared to the embryonic brain. Exons more expressed
in the embryonic brain included several aspects of signal transduction related to small
GTPases (including the valudated gene Abr) and synaptic transmission. This was surprising
given that neurotransmission is a prominent characteristic of the adult brain. We speculate
that multiple variants of genes may be tolerated in development but become more restricted
in the adult as function becomes specialized.

Finally, RNA-Seq allowed us to extract sequence data from expressed genes to examine
RNA editing in the same samples. In looking for potential edits, we compared the mMRNA
sequence against the mm9 reference sequence, which was created with the C57BI/6J strain
used in this study. Because the mice are highly inbred, we can be confident that these are not
polymorphic DNA sites. In general, we found that editing tended to increase with the shift
from embryonic to adult brain, although editing at some sites were already at 100% in the
embryonic brains. This increase in editing over development further supports these are edit
sites rather than polymorphisms. We confirmed nine out of eleven previously reported!®
editing events, although two genes, (Grikl and Adarbl) were not in our final list of edits due
to low expression levels. Taken together, our results show that we can discover and validate
known and novel editing sites in genes expressed in the murine cortex.

We noted that edited sites in UTRs tended to have similar editing levels in both embryonic
and adult cortex, whereas those in the coding region were more likely to be differentially
edited. This may suggest a different mechanism in editing noncoding versus coding edit
sites. Because there is a larger increase in Adarbl than Adar expression in the adult
compared to embryonic brain, we suggest that Adarbl could be responsible for those edits
that are differential between embryo and adult. We did not note any specific sequence
similarity between groups of differential and non-differential edits. ADARs bind double
stranded RNA, suggesting that RNA structure rather than sequence affects the efficiency of
editing33,

One limitation of this study is that due to the current costs of RNA-Seq we chose only two
stages to generate the dataset and cannot estimate if there are additional changes at specific
developmental stages. However, in our biological validation we included additional stages
and we noted that for many of the observed E17-adult differences in expression, there was a
sharp transition between PO and P14. This shift around PO was also noted in validation of
alternate splicing and UTR usage. Therefore, we predict that our RNA-Seq dataset
comparing E17 with adult captures a substantial proportion of the changes in the
transcriptome as the brain develops. Future studies to query a more finely graded series of
developmental stages might allow detection of more transient changes in expression.
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There are additional limitations of the splicing data. For example, the list of differentially
expressed alternative events may be a conservative estimate, as the large number of exons
requires substantial correction for multiple testing. Additionally, we have only accounted for
relatively simple events and did not consider more complex rearrangements as the short
reads available in the RNA-Seq platform lead to sampling around exon/intron junctions
rather than full length RNA species. It is expected that future developments of RNA-Seq
technology including longer reads and greater sequencing depth will minimize these
problems.

The proportion of bases in the genome that are edited has been controversial, with early
estimates suggesting a very high proportion 34 but more recent studies showing that
mapping and sequencing errors in RNA-Seq lead to overestimation 35, We therefore only
considered the best characterized example of adenosine to inosine editing?! and only
accepting changes where there were at least five reads for a given base. This limits our
ability to detect rare edits, but overall our estimates of editing are similar to previous
studies?®. In the case of inbred mice, such sequence differences are unlikely to be due to
DNA polymorphisms and for eight validated sites we confirmed the genomic sequence was
Adenosine. The tendency of editing to increase in the adult also argues that these changes
are not genomic variants.

We limited the current analysis to only female animals, a single brain region and and a
single species. Data from the Allen brain atlas to confirm two gene changes and provide
some evidence that there are also regional differences in expression. These might be tested
in the future using additional RNA-Seq datasets from different brain regions. It would also
be of interest to compare gene expression in rodents and humans, which might allow us to
test whether the human brain is inherently more complex than other species at the RNA
level. Previous experiments using human brain samples 36:37 have shown a very large
number of gene expression changes in development. Integrating such findings would be
challenging due to species differences in developmental staging and differences in the genes
themselves, but may be approached with RNA-Seq in the future.

In many of the measures that we have used, the adult brain does not appear to be inherently
more complex than the embryonic brain. For the total number of genes expressed and
splicing ratios, differences between the two groups of samples were symmetrical, implying
that similar numbers of genes are used. There was a small excess of moderate to low
expression genes in the adult brain compared to the embryonic brain, suggesting some
possible additional complexity in the adult, but this was not a dramatic difference. In the
case of editing, the tendency is for the adult brain to be more fully edited, i.e. the adult brain
tolerates less variation than the embryonic brain. Of interest is that one of the most well
characterized examples of editing, Gria2, is required for neuronal survival as electric
activity is established. Our observation that there is a strong tendency of edited sites to be
more highly edited in the adult brain suggests that editing is critical in maintaining the
correct function of the adult brain.

A final limitation is that as the brain is heterogeneous, we cannot distinguish changes in
gene expression in specific cellular populations (e.g. neurons) from changes in cellularity. In
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some cases, such as Mapt, the transcript is restricted to neurons and therefore changes in
exon inclusion are not influenced by cellularity, especially when exon inclusion levels are
normalized to the overall transcript expression. In contrast, accumulation of Mobp represents
the maturation and division of mature oligodendrocytes from precursor cells in the
embryonic cerebrum 38, The current dataset will underestimate differences in those cases
where a gene is widely expressed but shows expression or splicing differences in a specific
cell type. How frequently this occurs is not known, but the adult brain might be more
complex than we estimate here if there are expression/splicing events that occur in specific
neuronal populations of the adult brain. Future studies using single cell profiling may
improve resolution.

Overall, this resource provides a gene expression set with validated estimates of abundance,
splicing and editing of RNA during the development of the mouse brain. We envisage that
these data are useful for providing an initial map of expression of genes of interest and their
regulation.

Online Methods

RNA Extraction and sequencing

All mouse work followed the guidelines approved by the Institutional Animal Care and Use
Committees of the National Institute of Child Health and Human Development. Adult
female mice were housed in pairs in a vivarium on a 12h light:dark cycle. We extracted total
RNA from 3 adult cerebral cortices and 4 embryonic day 17 cerebral cortices of female
C57BL/6J mice using a tissue homogenizer. We measured RNA quality using the Agilent
2100 Bioanalyzer RNA Nano Chip and found that samples had a mean RIN of 9. We
purified Poly(A)+ RNA from 10ug total RNA and cDNA libraries were synthesized using
the MRNA-Seq prep kit with oligo(dT) priming (Illumina cat# RS-100-0801) as per the
manufacturer’s protocol (http://mmjggl.caltech.edu/sequencing/mRNA-
Seq_SamplePrep_1004898_D.pdf). We hybridized 5 pM of each library to a flow cell, with
a single lane for each sample and used an Illumina cluster station for cluster generation.
Finally, we generated 80bp single end sequences using an lllumina GA-I1x sequencer.

Statistical analysis of Gene Expression

We used the standard Illumina pipeline with default options to analyze the images and
extract base calls in order to generate fastq files. Overall quality and total read counts can be
found in Supplementary table 1. We aligned the fastq files to the mm9 mouse reference
genome using Tophat (v1.0.13) and Bowtie (0.12.7.0). We annotated and quantified reads to
specific genes was using the Python module HT-SEQ with the NCBIM37.61 gtf to provide
reference boundaries. We used the R/Bioconductor package DESeq for comparison of
aligned reads across samples19. The aligned and aggregated counts underwent a variance
stabilizing transformation then the Poisson distributions of normalized counts for each
transcript were compared across adult and embryonic groups using a negative binomial test.
We corrected for multiple testing using the Benjamini-Hochberg procedure.
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We uploaded differentially expressed genes into DAVID*%41 a5 two gene lists, one set with
higher expression in the adult and one set with higher expression in embryos, with
offical_gene_symbol selected for Mus musculus genes. We used the functional annotation
tool with default parameters, and the biological processes gene ontology terms selected. We
calculated P-values for geneenrichment using a modified Fisher’s Exact Test, and a
Benjamini-Hochberg multiple test correction was performed using tools within DAVID#4041,

Alternate Exon Utilization

Editing

We obtained a track of exons plus bed from the UCSC table browser using the NCBIM37
assembly found in the genes and gene prediction option track. We removed exons with the
same start or end position so only one set of coordinates for each exon was obtaine and used
this file as the reference gtf file for HT-SEQ as described above. We analyzed junction reads
separately, with the start position and end position of each junction being treated as
independent measures using a custom java script to map junction start and stop to an exon.
We then added both sets of quantification for the total read count per exon. We merged the
exon data with total gene count data and then filtered with each gene having a 10% or
greater read count of the total bp count to filter out genes with low and/or uneven coverage.
We then used the ratio of gene count to exon count as input for DE-SEQ), specifically using
gene/exon rather than exon/gene as the latter would be fractions and not suitable for DE-
SEQ which requires integer numbers. However, for display purposes we plotted the inverse
ratio, ie exon/gene. As for exon data, p-values were based on a negative binomial test and
corrected using the Benjamini-Hochberg procedure. Finally, we classified each alternative
splicing as exon inclusion/exclusion, alternative UTR, or exon exclusion due to an alternate
3’ or 5’ UTR (shorter/longer isoform). We performed gene ontology analysis as for
differential gene expression, with two gene sets of differential exons more expressed in adult
or more expressed in embryonic tissue.

To find edit sites in a genome-wide manner, we called variants for each sample with
SAMtools pileup (samtools-0.1.7a) using the mm39 as a reference. Next, we filtered for depth
of coverage of at least 5 reads per base at each edit site21. We created a merged table to
include only variants shared by all samples within the adult or embryonic group. We
extracted only variants within a gene boundary with A to | changes, noting that Inosine is
sequenced as Guanosine in the RNASeq platform. Finally, we submitted sequences
containing the candidate edit sites to UCSC BLAT to distinguish reads with single
mismatches to the genomic sequence due to RNA editing rather than those due to
inappropriate mapping to another part of the genome. We accepted candidate edits if the best
scored alignment of the read included the site of the edited base from the original alignment;
if there were multiple genomic alignments of equal or higher score, then the candidate edit
site was discarded.

gRT-PCR Expression Validation

We synthesized cDNA from trizol extracted RNA using the SuperScript Il First-Strand
Synthesis System from Invitrogen. We measured cDNA abundance using Sybr Green on an
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Applied BioSystems HT-7900 qRT-PCR system. We performed serial dilutions of cDNA to
find primer pairs with 100% efficiency and a single product on the disassociation curve. We
used Ppid or Ubc used as the normalization gene (primer pairs are listed in Supplementary
Table 5). For biological replication, we used samples from developmental stages of E15
(n=4), E17 (n=5), PO (n=6), P14 (n=4), P28 (n=4), and adult (n=4). Regression was used to
compare estimates of fold difference between RNA-Seq and validation.

and splicing validation by RT-PCR and sequencing

We used cDNA made as described above from two biological replicates for PCR with
primer pairs (primer sequences are listed in Supplementary Table 6) designed to span an
exon junction on one side to and approximately 150 base pairs on the other side of the edit
site using Fast Start Master Mix (Roche). We amplified genomic DNA in the same manner.
We separated products on a 1.5% agarose gel then cut out and extracted DNA using the
QIAquick gel extraction kit (Qiagen). We cloned DNA into the PCR8-TA cloning vector
(Invitrogen) in topo 10 competent cells and sequenced twenty colonies from each biological
replicate for each edit site and 12 colonies from genomic DNA using a 3730 capillary
sequencer. We repeated the same process for splicing validation where 3 colonies from each
PCR product were sequenced (primer sequences are listed in Supplementary Table S7).
Regression was used to compare estimates of proportion of bases edited between RNA-Seq
and validation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Gene expression

(a) Expression Heatmap. A heatmap of sample-to-sample distances on the matrix of variance
stabilized data for overall gene expression is shown where darker red colors indicate more
similar expression, as shown on the color key to the upper right of the panel. Clustering,
drawn above the heatmap, demonstrates that the adult samples are very similar to each other,
but show complete separation from the embryonic samples. (b) Differential expression. Plot
of differential gene expression with fold difference of log, normalized expression in adult
cerebral cortex (n=3) versus embryonic cerebral cortex (n=4) on the x-axis and —log1g
adjusted p-value on the y-axis. Each gene is colored based on the logig base mean
expression, i.e. more highly expressed genes are in darker colors. (c) Technical validation of
differential expression. The x-axis shows the log, fold expression (Adult/Embryonic) using
the RNA-Seq data compared to gRT-PCR data for eight genes (y axis). Ppid was used as the
normalization gene. The size of each point represents the base mean expression level from
the RNA-Seq data as in (b). The grey shaded area indicates the 95% confidence interval for
the regression. (d) Boxplots showing biological validation of differential expression. The
same eight genes were used for validation with a new set of animals and an expanded set of
developmental stages. On the y-axes are the log, expression values normalized to E15
measured with qRT-PCR with Ppid used as the normalization gene. The x-axes show each
developmental stage with E15 (n=4), E17 (n=5), PO (n=6), P14 (n=4), P28 (n=4), and adult
(n=4). The boxes represent the range between first and third quartiles and whiskers indicate
highest value and lowest values within 1.5 multiples of the inter-quartile range; outliers from
this range are plotted as individual dots.
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Figure 2.
Alternative Exon Utilization

(a) Differential alternative event ratios. A graph of the proportion of exon inclusion (counts
per exon/counts per gene) with adult ratios (n=3) on the x-axis and embryonic ratios (n=4)
on the y-axis. The values are colored based on the type of event, and sized according to the
—logy of the adjusted p-value. For clarity, only events that were significantly different
between groups (FDR adjusted p<0.05) are shown. (b) Abr alternative 5’UTR. Plot of RNA-
Seq reads generated using the UCSC genome browser covering an alternative 5’UTR of the
Abr gene, boxed in red; note that Abr is on the negative DNA strand and the 5’UTR is on the
right of the plot. (c) Validation of Abr alternative isoform using RT-PCR of technical
replicates. Using PCR, primers for the alternative UTR only amplified the product in the
embryonic tissue. Reactions are representative of triplicate biological samples. (d) Abr
alternative 5’UTR biological replication. Using RT-PCR, primers for the alternative UTR
amplified the product in the developmental stages E15, E17, and PO. In contrast, there is no
detectable product at P14, P28, and adult. Gel is representative of duplicate biological
replicates. (¢) Exon inclusion in Kiflb. The adult brain had a relatively higher proportion of
an inclusion sequence expressed after exon 12 (boxed in red) compared to embryonic brain.
(f) Kiflb exon inclusion technical replication. RT-PCR with gene specific primers confirmed
the inclusion of a novel sequence shown by a shift in expected size from embryo to adult
brain using duplicate biological replicates. (g) Kif1b exon inclusion biological replication. A
similar RT-PCR approach in independent biological samples shows the same pattern of
inclusion of the 42bp sequence towards adult animals. Gels are representative of three
reactions with independent biological replicates.
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Figure 3.
Adenosine to Inosine RNA editing

(a) Adenosine to Inosine editing. Average percent edited in adult mouse cerebral cortex
(n=3) on the x-axis and average percent editing in the embryonic mouse cerebral cortex
(n=4) on the y-axis. Yellow indicates the edit is found in the UTR, green indicates the edit
results in a non-synonymous amino acid changes, and purple indicates the edit results in no
change in the amino acid sequence. (b, ¢) Technical validation of RNA editing. Eleven sites,
both coding and noncoding, were chosen for validation. The x-axis shows the total average
percent of the edited site using the RNA-Seq data compared to validation using cloning and
sequencing on the y-axis for embryonic samples (b) and adult data (c). The grey shaded
areas indicate the 95% confidence interval for the regression. (d-i) Biological validation of
RNA editing. We took sites in Cyfip2 (d), a non-synonymous amino acid change (e) and a
synonymous edit (f) in Son and sequenced both cDNA and genomic DNA clones for each
site. For each panel in d-f an example of edited and non-edited cDNA clones are shown in
the top two chromatograms and the genomic sequence is shown in the lowest
chromatogram. We then quantified the percentage of cDNA clones that showed editing for
Cyfip2 (g), the non-synonymous amino acid change (h) and synonymous edit (i) in Son
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across different developmental stages as indicated on the x-axes for the proportion of clones
with the edited sequence (y axis, error bars indicate range across replicates). (j,k) Expression
of genes coding for ADAR enzymes. Expression of Adar (j) and Adar1b (k) was estimated
by gRT-PCR with Ppid as a reference gene using the biological replicates at the indicated
developmental stages on the x-axis. Note that both y-axes are on log, scales but that the
proportional increase in expression is higher for Adar1b than for Adar. The boxes represent
the range between first and third quartiles and whiskers indicate highest value and lowest
values within 1.5 multiples of the inter-quartile range; outliers from this range are plotted as
individual dots.
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