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Research

Alternative transcription exceeds alternative splicing
in generating the transcriptome diversity
of cerebellar development
Sharmistha Pal,1,2,4 Ravi Gupta,1,2,4 Hyunsoo Kim,1 Priyankara Wickramasinghe,1

Valérie Baubet,2 Louise C. Showe,1,2,3 Nadia Dahmane,2 and Ramana V. Davuluri1,2,5

1Center for Systems and Computational Biology, The Wistar Institute, Philadelphia, Pennsylvania 19019, USA; 2Molecular and Cellular

Oncogenesis Program, The Wistar Institute, Philadelphia, Pennsylvania 19019, USA; 3Immunology Program, The Wistar Institute,

Philadelphia, Pennsylvania 19019, USA

Despite our growing knowledge that many mammalian genes generate multiple transcript variants that may encode
functionally distinct protein isoforms, the transcriptomes of various tissues and their developmental stages are
poorly defined. Identifying the transcriptome and its regulation in a cell/tissue is the key to deciphering the cell/
tissue-specific functions of a gene. We built a genome-wide inventory of noncoding and protein-coding transcripts
(transcriptomes), their promoters (promoteromes) and histone modification states (epigenomes) for developing, and
adult cerebella using integrative massive-parallel sequencing and bioinformatics approach. The data consists of 61,525
(12,796 novel) distinct mRNAs transcribed by 29,589 (4792 novel) promoters corresponding to 15,669 protein-coding
and 7624 noncoding genes. Importantly, our results show that the transcript variants from a gene are predominantly
generated using alternative transcriptional rather than splicing mechanisms, highlighting alternative promoters and
transcriptional terminations as major sources of transcriptome diversity. Moreover, H3K4me3, and not H3K27me3,
defined the use of alternative promoters, and we identified a combinatorial role of H3K4me3 and H3K27me3 in
regulating the expression of transcripts, including transcript variants of a gene during development. We observed
a strong bias of both H3K4me3 and H3K27me3 for CpG-rich promoters and an exponential relationship between
their enrichment and corresponding transcript expression. Furthermore, the majority of genes associated with
neurological diseases expressed multiple transcripts through alternative promoters, and we demonstrated aberrant
use of alternative promoters in medulloblastoma, cancer arising in the cerebellum. The transcriptomes of developing
and adult cerebella presented in this study emphasize the importance of analyzing gene regulation and function at the
isoform level.

[Supplemental material is available for this article.]

The flow of genomic information, from DNA to RNA to protein, is a

highly complex process in mammalian cells (Moore and Proudfoot

2009). An important aspect of this complexity is the generation

of alternative gene products from a single gene locus (e.g., TP53,

DSCAM, GPHN), which can occur through transcriptional or post-

transcriptional (splicing) mechanisms (Schmucker 2007; Hollstein

and Hainaut 2010). The use of alternative transcriptional initi-

ation and/or termination (transcriptional events) can give rise

to different pre-mRNAs, which can further undergo alternative

splicing (splicing events), leading to multiple mRNA/transcript

variants from the same gene. Therefore, a gene can potentially

yield an extensive array of gene products—alternative transcript

(transcriptome) and alternative protein (proteome) isoforms—

thereby expanding the repertoire of the gene products in the

mammalian genomes. Although the functional consequence of

differential expression of alternative isoforms is known for some

genes, the magnitude of alternative isoform expression at the ge-

nome scale is still not well understood. Indeed, recent evidence

suggests that almost all multi-exon human genes generate multi-

ple mRNA variants that differ either in protein-coding regions and/

or regulatory untranslated regions (UTR) (Davuluri et al. 2008; Pan

et al. 2008; Wang et al. 2008; Trapnell et al. 2010). For example, the

alternative promoter usage of TP73 results in two protein isoforms

that perform opposing biological functions (Muller et al. 2006),

and their balanced expression is a crucial factor in normal de-

velopment and disease (Tomasini et al. 2008). In contrast, nine

distinct mRNAs are produced from the BDNF gene through the use

of alternative promoters, which differ in their 59UTR but translate

the same protein. The distinct 59UTRs function as the regulatory

region responsible for the differential expression and localization

of BDNF transcripts (Pruunsild et al. 2007). Interestingly, a subset

of differentially spliced transcript variants was recently found to be

associated with poor prognosis in a large clinical cohort of patients

with breast cancer (Dutertre et al. 2010). However, after nearly a

decade since the completion of the human genome draft sequence,

we still consider the ‘‘gene’’ as the basic functional unit in the

genome (Check Hayden 2010). Indeed, we need a paradigm shift

from the current ‘‘gene centric approach’’ to a ‘‘gene isoform cen-

tric approach,’’ making the study of gene isoforms an important

aspect of biological networks. Therefore, acquiring the knowledge

of all possible gene isoforms and their in vivo expression patterns in

specific cell populations and tissues, as well as their developmental
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stages, is a necessary first step for understanding the isoform-specific

functions of a gene and identification of disease-relevant gene iso-

forms from bystander alternative forms of a gene.

The role of alternative promoter is particularly critical in

transcriptional regulation, since their precise utilization allows the

balanced expression of corresponding transcript variants in dif-

ferent cell and/or developmental contexts. However, the molecu-

lar mechanisms of how these multiple promoters are selectively

used under different cellular conditions are still unclear. The pos-

sible mechanisms include diverse core-promoter structure at al-

ternative promoters (D’Alessio et al. 2009), variable concentration

of cis-regulatory elements in the upstream promoter region, and

regional epigenetic mechanisms such as DNA methylation, his-

tone modifications, and chromatin remodeling (Davuluri et al.

2008). Although the role of epigenetic modifications in gene reg-

ulation is well established (Hatchwell and Greally 2007), the in-

fluence of such mechanisms on the choice of alternative promoter

usage has been demonstrated for only a handful of genes (Archey

et al. 1999; Dammann et al. 2000; Ventura et al. 2002).

To understand the function of individual transcript variants

and their epigenetic regulation in both normal and disease con-

ditions, high-resolution maps of in vivo mRNA isoform expression

(transcriptome), along with the epigenetic modification states

(epigenome) of the promoters ( promoterome) that transcribe the

pre-mRNAs, are necessary. Here, we performed massive parallel

sequencing-based methods (mRNA-seq and ChIP-seq) and in-

tegrative bioinformatics analysis to (1) identify the active and re-

pressed promoters, their expressed transcript variants, and their

epigenetic profiles; (2) generate a digital inventory of transcripts

including the transcript variants of a gene; and (3) evaluate the role

of histone modifications in the selection of promoters during brain

development using the mouse cerebellum as a model. The rela-

tively simple structure and cell composition of the cerebellum

makes it an excellent model system to investigate developmental

questions such as cell differentiation or migration (Zervas et al.

2005). A critical aspect of its development (proliferation and dif-

ferentiation of the major cell type, the granule neurons) occurs

during postnatal stages, and some genes that are important for

normal development are known to express multiple transcripts

and/or protein isoforms in the brain (e.g., Trp73, Gsk3b, Nrg1)

(Flames et al. 2004; Tomasini et al. 2008; Hur and Zhou 2010;

Wilhelm et al. 2010). It is well established that disruption of tightly

regulated and coordinated gene expression, which occurs in a tem-

poral and spatial manner during normal development, is observed

in the cerebella of patients with psychiatric disorders like schizo-

phrenia, autism, anxiety, attention-deficit hyperactivity disorders,

and in medulloblastoma (Grimmer and Weiss 2006; Ten Donkelaar

and Lammens 2009). Here, we show, using medulloblastoma as an

example, that some of the developmentally regulated mRNA vari-

ants are aberrantly expressed, emphasizing the importance of

studying altered isoform expression rather than only gene expres-

sion in developmental diseases. This integrated resource is provided

as a database called the Mammalian Development Transcriptome

Database (MDevTrDb) (http://mdevtrdb.wistar.upenn.edu/).

Results

mRNA-seq reveals transcriptome diversity and numerous
novel transcripts in developing mouse cerebella

To determine the diversity and abundance of expressed transcripts

in cerebellar development, we performed massive parallel se-

quencing of poly(A)-tailed mRNAs. We focused our study on

postnatal development when most of the cerebellum expansion,

patterning, and maturation occurs, and selected the development

stages corresponding to (1) early increase of granule neuron pre-

cursor cells (GNPs) (postnatal day 0, P0); (2) peak of GNP pro-

liferation (P5); (3) end of GNP proliferation and beginning of GNP

differentiation (P15); and (4) the fully mature cerebellum com-

prised of mostly differentiated cells (Adult-P56). Deep sequencing

of cDNAs from each of these stages yielded a total of 149 million

reads, and 95% of the filtered reads mapped to the mouse tran-

scriptome and genome (Supplemental Table S7). Furthermore, the

high quality of our mRNA-seq data was revealed by the mapping of

80%–87% of the reads in all stages to either the exon or the exon–

exon junctions of combined known gene models (RefSeq, Vega,

UCSC, Ensembl, MGI) and by a lack of 39end alignment bias

(Supplemental Fig. S1A).

Having established the quality of the mRNA-seq data, we

sought to identify the poly(A)-tailed transcriptome across the four

cerebellar developmental stages. Our analysis found 21,301 novel

splice junctions and 12,565 novel exons with significant sequence

enrichment (P # 10�5) relative to known gene model transcripts,

and we observed that the 59 and 39 UTR regions for 545 and 1460

transcripts, respectively, were longer than the combined known

gene model transcripts. These longer UTR regions were supported

by one or more of the novel gene model transcripts (Aceview, SGP,

TROMER, XenoRef, Genscan, Geneid) (Supplemental Fig. S1B;

Supplemental Tables S1, S2, S8). In addition, we found 30,475

genomic regions that have significant expression (P # 10�5) in one

or more developmental stages. These expressed contigs (hereafter

referred to as ‘‘novel expressed contigs’’), with a mean length of

740 bp, lack any gene/transcript annotations, computational

predictions, and are localized in both intergenic (mostly at 59 or 39

end of the genes) and intronic regions (Supplemental Fig. S1C;

Supplemental Tables S3, S8). On the aligned mRNA-seq reads, we

applied the IsoformEx algorithm (Kim et al. 2010) to identify and

estimate the expression of transcripts and transcript variants of

a gene (known and novel), and found 92,990 transcripts (P # 0.01)

that correspond to 20,055 protein-coding (based on RefSeq,

Enterz, and Vega gene) and 17,197 noncoding genes (Supple-

mental Table S4). Next, we compared the expression of both

noncoding and protein-coding transcripts and their variants

across the four postnatal stages of the cerebellum, which is visu-

alized as a heat map generated by hierarchical clustering (Fig. 1A).

We observed variation in expression of both protein-coding and

noncoding gene transcripts between development stages. In-

terestingly, a large number of noncoding gene transcripts are

highly expressed during early (P0–P5) development. Our tran-

script/isoform-level analysis captures the stage-specific regulation

of isoform expression, as demonstrated for Dclk1, a phenomenon

lost in gene-centric approaches (Fig. 1B). Dclk1, a member of the

doublecortin gene family involved in neurogenesis and neuronal

migration, is expressed from two distinct promoters and gener-

ates four transcript variants/protein isoforms (Fig. 1B, bottom)

(Dijkmans et al. 2010). The isoforms (1 and 2) driven by the up-

stream promoter (promoter 1) are highly expressed in early P0–P5

stages, and the downstream promoter (promoter 2) derived tran-

scripts (isoforms 3 and 4) are P15 and adult specific. It is worth

noting that the distinct isoforms of DCLK1 differ in their func-

tional domains, with isoform 2 possessing both the doublecortin

domain (responsible for microtubule binding) and the catalytic

ser/thr protein kinase domain, and isoform1 lacking the kinase

domain. Moreover, isoforms 3 and 4, which arise from alternative
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splicing of promoter 2-driven pre-mRNA and which differ in their

C-terminal regions, are missing the doublecortin domains.

Following our finding that there are ;2.5 transcripts per gene

and that transcript variants are differentially expressed during

postnatal cerebellar development, we wanted to identify the

mechanism(s) that generate the diverse cerebellar transcriptome.

For this purpose we analyzed the occurrence of both transcrip-

tional and splicing events using an approach independent

of IsoformEx-based transcript expression (Table1). In order to dis-

tinguish the transcript variants that could arise due to either al-

ternative transcription or alternative splicing, we categorized al-

ternative first exons (AFE) and alternative last exons (ALE) events

as ‘‘transcriptional events’’ and exon skipping (ES), intron re-

tention (IR), alternative 59 splice site (A5SS), and alternative 39

splice site (A3SS) events as ‘‘splicing event.’’ Only those exons that

do not overlap are considered for AFE and ALE events. If any two

exons, including the first and last exons, overlap, but differ in their

59 or 39 splice sites, those are counted in A5SS and A3SS events,

respectively. Therefore, the presence of nonoverlapping AFE and

ALE represent the alternative promoters and alternative tran-

scription termination, respectively. Using the above criteria, we

generated a library of all known transcriptional and splicing events

from UCSC, RefSeq, Ensembl, MGI, and Vega gene models (see

Methods for details). For example, we found that Gad1 generates

different pre-mRNAs at transcription through the usage of AFE and

ALE events, and that Tnc undergoes ES on the single pre-mRNA to

produce transcript variants during development that translate

distinct proteins (Supplemental Fig. S2). Additionally, there are

genes such as Dclk1 that demonstrate the use of AFE, ALE, and ES

events (Fig. 1B). By using the library of known transcriptional and

splicing events, the mRNA-seq data revealed that a total of 6764

genes (e.g., Dclk1, Hdgf, Tpm1, Gad1) used one or both of the

transcriptional events (AFE and ALE), which is significantly higher

than the number of genes (3077 genes; e.g., Tnc, Gli2) that used at

Figure 1. Expression of alternative transcripts during cerebellum development determined by mRNA-seq. (A) Heat map shows hierarchical clustering
based on relative, normalized expression for protein-coding and noncoding transcripts and transcript variants in P0, P5, P15, and adult cerebellum. (B)
Wiggle profile of mRNA-seq data reveals a developmental, stage-specific pattern of expression for the four isoforms of Dclk1 in the cerebellum. While
promoter 1–driven transcripts are mostly expressed in early development, P0 and P5 (only P0 shown) promoter 2–driven transcripts are mostly expressed
in adult cerebella.

Table 1. Identification of known alternative events in the mouse
cerebellum tissue

Using the combined known gene models, we generated a library of all
known alternative events in the mouse genome (reference set) and
identified the events occurring in each stage, as well as over the course of
cerebellum development (overall). If the isoforms are coexpressed in
a stage, then it is counted as an alt event in that stage, and in case the
alternative isoforms are expressed during different developmental stages,
the alt event will be included in the overall category.

Pal et al.
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least one of the splicing events (Table 1). While ES is the most

prominent of all of the identified splicing events in cerebellar de-

velopment, both the AFE and ALE events are used in more than

double the number of genes showing ES events, demonstrating

that the use of alternative transcriptional events is more wide-

spread than alternative splicing to diversify the transcriptome

during development.

We therefore generated a comprehensive library of expressed

transcripts, including those with modified 59 and/or 39 UTR re-

gions, by integrating mRNA-seq with the combined knowledge-

base of transcripts from known and novel gene models. The de-

velopmental transcriptome (inventory of transcript variants/

isoforms) and their expression status in each developmental stage

will be a key resource for isoform-driven studies in the normal

development of the mammalian brain and its diseased states.

Pol II promoters and corresponding transcript variants
in postnatal cerebellar development

To identify the promoters driving the cerebellar transcriptome di-

versity observed above, we used the integrative approach outlined

in Figure 2A. Briefly, we generated the RNA Pol II (Pol II)-binding

and H3K4me3 enrichment profiles in each developmental stage to

identify the Pol II promoters of the postnatal cerebellum, and

categorized the promoters as ‘‘active’’ or ‘‘inactive’’ in each stage by

integrating with mRNA-seq data. We choose Pol II binding and

H3K4me3 enrichment to identify promoters because they have

been shown to occupy sites of transcription initiation, including

paused TSS and promoters with abortive transcription initiation

(Guenther et al. 2007). Deep sequencing of ChIP-enriched DNA

from P0, P5, P15, and adult cerebella using antibodies against Pol II

Figure 2. Identification of known and novel promoters and transcripts expressed in the cerebellum. (A) Integrative approach for the identification of
promoter and corresponding transcript inventory used in mouse cerebella after birth. We performed mRNA-seq and ChIP-seq experiments with antibodies
against Pol II, H3K4me3, and H3K27me3. The flowchart indicates the multiple steps we followed to determine the promoterome and transcriptome of
each postnatal stage during cerebellum development. (B) An example of a novel promoter and corresponding transcript identified through the integrative
approach. Smarcd3 is also expressed from a novel upstream promoter that was identified by promoter prediction on both the Pol II and H3K4me3
enrichment profiles (blue arrows), and the expression of the corresponding transcript was determined from mRNA-seq profiles (red arrows). It is worth
noting that the novel promoter and transcript is known in humans and is also supported by novel gene models of mouse.

Transcriptome atlas of cerebellar development
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and H3K4me3, yielded 8.5–10 million and 10.4–11.5 million

uniquely aligned reads, respectively, with a high enrichment of

reads around known TSSs (Supplemental Fig. S3A; Supplemental

Table S9). Next, we applied our recent promoter identification al-

gorithm on the Pol II and H3K4me3 enrichment profiles at each

stage and predicted a total of 37,130 promoters that included

11,733 novel promoters (Supplemental Table S5) (Gupta et al.

2010; Sun et al. 2011). We have tested the ability of five predicted

novel promoters to drive luciferase expression and found promoter

activity in all, indicating successful prediction of novel promoters

(Supplemental Fig. S3B).

We then prepared an inventory of Pol II promoterome and

their respective transcripts expressed in postnatal cerebella. We

first integrated the Pol II bound and/or H3K4me3 marked pro-

moters with corresponding transcripts expressed in each devel-

opmental stage by overlapping the predicted Pol II promoters from

ChIP-seq data with the first exons of mRNA-seq transcripts (both

known and novel) and novel expressed contigs (for novel pro-

moters/transcripts). A promoter is designated as ‘‘active’’ if it has an

annotated transcript with significant expression in that de-

velopmental stage; otherwise, it is considered as ‘‘inactive.’’ Over-

all, we found that 15,669 protein-coding, 7624 noncoding genes,

and 750 novel expressed contigs were expressed during cerebellar

development through the activity of 29,589 promoters (85.5%

overlap with CAGE promoter clusters) that generated a total of

61,525 mRNAs, including transcript variants (Table 2; Supple-

mental Table S6). Of these, 16% of the promoters and 21% of the

transcripts are novel and are not annotated in any of the current

known mouse gene models, for example, the upstream promoter

for Smarcd3 (Fig. 2B). We predicted a Pol II promoter ;24 Kb up-

stream of the known mouse Smarcd3 promoter based on both Pol II

binding and H3K4me3 enrichment, and this prediction was sup-

ported by the expression of the corresponding novel transcripts

that contain two novel exons and novel splice junctions. In ad-

dition, we identified 7541 promoters (92% are novel) that lacked

supporting transcript expression from our mRNA-seq data in all

stages analyzed and these were not considered for further analysis.

Moving forward, our analyses will focus on the integrated set of

active and inactive promoters and the resulting transcriptome.

Alternative promoter usage and differential expression
of transcript variants in cerebellar development

Our goal was to provide a digital inventory of all promoters and

their mRNAs, including the transcript variants, along with their

estimated expression values in each cerebellar developmental

stage. Having identified both known and novel Pol II promoters

and corresponding transcript variants, expressed at each stage, we

analyzed the use of alternative promoters in the postnatal de-

velopment model of a cerebellum. We found that 50.3% of genes

expressed in the cerebellum, which includes 11,173 (71%) of the

protein-coding genes (e.g., Pax6 ) and 532 (7%) of the noncoding

genes (e.g., Meg3), generate multiple transcripts (multitranscript

genes) and express a total of 50,122 transcripts through the use of

alternative transcriptional and/or splicing events (Fig. 3A,B; data

not shown). The remaining genes (4496 protein coding and 7092

noncoding) express a single transcript, thus excluding the occur-

rence of any alternative event in these genes in a postnatal cere-

bellum. Moreover, we found that while 52% of multitranscript

genes use alternative promoters and almost 81% use one of the

alternative transcriptional events (AFE/alternative promoter and/or

ALE/alternative transcriptional termination), 68% use alternative

splicing events (for distributions of genes in different categories,

refer to Fig. 3A). Interestingly, 47% of genes exhibit both alternative

transcriptional and splicing events. Further inspection revealed

that both alternative splicing (AS) and alternative transcriptional

termination events are significantly (P = 2.2 3 10�16 x2 test) more

prevalent in the multipromoter genes than in single promoter

genes (Supplemental Table S10A). These findings point to a central

role for alternative promoters in generating transcriptome diversity.

Following the identification of genes exhibiting only tran-

scriptional events or only splicing events or both transcriptional

and splicing events to generate transcript variants, we investigated

whether distinguishable nervous-system development functions

could be associated with the genes in these three classes. Using

ingenuity pathway analysis (IPA), we observed that multitranscript

genes exhibiting only splicing mechanisms participate in the

branch termination of axons (arborization), the number and ori-

entation of neuritis, proliferation, and the differentiation of neural

precursors, while genes with alternative transcriptional events

are involved in regeneration, distribution, neurotransmission of

neurons, neurogenesis, and the formation of cerebellar folia and

vermis. The genes with both transcriptional and splicing mecha-

nisms were contributing to the morphogenesis of neurites, den-

drites, the migration of neurons, and the transport of synaptic

vessels and synaptic plasticity (Fig. 3C).

Next, we studied the distribution of promoter usage and

transcript expression in the four cerebellar stages and observed

that 83% (24,450) of the promoters were active and 68% (41,850)

of the transcripts were expressed in all stages, while a small per-

centage of promoters (4%) and transcripts (9%) were exclusively

expressed in one stage (Supplemental Table S10B). Furthermore,

8% of the promoters, which transcribe 17% of the transcripts, are

active only during early postnatal development (P0–P15), while

only 1.7% of the promoters corresponding to 2.8% of the tran-

scripts are adult specific (Supplemental Table S10B). For example,

Table 2. The integrative approach (Fig. 2A) was used to identify the active promoters and the corresponding expressed transcripts at each
of the four postnatal development stages

Stage

Active promoters Inactive promoters Expressed transcripts

GenesKnown Novel Total Known Novel Total Known Novel Total

P0 23,131 4014 27,145 1666 778 2444 41,402 10,964 52,366 22,505
P5 23,099 4030 27,129 1698 762 2460 41,140 10,975 52,115 22,360
P15 23,148 4295 27,443 1649 497 2146 41,592 11,212 52,804 22,526
Adult 22,915 4425 27,340 1882 367 2249 40,328 11,023 51,351 22,311
Overall 24,797 4792 29,589 48,729 12,796 61,525 24,370

‘‘Overall’’ represents the nonredundant number of promoters/transcripts/genes in the four stages.
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both promoters of Tpm1 are active in all stages, in contrast to Nav1,

which possesses alternative promoters that are specific to the P0–

P15 cerebellum (Fig. 3D). Analysis of the transcription factor (TF)

binding sites for the stage-specific transcripts versus ubiquitous

transcripts revealed that few TF motifs (for example, AP3M1 in P0,

HLF in P5, AP4E1 and NFAT5 in P15, and TCF3, YY1, LMO2, JUN,

and ACTR1A in adult) were significantly enriched (Fisher’s test P <

0.01) in stage-specific promoters.

Although 83% of promoters are ac-

tive in all of the stages, the expression of

corresponding mRNAs and mRNA vari-

ants varies significantly (more than two-

fold) across the stages. By performing

a pairwise comparison of the transcript

expression, from mRNA-seq estimates

in all four developmental stages, we ob-

served that the transcript expression

changes (up or down) by a minimum of

6910 (23%) promoters from P0 to P5, and

a maximum of 15,791 (53.3%) promoters

from P0 to adult (Supplemental Table

S10C). This differential expression from

alternative promoters during develop-

ment has been confirmed by quantitative

RT–PCR for 10 genes (Fgf 9, Sox17, Pax6,

Olfm1, Ptch1, Tpm1, Hdgf, Axin2, Rassf1,

and Gad1) (Supplemental Table S11A,B).

The differential expression of alterna-

tive transcripts driven by alternative pro-

moters could be attributed partly to

the presence of some distinguishable

TF motifs. We found that the bind-

ing sites of SP1, E2F, KLF9, TCFAP2A,

TCFAP2C, ZFP161, CHURC1, AP2A1, and

GTF2IRD1 transcription factors were

significantly enriched in promoters,

driving higher expression (major pro-

moters). Similarly, the binding sites of

YY1, GRLF1, POU2F1, ZBTB16, ZEB1, and

CEBPG were significantly present in mi-

nor promoters of transcripts with lower

expression. Interestingly, for some mul-

tipromoter genes, altered gene expression

is reflected by a similar pattern of changes

for all of the transcripts transcribed by

alternative promoters (e.g., Pax6, Amz2,

Casp7, Nudcd2, Nav1, Grm1, Rfx4), while

for others (e.g., Rassf1, Gad1, Etv1, Dclk1,

Lims1, Olfm1, Dnm1l), switch-like be-

havior is observed where one transcript

variant shows increased expression and

the other shows decreased expression

across P0 to adult. This switch-like be-

havior information is lost in gene centric

expression analyses, which can be biolog-

ically very significant in light of the fact

that transcript variants can produce pro-

teins with distinct biological roles. For ex-

ample, the two protein isoforms of Dnm1l,

whose deletion results in abnormal cere-

bellum development, with purkinje cells

carrying fewer and large mitochondrias,

which differ in their N-termini, are differentially expressed during

cerebellum development. The smaller DNM1L isoform carries a

truncated dynamin-N domain that contains the GTPase activity

(Wakabayashi et al. 2009). Similarly, the transcription factor Rfx4,

which is known to modulate SHH signaling (critical for normal

cerebellum development) through the regulation of ciliogenesis,

generates two protein isoforms that are similarly regulated during

development, but differ by the presence of the DNA-binding

Figure 3. Alternative promoter usage and expression of promoters and transcripts in the four stages
of postnatal cerebella. (A) The occurrence of alternative splicing (AS) and alternative last exon (ALE)
events in both single-promoter and multipromoter-driven genes that express multiple transcripts in
postnatal cerebellum. (B) Wiggle profile of mRNA-seq data for Meg3 shows the expression of multiple
transcript variants through the use of alternative promoters/alternative first exon (AFE), ALE, and AS in
P0. The black and blue arrows point to the coexpressed AFE and ALE, respectively. (Bottom) The zoomed
in regions of exon skipping (ES) (green arrow) and supporting splice junctions in P0. (C ) Ingenuity
pathway analysis reveals the enriched functions (P < 0.05) among the genes that exhibit only tran-
scriptional events, only splicing events, and both transcriptional and splicing events. (D) Wiggle profile
for Tpm1 (left) and Nav1 (right) from mRNA-seq shows the expression of multiple promoters and
transcripts in all stages or in a stage-restrictive manner, respectively. While both promoters are active for
Tpm1, only promoter 3 for Nav1 is active in all four stages. Promoters 1 and 2 of Nav1 are development
specific and not active in adult cerebella. The promoter-specific AFE expression is indicated by the black
arrows. (Top) The pre-mRNAs for each gene and the corresponding promoter and TSS.
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domain (Ashique et al. 2009). Taken together, our results suggest

that the developing cerebellum’s transcriptome is highly diverse

and that this diversity is partly mediated through alternative pro-

moter use that can change the proteome during development.

Relationship of H3K4me3 and H3K27me3 epigenetic
marks at the promoters including alternative promoters
with transcript expression

To conduct correlative analysis of active and inactive chro-

matin modifications with mRNA expression profiles during

development, we chose to study H3K4me3 and H3K27me3.

H3K4me3 was selected as the active chromatin mark, since it has

been shown to occur near TSS (61 Kb) that are either active or

maintained in a paused state (Guenther et al. 2007). To study the

repressive chromatin, H3K27me3 was analyzed because of its role

in development. It has been observed that the PRC2 complex, the

H3K27 methyltransferase, is highly expressed in the neural pro-

genitor cells and is critical for neurogenic to gliogenic transition

during brain development (Hirabayashi et al. 2009). We generated

repressive chromatin profiles of H3K27me3 by performing ChIP-

seq in the four developmental stages of the cerebellum (Supple-

mental Fig. S3A; Supplemental Table S9). Surprisingly, the average

enrichment of H3K27me3 around TSS is significantly higher in

Adult than in P0, a phenomenon less prominent for H3K4me3 (cf.

Supplemental Fig. S3A, center and right).

We first analyzed the influence of H3K4me3 and H3K27me3

modifications at active promoters on the expression levels of the

corresponding transcripts. We divided the expressed transcripts into

three categories as low, medium, and high based on mRNA expres-

sion, and then plotted the average enrichment of either lysine modi-

fication around the TSS (Fig. 4A; Supplemental Fig. S4A). Globally, we

observed a direct correlation of promoter activity (corresponding

transcript expression) with the H3K4me3 mark and an inverse re-

lationship with H3K27me3. Next, we fine-tuned the analysis and

monitored the relationship of each mark with the average expres-

sion from clusters of 50 promoters (Fig. 4B; Supplemental Fig. S4B).

We found that there is an exponential rather than a linear re-

lationship of mRNA expression, and the enrichment of the histone

modification marks, which fits well with the use of a single expo-

nential model with a high percentage of explained variation (R2) in

each developmental stage (Fig. 4B; Supplemental Fig. S4B).

Since CpG-rich and Non-CpG promoters are structurally dif-

ferent (Davuluri et al. 2001), and H3K4me3 and H3K27me3 marks

are known to be highly enriched near CpG rich promoters (Ku et al.

2008; Thomson et al. 2010), we repeated the correlation analysis

by dividing the promoters into two classes—CpG and Non-CpG

promoters. We found that the exponential models fitted the re-

lationship between mRNA expression and H3K4me3 (Fig. 4C;

Supplemental Fig. S4C) or H3K27me3 (Fig. 4D; Supplemental Fig.

S4D) enrichment with better R2 for CpG promoters than the overall

data. However, for Non-CpG promoters, the exponential relation-

ship of mRNA expression with promoter enrichment of H3K4me3

was good, although with lower R2, but not with promoter enrich-

ment of H3K27me3. Our results demonstrate that both H3K4me3

and H3K27me3 are highly biased toward CpG-rich promoters.

Role of H3K4me3 and H3K27me3 modifications in alternative
promoter selection during development

Since promoter enrichment profiles of H3K4me3 and H3K27me3

are highly correlated with the transcript expression profiles, we

checked the percentage of active and inactive promoters that were

marked by these two marks (Table 3; Fig. 5B). We found that on

average 69% of the active promoters were marked by H3K4me3,

while only 38% of the inactive promoters were marked by

H3K27me3 during development, suggesting that H3K4me3 plays

a more prominent role in gene activation than H3K27me3 plays in

transcriptional silencing (Table 3). Furthermore, the inactive pro-

moters that were only enriched with H3K4me3 might be either

paused or generating transcripts with short half-life such that no

RNA is detected by mRNA-seq. Similarly, ;8% of active promoters

were marked exclusively by H3K27me3, and we speculate that

Figure 4. Correlation of H3K4me3 and H3K27me3 enrichment at the
promoter with the expression of corresponding transcripts. (A) The active
promoters of P0 were divided into three groups based on the expression of
their transcripts into low, medium, and high expressed promoters, and
the global profile of H3K4me3 and H3K27me3 were plotted for each
group around the TSS. (B) In order to find the mathematical relation be-
tween H3K4me3 or H3K27me3 at the promoters with transcript expres-
sion, promoters were clustered into groups of 50 promoters based on their
transcript expression. The figure shows the scatter plot and the best fitted
curve for the average level of H3K4 or K27 trimethylation as a function of
average cluster expression. (C,D) Role of H3K4me3 and H3K27me3
modification on transcript expression driven by CpG-rich and CpG-poor
promoters. The promoters analyzed in B were first divided into CpG-rich
and CpG-poor categories, and clusters of 25 promoters were formed in
each category based on the expression of the corresponding transcripts.
Next, the average levels of H3K4me3 (C ) and H3K27me3 (D) in each
cluster were plotted as a function of average cluster expression as in B.
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the lack of PRC1 binding maintains these promoters as active.

Although a significant number of promoters in both active and

inactive promoter groups are marked by both chromatin modi-

fiers, the active promoters show a higher H3K4me3/H3K27me3

ratio compared with the inactive promoters (Fig. 5B; Supplemental

Fig. S5), a relationship clearly illustrated on the alternative pro-

moters of Dclk1 and Ndrg4 (Fig. 5A).

Since the highly expressed transcript variants of Dclk1 and

Ndrg4 genes have significantly higher H3K4me3 and lower

H3K27me3 enrichment at respective pro-

moters than those of lowly expressed

counterparts (Fig. 5A), we performed a

genome-wide analysis to determine the

influence of H3K4me3 and H3K27me3

on the differential expression of transcript

variants from alternative promoters. We

selected the alternative promoters of two-

promoter genes and found that the pro-

moter with higher levels of H3K4me3

exhibited higher expression of the corre-

sponding transcript, while H3K27me3

had no significant role in the choice of

predominantly transcribed promoters

(Fig. 5C).

H3K4me3 and H3K27me3 display
combinatorial regulation of
promoter-specific transcript
expression during development

Having analyzed the role of H3K4 and

H3K27 trimethylation in regulating alter-

native promoters, we investigated their

role in refining the expression of tran-

scripts or their variants from a promoter

across different developmental stages. We

performed this analysis on those tran-

scripts/transcript variants whose expres-

sion was up- or down-regulated by at least

twofold between any two developmental

stages, and whose respective promoters

carried both of the marks. Multivariate

analysis showed that the up-regulation

of transcript expression was associated

with increased H3K4me3 and reduced

H3K27me3 promoter enrichment, while

the opposite was true for down-regulated

promoters (Fig. 6; Supplemental Fig. S6).

Our analysis revealed that the rise and fall of H3K4me3 enrich-

ment is relatively more important for the up- and down-regulation

of expression compared with changes in H3K27me3 (clearly visual-

ized in Supplemental Fig. S6). Taken together, our results suggest that

the expression of the transcripts, including transcript variants of the

same gene, is regulated during development by the enrichment of

H3K4me3 and H3K27me3 in the promoter regions.

Multitranscript genes are associated with neurological
disorders and transcript variants are aberrantly expressed
in medulloblastoma

Developmental gene expression signatures that are disrupted in

diseases such as schizophrenia, have been identified by various

studies (Torkamani et al. 2010). Similarly, certain phenomena that

occur during development were also observed in diseases, for ex-

ample, epithelial mesenchymal transition, which is crucial for

normal development and tissue repair and also participates in tumor

metastasis (Thiery et al. 2009; Hatten and Roussel 2011). Since we

observed extensive changes in the expression of transcript variants

during normal development, we wanted to analyze whether genes

that have been associated with specific diseases tend to generate

multiple transcripts during development. Moreover, aberrant

Figure 5. Distinct histone modification profile of active and inactive promoters and their role in al-
ternative promoter selection during development. (A) Wiggle profiles of mRNA expression and
H3K4me3, H3K27me3 modifications on the alternative promoters of Dclk1 and Ndrg4 in P0 (red) and
adult (black) cerebella. The arrows point to either the expression of AFE or the enrichment of H3K4me3
and H3K27me3 at the alternative promoters. The loss of transcript expression from promoter (Pr) 1 for
Dclk1and Ndgr4 in adult cerebellum is marked by reduced/loss of H3K4me3 and highly enriched
H3K27me3. In contrast, the increase in expression from Pr2 parallels high H3K4me3 and loss of
H3K27me3. (B) Box plot shows the distribution of relative enrichment of H3K4me3 over H3K27me3 on
the active and inactive promoters marked by both marks in P0. (C ) Heat map shows the distribution of
relative H3K4me3 and H3K27me3 enrichment in log2 scale on the alternative promoters of two pro-
moter genes, where the expression of alternative promoters differs at least twofold. Expression is rep-
resented as log2 fold change between alternative promoters of a gene. Red means up-regulation and
blue represents down-regulation of expression.

Table 3. The occupancy of active and inactive promoters with
H3K4 or/and H3K27 trimethylated histones in P0, P5, P15, and
adult cerebellum

Stage

Promoters are marked by (in %)

H3K4me3 H3K27me3 Both None

Active Inactive Active Inactive Active Inactive Active Inactive

P0 42 22 12 24 28 20 18 34
P5 46 25 6 14 23 19 25 42
P15 52 29 2 12 17 19 27 40
Adult 49 26 9 25 18 19 24 30
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expression of one transcript variant (or alternative promoter) over

another has been observed for many genes like MYC, RASSF1, and

TP73 in cancer (Davuluri et al. 2008). We investigated the preva-

lence of multitranscript genes among the genes involved in cere-

bellar development, the neurological disorders—autism and

schizophrenia—and cancer of the cerebellum medulloblastoma

(MB). Genes related to cerebellum development were downloaded

from the MGI website (http://www.informatics.jax.org/phenotypes.

shtml) and represent genes whose genetic alteration results in ab-

normal cerebellum development in mouse. An autism-related gene

list was downloaded from the AutDB database, which collects

genes from various published genetics studies on human autism

spectrum disorders (ASD) (Basu et al. 2009). Human schizophrenia

and MB gene lists were obtained from published gene expression

studies (Kho et al. 2004; Torkamani et al. 2010). We found that

;85% of the genes that are connected to abnormal cerebellar de-

velopment in mouse and the diseases—autism, schizophrenia, and

MB in humans—belong to multitranscript genes, with ;50% of

the genes being expressed from alternative promoters (Table 4).

Overall, the genes associated with abnormal development and

disease show a higher enrichment for alternative transcriptional

events when compared with all of the genes expressed in cerebel-

lum (Abnormal development: P = 4.5 3 10�14; Autism: P = 4.9 3

10�8; Schizophrenia: P = 2.2 3 10�16 ; MB: P = 8.07 3 10�5). Our

analysis suggests the involvement of specific transcript variants in

these diseases and emphasizes the importance of isoform centric

studies.

To validate our hypothesis, we measured the expression of

transcript variants from alternative promoters in MB primary tu-

mors and cell lines. MB is the most common childhood brain

cancer that arises in the developing cerebellum. We examined the

expression of 22 transcripts (10 genes) that are differentially

expressed during development, and the genes have been impli-

cated in cancer. We performed quantitative RT–PCR on RNA iso-

lated from primary mouse MBs and tumor cell lines obtained from

Ptch1+/�; Trp53�/� mice (Wetmore et al. 2001). We found that the

promoters of Fgf9, Sox17, Pax6, Olfm1, Gad1, and Axin2 are either

silenced or highly repressed in the primary MB and cell lines (Table

5; Supplemental Table S11C). In contrast, Hdgf, Tpm1, Ptch1, and

Rassf1 exhibit promoter-specific expression in MB, thus attribut-

ing the expression of these genes to specific transcript variants. We

observed specific up-regulation of promoter 2 and down-regula-

tion of promoter 1 in MB for both Hdgf and Tpm1. Moreover, in the

case of Ptch1, though promoter 1 is repressed varying from 2.5 to

fivefold, promoter 2 is highly repressed or silenced in MB samples,

while for Rassf1, promoter 1 is activated in a manner similar to the

developmental expression (P0–P5) in MB tumor and cell lines

(Table 5). It is worth noting that the huge changes in expression

from specific promoters of Rassf1 and Tpm1 are not that striking at

the gene level due to the low level of expression for these transcript

variants. The use of alternative promoters generates distinct pro-

tein isoforms for each of these four genes. For example, in the case

of Hdgf, the use of promoter 2 generates a protein that has a trun-

cated PWWP domain, a domain that functions as a methyl-lysine

recognition motif and binds to methylated H4K20. All together,

our results show aberrant expression of specific transcript variants

of a gene in medulloblastoma, further demonstrating the impor-

tance of isoform centric studies in identifying disease-specific novel

biomarkers and therapeutic targets.

Discussion
By utilizing massive parallel sequencing technology and inte-

grative bioinformatics methods (Hawkins et al. 2010), our experi-

ments provide the first genome-wide inventory of the tran-

scriptome and promoterome, and maps of active (H3K4me3) and

repressed (H3K27me3) epigenetic marks in postnatal developing

and adult mouse cerebella. These integrated data, the first of their

Figure 6. Three-dimensional graphical visualization of H3K4me3 and
H3K27me3 enrichments near promoters and expression of corresponding
transcripts. For this analysis, we selected the promoters that correspond to
transcripts whose expression were either up- or down-regulated during
development by at least twofold between any two developmental stages
and were also simultaneously marked by H3K4me3 and H3K27me3. The
3D plots show the relationship between transcript expression and relative
enrichment (fold change: FC) of both marks on the down-regulated (in
blue, A) and up-regulated (in red, B) promoters of genes that are differ-
entially expressed during cerebellar development. The x, y, and z-axis
represent the log2 fold change (FC) in H3K4me3, H3K27me3, and ex-
pression, respectively, between stages, with scale being negative for
down-regulated promoters and positive for up-regulated promoters. (C )
Heatmap shows the relationship of changes in transcript expression with
the trimethylation of H3K4 and H3K27 on respective promoters of de-
velopmentally regulated transcripts shown above in A and B.
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kind not only for cerebellar development, but also for any de-

veloping organ in human or mouse, provide a critical resource for

further studies of the isoform-level gene regulation in cerebellar

function, development, and disease. The resource includes a data-

base of 61,525 transcripts, including alternative mRNA variants

along with their promoters and epigenetic marks, and a digital

inventory of gene and mRNA isoform expression measurements

across the three early developmental stages and adult mouse cer-

ebella (Supplemental Table S6).

Almost the entire body of literature on gene regulation credits

transcriptome diversity to alternative splicing and rarely to alter-

native transcription in mammalian cells (Moore and Proudfoot

2009). Surprisingly, the integrative analysis of the data here high-

lights the widespread use of both transcriptional events (AFEs and

ALEs), followed by an ES splicing event in generating alternative

transcript variants during development. The implication is that

the transcriptome diversity in development seems to arise during

transcription, in the form of multiple pre-mRNAs with different

transcriptional starts and/or transcriptional ends. These pre-

mRNAs further undergo alternative splicing (AS), mostly using

the ‘‘ES’’ mechanism. Similar usage of alternative events was ob-

served in a recent study that analyzed 15

diverse human tissue and cell line tran-

scriptomes, although ES was reported as

the top-ranking event, followed by AFE

and ALE (Wang et al. 2008). A survey of

human embryonic kidney cell line and

a B cell line also showed that ES was the

most prevalent form of alternative splic-

ing (Sultan et al. 2008). Both of these

studies report ‘‘ES’’ as the major driver of

transcriptome diversity, and we speculate

that this discrepancy could stem from the

use of combined gene models and im-

proved 59 and 39 annotations over the last

few years (from sources like GENCODE).

To address this issue, we performed our

alternative event analysis on individual

gene models (UCSC, RefSeq, Vega, or

Ensembl) and arrived at the same con-

clusion, irrespective of the gene model

used in the analysis—alternative transcrip-

tion is the major source of transcriptome

diversity in developing cerebella (Supple-

mental Table S12).

In addition to detecting many novel

splice junctions and exons for numer-

ous genes, we redefined the 59 and 39

UTR regions for over 500 genes that are

expressed in the cerebellum. This is es-

sential in light of our current knowledge

of the regulatory role of UTRs in gene

expression, such as through the binding

of miRNAs (Bartel 2009). Importantly, we

found more than 30,000 novel tran-

scribed regions (with significant expres-

sion in one or more developmental

stages) that are not annotated in any of

the existing genomic annotations. Al-

though we predicted Pol II promoters for

only 3.1% of these novel expressed

contigs, we observed simultaneous oc-

cupancy of Pol II and H3K4me3 on 67% of these genomic regions.

Many of these intergenic contigs lie in the 59 or 39 end of known

genes, and the enrichment of Pol II and H3K4me3 in these expressed

contigs suggests that some may be noncoding RNAs or sORF/short

peptide RNAs that possess noncanonical Pol II promoters, or Pol III

promoters that interact with Pol II, thus explaining their presence in

these regions (Barski et al. 2010; Oler et al. 2010).

We found that ;50% of the multitranscript genes (25% of all

expressed genes) use multiple promoters, which is quite sub-

stantial given the fact that the ChIP-seq and mRNA-seq experi-

ments were performed using only four different libraries (P0, P5,

P15, adult). The previous estimates of genes utilizing alternative

promoters, ranging from 52% to 58%, were based on 59 end

identification from 164 and 145 different libraries (Carninci et al.

2006; Kimura et al. 2006). Also, we observed that genes with

multiple promoters exhibit increased alternative splicing as well as

alternative transcriptional termination (last exons) usage. This is

not surprising, because splicing is cotranscriptional, and a causal

link between promoter usage and splicing has been established

(Cramer et al. 1997; Kornblihtt 2005). Similarly, a link between

promoter selection and transcriptional termination has been ob-

Table 4. Most disease and MB cancer-related genes generate multiple transcripts through
the use of alternative transcriptional events–alternative promoters and alternative
transcription termination/alternative last exon (ALE)

Disease/disorder

Single transcript genes Multiple transcript genes

Single promoter
and single
last exon

Single
promoter

(ALE)

Multiple
promoter

(ALE)
Total
genes

Abnormal cerebellum
development

19 41 (22) 59 (44) 119

Autism 29 62 (36) 104 (77) 195
Schizophrenia 507 1152 (641) 1461 (1061) 3120
Medulloblastoma 46 113 (57) 150 (110) 309

The numbers within parentheses indicate the number of genes with alternative transcriptional termi-
nation/ALE that belong to either single-promoter and multipromoter genes.

Table 5. Transcript variants’ expression from distinct promoters for five genes in MB primary
tumor and tumor-derived cell lines from Ptch+/�; p53�/�mice relative to normal adult cerebella

Gene Expression at

Primary MB tumor MB tumor derived cell lines

Ptch+/�; Trp53�/� Ptch+/�; Trp53�/� CL1 Ptch+/�; Trp53�/� CL2

Tpm1 Pr1 �0.73697 �0.32193 �1.73697
Pr2 4.916477 4.554589 3.364572
Gene level 3.925999 3.217231 2.765535

Hdgf Pr1 �1.32193 �1.73697 �2.32193
Pr2 1.584963 1.678072 0.847997
Gene level 2.035624 1.536053 0.847997

Rassf1 Pr1 16.33816 18.49413 14.85788
Pr2 1.722466 2.432959 0.378512
Gene level 2.392317 2.292782 1.070389

Ptch1 Pr1 �1.73697 �1.73697 �3.32193
Pr2 NDa NDa NDa

Gene level �4.64386 �5.64386 �6.64386
Axin2 Pr1 �2.55639 �3.32193 �3.8365

Pr2 �4.32193 �1 �4.32193
Gene level �6.64386 �4.05889 �5.05889

The transcript annotation corresponding to each promoter is presented in Supplemental Table S11A.
The expression values represent the log2 of relative expression of MB versus normal, averaged over three
PCR reactions.
aNot detected (ND).
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served for Mid1 (Winter et al. 2007). These findings are crucial to

our understanding of mechanisms generating the transcript di-

versity, especially in light of our current knowledge on the ex-

pression and functions of distinct isoforms for some genes. For

example, MAPT isoforms, which form the neuronal microtubule

networks, are expressed through a combination of alternative

promoters and splicing, and are developmentally regulated and

involved in neurological disorders (Buee et al. 2000). Similarly,

the expression of multiple isoforms for the alpha and beta sub-

unit of Na+/K+ transporting ATPase in a tissue and development-

regulated fashion confer different biochemical properties for the

Na+/K+ ATPase ion channels (Lingrel 1992). Our study has iden-

tified the expression of transcript variants for 11,955 genes in the

cerebellum during postnatal development, and as an example, we

found four genes (Dab1, Fyn, Reln, and Cnr1) belonging to the

reelin-signaling pathway that generate multiple protein isoforms;

it would be interesting to study how each protein isoform mod-

ulates the pathway. Although the role of epigenetic histone

methylation in regulating gene expression is well established

(Kurdistani and Grunstein 2003; Hatchwell and Greally 2007),

there are no reports showing that such mechanisms influence the

choice of alternative promoters. By profiling the chromatin states

in pluripotent and lineage-committed cells, it was shown that the

promoter state reflected the lineage commitment of mouse em-

bryonic stem cells and that alternative promoters have multiple

and distinctive chromatin states (Mikkelsen et al. 2007), suggest-

ing that an active state at one of the promoters is sufficient to drive

the expression of the corresponding transcript (Davuluri et al.

2008). Here, our results show that the levels of H3K4me3 on al-

ternative promoters identify the highly transcribed promoter for

multipromoter genes, and that both H3K4me3 and H3K27me3

work in concert to developmentally regulate promoters that dic-

tate the expression of corresponding mRNA variants. Further,

our results indicate more dominant roles for H3K4me3 than

H3K27me3 in fine-tuning the expression during development,

which is supported by previous studies reporting an interaction of

RNA Pol II with H3K4me3. As previously reported, we also ob-

served a strong bias of H3K4 and H3K27 trimethylation toward

CpG islands (Ku et al. 2008; Thomson et al. 2010), and the epige-

netic modifications regulating and fine-tuning the expression of

Non-CpG promoters is an open question. Moreover, our detailed

analysis establishes a nonlinear relationship between H3K4 and

H3K27 trimethylation and promoter-specific isoform expression,

and points to a lack of correlation between H3K27me3 on Non-

CpG promoters and their transcript expression.

We have observed that the multipromoter genes are also

enriched in various diseases like cancer and neurological disorders.

Deregulated expression of certain gene isoforms like TP73, LEF1, and

MYC have been studied and reported in various cancers. Our anal-

ysis on the expression of alternative promoter-driven transcripts

from 10 genes in mouse medulloblastoma reveals that four genes

(Rassf1, Ptch1, Tpm1, and Hdgf ) exhibit isoform-specific alteration

of gene expression in MB, a phenomenon not captured by mea-

suring changes in gene expression, thus suggesting a role for specific

gene isoforms in cancer. The mRNA variants can either alter the

UTRs, which impacts mRNA stability and protein translation or/and

protein coding regions. In either case, identifying the transcriptome

at the isoform level could be more critical than only using gene-level

information to understand the molecular aberrations associated

with the initiation, progression, and maintenance of cancer.

We have profiled the transcriptome and identified the active

promoters responsible for their expression in postnatal developing

and adult cerebella. We provide these results as a searchable data-

base (MDevTrDb), which is a critical resource to the scientific

community to study molecular abnormalities in various diseases

and disorders of the cerebellum and their relationship to the nor-

mal events occurring during development.

Methods

ChIP and mRNA sequencing, quantitative RT–PCR analysis
About 0.5 g of mouse cerebellum tissues collected from CD1 mice
at postnatal days 0, 5, 15, or 56 were used for performing ChIP-
seq, as described in the Supplemental Methods. To identify the
expressed transcripts, mRNA-seq was performed on 10 mg of total
RNA from each stage (details in the Supplemental methods). To
measure the expression of alternative promoter-driven tran-
scripts during normal development and in medulloblastoma,
quantitative PCR was performed on cDNA from P0, P5, P15,
adult cerebellum, and medulloblastoma cell lines and tumors
(Supplemental Methods).

Bioinformatics analysis of mRNA-seq data

The mRNA-seq data analysis, which involves generating the ref-
erence set of alternative events, alignment of mRNA-seq data and
analysis, identification of alternative events, and estimation of
transcript expression, is described in the Supplemental Methods.

Clustering analysis for protein-coding
and noncoding transcripts

For the clustering, we selected transcripts that had an estimated
expression of a minimum of 1 RPKM in at least one of the de-
velopmental stages. To generate the protein-coding transcripts
list we selected only those protein-coding transcripts that belong
to protein-coding genes based on RefSeq/Enterz/Vega defini-
tions. For the noncoding transcript list, transcripts are selected
based on the following criteria: (1) The transcript does not
overlap with pseudogenes (Vega annotation definition used), (2)
the transcript is present at least 1 Kb away from known protein-
coding gene boundary, and (3) if the transcript lies within
a protein-coding gene, then it should be on the opposite strand
of the protein-coding gene.

We performed hierarchical clustering of transcript expression
using the MeV package (Saeed et al. 2006). An average linkage clus-
tering method was selected for clustering, and Euclidean distance was
used for distance metric calculation. Each row in the heatmap rep-
resents a transcript/expressed locus. A default value of 10�6 was added
to each data in the heatmap in order to avoid zeros in the expression
value. Each row was then normalized based on the highest expression
of the corresponding transcript/locus among P0, P5, P15, and adult
stages. This was done to capture the pattern of relative expression
across four stages, irrespective of expression values.

Bioinformatics analysis of ChIP-seq data

The ChIP-seq data (RNAP-II, H3K4me3, H3K27me3, IgG-Control)
analysis is comprised of three major stages: (1) alignment, (2) peak
identification, and (3) promoter prediction, and is presented in the
Supplemental Methods.

Promoter identification and annotation

To identify promoters, we applied our recently developed pro-
moter prediction program (Gupta et al. 2010) to each significant

Pal et al.

1270 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 16, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


peak obtained from Pol II and H3K4me3 ChIP-seq data as detailed
in the Supplemental Methods.

Correlation studies of promoter H3K4me3 and H3K27me3
with expression of corresponding transcripts

We performed studies to address the role of H3K4me3 and
H3K27me3 in the regulation of transcript expression at three dif-
ferent levels: (1) the individual impact of H3K4 and H3K27 tri-
methylation at CpG rich and poor promoters on corresponding
transcript expression, (2) the role of H3K4me3 and H3K27me3 in
the choice of alternative promoters, and (3) the combinatorial role
of H3K4 and K27 trimethylation in regulating expression during
development. The detail of criteria for each analysis is presented in
the Supplemental Methods.

Transcription factor (TF) motif analysis

Motif analysis was performed on the set of two promoter genes.
The MATCH program was used to identify the TFBS in each pro-
moter (�1 Kb to +1 Kb around TSS), and only those motifs that
were conserved (conservation score cutoff = 0.4) using the
euarchontoglires phastcon scoring system were considered for
further analysis. To identify motifs associated with major versus
minor promoters, we first defined the alternative promoters of
a gene as major and minor promoters at each stage. Next, we de-
termined the frequency of occurrence for each TF in the minor
versus major promoter lists and performed Fisher’s exact test to
determine whether a given TF was significantly (P < 0.01) associ-
ated with one of the promoter classes.

To identify the motifs associated with stage-specific pro-
moters, we first identified the stage-specific promoters of P0, P5,
P15, and adult stage, and the set of ubiquitous promoters in the
cerebellum. We defined the promoters that have a minimum ex-
pression of 2 RPKM and are expressed at a level at least fourfold
higher than the stage with the second highest expression as stage-
specific promoters. In contrast, the promoters with a minimum 1
RPKM expression and no greater than a 1.5-fold difference be-
tween the expressions from the most active versus least active
stages are considered ‘‘ubiquitous promoters.’’ Next, using
MATCH, the TF-binding sites were identified, conserved sites were
selected, TF motif frequency was calculated, and significant asso-
ciation with stage-specific promoters versus ubiquitous promoters
was determined using Fisher’s exact test, as above.

Data access
The mRNA-seq and ChIP-seq data from this study have been sub-

mitted to the NCBI Gene Expression Omnibus (GEO) (http://

www.ncbi.nlm.nih.gov/geo/) under series accession no. GSE23525.
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