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Abstract

The majority of mammalian genes produce multiple transcripts resulting from alternative splicing (AS) and/or alternative

transcription initiation (ATI) and alternative transcription termination (ATT). Comparative analysis of the number of

alternative nucleotides, isoforms, and introns per locus in genes with different types of alternative events suggests that ATI

and ATT contribute to the diversity of human and mouse transcriptome even more than AS. There is a strong negative

correlation between AS and ATI in 5# untranslated regions (UTRs) and AS in coding sequences (CDSs) but an even stronger

positive correlation between AS in CDSs and ATT in 3# UTRs. These observations could reflect preferential regulation of
distinct, large groups of genes by different mechanisms: 1) regulation at the level of transcription initiation and initiation of

translation resulting from ATI and AS in 5# UTRs and 2) posttranslational regulation by different protein isoforms. The tight

linkage between AS in CDSs and ATT in 3# UTRs suggests that variability of 3# UTRs mediates differential translational

regulation of alternative protein forms. Together, the results imply coordinate evolution of AS and alternative transcription,

processes that occur concomitantly within gene expression factories.

Key words: alternative splicing, alternative transcription initiation, alternative transcription termination, gene expression
factories.

Introduction

The extraordinary complexity of transcriptomes that under-

pins the structural and functional diversity of mammalian

proteomes is created by alternative splicing (AS) and alter-

native transcription (Sultan et al. 2008;Wilhelm et al. 2008).

Transcriptome analysis shows that the majority of protein-

coding genes in mammals undergo AS whereby the same

sequence belongs to an exon in one subset of transcripts

of the given gene locus and to an intron in another subset

of transcripts (Blencowe 2006; Kim et al. 2008). Indeed, the

latest estimates using high-throughput sequencingmethods

indicate that up to 95% of multiexon human genes are sub-

ject to AS and reveal approximately 100,000 major AS

events (Pan et al. 2008). In addition, recent studies of mam-

malian gene expression point to the wide spread of alterna-

tive initiation and alternative termination of transcription

(ATI and ATT, respectively) and importance of these events

in the generation of the transcriptome diversity (Landry et al.

2003; Shabalina and Spiridonov 2004; Baek et al. 2007; Ma
et al. 2009; Yamashita et al. 2010).

The prevalence and functional significance of different

types of alternative events (AEs) differs between parts (func-

tional domains) of transcripts. Thus, AS is common in the 5#
untranslated regions (5#UTRs) and coding sequences (CDSs),
with a significantly greater fraction of nucleotides involved in

AS in the 5#UTRs comparedwith the CDS (Resch et al. 2004,

2009; Cenik et al. 2010). In contrast, AS is rare in 3# UTRs
given the overall low intron density in this region (Hong

et al. 2006; Grillo et al. 2010). In contrast, ATI and ATT are

confined, respectively, to the 5# UTRs and 3# UTR and the

corresponding ‘‘grey areas,’’ the sequences that alternate be-

tween the CDS and UTRs in alternative transcripts.

Numerous biochemical and cytological experiments indi-

cate that in eukaryotes transcription and mRNA processing

including capping, splicing, and polyadenylation/cleavage
form a network of elaborately regulated and coupled pro-

cesses that occur together within nuclear ‘‘gene expression
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factories’’ (Bentley 2002, 2005; Maniatis and Reed 2002;
Kornblihtt et al. 2004). Thesefindings suggest intriguingpos-

sibility that AEs occurring at different levels of gene expres-

sion and transcript processing might not be independent.

Given the wide spread of AEs in mammalian genes and

the increasingly apparent transcription-splicing coupling,

we undertook a genome-wide survey of the relative contri-

butions of different types of AEs to the diversity of the tran-

scriptomes and the connections between alternative
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transcribed from a gene locus. Alternative nucleotides in

each transcript that belong to the first exon located be-

tween the most upstream and downstream transcription

start sites were attributed to ATI. Similarly, alternative nu-

cleotides in each transcript that belong to the last exon lo-

cated between the most upstream and downstream
transcription termination sites were attributed to ATT. The

remaining alternative nucleotides were considered as result-

ing from AS. We evaluated relaxed (100–500,000 nt) and

more stringent (300–50,000 nt) thresholds for differences

between the positions of the upstream and downstream

ATI (ATT) sites in gene loci and found that different thresh-

olds yielded similar results (table 2, supplementary table

S2A–B, Supplementary Material online). The results are pre-
sented for the 100 nt minimum and 500,000 nt maximum

(table 2, supplementary table S2B, Supplementary Material

online), as well as for the most conservative thresholds, 300

nt minimum and 50,000 nt maximum (supplementary table

S2A, Supplementary Material online).

As an additional control for the reliability of the AE clas-

sification, we compared the lists of gene loci from UCSC and

RefSeq databases that are classified as employing ATI
against the database of experimentally verified transcription

start sites, DBTSS (Wakaguri et al. 2008). Approximately,

70% of gene loci from RefSeq, identified in our analysis

as involved in ATI, were on the list of genes with alternative

transcription starts fromDBTSS database (supplementary ta-

ble S3A, Supplementary Material online). The proportion of

gene loci with experimentally validated ATI was somewhat

lower for UCSC (supplementary table S3B, Supplementary

Material online) than it was in the case of RefSeq, as one

would expect given that many transcripts included in the

UCSC database are predictions.

Gene Ontology Annotation

Functional annotation for human and mouse was down-

loaded from the Gene Ontology (GO) database (Harris

et al. 2004). Starting with a total of 16,468 annotated hu-

man genes, GO annotations were mapped to 89% of the

genes in the UCSC subsets. With 17,480 annotated mouse
genes, GO annotations were mapped to 94% of the genes

in the UCSC subsets. The GO terms associated with each

group of human genes employing different types of AEs

were identified and analyzed using the GoMiner program

and the UniProtKB protein data set, false discovery rate

(FDR) cutoff of 0.05, and 100 GoMiner runs to estimate

FDR (Zeeberg et al. 2003). Keyword frequencies were tab-

ulated for all analyzed subsets and normalized by the total
numbers of genes in each set (Resch et al. 2009). P values

were calculated using the v2 test.

Results

Alternative and Constitutive Nucleotides in Differ-
ent Functional Domains of Mammalian Transcripts

We performed a genome-wide census of AE in human and

mouse transcripts available from the UCSC and RefSeq

FIG. 1—Anatomy of mammalian transcripts: functional domains, constitutive and alternative nucleotides, and AEs. TI, transcription initiation site;

TS, translation initiation site; TT, transcription termination site; *, translation termination site. Protein-coding regions are filled. Frequent AEs and

common combinations of AEs are shown in red. Rare AEs and avoided combinations of AEs are shown in blue.
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coupling in 5# UTRs could be explained by the requirement

of short 5#UTRs for efficient initiation of translation (Wegrzyn

et al. 2008), so that utilization of an upstream transcription

start is compensated by AS.

Coupling between ATT and AS in 3# UTRs. We also

found a strong positive correlation between ATT and AS

in 3# UTRs (fig. 3, supplementary tables S6 and S7, Supple-

mentary Material online): AS in 3# UTRs, although rare,

FIG. 3—.Relationships between AEs within and between the functional domains of mammalian transcripts. The diameters of the circles are

roughly proportional to the prevalence of the respective AEs in the given transcript domain; (þ) denotes a significant positive correlation and (�)

denotes a significant negative correlation; the strongest correlations are shown in red.

FIG. 2—Distribution of number of alternative nucleotides (A), introns (B), and isoforms (C) per gene locus for sets of human genes with different

types of AEs. AS, gene loci with AS alone, where all transcripts from the gene locus begin and end at the same positions; ATI þ ATT, gene loci with both

ATI and ATT.
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was almost invariably accompanied by ATT. The expected
co-occurrence frequency of ATI and AS is 0.406� 0.0375

0.015, whereas the observed co-occurrence frequency

was 0.033, 2-fold greater than expected by chance and

highly statistically significant (v2 5 432, P (v2) 5 2.5 �
10�93).

Connections between Alternative Events in
Different Functional Domains of Transcripts

In the preceding section, we described the apparent cou-

pling between different types of AEs within the same do-

main of transcripts, such as the coupling between ATI
and AS in 5# UTRs. To gain further insight into the relation-

ships between ATI, ATT, and AS, we examined the connec-

tions between AEs that co-occur in different functional

domains, that is, in 5# UTRs and CDSs, in CDSs and 3# UTRs,
and in both UTRs.

ATI in 5# UTR Versus AS in CDS. There are strong, highly
significant and consistent negative correlations between

AEs in 5# UTR and CDS (fig. 3 and supplementary tables

S6 and S7, Supplementary Material online). Genes with

AS in the CDS are substantially less likely to harbor ATI or
AS in the 5#UTR (P, 10�6, table 2 and supplementary table

S7, Supplementary Material online). The strongest negative

correlation between AS in 5# UTRs and CDS was observed

for the group of genes that do not employ ATI or ATT (‘‘AS’’

in table 2 and supplementary table S7, Supplementary Ma-

terial online), suggestive of mutually exclusive AS in these

transcript domains. This mutual avoidance of AS in CDSs

and 5# UTRs was highly significant for the complete set
of transcripts from UCSC database (v2 5 1,205, P (v2) 5
5.7 � 10�201, supplementary table S6, Supplementary Ma-

terial online). This effect was even more striking for genes

with a single transcription initiation site (without ATI). The

frequency of co-occurrence of AS in 5# UTR and CDS in this

gene group was 5-fold lower than expected. The correlation

between ATI in 5#UTRs and AS in CDSwas also negative and

highly significant (v2 5 553, P (v2)5 1.2� 10�119) but sub-
stantially weaker than the negative correlation between AS

in these domains.

Coupling between ATT in 3# UTRs and AS in CDS.
We observed a consistent positive correlation between

AEs in CDS, the 3#-grey areas and 3# UTRs (fig. 3 and sup-

plementary tables S6 and S7, Supplementary Material on-

line). AS in the CDS is frequently accompanied with AEs

in the 3# grey area and in the 3# UTR as well (P, 10�5, sup-

plementary table S7, Supplementary Material online). More-

over, ATToccurs at 3# regions almost exclusively when there
is AS in the CDS (v2 5 1390, P (v2) 5 5.5 � 10�301; sup-

plementary table S6, Supplementary Material online). This

tight connection suggests that the variability of 3# UTRs is
functionally related to the variability of protein-CDSs.

Thus, our results reveal differential connections of AEs in
5# UTRs and 3# UTRs with AEs in the protein-coding regions.

AEs in Different GO Categories

A comparison of the GO categories associated with genes
undergoing ATI, on the one hand, and genes undergoing AS

but not ATI in the CDS, on the other hand, revealed notable,

statistically significant differences. Specifically, the ATI group

was enriched for genes involved in developmental pro-

cesses, signal transduction, and apoptosis, whereas the

AS group was enriched for genes involved in cellular

processes and organization, protein modification, and reg-

ulation of metabolism (supplementary table S8, Supplemen-
tary Material online). These findings seem to support the

conclusion that ATI in 5# UTRs and AS in the CDS are differ-

entially employed to regulate different functional classes of

genes. Furthermore, it appears plausible that transcription

from alternative promoters is predominantly used by tissue

and/or developmental stage-specific genes, whereas AS

increases diversity of protein isoforms that perform more

general cellular and metabolic functions.

Discussion

It is often assumed that AS is the primary source of transcript
diversity in mammals. The present analysis shows that this

view is valid only for the CDS, whereas in the 5# UTRs and
the 3#UTRs, the dominant AEs are, respectively, ATI and ATT.

Our comparative analysis of alternative nucleotides, mean

numbers of isoforms, and introns per locus in gene subsets

with different types of AEs demonstrates that ATI and ATT

contribute to the diversity of mammalian transcriptome

even more than AS. We detected two types of coupling be-
tween different classes of AEs: within functional domains of

transcript and between domains. In the 5# UTRs, ATI and AS

are positively correlated, revealing an unexpected depen-

dence between two classes of a priori independent AEs.

As for between domain connections, there is a tight cou-

pling between AS in CDS and ATT in 3# UTRs but, in con-

trast, a strong anticorrelation between ATI and especially AS

in 5# UTRs and AS in the CDS (fig. 3). Recent studies on con-
nections between AS andAT inmammals reported a positive

correlation between the two types of AEs (Xin et al. 2008;

Ma et al. 2009). The presentwork reveals amuchmore com-

plex, differentiated relationship thanks to the separate anal-

ysis of different functional domains of transcripts.

The structure of the correlations between different types

of AEs revealed here suggests two opposite trends: 1) tight

coupling between alternative transcription and AS and 2)
preferential use of different AEs by two classes of genes with

different dominant types of regulation. The genes in the first

of these classes appear to be regulated, primarily, at the level

of translation initiation, via variability of the 5# UTR gener-

ated by ATI and, to a lesser extent, AS. By contrast, the genes
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in the second class appear to be regulated primarily at the
posttranslational level, via the formation of alternative pro-

tein forms resulting from AS in the CDS. Furthermore, our

results suggest distinct roles for different types of AEs in the

regulation of cellular processes and the possibility of com-

mon regulatory mechanisms for large groups of functionally

related genes as demonstrated by the analysis of the distri-

bution of different types of AE across the GO categories.

The coupling between ATI and AS in 5# UTRs seems to
receive a simple explanation from the requirement for op-

timal length (approximately 100 nucleotides, on average)

of 5# UTRs for efficient initiation of translation (Kozak

1978; Mignone et al. 2002): utilization of upstream tran-

scription start sites necessitates AS to remove portions of

the resulting long 5# UTR (Lynch et al. 2005). The interdo-

main coupling between AS in the CDS and ATT in the 3#UTR
is more unexpected and suggests that the genes whose
function is regulated through the formation of alternative

protein forms are also regulated by the 3 #UTRs, possibly,
at the level of mRNA stability (Gallie 1991; Shyu et al.

2008). In addition, in eukaryotes, 3# UTRs appear to contrib-

ute to the regulation of translation initiation via circulariza-

tion of translated mRNAs (Hsu and Coca-Prados 1979;

Komarova et al. 2006).

Low incidence of splicing in 3# UTRs could be due to the
high abundance of transcription termination signals in 3#
noncoding gene regions and also to the absence of strong

constraint on the lengths of 3#UTRs (Shabalina and Spiridonov
2004; Hong et al. 2006). For these reasons, termination of

alternative transcripts with variable last coding exons may

not require additional splicing, as it can be easily achieved

at the next downstream transcription termination site. Splic-

ing in 3# UTRs might be also functionally unwarranted and
avoided due to metabolic expenses associated with tran-

scription of additional introns. Intron avoidance in 3# UTRs
together with the interdomain coupling between AS in the

CDS and ATT in the 3# UTR suggests coordinated regulation

of these processes. Our results are in good agreement with

the recently described connection between AS and alterna-

tive cleavage and polyadenylation across different tissues

(Wang et al. 2008).
The present observations are compatible with the emerg-

ing understanding of the importance of cotranscriptional

processing of mRNAs and functional connections between

transcription initiation and splicing (Kornblihtt et al. 2004;

Kornblihtt 2007). Numerous experimental results indicate

that RNA polymerase II and transcription elongation factors

recruit splicing factors to chromatin-associated ‘‘factories’’

in which transcription occurs concomitantly with various
mRNA processing steps, including capping, splicing, cleav-

age/polyadenylation, and eventually, nucleocytosolic export

(McCracken et al. 1997; Bentley 2002, 2005; Maniatis and

Reed 2002; Hagiwara and Nojima 2007). The recruitment of

splicing factors to the factories is specifically mediated by

the phosphorylated, repetitive carboxy-terminal domain
(CTD) of the RNA polymerase II largest subunit (Misteli

and Spector 1999; Zeng and Berget 2000). Moreover, it

has been shown that ultraviolet damage causes hyperphos-

phorylation of CTD with subsequent inhibition of transcrip-

tion elongation and gene-specific modulation of the AS

pattern that ultimately prevents apoptosis in irradiated cells

(Munoz et al. 2009). The CTD has been shown to interact

with splicing factors of the SR family and to directly regulate
AS via exon skipping (de la Mata and Kornblihtt 2006).

These results indicate that AS is not only coupled to tran-

scription but is specifically regulated by the transcriptionma-

chinery within the expression factories. Regulation of AS of

specific genes in the factory critically depends on the struc-

ture of RNAP II promoter, providing direct evidence of cou-

pling between transcription initiation and AS (Cramer et al.

1999).
In summary, the results of a genome-wide survey of AEs

in mammalian transcripts suggest that alternative transcrip-

tion is an even bigger source of mammalian transcriptome

diversity than AS and that complex relationships between

the two types of AEs, both synergistic and antagonistic, gov-

ern regulation of gene expression in mammals.

Supplementary Material

Supplementary figures S1–S3 and tables S1–S8 are available
at Genome Biology and Evolution online (http://

www.gbe.oxfordjournals.org/).
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