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CoAA contains two coptes of RNA recognition motifs (RRM) at).d an intrinsic 

transactivation domain rich in repetitive tyrosines and glutamines (YxxQ domain). 

Previously, CoAA has been shown to be a transcriptional coactivator that stimulates 

transcriptional activation and regulates alternative splicing. A pattern and profile search 

revealed that the Y xxQ domain in CoAA shared significant pattern homology with the 

oncogenic EWS activation domains (BAD) in TBT family proteins, including, TLS/FUS, 

1!: 
EWS and TAFII 68. It was further demonstr~ted that CoAA's YxxQ domain and BWS' 

BAD also shared functional similarities. Based on these findings, this work investigated 

the aberration of CoAA in cancers and its pathophysiological significance. The results 

showed that the CoAA gene was amplified in a high percentage of inflammation-related 

human cancers with recurrent loss of the 5' regulatory element upstream of its promoter. 

This genomic aberration resulted in CoAA protein overexpression, which in tum, induced 

the transformation of NIH3T3 cells. Subsequently, it was shown that the lost 5' 

regulatory element could modulate the alternative splicing of the CoAA gene during stem 

cell differentiation and that the unbalanced expression of CoAA and its splice variant, 

CoAM could potentially impact the cell differentiation process. To further characterize 

the regulation of CoAA alternative splicing, two conserved trans-splicing events between 

CoAA and its downstream RBM4 were identified. These events yield a novel zinc finger-



containing coactivator, CoAZ, and a non-coding splice variant, ncCoAZ. Both variants 

regulated their parental genes' mRNA expression as well as activities, suggesting a 

linked control between CoAA and RBM4. Moreover, the expression patterns of CoAA, 

RBM4 and their trans-splicing variants switched during neural stem cell differentiation, 

resulting in lineage-specific expression of each variant. Our phylogenetic analysis 

suggests that mammalian CoAA and RBM4 share a common ancestor with the Drosophila 

melanogaster gene, Lark. In this regard, the trans-splicing events between CoAA and 

RBM4 represent a functional regulation preserved during evolution. This study 

established the connection between CoAA and human cancer and provides evidence for 

CoAA's involvement in the regulation of cell differentiation. Moreover, this study is the 

first to report a functional trans-splicing variant in mammalian cells. 
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I. Introduction 

A. Statement of the Problem 

Nuclear receptor coactivators are a group of transcription factors which were 

originally identified as auxiliary factors potentiating nuclear receptor-mediated gene 

transcription and were later found to display pleiotropic action in transcription, splicing, 

translation as well as other important cellular processes. Since the discovery of the 

amplification of a coactivator, AlB 1 (Amplified In Breast Cancer 1 ), in breast and 

ovarian cancers, elucidating the role of coactivators in human cancers has become a 

booming research area. 

CoAA was cloned as a carboxyl terminal interacting protein of nuclear receptor 

coactivator TRBP (Thyroid Receptor Binding Protein) CoAA contains two copies of 

RNA recognition motifs (RRM) and an intrinsic transactivation domain rich in repetitive 

tyrosines and glutamines (YxxQ domain). The initial characterization showed that CoAA 

mediates transcription and alternative splicin.g1 and co-localizes with p54nrb to nuclear 

paraspeckles2
• A pattern and profile search revealed that the Y xxQ domain in CoAA 

shared significant pattern homology with the oncogenic BWS Activation Domains (BAD) 

in TET family proteins, including, TLS/FUS, EWS and T AFII 68. It was further 

demonstrated that CoAA' s YxxQ domain and BWS' BAD also shared functional 

similarities. Meanwhile, abnormalities of a number of coactivators in cancers and other 

human diseases were reported3
•
4

• These findings led to the hypothesis that CoAA, with 

1 



2 

the presence of a potential oncogenic domain, might be aberrant in canc~r as well, and 

initiated this study to characterize CoAA' s abnormality in cancer and its physiological 

significance. 

B. Review of the Literature 

1. Nuclear Receptors and Coregulator-Mediated Gene Transcription 

1.1 Nuclear Receptor Superfamily 

Nuclear receptors (NR) - those for steroid, thyroid hormones, retinoids and 

vitamin D, as well as orphan receptors-comprise an evolutionarily conserved superfamily 

of transcription factors which respond to their cognate ligands and regulate a diversity of 

physiological processes. 

The discovery of the NRs dates back to the 1970s when researchers were 

attempting to elucidate the mechanism underlying hormone actions. A pioneering tissue 

binding study revealed that radiolabeled estradiol could bind with high-affinity to a 

protein in its target tissues, giving rise to the concept of high-affinity, tissue-specific, 

steroidophilic factors as mediators of hormone functions5
• Subsequent studies 

demonstrated that estrogen and progesterone acted in the nucleus to stimulate the de novo 

synthesis of specific mRNA (ovalbumin and avidin), which code for their respective 

inducible proteins6
-
11

• These studies sketched a basic linear pathway from ligand binding 

to gene product. 

In the late 1970s and early 1980s, progesterone receptor (PR) and glucocorticoid 

receptor (GR) were biochemically purified to homogeneity12
•
13

• Using these purified 

receptors in the cell-free chromatin transcription system, it was demonstrated that steroid 



3 

binding induced the dimerization of the receptors and increased their affinity for specific 

cis-acting DNA sequences (termed hormone response elements, HREs) in the promoter 

region of genes. The binding of receptors to these DNA sequences could stabilize general 

transcription complex on the TAT A element and increase RNA production, 

substantiating the model: ligand- receptor- DNA- mRNA- protein- function14
•
15

• By 

the end of the 1980s, cDNAs coding for GR, estrogen receptor (ER),. PR, androgen 

re_ceptor (AR), thyroid receptor (TR), all-trans and 9-cis retinoic acid receptors, (RAR 

and RXR), vitamin D receptor (VDR) and mineralocorticoid receptor (MR) were cloned16
• 

Comparison of their full length cDNAs revealed extensive sequence similarities 

and a common evolutionary origin among the nuclear receptors, and this observation led 

to the search for additional receptors based on sequence homology. IDuring the last 

decade, the identification of about 40 vertebrate NRs created the conc~pt of "reverse 

endocrinology" in which the cloning of a NR preceded the characterization of its 

physiological function. 

So far, 48 human NRs have been identified and they can be broadly divided into 

three classes based on phylogenetics and the mechanism of their actions.! The first class 

NRs are the classic steroid nuclear receptors, including ER, PR, AR, GR and MR. In the 

absence of ligands, steroid receptors are located in the cytoplasm, sequestered by a 

chaperone complex composed of HSPs, immunophilins and other factor:s. Upon ligand 

binding, the chaperone complex dissociates from the receptors, the rec.eptors undergo 

nuclear translocation and bind as homodimers to inverted repeats in HREs. The second 

class of NRs are non-steroid receptors, including TR, VDR, RAR, RXR and peroxisome 

proliferators-activated receptor (PP AR). These receptors are retained ;in the nucleus 
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regardless of the presence of ligands and bind to HRE direct repeats as heterodimers with 

RXR. The third class of NRs are orphan receptors which comprise the largest and most 

diverse group in the NR superfamily. Orphan receptors bind to direct repeats in HRE 

either as heterodimers with RXR or homodimers, and frequently they can bind to 

extended half sites of HREs as monomers. As the name indicates, orphan ,receptors were 

originally cloned without known physiological ligands. So far, some . of the orphan 

receptors have been "de-orphanized" by the identification of their natural ligands. For 

example, dietary lipids and xenobiotics have been found to be the ligands for PPARy, 

PPAR8, liver X receptor (LXR)17
, pregnane X receptor (PXR)18 and famesoid X receptor 

(FXR)19
• These receptors act as important regulators of metabolic pathways and their 

therapeutic use is currently under extensive investigation20
'
21

• Among the adopted orphan 

nuclear receptors, there are some receptors for which a ligand has been identified, but the 

physiological consequence of this receptor-ligand interaction has not beetj characterized. 

This group includes estrogen related receptors (ERRP and ERRyi2
, ~etinoid-related 

orphan receptor (RORa and RORPi3
, constitutive androstane receptor (CARi4

, 

steroidgenic factor-1 (SF -1 )25 and human liver receptor homologue-1 (LRH -1 )26
• Among 

the orphan receptors whose ligands have not been identified so far, there are receptors 

which may not be regulated by ligands due to structural hindrance27
• The~e receptors are 

most likely regulated through post-translational modification and interaction with 

coregulators. 

1.2. The Modular Structure of NR 

One significant feature of NRs is their modular structure. A typical NR consists of 

a variable amino-terminal region (AlB), a DNA binding domain (DBD),I a linker region 
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and a ligand binding domain (LBD) at the carboxyl terminus (Figure 1). TheN'- terminal 

domain is the most variable domain both in size and sequence. Multiple receptor isoforms 

generated from a single gene by alternative splicing or by the use of alternative promoters 

diverge in this region. Some nuclear receptors, especially the steroid class of receptors, 

contain, in theN-terminal domain, a ligand-independent activation domain called AF-1, 

which is the target of multiple signaling pathways. The N-terminal domain exhibits 

promoter- and cell type-specific activities and is considered to contribute to the 

specificity of NR -mediated gene transcription28
. The central DBD is the most conserved 

domain among NRs. In this domain, the DNA binding capability is mediated by two 

highly conserved zinc-finger modules (C4 type). The two· zinc fingers are connected by a 

DNA recognition helix (helix 1 ), and a second helix (helix 2) extends away from the 

carboxyl terminus of the second zinc finger, lying above and perpendicular to helix 1. 

Helix 1 is responsible for making contact with DNA bases while helix 2 maintains the 

overall folding of the domain28
. This structural motif is the hallmark of all nuclear 

receptors. The linker region is less conserved and it allows the rotation of DBD and LBD 

relative to each other. The LBD is another conserved domain in NRs. It contains 

approximately 12 helices, the last of which is termed AF-2. These helices fold into an 

anti-parallel helical sandwich, creating a wedge-shaped hydrophobic cavity for ligand 

binding. In the absence of ligand, AF-2 helix extends away from the cavity; in response 

to ligand binding, AF-2 helix undergoes a significant repositioning, blockjng the entry to 

the binding cavity and creating a hydrophobic surface for coregulator binding. In addition 

to ligand binding, LBD also mediates receptor dimerization and coregulator binding28
• 
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NRs bind to the HREs in the enhancer regions of the hormone-responsive genes 

and activate gene transcription. A typical HRE contains two hexa-nucleotide motifs (half 

sites) AGGTCA or its variants, separated by several nucleotides. The half sites can be 

arranged in palindromes, inverted palindromes and direct repeats. ·The half site 

arrangement, together with the spacing nucleotides, is the most important determinant for 

NR affinity for the HREs. The HREs are recognized by the zinc finger modules. Besides 

zinc fingers, the DBD contains a second receptor dimerization domain that is dependent 

on DNA binding. The first bound receptor acts as a molecular rule to decide the 

orientation of the dimer with respect to the space nucleotides. The dimerization with the 

second receptor stabilizes the receptor-DNA complex. In addition, the hinge region 

confers structural flexibility in the receptor dimmers, allowing a single receptor dimer to 

interact with multiple HRE sequences. 
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1.3. Identification of Co regulators 

In spite of the ability of nuclear receptors to interact with certain K:ey components 

of the basal transcription machinery, it was repeatedly observed that there were some 

elusive protein factors in the nuclear extract that could potently enhance NR- mediated 

transcription. The first tangible evidence pointing to the existence of these factors came 

from a yeast study on the transcription interference induced by a transcriptional activator

GAL4 29
, and subsequently from studies demonstrating the squelching eff~ct between co

transfected NRs in mammalian cells30
• In an effort to identify these protein factors, 

McDonnell showed in yeast that mammalian ER and PR interacted with a specific yeast 

repressor protein (SSN6), which repressed the transcription activity of the AF-1 domain 

of the receptor when tamoxifen was bound, and that SSN6 was disassociated when 

estradiol was bound, resulting in receptor activation31
• Baniahmad also uncovered the 

existence of a corepressor protein associated with the AF-2 domain in the NR in 

mammalian cells and predicted a ligand-induced coactivator-corepressor exchange at the 

carboxyl terminus of the NR, which was confirmed by two other studi~s on estrogen 

receptors32
-
34

. In 1995, the first cDNAs for corepressors and a coactivator were cloned35
-

37, followed by a surge of identification of other corepressors and coactivators in the next 

few years. Coactivators are factors that can potentiate NR-mediated transcnption through 

direct or indirect interaction with NRs, whereas corepressors repress transcription mainly 

by interacting with unliganded NRs. Both coactivators and corepressors are named 

coregulators. 

Up till now, about 300 coactivators working with 48 NRs have been identified. In 

contrast to NRs, which are evolutionarily conserved, coregulators are diverse both in 
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structure and in function. Based on the way they contribute to transcription, coregulators 

can be broadly divided into three categories38
• First are coactivators with enzymatic 

activities. Coactivators in this category function to remodel chromatin structure and thus 

enhance transcription. For instance, the mating-type switch (SWI) - sucrose non

fermenting (SNF) complex enhances the accessibility of other transcription factors to the 

promoter in an ATP-dependent manner39
. p160 family members, SRC-1 and SRC-327

, 

CBP/p30040 and p/CAF41 can acetylate histones or other proteins at the target genes' 

promoters, which results in reduced binding affinity of histone tails to the DNA backbone 

and contributes to transcription activation. Methyltransferases, such as CARM1 37 and 

PRMT 142 can enhance transcription in transcient transfection reporter assays, however 

their specific role in transactivation remains to be determined. Enzymes of the ubiquitin

proteasome pathway also play a part in promoting transcription. The ubiquitin ligases 

RPF1 and E6-AP43
, the ubiquitin-conjugating enzyme UbcH7 and proteosome cap 

ATPases TRIP1-mSUG1, MIP224 and TBP-1 play a positive role in transcription prior to 

their duty in transcription termination44
• Second are adaptor molecules which bridge NR 

and the basal transcriptional machinery. For example, TRAP-vitamin D receptor

interacting protein (DRIP) complex is found to interact with both liganded 

TRIVDR/RAR and RNA polymerase II to enhance NR-mediated transcription in vitro45
• 

Third are integrating molecules which couple transcription with splicing and RNA 

processing. PSF, p54nrb, CoAA, PGC-1, CAPER, P68, P72, TLS, EWS, Mbbp, ASC-

1 and SKIP fall into this category 46
• 

1.4. The Orderly Recruitment of Coactivators in NR-Mediated Transcription 

Initiation 
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It is recognized that eukaryotic transcription is a multifaceted prGcess, including 

transcription initiation, elongation and termination, together with mRNA splicing, mRNA 

processing, and mRNA transport. Each of these steps involves a specific subpopulation of 

coactivators. To date, the majority of effort in understanding how coactivators 

mechanistically mediate transcription has been focused on the transcription initiation step. 

The current model of NR-mediated transcription initiation suggests that the SWI/SNF 

complex ATPase BRG 1 is recruited early after receptor recruitment, methyltransferases 

and histone acetyltransferases are recruited afterwards to "fix" the chromatin in an open 

state, TRAP/DRIP complex follows and in turn brings NRs into contact with the basal 

transcriptional machinery. After transcription initiates, the pre-initiating complex is 

targeted for degradation via the ubiquitination pathway (Figure 2). In the past few years, 

coordination of transcription steps, especially transcription and splicing coupling, has 

been a major interest. It has been shown that carboxyl terminal domain (CTD) of RNA 

polymerase II associates with RNA 5' capping enzymes, 3 '-end processing factors and 

various splicing factors. Truncation of CTD inhibits capping and 3 '-end processing and 

leads to a severe impairment of splicing in cells. Moreover, it has been demonstrated that 

the speed of Pol II in synthesis of a transcript impacts the maturation rate of the 

transcript47
• A number of coactivators have been found to play dual roles in transcription 

and splicing. These factors include PSF, p54nrb, CoAA, PGC-1, CAPER, P68, P72, TLS, 

EWS, Mbbp, ASC-1 SKIP and so forth. The majority of these factors function through 

direct interaction with RNA Pol II and spliceosome. Current data also suggest that some 

coactivators can direct interact with the spliceosome and elongation factors. Coactivators 

are predicted to function in RNA transport and processing48
•
49

• However, the detailed 
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mechanism remains to be elucidated as to how each step of transcqption is tightly 

regulated. 

Given the presence of a diversity of environmental cues and the complexity of 

transcription/splicing processes, it is intriguing how coregulators accomplish their multi 

tasks efficiently and specifically. Mass spectrometry analyses have revealed that 

coregulators are present in pre-assembled multi-subunit protein compl~xes50 • A multi 

subunit protein complex is composed of a core complex, a group of invariant proteins, 

while the more loosely bound co-activators associate with the core complex in a dynamic, 

regulated manner. For example, coactivator SRC-3 is present in a complex containing 

kinases, ubiquitin ligases, ATPases, methyltransferases, acetylases and proteosome 

activators51
. The use of distinctive and combinative sets of coregulator~ provides one 

mechanism of transcriptional specificity. Post-translational modification of coregulators 

as mediated by signaling pathways is another51
• Moreover, the pre-assembled complex 

greatly reduces the time needed for transcription initiation compared to de novo assembly, 

and thus enables coregulators to transmit signals from the environment and start gene 

transcription in an efficient way. 

1.5. The Regulatory Mechanisms of Co regulators 

Like other transcriptional factors, the expression and activities of coactivators are 

precisely regulated. The expression level of a given coactivator may vary among different 

cells and tissues or changes in response to environmental cues, as exemplified by CBP 

and PGC-1 ,respectively52
•
53

• Some coactivators, for example, p/CIP42
, have been shown 

to shuttle between cytoplasm and nucleus and their cellular translocation constitutes an 

· important regulatory mechanism of their activity. So far, the most-studied regulation of 



12 

coactivators is post-translational modifications, including ubiquitinylation, sumoylation, 

acetylation, methylation, and phosphorylation. Phosphorylation of coactivators by 

kinases such as IKK.a, CDK2 and MAPK modulates NR-mediated transcription by 

altering the enzymatic activity as well as the affinity between different coactivators and 

their NRs54
• Methylation or acetylation can promote the dynamic dissociation of 

coactivator-complex components27
. Sumoylation antagonizes ubiquitination and hence 

stabilizes proteins against degradation 55
. SRC-3 serves as a good example, to demonstrate 

the biological significance of post-translational modification of coregulators. When SRC-

3 is sumoylated at amino acids 723 and 78656 and hypophosphorylated at serine/threonine 

residues 57
, it exists as an inactive protein under normal condition. After it ts 

phosphorylated at serines 505/509 by GSK3, SRC-3 becomes monoubiquitinated at 

amino acids 723 and 786 and acts as a potent and specific coactivator56
• The 

ubiquitination sites are progressively polyubiquitinated during subsequent rounds of 

transcription, which ultimately leads to SRC-3 degradation. In addition, phosphorylation 

of SRC-3 at other sites by other kinases is necessary for SRC-3 to form divergent multi

protein complexes, whereas methylation and acetylation of SRC-3 result in the 

disassembly of the complexes. 

Depending on cellular and/or signaling context, sometimes coactivators can 

repress and corepressors can activate transcription. For example, the interaction sites of 

coactivators and corepressors are modulated by the binding of GR to different HREs. A 

change in the interaction site of a coactivator/corepressor may lead to a shift in its 

function: from transcription activation to repression58
. Similarly, corepressors, SMRT and 

N -CoR, both have been reported to function as co activators for TRa in certain promoter 
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contexts, indicating that either protein can stimulate or repress gene expression in a gene

specific manner59
• In another example, the repressive effect of RIP140/NRIP1 can be 

modified by direct competition with coactivators and various post-translational 

modifications60
•
61

• Moreover, the biological functions of N-CoR and SMRT can be 

altered by their splice variants, adding another layer of complexity62
. 

In summary, coregulators are not only regulated by their expression and 

distribution but also by epigenetic and post-translational modifications conferred by 

specific cellular contexts, which collectively contribute to transcription specificity at 

cellular, spatial and temporal levels. 



Figure 2. Dynamic gene initiation at a gene's promoter and enhancer. In the absence of ligands, NRs are 

sequestered by a corepressor complex containing HDA C. In response to ligand binding, NRs undergo a. 

conformational change, the corepressor complex dissociates and coactivators are recruited. Chromatin 

remodeling complexes are the first to be recruited to the promoter and their enzymatic activities facilitate the 

binding of other transcription factors to the chromatin. The bridging complex recruits basal transcriptional 

machinery to the promoter. After transcription initiates, the ligand-bound NRs are degraded, a process termed 

promoter clearing. As soon as nascent transcript appears from RNA Polymerase II, splicing factors as well as 

some transcription factors, will bind to newly synthesized mRNA and begin the splicing process. 
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1.6. Coregulators and Human Diseases 

Because of their fundamental and pleiotropic actions in cellular processes, it is 

conceivable that aberrations in coregulator expression or activity may lead to cancer and 

other human diseases. Among the 285 coregulators identified so far, at least 102 different 

coregulators have· been reported to be over or underexpressed in cancers and other human 

diseases, representing the most common type of coregulator abnormalities~ For example, 

SRC3/ AlB 1 is found to be amplified in a subset of breast cancers63
. SRC- t and TIF2 are 

found to be overexpressed in recurrent prostate cancer64
• Dysregulation of the PGC-1 a 

axis contributes to the pathogenesis of common disease states including diabetes and 

heart failure65
• The failure to downregulate DRIP complex leads to squamous cell 

carcinoma in skin cancer66
. Chimeric proteins resulting from fusion events between 

coactivators are characteri~tic of some types of tumors. For example, MOZ-CBP, MOZ

p300 and MOZ-TIF2 in acute myeloid leukaemia42
•
67

•
68

, and EWS-Fli, TLS-Fli and FUS

CHOP in sarcoma69
•
70

, attesting to a relationship between coregulators and carcinogenesis. 

Germ-line mutations in coregulators are responsible for some inherited genetic diseases. 

For instance, a mutation affecting CBP results in Rubistein-Taybi syndrome, a disease 

characterized by mental retardation and facial abnormalities 71
• Mutation '.of the gene 

encoding E6-AP is associated with another genetic disease, Angelman syndrome, which 

is characterized by profound mental retardation and motor defects 72
• Recently, a number 

of investigations have focused on single nucleotide polymorphisms (SNP) in: coregulator 

genes which may have biological significance. Most coregulator SNPs are pr:esent in the 

gene promoter or intronic regions. Nevertheless, many SNPs exist within the 

coregulators' coding region and affect coregulator amino acid sequences. In the coding 
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region of the SRC-3 gene, there are 10 SNPs which could affect protein translation. One 

of these SNPs, a Q586H variant allele, confers a protective effect towards breast cancer 

as confirmed in a population-based study. Polymorphisms in PGC-1a, PGC-1P and p300 

were shown to be low-penetrance familial breast cancer markers, whereas another study 

demonstrated that p300 polymorphisms are linked to intestinal and gastric tumors 73
• 

To date, our knowledge about NR and coregulator-mediated gene transcription 

has advanced remarkably. It is well accepted that NR-mediated gene transcription 

involves multiple coregulator complexes recruited in an orderly fashion to the gene. 

Coregulators are the master genes regulating various aspects of cellular biology: they act 

as the central hub to integrate various signals and translate them into the final outcome, 

transcription. In this regard, coregulators require complex and sophisticated regulation, 

which, if disrupted, will lead to disease. However, there are still a number of questions 

remaining to be answered. First, are there any more NRs and coregulators? Given the 

numerous cellular processes going on within a cell, it is very likely that more 

coregulators and their receptors remain to be discovered. In addition, at , present, the 

function of many orphan receptors is still unknown. The characterization of these 

receptors may lead to the discovery of novel coregulators or coregulators with new 

functions. Second, what are the target genes of a particular nuclear receptor or 

coregulator? Identification of target genes can provide useful information as to the 

function of a transcription factor. Currently, several groups are undertaking. a genome

based approach to decipher the transcriptosome. It is believed that these studies will 

provide a roadmap to future research. 
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Third, how is transcription coupled to other cellular processes? Biological 

processes occur in an orchestrated, regulated and interdependent manner. One significant 

discovery in transcription is that it is tightly coupled to splicing and other RNA metabolic 

processes. This revelation requires us to study and interpret the functions and regulation 

of coregulators in a more interconnected setting. In the coming years, a better 

understanding of coregulators will not only expand our knowledge of this basic process, 

but also provide insights into physiological phenomenon, such as differentiation, 

development and proliferation, which in turn can lead to therapeutic advances. 

2. Pre-mRNA splicing 

In the eukaryotic genome, exons are embedded in the vast majority of intronic 

sequences. This split nature of eukaryotic genes necessitates a pre-1:llRNA splicing 

process in which introns are removed and exons are joined to generate mature mRNA. 

During pre-mRNA splicing, exons can either be retained in the mature message or 

targeted for removal in different combinations to create a diverse array of mRNAs from a 

single pre-mRNA, a process referred to as alternative RNA splicing. It is estimated that 

about 60% of human genes undergo alternative splicing based on comparative analyses of 

ESTs and cDNAs with genomic DNA 74
. Moreover, the alternative splicing patterns of a 

great many genes are tightly regulated in a cell type- or developmental stage- specific 

manner75
• Hence, alternative RNA splicing not only contributes to proteomic and 

functional diversity but also confers gene regulation specificity at c~llular and 

developmental levels. 
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2.1. Splicing machinery 

Pre-mRNA splicing is directed by special RNA sequences and a number of 

protein factors. The RNA sequences marking the exon/intron junctions are called splice 

sites. Splice sites are normally quite degenerative, high conservation is found only 

immediately within the introns. The 5' splice donor site starts with a GU dinucleotide and 

the 3' splice acceptor site ends with an AG dinucleotide (the GU-AG rule). About 20 to 

50bp upstream of the 3' splice site, there is a branch site, followed by a polypyrimidine 

tract, both of which are essential for splicing. The machinery responsible for carrying out 

splicing is the spliceosome, a large protein complex which assembles on these special 

RNA elements and catalyzes the two transesterification steps of the splicing reaction. 

The spliceosome is composed of five small nuclear ribonucleoproteins ( snRNPs )

U1, U2, U4, U5, U6, which are named after the snRNA they contain, and non-snRNP 

proteins. The assembly of the spliceosome consists of six steps (Figure 3). In :the first step, 

ASF/SF2 interacts with U1 snRNP and recruits it to the 5' splice site with which U1 

snRNA can directly base pair. Meanwhile, a set of proteins bind to the RNA elements 

close to the 3' splice site, including U2AF at the polypyrimidine tract. At this stage, U1, 

U2AF and other protein factors constitute the early spliceosome, called the E (early) 

complex. The E complex is next joined by the U2 snRNP, whose snRNA base-pairs with 

the branch point, to form the A complex. Both U 1 and U2AF are needed for U2 to bind to 

the branch site; the binding of U2 requires ATP hydrolysis and commits a pre-mRNA to 

the splicing pathway. The B1 complex is formed when a trimer containing the U5 and 

U4/U6 snRNPs joins. This addition brings 5' and 3' splice sites into close proximity. B1 

complex is considered a spliceosome since it contains all the components needed for 
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splicing. When Ul is released, B 1 is converted to B2 complex. The dissociation of Ul 

allows other components in the complex to come into juxtaposition with the 5' splice site, 

especially U6. U5 is also rearranged from close to the exon sequences to the vicinity of 

the intron sequences. The Cl catalytic complex is formed upon the release ofU4 and the 

migration ofU5 from the 5' to the 3' splice site. U6 snRNA is originally base paired with 

U4 snRNA; however, the dissociation of U4 triggers an interaction between U2 and U6 

snRNA, which in turn creates a catalytic center. In the first transesterification reaction, 

the 2' hydroxyl group of the adenosine at the branch site attacks the phosphate at the 5' 

splice site. This leads to the cleavage of the exon from the intron and the concerted 

ligation of the 5' intron to the adenosine at the branch site through the 5' to 2' bond, 

forming a lariat structure. The second transesterification is carried out in C2 complex, in 

which U2, U5 and U6 maintain the same position as inCl. The free 3' hydroxyl group of 

the ex on that is released by the first reaction attacks the phosphate at the 3' splice site and 

forms a 5 '-3' bond. This ligates the exons and releases the lariated intron 76
• 
77

• 

2.2. Alternative Splicing Regulation 

The capability of distinguishing authentic splice sites from a sea of non-relevant 

sequences, the cellular- and developmental stage-specific alternative splicing patterns and 

the coupling to transcription indicate an integrated and sophisticated control of alternative 

splicing. Studies on the connection between defective splicing and the occurrence of 

human diseases further reinforce the complexity of alternative splicing regulation 78
• 

It is now recognized that the accuracy of alternative splicing depends n6t only on 

the intrinsic properties of an exon but also the broader environment in which the exon 

resides. On the cis side, intron and exon length, strength of the splice sites, the presence 
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and distribution of exonic and intronic regulatory elements, pre-mRNA secondary 

structure and promoter architecture all contribute to splicing regulation47
•
79

-
81

; on the 

trans side, the processivity of RNA polymerase I:r47
, the expression, distribution and post

translational modification of splicing factors, and transcription factors themselves play a 

role in splicing regulation82
• These regulatory factors are discussed in detail below. 

Splice site strength 

The consensus sequences of the 5' and 3' splice sites are A/CAGGUPuAGU and 

NCAGG, respectively. The spliceosome recognizes the most conserved GU and AG 

dinucleotides at each splice site. When the sequence of a splice site deviates from the 

consensus sequence, the site can still be used, but at a lower efficiency, dep~nding on the 

number of base changes. Weak splice sites have less affinity for spliceosome proteins 

and/or splicing factors and are the main cause of alternative splicing83
• 

Intron and exon length 

As discussed in the previous section, the binding of Ul and U2 demarcates the 

boundaries of an intron. In case of long introns and weak splice sites, the 3' splice site is 

recognized as part of a complex that forms across the next exon, in which the next 5' 

splice site is also bound by Ul snRNA. This Ul is connected by SR proteins to the U2AF 

at the branch site. When U2 joins to generate the A complex, it induces a rearrangement 

in which the correct (leftmost) 5' splice site displaces the downstream 5' splice site in the 

complex. This process is termed exon definition and commonly occurs iri the most 

internal introns. However, for exons longer than 500bp, the bridging of spliceosome 

across the exons may not be efficient and for exons shorter than 50bp, steric hindrance 

may inhibit the bridging, both of which can lead to exon skipping83
• The recognition of 
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Figure 3. The assembly of the spliceosome. A. A schematic representation of the 

splicing regulatory elements. 5' indicates 5' splice donor site, 3' means 3 ' splice 

acceptor site, X stands for the polypyrimidine tract and branch site. B. The E complex. At 

this stage, U I binds to the 5 ' splice site and U2AF binds to the polypyrimidine tract. C. 

The A complex. At this stage, U2 binds to the branch site. D. The B complex. At this stage, 

the U-IIU6/U5 trimer enters the complex. E. The C complex. At this stage, Uland U4 are 

released, U2 and U6 form a catalytic center. F. The spliceosome carries out two 

transesteri.fication reactions and the lariat is released. G. Two exons at each end of the 

intron are ligated. 
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splice sites in the first and the last exons are facilitated by the 7 -methylguanosine tri

phosphate cap structure and the polyadenylation signal84
• 

Splicing regulatory elements 

Exonic . splicing enhancer (ESE), intronic splicing enhancers (ISE), exontc 

splicing silencer (ESS) and intronic splicing silencers (ISS) are short (---1 0 nucleotides) 

diverse sequences located in exons or introns, either isolated or in clusters. These 

regulatory elements, when occupied by their corresponding binding proteins, can 

facilitate or hinder splicing. For example, P-element transposase is active only in the 

germline because in somatic cells, the inhibition of its intron 3 splicing leads to the 

production of an inhibitor of transposase. The P-element somatic inhibitor protein (PSI) 

is present only in somatic cells, there it binds to the ESS in P-element transposase exon 3 

and promotes the formation of an abortive 5' splice-site complex that interferes with 

splicing at the normal 5' splice site, leading to the production of a truncated protein 

which can repress transposition85
• 

RNA local context 

Splicing decisions are influenced not only by the elements adjacent to splice sites 

but also by the much wider local context in which an exon resides. For example, the 

distribution and strength of splicing enhancers or silencers (ESE, ESS, ISS, ISE) can 

greatly impact the usage of a splice site (authentic or cryptic) 77
. In addition, the secondary 

structure of the pre-mRNA can affect the assembly of the spliceosome and the binding of 

splicing factors to the RNA, as well as the progressivity of RNA polymerase II, which in 

turn impact splicing decisions 77
• 
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Promoter 

A number of studies suggest that promoter structure is important for alternative 

splicing. Two mechanisms have been proposed to explain this finding. One is that the 

promoter itself is responsible for recruiting splicing factors, such as SR proteins, to the 

site of transcription, possibly through transcription factors that bind the promoter or the 

transcriptional enhancer. Indeed, several transcription factors have been reported to be 

dually functional when recruited to the promoter86
•
87

• The other mechanism is that the 

promoter regulates splicing via regulating the RNA polymerase II elongation rate. Low 

RNAP II elongation rates or internal pauses for elongation would favor inclusion of 

alternative exons, whereas a high elongation rate would favor the exclusion of alternative 

exons. This proposal is in agreement with the studies of splicing kinetics88
• 

Splicing factors 

SR proteins, a group of highly conserved proteins, comprise the best-studied 

family of splicing regulators. SR proteins have a modular structure consisting of one or 

two copies of an RNA-recognition motif (RRM) and a C-terminal domain rich in 

alternating serine and arginine residues (RS domain). The RRMs determine RNA-binding 

specificity, whereas the RS domain mediates protein-protein interactions between SR 

proteins and components of the splicing apparatus89
. SR-related proteins, such as U2AF, 

Tra and Tra2 are another class of RS domain-containing splicing factors90
. SR and SR

related proteins bind to splicing enhancers and promote the usage of intron-proximal 

splice sites91
. HnRNP proteins constitute another important family of splicing factors 

involved in pre-mRNA splicing and mRNA metabolism. These diverse proteins contain 

RRM-type or KH-type RNA binding domains as well as auxiliary domains that often 
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mediate protein-protein interactions. In contrast to SR proteins, hnRNP proteins are 

usually splicing repressors and the balance between SR and hnRNP proteins impacts 

splicing decisions92
•
93

• 

Studies have shown that an excess of ASF /SF2 can promote the use of proximal 

splice sites whereas excessive hnRNP Al leads to the selection of intron-distal 5' splice 

sites93
•
94

• This functional antagonism is speculated to be due to the competitive binding of 

ASF/SF2 and hnRNP Al to pre-mRNA and their interplay with the splicing machinery. 

The binding of SR and hnRNP proteins to their cognate splicing enhancers and silencers 

initiate a sequential recruitment of other splicing factors, which can prevent the binding 

of antagonizing proteins to their binding sites, leading to the activation or silencing of a 

certain splice site. In this way, the relative abundance of SR and hnRNP proteins in a 

specific cell or developmental stage generates the cell-specific and developmental stage 

specific splicing pattern. For example, CELF6 binds to a muscle-specific enhancer and 

activates exon inclusion of a cardiac troponin T minigene95
. A neuron-specific splicing 

factor, NOV A-1 regulates neuron-specific alternative splicing and is essential for 

neuronal viability96
• One of the best characterized examples is the splicing factor sex

lethal. Sex-lethal (SXL) is a Drosophila splicing factor which is exclusively produced in 

female flies. It induces a female-specific alternative splicing pattern and inhibits the 

translation of target genes, which triggers the regulatory cascade for ultimate sex 

determination76
• Post-translational modification, on the other hand, constitutes another 

important regulatory mechanism for alternative splicing. One of the most important ways 

of regulating SR proteins is through phosphorylation which affects their protein-protein 

interaction and activity97
•
98

. Several candidates kinases, such as SRPK and CLK/STY, 
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have been identified as putative SR protein kinases; however, the specific signaling 

pathways which these kinases mediate remain to be elucidated99
•
100

• Although SR 

proteins generally function as splicing activators, they can also function as splicing 

repressors under certain conditions101
•
102

. For instance, ASF/SF2 can function as either a 

positive or a negative regulator of splicing in different cellular contexts 103
• 

2.3. Alternative splicing and human diseases 

The physiological importance of alternative splicing is illustrated by the facts that 

about 15% of human genetic diseases arise from splicing defects and that altered splicing 

patterns are prevalent in cancers and other diseases. In a large scale bioinformatics study, 

Wang et al. identified 26,258 alternative splice variants, of which 845 (3.2%) were 

significantly associated with cancers104
• In another genome wide survey, 316 human 

genes were identified to have cancer-specific splice variants 105
• 

This raises two questions: first, what leads to the alteration in disease-related 

splicing patterns; second, how can this splicing alteration contribute to the disease 

occurrence or progression? 

The discovery of splicing regulatory elements in exonic, intronic and intergenic 

regions led to the reappraisal of genomic mutations which were previously considered 

harmless, and it is now clear that many genomic mutations that do not change the protein 

coding frame nevertheless have severe consequences on splicing regulation. The most 

common splicing defects include disruption or creation of exonic splicing enhancers and 

silencers, creating of new splice sites or strengthening cryptic ones, altering pre-mRNA 

secondary structure which is important for exon-definition and modifying the pausing 

architecture of a gene, provoking changes in RNAP II progressivity which might in tum 
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affect splicing site choice. For example, the c-kit gene encodes a protein that belongs to 

the receptor tyrosine family whose constitutive activation is associated with 

gastrointestinal stromal tumors. The oncogenic activation of this gene results from 

deletions of an intron-exon segment encompassing the 3' splice site of intron 10 which 

concomitantly creates an intraexonic 3' splice site within exon 11. The resulting protein 

remains in frame but lacks an internal inhibitory domain for its kinase activity, which 

leads to the constitutive activation54
• A point mutation in KLF6 intron 1 generates an 

atypical intronic splicing enhancer which is the binding site for the SR protein, SRp40. 

The binding of SRp40 promotes the use of three cryptic splice sites in exon 2 and the 

putative protein products from the aberrant mRNA lack parts of the activation and/or 

DNA binding domain and may work as dominant negative mutants to inactivate KLF6 in 

prostate cancer106
• Splicing defects in cis-elements have also been observed in other 

genes, such as BRCAJ, BRCA2, CDKN2A and APC107
-
111

• 

Another important contributing factor to splicing alterations is aberrant splicing 

factors. Splicing factors modulate the splicing choice of multiple genes and their 

aberration can lead to abnormal splicing patterns. For instance, the elevated mRNA 

expression levels of Tra26, YB-1, SC35 and ASF/SF2 have been observed in ovarian 

cancer, and these alterations correlate with changes in the CD44 gene splicing 

pattern112
•
113

. Oncogenic fusion proteins, such EWS-Fli and TLS-EGR exhibit different 

splicing activites from their wild type gene EWS, FLI and TLS114
-
116

• In addition, the 

activation of the oncogenic RAS signaling pathway leads to the phosphorylation of the 

splicing factor, SAM68, which consequently promotes the inclusion of exon 5 in the 

CD44 gene product117
• 
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The consequences of splicing alteration in cancers can lead to the inactivation of 

tumor suppressor genes, the activation of oncogenes and the generation of unique 

epitopes that facilitate the ability of tumors to escape the scrutiny of the immune system. 

The small GTPase Racl can cause a loss of density-dependent and anchorage-dependent 

growth, and it is regulated by alternative inclusion of a tumor-specific coding cassette 

exon to give the variant Raclb in colorectal cancer. This insertion is downstream of the 

region responsible for conformational change and interaction with GTPase-activating 

proteins and results in a constitutively active Raclb118
. The apoptosis inducer, Fas is 

alternatively spliced to a non-functional anti-apoptotic form in T-celllymphoma118
• 

In spite of its paramount importance, the mechanism of alternative splicing and its 

regulation have not been fully studied. In recent years, using high-throughput 

bioinformatics tool, potential cis-elements involved in splicing regulation, splicing 

factors and splice isoforms have been rapidly identified. We envision that within the next 

few years, with the help of new tools, more details about splicing will be. revealed. 

3. Trans-Splicing 

Trans-splicing is a process in which the exons from distinct pre-mRNAs are 

joined together to generate a chimeric transcript without alteration at the genomic level. 

The phenomenon was first discovered in the early 1980s when studies showed that 

different variant surface glycoprotein (VSG) mRNAs in Trypanosoma brucei share a 

common 35 nucleotide sequence, namely, the splice leader (SL) sequence119
• Subsequent 

studies revealed that the leader sequence is part of a 1.35 kilobase DNA tandem repeat 

unit, present in approximately 200 copies per genome, which does not map to the same 

chromosome as VSG genes 120
• Later, it was found out that most, if not all, T. brucei 
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mRNAs contain the splice leader sequence, suggesting this type of discontinuous 

transcription is predominant in this organism 121
-
123

. Further research showed that the SL 

sequence and the main part of VSG mRN A are produced from independent transcription 

units and are joined through a Y -branched intermediate molecule, instead of the lariat 

structure expected from cis-splicing, indicating that the transcription of VSG gene 

involves a trans-splicing process124
-
126

• 

The discovery of natural trans-splicing in T. brucei raised the question as to how 

common this kind of process is among other organisms. So far, trans-splicing has been 

discovered in different types of trypanosomes 123
, C. elegans 127

, euglenoids 128
, 

flatworms129
, Drosophila130

-
132

, and mammals133
-
136

• 

The naturally occurring trans-splicing can be divided into two main categories: 

SL and non-SL trans-splicing. SL trans-splicing, present mainly in trypanosomes and 

nematodes, transfers a short RNA sequence, the SL sequence from the 5' end of a non

mRNA molecule to the splice acceptor sites ofpre-mRNA substrates. The non-SL trans

splicing includes: (1) discontinuous group II intron trans-splicing, found in plant/algal 

chloroplasts and plant mitochondria, which joins independently transcribed exons 

through interaction between intronic RNA; (2) interchromosomal trans-splicing, which 

engages two pre-mRNAs transcribed from different chromosomes; (3) intergenic trans

splicing, which occurs mostly between closely linked genes; (4) intragenic trans-splicing, 

which happens between independent transcripts of the same gene. In some cases, it 

generates more than one copy of an exon in the mRNA without altering the genomic 

DNA; in other cases, it combines exons transcribed from opposite DNA strands. 
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Since its initial discovery, much effort has been devoted to elucidating the 

mechanism underlying trans-splicing. Up till now, the majority of our knowledge about 

trans-splicing has come from SL trans-splicing research done in lower eukaryotes. It is 

now known that SL RNA is transcribed from an extragenic promoter by RNA 

polymerase II137
• A poly (T) tract with variable length is present downstream of the 

transcribed region and has been postulated to serve as the termination signal of SL 

RNA's transcription138
• SL RNA is composed of the SL sequence, which varies from 16 

to 51 nucleotides in different organisms, and an intron region, which folds into a three 

stem-loop structure139
. One unique feature of SL RNA is the presence of a 7-

methylguanosine followed by four modified nucleotides, which is referred to as the cap140. 

The machinery carrying out trans-splicing is very similar to that for cis-splicing. 

Studies have shown that trans-splicing in trypanosomes resembles cis-splicing in several 

aspects. Like cis-splicing, canonical GU/ AG splice sites are utilized in trans-splicing as 

well. U2, U4, U5 and U6 have been identified to be involved in spliceosome assembly in 

a Ul-independent manner during trans-splicing. In this process, SL RNA base-pairs with 

U5 and U6 to facilitate 5' splice site recognition, substituting for Ul 's function in cis

splicing141. U2, perhaps with other protein factors, recognizes the branch point. The 

polypyrimidine tract, exon enhancers and SR proteins work together to decide 3' splice 

site selection 142 

In cis-splicing, splicing is coupled to transcription, polyadenylation and RNA 

export. In trypanosome, trans-splicing and polyadenylation are coupled as well89
• In the 

absence of a polyadenylation signal, the polypyrimidine tract plays a major role in the 

coupling of these processes. Ul snRNP is essential for the coupling of cis-splicing and 
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polyadenylation. Analogously, an SL RNP specific protein may coordinate the interaction 

between trans-splicing and polyadenylation machineries. 

Given the genomic organization and the polycistronic nature of the transcripts in 

lower eukaryotes, it is recognized that SL trans-splicing serves two important biological 

functions. First, it resolves polycistronic transcripts into individual protein coding 

transcripts. Second, it adds a 5' cap to each transcript, which can increase mRNA 

stability, facilitate mRNA transport and promote translation 132
. 

Trans-splicing in higher eukaryotes, however, is less well known and much less 

studied. In Drosophila, there are only two characterized examples. For instance, in the 

mod(modifier of mdg4) locus, alternative splicing produces 31 isoforms which encodes 

transcription factors involved in establishing and maintaining chromatin structure and 

other important biological processes143
• Seven out of the 31 isoforms are generated by 

trans-splicing. In this process, exons transcribed from opposite DNA strands are 

juxtaposed and it has been proposed that the base pairing via complementary sequences 

within two independently transcribed pre-mRNA may be the underlying mechanism for 

this trans-splicing process 131
. The second example is the lola locus, which generates 

proteins required for nervous system development in Drosophila. Unlike mod, all trans

spliced exons of lola are sequentially encoded on the same DNA strand. Each isoform 

consists of the first four constant exons and various combination of the 3' terminal 

exons144
• It has been demonstrated that chromosome pairing is crucial for this type of 

trans-splicing to occur132
• 

Trans-splicing in mammals constitutes the most diverse types. Interchromosomal 

trans-splicing has been observed in human calcium/calmodulin-dependent protein kinase 



32 

II and signal recognition particle 72145
, human acyl-CoA: cholesterol acyltransferase-

1(ACAT-1) and Xa exon146
. This type of trans-splicing is also observed in rat, chicken 

and rice seed147
-
149 Interestingly, most of the cases in this trans-splicing category do not 

obey the canonical GU/AG rule and the chimeric mRNAs are expressed at very low 

levels. For example, the human ACAT-1 chimeric mRNA is rare and the protein is only 

detectable in macrophages stimulated with phorbol esters and in human monocyte

derived macrophages. The intergenic trans-splicing of closely linked genes has been 

detected in the immunoglobin locus150
, between genes of the cytochrome P450 3A 

cluster151 and in members of the mouse protocadherin locus135
. In this category, trans

splicing occurs at canonical splice sites and generates translatable mRNA. However, the 

trans-splice RNA is present at very low levels and so far no translated chimeric protein 

has been detected. Exon repetition has been described in rat gene-camitine 

octanoyltransferase and medium chain acyl-CoA synthetase133
•
134

• However, this type of 

trans-splicing event has only been detected in particular rat strains, and is not conserved 

in other species and is produced in an allele-specific manner. Moreover~ it is not clear if 

these chimeric mRNAs have any physiological function. 

However, despite of the increasing number of reports on its occurrence in higher 

eukaryotes, it is still enigmatic as to why trans-splicing occurs in a cis-splicing dominant 

environment and what its physiological function is. Many researchers consider trans

splicing as splicing noise in the cis-splicing process and hypothesize that it arises because 

splice sites in transcripts generated by the same factory have a higher chance of 

interacting. This theory is supported by a variety of experimental evidence. First and the 

most important, numerous studies have demonstrated that the splicing machinery and the 
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CTD of RNA polymerase II are tightly coupled. Splicing factors dock on CTD and bind 

to nascent pre-mRNA as soon as it emerges from RNA polymerase II to ensure the 

correct joining of splice sites89
. Based on the coupling theory, trans-splicing is impossible. 

Second, trans-splicing occurs at a much lower frequency than its cis-splicing counterpart 

and functional data on encoded proteins are sparse. Third, this theory could explain the 

high frequency of intragenic trans-splicing of linked genes since they are very likely to be 

in the same transcription factory. However, this theory has drawbacks as well. It does not 

explain why Drosophila genes mod and lola are so efficiently trans-spliced and their 

functional significance. Neither does it explain why intragenic trans-splicing ts so 

uncommon or why, at least in one case, exon repetition is allele specific. 

From kinetoplastids to mammals, it is noteworthy that cis- and trans-splicing 

coexist in the same nuclear environment during evolution. The discovery of cis-spliced 

genes in trypanosomes unified this view152
. However, in different phyla, a varying 

fraction of the mRNA population is trans-spliced. In kinetoplastids, almost all of the 

mRNAs are SL trans-spliced. In metazoan, the trans-spliced fraction ranges from 70-

90% in the nematodes Caenorhabditis and Ascaris, to an imprecisely known minority in 

the flatworm Schistosoma. In mammals, there are only occasional reports of trans-spliced 

genes. This evolutionary loss of trans-splicing in higher eukaryotes suggests that both 

trans- and cis- splicing have an ancient origin. It might be the increasing complexity of 

genomic structure and gene regulation in higher eularyotes that selected cis-splicing over 

trans-splicing during evolution. In lower eukaryotes, there are fewer genes and the 

genome is packed into operons because no complex gene regulation is needed; therefore, 

SL trans-splicing is adequate for gene regulation. In higher eukaryotes, on the other hand, 
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the genomic information has greatly expanded, genes are no longer organized in operons 

and the temporal and spatial regulation of gene expression become necessary. At this 

level, SL trans-splicing is inadequate as it does not generate protein diversity or provide 

any fine-tuned regulation. Moreover, trans-splicing between two genes would be 

inefficient. In higher eukaryotes, two genes are generally several kilobase pairs away. It 

would create a huge energy burden to bring two distantly transcribed pre-mRNAs into 

proximity. Thus, cis-splicing, in higher eukaryotes, is much more advantageous over 

trans-splicing. It can generate unlimited number of transcripts and provides another level 

of regulation in addition to regulation of gene expression. Therefore, cis-splicing 

gradually replaced trans-splicing. 

There is much evidence suggesting that trans-splicing in higher eukaryotes is not 

cis-splicing noise but instead, an adapted form of SL trans-splicing after evolutionary 

selection. Studies have shown that SL RNA from different phyla does not show 

significant direct sequence homology; however, its secondary structure is evolutionarily 

conserved and the stem-loop structures play a crucial role in trans-splicing153
•
154

• In 

addition, most of the operon-associated trans-splicing is evolutionarily conserved. For 

example, 96% of the known SL-resolved operons in Caenorhabditis elegans are also 

present as operons in Caenorhabditis briggsae, and several are conserved in nematodes 

as well110
• Flatworm enolase, a SL trans-spliced operon, is present in a wide variety of 

flatworm species 155
• A monocistronic gene encoding Troponin I is trans-spliced in the 

distantly related ascidians Ciona and Halocynthia139
•
156

• 

Moreover, the basic mechanism of trans-slicing is likely to be shared with that of 

cis-splicing. As discussed above, the trans-splicing machinery in trypanosomes 
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resembles that of cis-splicing, and it was demonstrated over a decade ago that 

mammalian cells are capable of trans-splicing. In vitro studies showed that synthetic 

RNA could be trans-spliced with each other in a cell free system 157
•
158

. Later, in vivo 

experiments provided compelling evidence that mammalian cells have the potential to 

generate functional mRNA by trans-splicing159
• 

Since cis- and trans- splicing coexist within the cell, although at different 

proportions, and the cells are equipped with adequate resources to undergo both 

processes, the question arises as to how these two processes are coordinated. So far, there 

have not been many theories discussing this issue. However, studies have shown that in 

nematodes, the absence of a proper 5' splice site at a certain distance from the 3' splice 

site forces the susbstrates to undergo trans-splicing. In trypanosomes, it seems that 

competition exists between these two processes. The decision as to whether to utilize a 3' 

splice site for cis or trans splicing may depend on the presence of canonical 5' splice site 

and may be modulated by factors such as Ul and certain SR proteins. 

Although a trans-splicing-mediated novel gene therapy has been developed to 

replace defective endogenous gene, the low efficiency of this application points out the 

deficiency in our understanding of the process. Currently, it is still debatable as to 

whether trans-splicing is an evolutionary loss or gain. Comprehensive phylogenetic 

studies are necessary to answer this question. Another important question concerns the 

physiological significance of trans-splicing in higher eukaryotes, especially vertebrates. 

So far, there is no answer to this question because there is a lack of reports on the 

resultant protein products. Lastly, how trans-splicing is regulated and how it is 
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coordinated with cis-splicing remain to be answered. Answers to these questions and 

others will provide us with insight into this process. 

4. CoAA 

CoAA contains two RNA recognition motifs (RRMs) and a transactivation 

domain rich in tyrosine and glutamine repeats (designated as a YxxQ domain). An 

alternative splice variant of CoAA, coactivator modulator (CoAM), lacks the YxxQ 

domain and strongly represses transcription. CoAA interacts with the carboxyl terminus 

of TRBP via its YxxQ domain and synergizes with TRBP to stimulate transcriptional 

activity. Thyroid receptor binding protein (TRBP) is a general coactivator interacting 

with multiple nuclear receptors via a single LxxLL motif160
• TRBP stimulates gene 

activation and its carboxyl terminus interacts with coactivator CREB binding protein 

(CBP)/p300 and DNA dependent protein kinase (DNA-PK) components161
• TRBP gene 

is amplified in multiple human cancers, including breast, colon and lung cancers63 and 

genetic deletion of TRBP in mice is embryonically lethal, with severe defects in 

embryonic development162
•
163

• In addition to TRBP, CoAA is able to bind in vitro to p300 

and components in the DNA-PK complex. However, the physiological significance of the 

interaction between CoAA and any of its partners has not been explored. 



II. Materials and Methods 

1. Reagents 

Medium, including Dulbecco's modified Eagle's medium (DMEM), cat.11965092, 

RPMI 1640, cat. 11875, and a-modified minimum essential medium (a-MEM), cat.32561, 

from Invitrogen; fetal bovine serum (FBS), cat.SH3007003, from Hyclone, calf Bovine 

Serum (CBS), cat.302030, from ATCC, donor bovine serum (DBS), cat.16030, from 

Invitrogen; non-essential amino acid, cat.11140050, penicillin and streptomycin solution, 

cat.- 15140122, Trypsin-EDTA, cat.25200056, DPBS, cat.14190144, geneticin, 

cat.11811098, recovery cell culture freezing medium, cat.12648010, Lipofectamine 2000, 

cat.11668019, from Invitrogen; dexamethasone, cat.D1756, dimethyl sulfoxide (DMSO), 

cat.D5879, all-trans retinoic acid, cat.R2625, from Sigma, were used in cell culture. D

Luciferin potassium salt, cat.556879, from BD Biosciences, Gly-gly, cat.G 1002, Ethylene 

glycol-his (2-aminoethylether)-N, N, N', N' -tetraacetic acid (EGTA), cat.E3889, 

Adenosine 5'-triphosphate(ATP) disodium salt, cat.A7699, from Sigma, were used in 

hormone NR-mediated luciferase assay. 

Restriction enzymes, including Bam HI, Bgl II, EcoR I, Hind III, Nde I, Sal I, Spe 

I, Xba I, Xho I and T4 DNA ligase, from New England Labs, native Pfu poly, 

cat.60013681, from Stratagene, PCR purification kit, cat.28144, gel purification kit, 

cat.28704, plasmid mini kit, cat.12125, plasmid maxi kit, cat.12162, were used for 

cloning. PCR mastermix, cat.201443, from Qiagen, SYBR green I, cat. S7563, from 

37 
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Molecular probes, Fluorescein (FCD), cat. 170-8780, from Bio-rad, were used in PCR 

and real-time quantitative PCR. Ethidium bromide (EB), cat.1610433, from Biorad, 

agarose, cat.15510027, from Invitrogen, Boric acid, cat.B6766, from Sigma, Lambda 

DNA-Hindiii Digest, cat. N3012S, <DX174 DNA-Hae III Digest, cat.N3026S, from New 

England Labs, were used in DNA electrophoresis. 

Tris-HCl pH7.5, cat.15567027, Tris-HCl pH8.0, cat.15568025, ethylene diamine 

tetraacetic acid (EDTA), cat.15575020, sodium dodecyl sulfate (SDS), cat.24730020, 

from Invitrogen; sodium chloride (NaCl), cat.327300010, potassium chloride (KCl), 

cat.BP366500, Nonidet P40 (NP-40), cat.74385, Triton-X-100, cat.BP151500; glycerol, 

cat.BP2294, methanol, cat.A4124, hydrochloric acid, cat. S93258, from FISHER; sodium 

deoxycholate, cat.D6750, phenylmethylsulfonyl fluoride (PMSF), cat.P7626, DL

Dithiothreitol (DTT), cat.D9779, N-lauroylsarcosine sodium salt, cat.L5777, calcium 

chloride (CaCh), cat.C3306, protease inhibitor cocktails, cat.P8340, from Sigma; Tris 

base, cat.1610719, Glycine, cat.1610718, Tween 20, cat.1706531, P-2-mercaptoethanol, 

cat.161 0710, from Biorad, were used to make common buffers for protein based assays. 

Protein Assay Dye Reagent Concentrate, cat.5000006, ammonium Persulfate (APS), 

cat.161 0700, Ready gel blotting sandwich, cat.1620215, polyacrylamide, cat.161 0158, 

from Biorad; ECL Detection Reagent, cat.RPN21 09, from Amersham Biosciences, 

Trueblot anti-Rabbit Ig IP kit, cat.188816, from eBioscience were used for Western Blot. 

Isopropylthio-p-gal~ctoside (IPTG), cat.15529019, from Invitrogen; glutathione 

sepharose 4B, cat.17075601, from Pharmacia Biotech; Ni-NTA Agarose, cat.30210, from 

Qiagen; urea, cat.9902, from ambion; Difco LB broth, cat.244610, Difco LB agar broth, 

cat.244510, from BD biosciences; ampicillin cat.A9518, glutathione, cat.G6529, 
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imidazole, cat.l5513, Lysozyme, cat.L6876, Ponceau S concentrate, cat.P7767, albumin 

from bovine serum, cat.A-2153, from Sigma, were used in recombinant protein 

purification. 

Trizol reagent, cat.15596-018, DNase I, cat.18047019, from invitrogen; diethyl 

pyrocarbonate (DEPC), cat.D5758, chloroform, cat.C2432, from Sigma; isopropanol, 

cat.42383-0040, from FISHER, were used in RNA extraction. First-strand eDNA 

synthesis kit, cat.12371019, 5' rapid amplification of eDNA ends (RACE) and 3' RACE 

kits, cat.18374041 and 18373027, respectively, from Invitrogen and one step RT-PCR kit, 

cat.210210 from Qiagen, were used in RT-PCR and RACE. 

Xylene, cat._X3S-4, from FISHER, proteinase K, cat.25530015, from Invitrogen, 

were used to extract genomic DNA from paraffin-embedded tissue slides. 

A basic tissue chromosome FISH kit with tissue pre-conditioner, cat.K1 00, from 

Insitus, formamide, cat.BP227500, sodium citrate, cat.S2793, from Fisher, SG dUTP, 

cat.30803200, SR dUTP, cat.30803400, DAPI II, cat.32804831, Nick translation kit, 

cat.32801300, CEP Hybridization Buffer, cat.32804828, CEPII spectrum green, cat. 

32132011, from Vysis, were used for fluorescence in situ hybridization. 

2. Antibodies 

Anti-Flag M2 monoclonal antibody, cat.F3165, anti-MAP2 monoclonal antibody, 

cat.M4403, from Sigma; anti-phosphotyrosine, clone 4010, cat.05321, from Upstate; 

anti-RRM, anti-CoAA and anti-ZnF made by Covance; anti-myc, cat.R95025, from 

invitrogen; anti-bromodeoxyuridine antibody, cat.sc20045, GAL4 (DBD), cat.sc-577, 

GFAP (C-19), cat.sc6170, anti-actin, cat.sc-1615-R, from Santa Cruz Biotechnology; 

GFP antibody, cat.2555, from Cell Signaling Technology; ECL mouse !gG, HRP-linked 
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whole antibody (from sheep), cat. NA931-100UL, ECL rabbit IgG, HRP-linked whole 

antibody (from donkey), cat.NA934-1 OOUL, from Amersham Biosciences, were used in 

Western blot. The antibodies used in immunofluorescence staining and 

immunohistochemistry were fluorescein isothiocyanate (FITC)-conjugated or cyanine 3-

conjugated anti-mouse and anti-rabbit antibodies, cat.115-095-146, 115-165-146, 111-

165-144, 111-095-144 were purchased from Jackson Immunoresearch Laboratories. 

3. Vectors 

Flag-tagged cDNAs were inserted into PCDNA3 vector (Invitrogen), the Gal4 

DBD fusion proteins were translated from pM vector (Clontech), GST fusion genes were 

created by inserting gene-specific· eDNA into pGEX 4T-2 vector (Amersham Biosciences) 

His-tagged cDNAs were inserted into pT7 -7 (Stan Tabor), GFP fusion genes were 

created inserting gene-specific eDNA into pEGFP-C3 (BD biosciences ), and constructs 

used in luciferase assays were inserted into PXP2 vector. 

4. Cell Culture 

All the cell lines used in the studies were grown at 3 7°C, in an atmosphere of 

humidified air containing 5% C02• HeLa, HEK293 and CV-1 cells were maintained in 

Dulbecco's modified Eagle's medium, supplemented with 10% fetal bovine serum, non

essential amino acids, 100 units/ml penicillin and 0.1 J.Lg/J.Ll streptomycin. The 

subcultivation ratio for these cell lines is 1:6, 1:8 and 1:6, respectively, at two day 

intervals. NCI-H69 cells were maintained in RPMI 1640 medium, supplemented with 

10% fetal bovine serum, non-essential amino acids, 100 units/ml penicillin and 0.1 J.Lg/J.Ll 

streptomycin. These cells were subcultured at a 1:4 ratio every 6 days. NIH/3T3 cells 

were maintained in Dulbecco's modified Eagle's medium, supplemented with 10% bovine 
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calf serum, non-essential amino acid, 100 units/ml penicillin and 0.1 J..Lg/J..Ll streptomycin. 

These cells were subcultured at a 1 :4 ratio every 6 days. Mouse embryonic carcinoma 

P19 cells were maintained in a-modified minimum essential medium supplemented with 

7.5% bovine calf serum, 2.5% fetal bovine serum, 100units/ml penicillin and 0.1 J..Lg/J..Ll 

streptomycin. P 19 cells were subcultured at a 1: 12 ratio at two day intervals. 

Subculture of adherent cells, such as HeLa, CV-1, HEK293, NIH/3T3 and P19, 

includes the following steps. The culture was first viewed under a microscope to assess 

the degree of confluency and confirm the absence of bacterial and fungal contaminants. 

Next, the medium was aspirated and the cell monolayer was washed once with DPBS 

using a volume equivalent to half the volume of culture medium. DPBS was aspirated 

and trypsin/EDTA was added to the washed cell monolayer. The cultur~ was returned to 

the incubator and left for 1-2 minutes for cells to detach. After incubation, the vessels 

were gently tapped to release any remaining attached cells. The cells were resuspended 

in a small volume of fresh serum-containing medium to inactivate the trypsin. Centrifuge 

cells at 1 OOOrpm for 1 minute, carefully aspirate the supernatant and resuspend cells in 

fresh serum-containing medium. Transfer adequate amount of cell suspension to a new 

labeled dish. 

Subculture of suspension cells, such as NCI-H69, consists of three steps. First, the 

culture was viewed under a microscope to assess the degree of confluency and confirm 

the absence of bacterial and fungal contaminants. Next, an aliquot of the culture was 

transferred to a new flask. Last, add fresh medium to the flask and gently disrupt the cell 

aggregate and mix well. 
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Undifferentiated EC P 19 can be induced to differentiate by retinoic acid into 

neuron and glial cell lineages. To achieve the optimal differentiation result, early passage 

P 19 cells (EC) were cultured till 100% confluency before induction. On the day of 

induction, P 19 cells were trypsinized and suspended in fresh growth medium containing 

500 nM all-trans RA and transferred to a Petri dish. P19 cells were cultured in suspension 

in Petri dish for up to four days to form embryonic bodies (EB2-EB4). The growth 

medium containing RA was renewed every two days. After four days, the EBs were 

trypsinized and plated in tissue culture dish to allow the cells to further differentiate for 

an additional 15 days in the absence of RA. 

5. Transfection 

The day before transfection, cells were plated at a number adequate to ensure 

transfection efficiency and post-transfection survival. On the day of transfection, DNA 

and Lipofectamine 2000 reagent were diluted in DMEM separately. After 5 minutes, they 

were mixed and incubated at room temperature for 20 minutes before being added to cells. 

Culture medium was aspirated and cells were incubated with DNA and Lipofectamine 

mixture in a transfection volume for 4-6 hours. After incubation, the transfection solution 

was aspirated and complete growth medium was added. Cells were cultured for another 

24-36 hours before harvest. 

For a 24-well plate, HeLa and CV-1 cells were seeded at a density of 6x104 and 

4x104
, respectively. Cells in each well were transfected with 0.3-0.5 J.tg DNA using 1.5 J.ll 

Lipofectamine 2000 reagent in a 280 Jll transfection volume. For a 6-well plate, CV-1, 

HEK293 and P19 cells were seeded at a density of 1.2 xl05
, 2 x105 and 1.2 xl05

, 

respectively. Cells in each well were transfected with 1-3 Jlg DNA using 3~6 Jll 
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Lipofectamine 2000 reagent in a 900 transfection volume. For a 35mm dish, 293 and P19 

were seeded at a density of 4x105 and 3x105
, respectively. Cells were transfected with 3-

5 J.tg DNA using 6-10 J.tl Lipofectamine 2000 reagent in a 2ml transfection volume. For a 

100mm dish, HEK293, HeLa and P19 cells were seeded at a density of 1x106
, 1x106 and 

5x105
, respectively. Cells were transfected with 10 J.tg DNA using 20 J.tl Lipofectamine 

2000 reagent in a 3ml transfection volume. 

6. Ribonucleic Acid Extraction 

Total ribonucleic acid (RNA) was extracted from cultured cells using Trizol 

reagent. The culture medium was aspirated and cells were quickly washed once with 

DPBS. Cells were directly lysed in the culture dish by adding Trizol (1ml Trizol per well 

in a 6 well plate format, or 3ml per 1 Ocm dish), scraped off the dish using a plastic cell 

scraper and transferred to 1.5ml centrifuge tubes. Celllysates were further homogenized 

by repeated pipetting and pulse vortexing till the solutions lost their viscosity. The 

homogenized sample was incubated at room temperature for 5 minutes to facilitate the 

complete disassociation of nucleoprotein complexes. After incubation, chloroform was 

added to the solution (0.2ml chloroform per 1ml Trizol) and the tube was vigorously 

shaken by hand for 3 minutes and let stand for another 7 minutes at room temperature. 

Next, the sample was centrifuged at 12000rpm for 15 minutes at 4°C. Following 

centrifugation, the mixture separates into a lower red, phenol-chloroform phase, an 

interphase, and a colorless upper aqueous phase. The upper aqueous layer where the 

RNA resided was carefully transferred to a fresh 1.5ml centrifuge tube and the RNA was 

precipitated by mixing with isopropyl alcohol (0.5 ml of isopropyl alcohol per 1 ml of 

Trizol used for the initial homogenization). The tube was shaken by hand for 3 minute 
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and then let stand for 10 minutes at room temperature. After that, the sample was 

centrifuged at 12000rpm for 10 minutes at 4°C and the RNA precipitate, often invisible 

before centrifugation, formed a gel-like pellet on the side and bottom of .the tube. The 

supernatant was carefully removed using vacuum aspiration and 75% ethanol (ethanol 

mixed with DEPC-treated distilled water) was added to the RNA pellet. The tube was 

gently inverted several times without breaking the pellet and let stand for 5 minutes. The 

sample was centrifuged at 12000rpm for 5 minutes at 4°C. The supernatant was carefully 

removed by vacuum aspiration and the RNA pellet was let air dry for about 3 minutes. 

Last, DEPC-treated distilled water or TE was added to the pellet; the solution was passed 

through a pipette tip several times and then incubated at 60°C for 10 minutes. After 

incubation, the RNA concentration and ratio were measured on a spectrometer and the 

RNA was stored in -80°C freezer. 

7. Reverse transcriptase polymerase chain reaction (RT-PCR) and rapid 

amplification of eDNA ends (RACE) 

RNA used in RT-PCR was treated with DNase I (1 unit per J.Lg RNA) before use 

to eliminate potential DNA contamination. The 20 J.Ll reaction system included 2 J.Lg total 

RNA, 2 units DNase I, 1 J.Ll NEB buffer# 3 and DEPC-treated distilled water. DNase I 

treated RNA was either directly used in one-step RT-PCR reaction or transcribed to 

eDNA using first-strand eDNA synthesis kit. 

For one-step RT -PCR, the 25J.Ll reaction system included the following 

components: 0.2Jlg total RNA, 5J.Ll 5x reaction buffer, 200J.LM dNTP, 100nM primers, 1 

Jll Enzyme mix and DEPC-treated distilled water. The PCR was performed under the· 

following conditions: initial incubation at 50°C for 30 min to reverse transcribe RNA 
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into eDNA followed by a second incubation at 95°C for 15 min to inactivate reverse 

transcriptase and activate Hotstart DNA polymerase. Next, the 3-step cycling included 

32-40 cycles of denaturation (94°C, 30 sec), primer annealing (55°C, 30 sec) and 

elongation (72°C, 2-3 min). After the last cycle, the reaction system was further 

incubated at 72°C for 10 minutes and kept at 4°C. 

For first-strand eDNA synthesis, 2flg total RNA, oligo dT, dNTP and DEPC

treated distilled water were added sequentially into a 1.5ml microcentrifuge tube to make 

a total volume of 20fll. The mixture was incubated in a thermal cycler at 65°C for 5 

minutes, and then cooled on ice for at least lminute. Meanwhile, lOfll eDNA synthesis 

mix was made by adding 2fll lOx RT buffer, 4fll 25mM MgCh, 2fll O.lM DTT, lfll 

RNaseOUT, and lfll Superscript III in order. eDNA synthesis mix was added to the 

cooled RNA and the solution was incubated at 50°C for 50 minutes. The reaction was 

terminated by heating up the solution to 85°C for 5 minutes and then chilled on ice. 1 fll 

RN ase H was added to the tube and the tube was incubated for 20 minutes at 3 7°C to 

degrade RNA. The reaction mix was stored at -20°C or 2 fll of the mix was used for PCR. 

The PCR was performed under the following conditions: primary incubation at 94°C for 

4 minutes to denature the DNA template followed by 32-40 cycles of denaturation (94 °C, 

30 sec), primer annealing (55°C, 30 sec) and elongation (72°C, 2-3 min). After the last 

cycle, the reaction system was further incubated at 72°C for 5 minutes and kept at 4°C. 

For both one-step and two-step RT-PCR, the amplification was performed on a 

PTC-100 Peltier Thermal cycler. For RACE, 2 flg RNA was used in 3' and 5' RACE, 

respectively, following the manufacturer's protocol. 

8. Western Blot 
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Growth medium was aspirated and the cells were washed once with ice-cold 

DPBS. Cells were lysed by directly adding pre-chilled RIPA buffer (Tris-HCl 50mM 

pH7.4, NP-40 1%, Na-deoxycholate 0.25%, NaCl 150mM, EDTA 1mM, PMSF 1mM, 

protease cocktail 1x) to the monolayer and scraping cells off the dish. Cells were 

incubated in RIP A buffer for 40-60 minutes at 4 °C. Cell lysates were centrifuged at 

13 800rpm for 10 minutes at 4 °C. The supernatants were carefully transferred to a fresh 

1. 5ml microcentrifuge tube and the protein concentration was determined by Bradford 

assay. Lysates containing 50J.Lg total protein were mixed with 2x loading buffer and 

boiled for 10 minutes at 1 00°C. The denatured sample was either used for Western 

blotting immediately or stored at -80°C for future use. 

The denatured sample was separated by SDS-PAGE at 80-100V for 1.5-2 hours. 

on 8-12% gels. After electrophoresis, proteins were transferred to a nitrocellulose 

membrane using a BioRad Transblot apparatus. The transferred proteins on the 

membrane were visualized by Ponceau Staining and the membrane was tailored to the 

appropriate size. The membrane was blocked with 5% BSA for 2 hours at room 

temperature and incubated with primary antibody in 5% BSA overnight with gentle 

agitation at 4°C. The next day, the primary antibody was removed and the membrane was 

washed with 1 xPBST (1 xPBS+0.1% Tween-20) 4 times, 10 minutes each time. After 

washing, the membrane was incubated with secondary antibody in PBST for 1 hour at 

room temperature followed by 4 washes of PBST, 10 minutes each time and detection by 

ECL reagent. 
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9. Luciferase assay 

For the dose-dependent luciferase assay, CV-1 cells were plated in 24-well plates 

and transfected with 0.1 J.tg MMTV luciferase reporter, various amounts (0.1-1 Ong) of 

glucocorticoid receptor (GR), 0.2-0.4J.1g pcDNA3 vector and CoAA, CoAM, CoAZ, 

ncCoAZ and RBM4 in pcDNA3 using Lipofectamine 2000 according to the 

manufacturer's instructions. Total amounts of DNA for each well were balanced by 

adding vector DNA. 16 hours after transfection, dexamethasone (1-100nM) was added to 

the medium and cells were incubated for an additional 16 hours to induce GR -mediated 

MMTV -luciferase reporter transcription before harvest. For PXP2 promoter-less 

luciferase reporter assays, CV -1 cells were plated in 24-well plates and transfected with 

0.1 J.lg PXP2 constructs, or co-transfected with 0.2J.1g CoAA encoding plasmid when 

applicable, using Lipofectamine 2000 according to the manufacturer's instructions. Cells 

were harvested after 24 hours of incubation. 

For CoAA-EWS hybrid molecule luciferase assays, CV-1 cells were plated in 24-

well plates and transfected with 0.1 J.lg MMTV luciferase reporter, 1 Ong glucocorticoid 

receptor (GR), 0.2J.1g pcDNA3 vector, CoAA, EWS, CoAA-EWS, SYT and BAF250 in 

pcDNA3 using Lipofectamine 2000 according to the manufacturer's instructions. 16 

hours after transfection, 1 OOnM dexamethasone was added to the medium and cells were 

incubated for an additional 16 hours to induce GR-mediated MMTV-luciferase reporter 

transcription before harvest. 

After incubation, the growth medium was aspirated and the cells were washed once with 

DPBS. Cells were lysed by directly adding 100J.1l Dounce buffer (10mM HEPES, 5mM 

NaCl, 1mM EGTA, 1mM EDTA, 1% Triton X-100, 1mM DTT and protease inhibitor 
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cocktail 1 x) per well and incubated for 40 minutes to 1 hour on ice with agitation. The 

cell lysates were collected by centrifugation at 13 800 rpm for 10 minutes at 4 °C. 20 Jll 

celllysates were added to each well of a 96-well plate and the relative luciferase activity 

was measured by a Dynex luminometer using 1 xLuciferase buffer. Data are shown as the 

means of triplicate transfections ± standard errors. 

10. Generation of anti-CoAZ antibody 

Polyclonal anti-CoAZ antibody (against CoAZ 113-339 amino acids) was 

generated by immunizing rabbits with GST -CoAZ fusion protein (Co vance). A PCR 

fragment corresponding to nucleotides 339-1017 of CoAZ was inserted into pGEX 4T-2 

vector through digestion and ligation. 200 Jlg of construct were used to transform BL21. 

One of the positive clones was selected for recombinant protein production. The clone 

was inoculated into 10 ml LB medium with 1 OOug/ml ampicilin and shaken at 250 rpm 

overnight at 37°C. The next day, the 10ml culture was inoculated into 500ml fresh LB 

medium containing 100ug/ml ampicilin. 0.5 mM IPTG was added to the medium when 

the OD value reached 0.4 to induce GST -Z:inc product. After 3 hours of induction, cells 

were collected by centrifugation at 3000 rpm for 10 minutes at 4 °C. Cell pellets were 

resuspended in sonication buffer and divided into 1 ml aliquots. Each aliquot was 

sonicated with 15 sec pulses 5-6 times and the lysate was pelleted by centrifugation at 

13800 rpm for 10 minutes at 4°C. The beads were boiled in 2x loading buffer at 100°C 

for 10 minutes and proteins were separated by SDS-PAGE. After electrophoresis, the gel 

was stained using coomassie blue overnight and destained for 2 hours. The gel was then 

fixed in 10% TCA and the band corresponding to GST-CoAZ (10mg) was excised and 

sent to Covance for immunization. The titer of each serum bleed was measured by a 
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binding assay. To evaluate anti-CoAZ antibody, HEK293 cells were transfected with 

Flag-tagged CoAA, CoAM, RBM4, CoAZ and ncCoAZ plasmids, respectively. 48 hours 

after transfection, whole cell lysates were extracted using RIP A buffer and 

immnunoblotting was performed using anti-Flag (Sigma), anti-CoAA (RRM) and anti

CoAZ antibodies. To examine the existence of CoAZ protein, immunoblotting using 

whole cell lysates of P 19 cells at each differentiation stage was performed and the blots 

were probed with anti-CoAA (RRM) and anti-CoAZ antibodies at 1:200 and 1:400 

dilutions, respectively. 

11. Fluorescence in situ hybridization (FISH) analysis 

Paraffin-embedded tumor tissue slides (Medical College of Georgia and 

InnoGenex) were evaluated histologically by study pathologists before FISH analysis. 

The slides were de-paraffinized by baking at 56°C for 1 hour, immersed in Xylene for 15 

minutes, with 3 changes of solution (5 minutes each) and rinsed in ethanol (100% for 

2min, 95% for 2min, 70% for 2min). Residual ethanol was removed by washing with 

distilled water. After washing, the slides were treated with 1 x tissue pre-conditioner at 

80°C for 30 min, followed by 2 washes of distilled water (3 min each time). Next, the 

slides were digested with digestion solution at 37°C for 1.5 hours. The slides were 

washed with distilled water twice ( 5 min each time) and air dried. Deparaffinized slides 

were stored in 70% ethanol. 

The DNA probe used in FISH was generated from a 200 kb bacterial artificial 

chromosome (BAC) clone (RP11-527H7, Children's Hospital Oakland Research Institute) 

containing the CoAA gene. The BAC clone was nick translated into 50-600bp DNA 

fragments using nick translation kit according to the manufacturer's protocol. The DNA 



50 

fragments were precipitated (3M NaAC, 100% ethanol), washed with 75% ethanol and 

hybridized with CEP II probe. The labeled probe was then denatured at 73 °C for 10 

minutes. 

The denatured probe was applied to the de-paraffinized slide, the slide was 

covered by a coverslip and the edge of the coverslip was sealed with rubber cement. The 

slide was air drie~ for 1-5 min before baking· at 73"'85°C for 10 min to denature the 

chromosomes. Next, the slide was transferred to a pre-warmed box with wet paper towels 

and incubated at 3 7°C overnight. The next day, the coverslip was carefully removed and 

the slide was washed with 50% formamide/2xSSC 3 times (10 min each), 2xSSC once 

(for 10 min), 2xSSC/0.1% NP40 once (for 5min). The slide was air dried and 

counterstained with DAPI II. Coverslip was applied to the slide and the slide was viewed 

using a deconvolution microscope. 

12. Quantitative real-time polymerase chain reaction 

Cell line gemonic DNA was purchased from ATCC. Tissue genomic DNA was 

isolated from paraffin-embedded human tumor tissue sections. The tissue samples were 

de-paraffinized by baking at 56°C for 1 hour, immersed in Xylene for 15 minutes, with 3 

changes of solution (5 minutes each) and rinsed in ethanol (100% for 2min, 95% for 2min, 

70% for 2min). Residual ethanol was removed by washing with distilled water. De

paraffmized samples were transferred to 1.5ml microcentrifuge tubes and incubated in 

15flllysis buffer (25mM Tris-Cl, pH 8.0, 50mM NaCl, 1mM EDTA, 0.1% Triton X-100, 

0.1 mg/ml proteinase K) overnight at 50°C. The next day, proteinase K was heat

inactivated at 1 00°C for 10 min and 15fll nuclease-free water was added to each tube, 

making a total volume of30fll. 



51 

For PCR using SYBR green as the fluorescence source, the 25pJ PCR reaction 

system included the following components: 2p.l genomic DNA, 12.5p.l PCR mastermix, 

0.625p.l lOx SYBR green, lOOnM primers, 0.25p.l 1 p.M FCD and 9.375p.l nuclease-free 

water. PCR was performed under the following conditions: primary incubation at 94°C 

for 4 minutes to denature the DNA template followed by 45 cycles of denaturation (94 °C, 

45 sec), primer annealing (60°C, 45 sec) and elongation (72°C, 2 min). After the last 

amplification cycle, the reaction system was further incubated at 72°C -for 5 minutes. 

When PCR amplification was completed, samples were briefly denatured by 2 cycles of 

heating at 95°C for lmin each and then subjected to 80 cycles of melt curve analysis in 

which samples were heated at 55°C for 10 seconds and after cycle 2 the setpoint was 

increased 0.5°C per1 cycle. All of the primers used in SYBR green real time PCR were 

tested for their specificity and efficiency. In PCR using the Taqman probe (Taqman, 

Applied Biosystems, Foster city, CA, USA), the 25p.l PCR reaction system included the 

following components: 2pJ genomic DNA, 12.5p.l PCR mastermix, 800nM primers, 

50nM Taqman probe and 10.05p1 nuclease-free water. The PCR was performed under the 

following conditions: initial incubation at 50°C for 2 minutes, a second incubation at 

95°C for 9 min to denature the DN~ template followed by 45 cycles of denaturation 

(95°C, 15 sec), primer annealing and elongation (60°C, 1 min). Human placenta DNA 

was diluted in a range from 0.8-5 ng and used as a standard and single-copy gene thyroid 

hormone receptor a (TRa) was used an internal control. 
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Real time PCR with Taqman probe was used to determine the gene copy numbers 

of CoAA and CCND 1 in multiple cancer samples. Real time PCR using SYBR green was 

used in CoAA amplicon mapping. 

13. Immunofluorescence 

HeLa or HEK293 cells were cultured in glass chambers. Cortical neurons and 

glial cells were cultured on coverslips coated with poly-lysine and laminin. Neural 

progenitor cells and astrocytes were cultured coverslips coated with poly-alanine. On the 

day of staining, the culture medium was aspirated and cells were washed once with 

DPBS and fixed in 4% paraformaldehyde (paraformaldehyde in PBS pH7.4) for 30 

minutes. Paraformaldehyde was aspirated and cells were washed with PBS 3 times (5 min 

each). After washing, cells were incubated with blocking solution (3% BSA, 0.1-0.3% 

Triton, 3-5% goat serum in PBS) for 2 hours at room temperature (RT). The blocking 

solution was removed and stored at 4 oc for future use and cells were incubated with 

primary antibody (antibody, 3% BSA, 0.1-0.3% Triton, 1% goat serum in PBS) overnight 

at 4°C. The dilution ratio for RRM, YxxQ, ZnF, MAP2, GFAP and Flag antibodies were 

1:200, 1:100, 1:150, ·1:5000, 1:200 and 1:1000, respectively. The next day, primary 

antibody solution was aspirated and cells were washed with PBS 3 times (5 min each) 

and then incubated with Cy3- or FITC-conjugated secondary antibody at a 1 :200 dilution 

(Jackson lmmuno-Research Lab, West Grove, PA, USA) for an hour in the dark. After 

incubation, antibody solution was aspirated and cells were washed with PBS 3 times (5 

min each) followed by mounting. 
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14. Northern dot blot analysis 

The Northern dot blot containing 100 paired normal and primary tumor cDNAs 

was obtained from Clontech (Cancer Profiling Array II, #7847-1). The blot contained 

normalized eDNA isolated from tumor and corresponding normal tissues from individual 

cancer patients. The CoAA probe was prepared by random-primed 32P-DNA synthesis 

using human CoAA full-length eDNA as a template. Northern hybridization was 

performed according to the manufacturer's protocol. 

15. Soft agar colony formation and cell proliferation assay 

NIH3T3 cells {ATCC, CRL-1658) were transfected with Bgl II linearized 

pcDNA3 plasmids. Transfectants were selected using medium containing 400 mg/ml of 

0418 for 3 weeks. Positive clones containing stably transfected plasmids were identified 

by PCR with genomic DNA, and the protein expression levels of each transfected clone 

was evaluated by immunofluorescence staining using anti-FLAG antibody. Stable clones 

were assayed for anchorage-independent growth in soft agar (0.34% low melting point 

agarose in DMEM containing 15% FCS). The numbers of colonies represented the means 

of duplicate plates. For contact inhibition assays, stably transfected cells were plated onto 

a 24-well plate with 4x 103 cells per well in triplicate, and the cell number was counted 

every day for 8 consecutive days. Culture medium was renewed every 2 days. Data are 

shown as means of triplicate± SE. For BrdU incorporation assays, NCI-H69 cells were 

fixed, blocked and incubated with monoclonal anti-BrdU antibody (Santa Cruz 

Biotechnologies, 1 :200). BrdU incorporation was detected with ECL reagents 

(Amersham Pharmacia) using a Dynex luminometer. Relative light units are shown as 

means of triplicate ± SE. 
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16. GST fusion protein pull-down assay 

Purification of GST fusion proteins was performed by incubation with glutathione 

beads following the manufacturer's instructions (Amersham Pharmacia). CoAA, EWS, 

SYT, EWS-Fli 1 and AxxQ-Fli were in vitro translated using TNT® Quick Coupled 

Transcription/Translation Systems (Promega) following the manufacturer's instructions. 

5 J.Ll of in vitro-translated products were added to immobilized GST-TRBP (2 J.Lg per 

reaction) on glutathione-sepharose beads in a total reaction volume of 1 ml with binding 

buffer (20 mM HEPES [pH 7.5], 50 mM NaCl, 75 mM KCl, 1 mM EDTA, 0.05% 

Triton®X-100 and 1 mM DTT) for 4 hr at 4°C with agitation. After incubation, the beads 

were washed three times with binding buffer and two times with PBS. The pelleted beads 

were heated at 100°C for 8 min in 20 J.Ll of SDS sample buffer. The heated beads were 

pelleted by centrifugation at 3000rpm for 5 min, the supernatant was loading onto 8% 

SDS-PAGE and the binding result was detected by autoradiography. 

17. Immunohistochemistry 

Human tumor sections were baked at 60°C for 1.5 hour, immersed in xylene for 

21 minutes, with 3 changes of solution (7 minutes each) and rinsed in ethanol (100% for 

5 min, 95% for 5 min and 70% for 5 min). Residual ethanol was removed by washing 

with distilled water. After deparaffinization, slides were boiled in Citrate-EDTA buffer 

(10mM citric acid, 2mM EDTA, 0.05% Tween 20, pH 6.2) at 95-100°C for 20-40 

minutes. Slides were cooled to room temperature and washed with PSBT. Slides were 

blocked in 5% BSA for 1 hour, followed by incubation with affinity-purified antibody at 

a dilution of 1 :200 for 1 hour at RT or overnight at 4 °C. After incubation, slides were 
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washed with PBS and incubated with secondary antibody using either biotinylated anti

rabbit IgG F(ab)2 antibody followed by detecting reagents (DAKO, Carpinteria, CA, 

USA). Sections were counterstained with hematoxylin. 

18. Bioinformatics 

To search for additional proteins containing the Y xxQ motif, we scanned Swiss

Prot (release 44.3; 156998 entries) and TrEMBL (release 27.3; 1379120 entries) protein 

databases using the ScanProsite program (http://us.expasy.org/tools/scanprosite/). The 

Prosite syntax used for scanning was Y-{P}(1,2)-Q(1,2)-X(1,4)-Y-{P}(1,2)-Q(1,2)

X(1,4)-Y-{P}(1,2)-Q(1,2). The taxonomic species filter was set as Homo sapiens, Mus 

musculus, Rattus norvegicus and Bos taurus. Sequences identified with more than three 

hits, which represented nine copies of the YxxQ motifs, were selected for analysis. Alu 

repeats within the regulatory sequences of the CoAA gene were identified using Censor 

Server at the Genetic Information Research Institute (www.girinst.org) and BLAST 

search at NCBI. Transcription factor binding sites within the CoAA basal promoter were 

predicted by the TFSEARCH program at Computational Biology Research Center 

(www.cbrc.jp). 

19. Construction of RBM4 minigenes and trans-splicing assays 

The RBM 4 minigenes contain all of the four intact exons and three truncated 

introns. A minimum 160 bp intronic sequence was left intact around each splice site to 

preserve any potentially necessary binding sites for splicing factors or the branch point 

and polypyrimidine tract. A Spe I restriction enzyme recognition site was introduced into 

RBM4's exon 3 without interrupting the reading frame. The minigene was inserted into 

the pcDNA3 vector and linked to either a CMV promoter or RBM4's native promoter 



56 

(from -1113 to + 1). To evaluate the splicing capability of RBM4 minigenes, HEK293 

cells were transfected with pcDNA3 vector alone or RBM4 minigenes either with CMV 

or native promoter in pcDNA3 using Lipofectamine 2000 (Invitrogen) according to the 

manufacturer's instructions. 48 hours after transfection, total RNA was isolated and 

treated as described in previous section. PCR using primer pairs spanning each of the 

three introns was performed. After PCR, the bands of the correct size corresponding to 

the joining of the two adjacent exons with the intron removed by splicing were excised, 

purified using Gel purification kit (Qiagen) and subjected to Spe I digestion (New 

England Labs). The digestion mix was then examined by agarose gel electrophoresis. 

In trans-splicing assays, HEK293 cells were transfected with pcDNA3 vector 

alone, or cotransfected with CoAA and RBM4 minigenes with CMV promoter or both 

CoAA and RBM4 minigenes with their native promoter in pcDNA3 in the same way as 

described above. 48 hours after transfection, total RNA was isolated and treated as 

described above. PCR using primers F 1 and R2 was performed to obtain endogenous and 

minigene-generated CoAZ and ncCoAZ. After PCR, the bands corresponding to the 

correct size of CoAZ and ncCoAZ were excised, purified and subjected to Spe I digestion. 

The digestion mix was then examined by agarose gel electrophoresis. The sequences of 

the primers used in constructing minigenes and trans-splicing assay were as follows: P1: 

5'- GAT TCC GGA TCC TTA GCC TGT TTT GTT CGT GTT- 3', P2: 5'-AAT AAG 

AAG ACG GGG ACA GGG TGG GCG AAA -3', P3: 5'- CCA CCC TGT CCC CGT 

CTT CTT ATT CTT ACA GGT TC -3', P4 5'- CTT AGA TGA AGA TAA GGT AAA 

GCC CCT AAG TCC -3', P5 5'- GGC TTT ACC TTA TCT TCA TCT AAG TGG TCT 

TTT CCT -3', P6: 5'- GGC TGT ATT ACT AGT CTG GAC TTG TGG- 3', P7: 5'-
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CCA CAA GTC CAG ACT AGT AAT ACA GCC- 3', P8 5'- TTG ATG ATG TTA 

CCA GCA CAT CAT TCT TTA TTT T -3', P9 5'- ATG ATG TGC TGG TAA CAT 

CAT CAA GAG CAA GGA A -3', PlO: 5'- GCT GCT CTC GAG CTC TGG CAC CTA 

CAA GTC CTA C- 3', Pll: 5'- GGA TCC CCG CCG CCA TTT TAG CGT TTT- 3', 

P12: 5'- TCT AGA GTC CAA AGA GTG TCC GAT AG- 3'. 

20. in Vivo Splicing and RT-PCR Analyses 

HEK293 cells were transiently transfected in a 3.5-cm dish with 2 Jlg of the 

reporter plasmids (RSV -CD44-v5 or MMTV -CD44-v5) and various amounts of the 

indicated protein expression plasmids. The fmal amount of transfected DNA was kept 

constant by addition of control empty vector. 24 hours after transfection, cells . were 

harvested and total RNA was prepared with Trizol reagent (Invitrogen) as described in 

the manufacturer's protocol. The isolated total RNA was treated with DNase I 

(Invitrogen) for 1 hr, denatured at 65 oc for 10 min, and immediately chilled on ice prior 

to RT-PCR. To detect RSV-CD44-v5 (pETv5) in vivo splicing products, RT-PCR was 

performed. For the analysis of RSV -CD44-v5 mini gene transcripts, RT-PCR was 

performed with primers: sense, 5'- AGTGGATCCGCTTCCTGCCCC 3', antisense, 5' 

CTGCCGGGCCACCTCCAGTGCC 3'. The essential RT-PCR experiments were 

repeated at least three times, and all these data gave consistent results. 

21. Preparation of Nuclear Protein Fractions 

To prepare nuclear protein fractions, cells were washed and scraped into 

phosphate-buffered saline and centrifuged at 10,000 rpm for 5 min in a microfuge. The 
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pelleted cells were suspended in buffer A (10 mM HEPES [pH 7.5], 10 mM KCl, 1 mM 

EDTA, 1 mM EGTA, 0.1% Triton®X-100, 1 mM DTT and complete protease inhibitor 

cocktail) at about 10 x the pellet volume and lysed by gentle pi petting. Nuclei were 

recovered by microcentrifugation at 8,000 rpm for 5 min. Nuclear proteins were extracted 

at 4 °C by gentle resuspension of the nuclei (at about 2 x the packed nuclear volume) of 

buffer containing 20 mM HEPES [pH 7.5], 420 mM NaCl, 10 mM KCl, 1 mM EDTA, 1 

mM EGTA, 1 mM DTT and protease inhibitor cocktail (Sigma), followed by 30 min of 

platform rotation at 4 °C. The nuclear protein suspension was cleared by 

microcentrifugation at 14,000 rpm for 15 min. The supernatants were collected and 

frozen at -80 oc for future use. All steps were carried out on ice or at 4 oc. Protein 

concentrations were measured by the Bio-Rad protein assay, using BSA as a standard. 



III. Gene Amplification and Associated Loss of 5' Regulatory Sequences of CoAA 

in Human Cancers. 

Hypothesis: The genetic aberration of CoAA may contribute to tumorigenesis. 

1. CoAA shares a similar YxxQ domain with several oncoproteins. 

The transcription activation domain of CoAA contains 27 copies of repeated 

tyrosine- and glutamine-rich sequences (termed Yxx.Q motifs), and the domain is thus 

named YxxQ domain. To obtain functional insight into these YxxQ motifs, pattern and 

profile searches in SWISS-PROT/TrEMBL databases were performed to search for 

additional mammalian proteins that might contain similar repeats. The rationale was that 

even though a large number of proteins might carry a random YxxQ-like sequence, only 

a few proteins would have the motif repeated many times. Surprisingly, 44 out of 52 

returned entries matched to six proteins. These matched proteins were the TET family 

members EWS, TLS/FUS and TAFII68; the oncoprotein SYT; the SWIISNF complex's 

largest subunit BAF250; and CoAA itself (Figure 4). The YxxQ domains in the TET 

family proteins overlap with their EWS activation domains (EAD), which are essential 

for the oncogenic transactivation of these oncoprotein164
•
165

• In addition, all six YxxQ 

domain containing proteins are known to be involved in transcriptional activation or in 

regulation of alternative splicing166
• This observation led to the speculation that the Yxx.Q 

domain in CoAA might also be an oncogenic transactivation domain, just like those in 

the oncoprotein. 

59 
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2. CoAA's YxxQ domain and EWS's EAD share similar binding, transcription and 

transformation capabilities. 

To determine whether CoAA's YxxQ domain was functionally similar to those in 

the oncoproteins, the binding, transcription, and transformation capabilities of CoAA's 

YxxQ domain and EWS's EAD were evaluated. EWS was selected because its EAD 

shared the most extensive homology with that of CoAA and its activities are 

representative of those of other YxxQ-containing oncoproteins. Previously, it has been 

shown that CoAA interacts with TRBP via its YxxQ domain167
• The binding affinity of 

EWS's YxxQ domain for TRBP was assessed by GST fusion protein pull-down assay. 

The results showed that in vitro translated EWS and SYT could interact with GST-TRBP. 

When EWS's YxxQ domain was fused to Fli-1, one of the most common fusion partners 

of EWS in sarcomas, the chimeric protein interacted with TRBP while Fli alone did not, 

indicating that the interaction between EWS and TRBP was mediated through its YxxQ 

domain (Figure 5A and data not shown). 

I 

Next, the transcription activities of the YxxQ domains were examined in a 

glucocorticoid receptor-mediated transcription assay using MMTV-luciferase as the 

reporter and dexamethasone as the hormone ligand. Consistent with previous reports, 

CoAA enhanced GR-mediated transcription whereas EWS did not exhibit any 

transactivation activity167
•
168

• However, when CoAA's YxxQ domain was substituted 

with that of EWS, the hybrid CoAA-EWS possessed comparable transactivation 

capability to known transcription factors, such as TRBP, SYT and BAF250, although this 



Figure 4. The YxxQ domain-containing proteins. A. Schematic representation of CoAA, 

EWS, TLSIFUS, TAFII68, SYT, and SWIISNF BAF250 structures. RRMs are shown as 

open boxes and repeated tyrosine- and glutamine-rich sequences (YxxQ) are shown as 

filled boxes with number of repeats indicated B. The sequence of the YxxQ domain from 

each protein is shown, with their tyrosine residues m highlighted, and residues within 

the motif including glutamine residues (Q) shaded The YxxQ, YxQQ, and YxQ sequence 

patterns are selected and shown. 
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capability to known transcription factors, such as TRBP, SYT and BAF250, although this 

capability was somewhat reduced compared to wild type CoAA, suggesting that the 

YxxQ domains in EWS and CoAA share nearly interchangeable transactivation activity 

(Figure 5B). 

It has been demonstrated that wild-type EWS does not have any transforming 

activity while chimeric EWS, in which EWS's YxxQ domain is fused to ETS family 

members, such as Fli-1, as a result of chromosomal translocation in sarcomas, behaves as 

an aberrant transcriptional activator that contributes to tumor developmene69
• To test 

whether CoAA's YxxQ domain possessed similar transforming activity, a CoAA-Fli1 

plasmid was constructed, mimicking EWS-Flil, and similarly, an AxxQ-Fli1 plasmid in 

which all of the 27 tyrosines in CoAA's YxxQ domain were mutated to alanine. NIH3T3 

stable cell lines expressing high levels of EWS-Fli1, CoAA-Fli1 and AxxQ-Fli1 were 

established and the transformed phenotype of these cells were examined using soft agar 

colony formation assay (Figure 6B). After three weeks, both EWS-Fli1 and CoAA-Fli1 

stable cell lines formed prominent colonies on the agar while neither the vector control 

nor AxxQ-Fli-1 cells formed any visible colonies. Since Fli-1 alone is not able to induce 

cell transformation169
, this result indicated that CoAA's YxxQ domain could transform 

NIH3T3 cells in a similar manner as EWS (Figure 6A). The number of cell in each stable 

cell line was counted every day for 8 consecutive days. The plotted growth curves of 

these cell lines showed that the cell numbers of EWS-Fli 1 and CoAA-Fli 1 cell lines 

continued to increase through the 8 day-period, whereas the vector control and AxxQ

Flil cells stopped proliferating as soon as day 3 (Figure 6C). Together, these results 
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demonstrated that ·Yxx.Q domains of CoAA and EWS shared similar binding, 

transcription and transformation activities, which initiated the investigation on the 

possible connection between CoAA and human cancers. 

3. The CoAA gene is amplified in a number of human cancers. 

Studies have shown that recurrent chromosomal translocation juxtaposes the EWS 

gene and ETS family genes and generates abnormal fusion genes in cancers 170
, therefore, 

it was first examined whether the CoAA gene exhibited any abnormality in cancers. To 

search for potential aberrations in the CoAA gene, fluorescence in situ hybridization 

(FISH) was performed on human cancer tissues using the 21 Okb BAC clone 

RP 11-527H7 as probe. The presence of the entire CoAA gene on the probe was verified 

by polymerase chain reaction (PCR). In a normal metaphase peripheral lymphocyte, there 

were four copies of the CoAA gene (red) located at its expected position near the 

chromosome 11 centromere (green) (Figure 7 A). FISH analysis of different cancer tissues 

showed that CoAA gene amplification was present in a number of hum_an cancers with 

high incidence rates in lung cancer (21/31), squamous cell skin carcinoma (3/4), 

pancreatic cancer (3/4) and lymphoma (3/7). CoAA gene amplification was also detected 

in gastric cancer (112), melanoma (115), esophageal c~ncer (112), stomach (112), breast 

cancer (2/44), and ovarian cancer (1/2). However, CoAA gene amplification was absent 

or undetectable in mesothelioma, sarcoma, liver, colon, kidney, brain, thyroid and 

prostate cancers (Table 1 ). Real time quantitative PCR was performed on some of the 



Figure 5. The YxxQ domains of EWS and CoAA share similar binding and transactivation capabilities. A. The 

YxxQ-containing proteins interact with TRBP. GST-TRBP (1641-2063) were incubated with in vitro translated, 

[358}-methionine-labeled YxxQ-containing proteins, including full-length CoAA, EWS, SYT and CoAA-Fli1, EWS

Flil fusion proteins. The full-length AxxQ mutant and CoAM were used as negative controls. Bound proteins were 

resolved by SDS-PAGE and detected by autoradiography. B. The YxxQ domains ofEWS and CoAA are functionally 

interchangeable. The hybrid CoAA-EWS was generated by substituting the CoAA YxxQ domain (307-584) with that 

of EWS (1-280). CV-1 cells were transfected with 0.2pg TRBP, CoAA, EWS, CoAA-EWS, SYT and BAF250 

encoding plasmid, together with 0.1 pg MMTV-luciferase reporter and 1 Ong GR. Cells were incubated with 

increasing amounts (0-100nM) of ligand dexamethasone (Dex). 36 hours after transfection, luciferase activity was 

assessed. Data are shown as means oftriplicate+s.e. 





Figure 6 The YxxQ domain in CoAA is able to induce oncogenic transformation of 

NIH3T3 cells. A. CoAA-Fli, but not AxxQ-Flil, induced anchorage-independent growth 

ofNIH3T3 cells. Established stable cell lines were cultured on semi-solid agar to observe 

foci formation. B. Establishment of EWS-Flil, CoAA-Flil and AxxQ-Flil stable cell lines. 

NIH3T3 cells were stably transfected with Flag-tagged EWS-Flil, CoAA-Flil and AxxQ

Flil, respectively. The expression of the introduced protein in each stable cell line was 

examined by fluorescence staining using anti-Flag antibody. C. Both EWS-Flil and 

CoAA -Flil proliferate faster than AxxQ mutant and vector control. Each stable cell line 

was plated into a 24-well plate in triplicate. Cell number was counted every day for 8 

consecutive days. Data are shown as means of triplicate wells + standard errors. 
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amplification-positive cancer samples and confirmed the FISH results (data not shown). 

There were several noticeable features of CoAA gene amplification. First, the red 

CoAA signal was not visible in every cell, suggesting that not every cell in the tumor had 

CoAA gene amplification, or that the CoAA gene was not amplified to the same extent in 

every cell (Figure 7B-G). Second, in addition to the tumor mass, cells with CoAA gene 

amplification were frequently found in the stromal region adjacent to the tumor. 

Examination of the same section of the tumor tissue using bright-field microscopy 

suggested that tumor cells with amplified CoAA were very small in size and were less 

differentiated with a high nucleus-cytoplasmic ratio or scant cytoplasm (Figure 7M-N). 

Third, when viewing a single cell under high magnification, it appeared that there were 

tens or even hundreds of copies of the CoAA gene within a cell. At this magnitude of 

amplification, it is possible the CoAA gene might be located on the extra-chromosomal 

structures called double minutes (Figure 7 1-L). 

4. CoAA gene amplification is independent of the CCNDl gene. 

The human CoAA gene (gene symbol RBM14) is located at chromosome llq13, 

a locus that has been shown to be rearranged and amplified in multiple human 

cancers171
•
172

• 3Mb distal to the CoAA gene, is the CCNDl gene, which is frequently 

amplified in lung and skin cancers and is considered to contribute to other genes' 

amplification at the chromosome llq13 region. To determine whether the CoAA gene 

amplification was an independent event or a consequence of CCND 1 gene amplification, 

quantitative real time PCR analysis was performed to measure the gene copy numbers of 



Figure 7. The CoAA gene is amplified in human cancers. FISH analysis of paraffin-embedded tumor tissue sections 

using chromosome 11 centromere probe (green) and CoAA BAC probe (red) (A-D), or CoAA probe only (E-L). 

Slides were counterstained with DAPL A normal metaphase peripheral lymphocyte serves as control (A). FISH on 

interphase lung cancer (B), lymphoma (C), and breast cancer (D) (x600). The CoAA signal in a lung cancer is shown 

with increasing magnification (E-H, x100, x200, x400 and x1000). High magnification views of a single nucleus 

are shown for lung cancer (1), lymphoma (J), skin cancer (K), and pancreatic cancer (L) (x1000). Comparison of the 

same lung cancer section using FISH (M) and bright-field microscopy (N) are compared 
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Table 1 Gene amplification of CoAA in human cancers as determined by fluorescent 
in situ hybridization analysis using BAC clone RP11-527H7 as probe. 

TMA Tissue type Positive/Total Samples 

Multiple tumor array 

Breast cancer array 

Lung cancer array 

Liver 
Lung 
Pancreas 
Melanoma 
Esophageal 

Gastric 
Colon 
Breast 
Kidney 
Astrocytoma 
Lymphoma 
Mesothelioma 
Squamous skin 
Basal cell 
Carcinoids 
Neuroblastoma 
Undifferentiated 
Sarcoma 
Stomach 
Prostate 
Thyroid 
Ovary 

Normal breast 
Fibroadenoma 
Carcinoma in situ 
Medullary Carcinoma 
Lobular Carcinoma 
Ductal carcinoma 
Paired metastasis 

0/4 
3/3 
3/4 
115 
112 

1/2 
0/3 
0/4 
0/3 
0/4 
3/7 
0/5 
3/4 
1/4 
0/5 
0/1 
2/5 
0/6 
112 
0/4 
0/2 
112 

0/5 
0/5 
0/2 
0/2 
0/5 
2/25 
0/5 

Intensity a 

++++ 
+++ 

+ 
+ 

++ 

+++ 

++++ 
+ 

+ 

+ 

+ 

+ 
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Normal lung 0/4 
Hyperplasia 2/8 + 
Carcinoma 5/5 ++++ 
Carcinoma-necrosis 0/2 
Paired adjacent tissue 6/8 +++ 
Paired carcinoma 8/8 ++++ 

a The intensity of amplification is scored as completely negative(-), weakly positive(+) 
with 3-4 copies per interphase, positive ( ++) with 5-l 0 copies per interphase, strongly 
positive ( +++) with the presence of over 10 copies per interphase, and very strongly 
positive ( ++++ ), with the presence of over 20 copies per interphase. 
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CoAA and CCND1 in 20 primary lung cancers, 10 squamous cell skin cancers, 12 

lymphomas and 6 lung cancer cell lines. With a threshold value of a two-fold increase in 

copy number as an indicator of gene amplification, the PCR results showed that in 35% 

of the samples examined, neither CoAA nor CCND1 was amplified; in 42% of the 

samples, only CoAA was amplified; in 13% of the samples, only CCND 1 was amplified; 

and only in 10% of the samples, both CoAA and CCND1 were amplified (Figure 8). The 

different amplification patterns of these genes suggested that the CoAA gene 

amplification was independent of the CCND 1 gene in the majority of the cancer samples 

with CoAA gene amplification. Although in some cases, CoAA and CCND 1 co-amplified, 

the copy number increase of the genes did not correlate. Therefore, this result confirmed 

that the CoAA gene was amplified in different human cancers and its amplification was 

independent of the CCND 1 gene. 

Importantly, the copy number increase measured by real time PCR might be an 

underestimate of the real increase due to the cell heterogeneity, as demonstrated by FISH 

analysis; thus, the CoAA gene might be amplified at an even more significant magnitude 

in cells with CoAA gene amplification and present in the cells where FISH analysis failed 

to detect CoAA gene amplification. 

5. The 5' proximal sequence of the CoAA gene is recurrently absent in the CoAA 

amplicons. 

In order to address the molecular mechanism of the CoAA gene amplification, 

quantitative real time PCR was performed to delineate the CoAA amplicon boundaries in 



Figure 8. CoAA gene amplification is independent of CCND 1. Quantitative real-time PCR analysis of CoAA 

(primers P6) and CCND 1 (primers P 14) gene copy numbers was performed on genomic DNA from 9 squamous cell 

lung carcinomas (1, 2, 3, 5, 6, 17, 18, 19, 20), 11 adenocarcinoma lung cancers (4, 7, 8, 9, 10, 11, 12, 13, 14, 15, 

16), 9 follicular lymphomas (1, 2, 3, 4, 5, 6, 7, 8, 9), 3 large B eel/lymphomas (1 0, 11, 12), 10 squamous cell skin 

cancers, 6 lung cancer cell lines and normal genomic DNA (N). A serial dilution of normal human genomic DNA 

was used as the standard and the gene copy number value of thyroid hormone receptor alpha (TRa) was used as an 

internal control. Data are shown as means of duplicate samples + standard errors and are representative of three 

independent experiments. 
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three different cancer samples (skin-6, lung-2 and lymphoma-5) identified in Figure 8 as 

exhibiting the highest magnitude of CoAA gene amplification. Lung-2 and.lymphoma-5 

were previously subject to FISH analysis with a positive outcome (Figure 7 and table 1). 

Fourteen pairs of primers were designed to correspond to the exonic regions of eleven 

different genes spanning an approximately 5 Mb genomic region surrounding the CoAA 

gene (Figure 1 0). The specificity of the primers used in real time PCR was verified and 

their efficiency was comparable. The copy number of each gene was measured. If the 

increase in copy number of a gene was more than two fold and comparable to that of 

CoAA, the gene was considered to be within the CoAA gene amplicon. The same 

experimental procedure was also performed on normal human genomic DNA and DNA 

from cancer samples without CoAA gene amplification as controls (Figure 9). 

The results showed that, while there was no region with an apparent gene copy 

number increase in the control, the gene copy number in the region containing the CoAA 

gene was significantly elevated compared to neighboring regions in the three samples. 

The amplicons in the three samples varied from 300 to 650 Kb in size and overlapped 

with one another. The core amplicon region was about 300Kb. Interestingly, although the 

3' boundaries of these amplicons varied, their 5' boundaries were consistently located 

immediately upstream of the CoAA coding region, between primer pairs P4 and P5, 

indicating the sequences proximal to CoAA exon 1 were not included in the amplicons 

(Figure 10). Despite the fact that there were six genes in the core amplicon region, only 

the CoAA gene exhibited this genomic alteration. Noticeably, a fragile site, FRAllA, is 

located immediately upstream of all of the amplicons173
•
174 (Figure 9). Based on the 
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Breakage-Fusion-Bridge theory of gene amplification175
, FRA11A together with other 

downstream fragile sequences may contribute to the establishment of the CoAA amplicon 

boundaries. 

In summary, this result confirmed that the CoAA gene amplification was 

independent of the CCND 1 gene since the CCND 1 gene was not included in the 

amplicons. Furthermore, it revealed a recurrent absence of 5' proximal sequences in the 

CoAA amplicon, the consequence of which will be addressed in the following section. 

6. Loss of 5' regulatory sequence leads to elevated CoAA promoter activity. 

Upstream of CoAA's transcription start site, there are 21 tandemly arranged Alu 

repeats followed by CoAA's basal promoter. The basal promoter, located immediately 

upstream of exon 1, is highly GC-rich and contains predicted binding sites for 

transcription factors, such as, NF-Y and Sp1 (Figure 11A). 

A fine mapping of the 5' boundaries of the amplicons using semi-quantitative 

PCR revealed that the GC-rich basal promoter region was retained whereas the proximal 

Alu-rich sequences were invariably absent in the amplicons. As shown in Figure 11B, 

there was a significant DNA copy number difference between the region indicated by 

P15 and P16, suggesting that the Alu-rich sequence, not CoAA's basal promoter, was 

absent in the amplicons. Because it has been increasingly acknowledged that gene 

regulatory elements are frequently embedded in repetitive DNA, such as Alu 

sequences176
•
177

, it is possible that the absence of 5' proximal sequence in the amplicon 

represents a truncated promoter of the CoAA gene. 
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It has been reported that truncation of promoters may lead to aberrant gene 

transcription. To evaluate the potential impact of this truncated promoter on CoAA's 

transcription, CoAA's 5' proximal sequences of variable lengths were linked to a 

luciferase reporter, transfected into the cells and the luciferase activity generated from 

each construct was measured. The results showed that the basal promoter region alone (-

1320 to+ 1) could potently activate transcription while the inclusion of proximal Alu-rich 

sequences (-5000 to + 1) drastically reduced the transcription activation (Figure 11C), 

suggesting the Alu-rich sequence (-5000 to -1320) may act as a negative regulatory 

element of CoAA gene transcription. Since this inhibitory element was absent in CoAA 

amplicons, the truncated promoter might result in elevated promoter activity which in 

tum, could lead to elevated transcription and protein overexpression. When plasmid 

encoding CoAA protein was cotransfected with the constructs containing 5' proximal 

sequences, the expression of CoAA protein could potently stimulate its own basal 

promoter activity in a dose-dependent manner while it failed to elicit any stimulation of a 

more complete promoter (Figure 11D). 

Based on these observations, it is possible that the transcription of the CoAA gene 

is normally activated through its basal promoter and inhibited by the upstream silencing 

sequences. This balance may be disrupted in cancer when the CoAA gene becomes 

amplified without its Alu-rich silencer. The truncated CoAA promoter in the amplicons 

could lead to elevated transcription and translation which would likely result in CoAA 

protein overexpression. The overexpressed CoAA protein, in tum, could further stimulate 
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the truncated promoter through a positive feedback loop, establishing a VICious 

amplification-overexpresion cycle (Figure llE). 

7. CoAA protein is overexpressed in cancers with CoAA gene amplification. 

To determine whether the hypothesized amplification-overexpression model was 

correct, a rabbit polyclonal antibody against CoAA was generated. The specificity of the 

antibody was verified by both Western blot and immunofluorescence staining (Figure 

12A and B). Using affinity-purified CoAA antibody, immunohistochemistry was 

performed on the three cancer samples (skin-6, lung-2 and lymphoma-S) used for 

amplicon mapping as well as other cancer samples positive for CoAA gene amplification 

as identified by FISH. The results showed that compared to tissues without CoAA gene 

amplification, high level of CoAA protein expression was detected in the three amplicon 

mapping samples (Figure 12D). In other positive cancer samples, the level of CoAA 

protein expression was also significantly elevated (Figure 12C). However, it was not 

known whether the CoAA amplicon in these samples had a similar structure as the ones 

that had been characterized. Interestingly, in normal tissues, CoAA expression was 

restricted to a subset of cells including the basal layer of the skin, and type II alveolar 

cells of the lung. During tumorigenesis, the expression of CoAA protein was elevated and 

correlated with cancer progression (Figure 13). Together, these results suggested that 

CoAA gene amplification, potentially through the truncated CoAA promoter in the 

amplicon, resulted in CoAA protein overexpression in cancer. 
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Figure 10. Mapping CoAA amp/icons. Diagrams illustrate the human CoAA gene locus 

at chromosome 11 q 13 (drawn to three successively larger scales, after NCB I). Genes are 

shown on the top of each line and labeled in italics. Fourteen pairs of primers used for 

amp !icon mapping are indicated below the lines. The fragile site FRA11A and FISH BAC 

probe RP11-527H7 are shown with their spanning regions indicated The locations of the 

three mapped amp/icons (Skin-6, Lym-5 and Lung-2) are depicted as gray boxes. In the 

enlarged bottom panel, the CoAA gene is shown with three exons and its 5' regulatory 

sequence is shown with 21 Alu repeats upstream of the basal promoter. Multiple Alu 

repeats are shown by oriented arrows (Alu-Y, black; Alu-S, gray; Alu-J, white). The 

boundary between amplified and non-amplified sequences is indicated with a bar. 
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Figure 11. Loss of 5' regulatory sequence leads to elevated CoAA promoter activity. (A) 

Schematic representation of the genomic region upstream of CoAA exon 1. Alu repeats 

are shown as oriented arrows. Numbers above the diagram indic;ate the promoter 

fragments used for reporter assays. A putative CpG island is indicated. The positions of 

primer pairs (P15, P16 and P17) used in Bare indicated. (B) The CoAA basal promoter 

is preserved while 5 'proximal sequence is absent in the CoAA amp/icon. PCR analysis 

of the 5' boundaries of the three amp/icons is shown. Primer positions are indicated in A. 

Normal genomic DNA was used as a control. (C) 5 'proximal sequence suppresses CoAA 

basal promoter activity. Promoter activities of the CoAA gene were evaluated using a 

luciferase reporter system. The length of the promoter fragments was calculated from 

transcription start site, + 1. The positions of these deletions are indicated in A. (D) CoAA 

protein stimulates its basal promoter activity. Increasing amounts of CoAA expression 

plasmids (0, 0.2, 0.4 mg) were cotransfected with the luciferase reporters (0.1 mg) 

containing CoAA promoter sequences as indicated. Relative luciferase activities were 

measured and l'lhown as means of triplicate + s.e. (E) Model of CoAA activation in 

cancer. CoAA gene is activated through its basal promoter (in black) and inhibited by its 

upstream silencer (in gray). Loss of silencer leads to elevated promoter activity and 

CoAA protein overexpression. The overexpressed protein, in turn, stimulates its basal 

promoter for further protein production through a feedback loop, establishing a self

propagating cycle. 
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8. CoAA mRNA is upregulated in human cancers. 

In addition to the protein level, CoAA mRNA expression was examined in human 

primary tumors. N orthem dot blot analysis was performed on 100 paired normal and 

primary tumor tissues from 10 tumor types. The results showed that CoAA mRNA 

expression was elevated in 80% of the lung cancers, 70% of the skin cancers, 60% of 

the stomach cancers, 90% of the testicular cancers, 40% of the thyroid cancers, 60% of 

the uterine cancers, 20% of the cervical cancers, 30% of the breast cancers, 50% of the 

ovarian cancers and 60% of the colon cancers (Figure 14). It is currently unclear how 

many of these samples with mRNA upregulation contain CoAA gene amplification; 

however, the relatively higher percentage of CoAA mRNA upregulation in lung and skin 

cancers was consistent with our FISH and quantitative PCR analyses (Figure 4 and 5). 

These data nevertheless indicate that CoAA mRNA expression was increased in a large 

number of primary cancers. 

9. CoAA overexpression leads to cell transformation. 

To investigate the physiological consequence of CoAA overexpresston, two 

NIH3 T3 stable cell lines expressing high levels of CoAA and CoAA' s mutant AxxQ 

were established, respectively (Figure 15A). In the AxxQ mutant, all 27 tyrosines in the 

Y xxQ domain of full length CoAA were mutated to alanines, and the accuracy of the 

AxxQ mutant was confirmed through complete nucleotide sequencing. The transformed 

nature of these cell lines was assessed by soft agar colony formation assays, using 

NIH3T3 cell line stably transfected with pcDNA3 vector as a negative control and EWS

Fli overexpressing cells as a positive control. The result showed that wild-type CoAA 
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stably transformed cells formed prominent colonies on the soft agar whereas AxxQ and 

PCDNA3 stably transformed cells did not. CoAA stable cells proliferated at a faster rate 

than the AxxQ mutant and vector control, as indicated by growth curves and BrdU 

incorporation assay (P=0.013). However, the foci number and proliferation rate ofCoAA 

cells were reduced compared to those ofEWS-Fli and YxxQ-Fli stable cells (Figure 15A, 

Band C). 

The C9AA expression in the CoAA stable cell line was 3-4 fold higher than the 

endogenous level in the control cells (Figure 15D). To determine whether the increased 

CoAA expression was the direct cause of the transformation phenotype, CoAA's 

expression was attenuated by siRNA in both CoAA stable cells and NCI-H69 cells, a cell 

line with a 2.5-fold CoAA gene amplification as demonstrated in Figure 8, and cell 

proliferation rate was assessed by BrdU incorporation assay. The results showed that 

knockdown of CoAA with siRNA inhibited proliferation in a dose-dependent manner in 

the lung cancer cell line H69 and CoAA stable cells (Figure 15E). Collectively, these 

results support the conclusion that overexpression of CoAA promoted cell proliferation 

and induced transformation. 



Figure 12. CoAA protein expression in cancer. (A) Immunoblotting analysis of endogenous CoAA in cell 

nuclear extracts using polyclonal anti-CoAA antibody. (B) Immunofluorescence staining of nuclear CoAA 

using affinity-purified anti-CoAA antibody. Cells were methanol-fixed and double-stained with anti-CoAA 

(red) and monoclonal anti-cytokeratin (green) as a counterstain. The merge of two images is shown below. 

(C) Immunohistochemical staining of lung carcinomas from a lung cancer array with and without CoAA 

amplification, in which adjacent lung carcinoma slides were compared by FISH (not shown) and 

immunohistochemical analyses (xJOO). (D) CoAA protein overexpression in the three tumors with mapped 

amp/icons (x600). Red blood cells are visible in Lym-5. Arrows indicate cancer cells with CoAA 

overexpression. 
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Figure 13. Immunohistochemical staining of CoAA in human lung and skin cancers. Normal human lung and skin 

tissues, carcinoma in situ, and invasive carcinomas are shown (x -100). 
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Figure 15. CoAA overexpression induces oncogenic transformation of NIH3T3 cells. (A) 

Anchorage-independent growth of NIH3T3 cells in soft agar. NIH3T3 cells were stably 

transfected with empty vector and Flag-tagged expression plasmids for EWS-Flil, wild

type CoAA and the AxxQ mutant, respectively (top panel). The expression of the 

introduced protein in each stable cell line was examined by fluorescence staining using 

anti-Flag antibody (lower panel). (B) Quantification of the foci number in (A). The data 

shown are the mean value of two independent experiments. (C) Growth curves of 

established stable cell lines. Each stable cell line was plated in a 24-well plate in 

triplicates. Cell number was counted every day for 8 consecutive days. Data are shown 

as means of triplicate samples + standard errors. (D) Western blot analyses of 

endogenous CoAA in NIH3T3 cells and overexpressed CoAA in CoAA stable cell line. 

Arrows indicate CoAA (lower panel). Cell proliferation rates of NIH3 T3 cells and CoAA 

stable cells were measured by BrdU incorporation assay (top panel). (E) The 

proliferation of NCI-H69 cells was attenuated when CoAA 's expression was inhibited 

NCI-H69 cells ~were transfected with different doses of CoAA siRNA as indicated and the 

proliferation rate of the cells at different doses was measured by BrdU incorporation 

assay (left panel). The proliferation rate of cells transfected with mock siRNA is shown as 

control (right panel). 





IV. Functional trans-splicing of nuclear receptor co activator CoAA and 

corepressor RBM4 transcripts during stem cell differentiation 

Hypothesis: CoAZ and ncCoAZ, trans-splicing variants of CoAA and RBM4, may 

regulate their parental genes' activity 

1. Identification of two trans-splicing events between the CoAA and RBM4 genes. 

In the previous section, it was observed that the 5' regulatory sequence upstream 

of the CoAA gene promoter region was recurrently absent in CoAA amplicons in 

different types of cancer. Subsequent studies revealed that this regulatory sequence could 

modulate the alternative splicing of the CoAA gene during mouse embryonic carcinoma 

stem cell differentiation and that .the unbalanced expression of CoAA and its splice 

variant-CoAM, could potentially impact stem cell differentiation 178
• These findings 

initiated a search for additional splice variants of CoAA, the expression of which could 

be a result of the truncated CoAA promoter in cancer or could impact cell differentiation. 

During the search, it was observed that several ESTs supported the idea of trans

splicing between the CoAA and RBM4 genes, a gene 10 kb distal to the CoAA gene. To 

determine whether these trans-splicing events truly exist in situ, total RNA from HeLa 

cells was extracted and RT-PCR was performed using different primer pairs spanning the 

CoAA and RBM4 genes (Figure 16 A and B). The results showed two visible bands 

when primers located at CoAA's exon 1 were paired with primers located at RBM4's 

94 
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exon 3. The sequencing of these bands revealed two trans-splicing events. In the first 

event, CoAA's exon 1 was joined with RBM4's exon 3. This splicing event produced an 

in-frame chimeric protein which contained CoAA's frrst RNA recognition motif (RRM) 

and RBM 4' s zinc finger motif. This product was thus named CoAZ. In the second event, 

CoAA's exon 1 was joined with RBM4's exon 2. This splicing event introduced a pre

mature stop codon, and the transcript might be targeted to non-sense mediated decay. 

Therefore, this product was named ncCoAZ. To rule out the possibility that these 

transcripts may result from abnormal genomic rearrangement, additional primers were 

used. When primers located at CoAA's exon 1 and RBM4's exon 2 were paired, only 

ncCoAZ was amplified. When primers located at CoAA's exon 2 were paired with 

primer located either at RBM4's exon 2 or exon 3, no band was visible (Figure 16C). 

These results confirmed that the presence of CoAZ and ncCoAZ was not due to abnormal 

genomic rearrangement. 

2. CoAZ and ncCoAZ share CoAA's promoter and RBM4's polyadenylation signal. 

CoAZ's full-length eDNA sequence was obtained by 5' and 3' RACE using total 

RNA extracted from HeLa cells. CoAZ eDNA contains 1600 nucleotides and encodes a 

protein of 339 amino acids (Figure 17). In CoAZ, CoAA's exon 1 and RBM4's exon 3 

are joined via consensus splicing donor and acceptor GT -AG sequences and the chimeric 

protein contains a RRM and a CCHC retroviral type zinc finger. Interestingly, the 5' 

UTR of CoAZ is identical to that of CoAA, suggesting that CoAA and CoAZ share the 

same promoter. The 3' UTR of CoAZ is the same as that of RBM4, indicating that they 

share the same polyadenylation signal. To exclude the possibility that RACE primers 

l--, 
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accidentally annealed to CoAA and RBM4's RNA and amplified their 5' and 3' UTR 

sequences, primers spanning CoAA and RBM4 junction were used in RACE and were 

extensively tested to confirm their specificity to CoAZ and not to CoAA or RBM4 

(Figure 17B). RACE was not performed to obtain the untranslated region of ncCoAZ; 

however, the complete eDNA sequence of ncCoAZ was obtained by direct RT-PCR 

using primers spanning the 5' UTR of CoAA and 3 'UTR of RBM4 followed by 

sequencing. The sequencing showed that ncCoAZ contains 1999 nucleotides and encodes 

CoAA's first RRM in one reading frame and the full length RBM4 in another frame. It 

shares CoAA's promoter and RBM4's polyadenylation signal as well. The same 

experimental procedures were also performed on total RNA extracted from HEK293 cells 

and the same CoAZ and ncCoAZ full length sequences were obtained (data not shown). 

The presence of CoAZ and ncCoAZ was also detected in P 19 mouse embryonic 

carcinoma stem cells using mouse specific primers and confirmed by direct sequencing. 

Alignment of the deduced amino acid sequences of CoAZ from human and mouse 

revealed significant conservation of CoAZ between human and mouse (Figure 17C). 

These findings suggested that the existence of CoAZ and ncCoAZ might have an 

evolutionary origin as implicated by their presence in both human and mouse. In addition, 

the shared 5' and 3' UTR between CoAZ, ncCoAZ and their parental genes indicated that 

they might arise during CoAA and RBM4's natural cis-splicing process rather than from 

some alternative promoter. 
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3. CoAZ and ncCoAZ are natural trans-splicing products of the CoAA and RBM4 

genes. 

To determine whether CoAZ and ncCoAZ were real trans-splicing products of the 

CoAA and RBM4 genes, minigenes for CoAA and RBM4 were constructed. The 

rationale was that if trans-splicing could occur naturally between the CoAA and RBM4 

genes, their minigenes should be able to direct trans-splicing as well, as long as the 

minigenes preserveD the splicing capability of their wild-type genes. CoAA's minigenes 

were constructed with either its native or CMV promoter, as previously described178
. 

Analogously, two RBM4 minigenes with either its native or CMV promoter were made. 

Both RBM4 minigenes consisted of all four intact exons and truncated introns. A Spe I 

restriction site was introduced into RBM4's exon 3 in the minigenes to allow 

discrimination of the trans-splicing products generated by the minigenes from 

endogenous ones (Figure 18A). The splicing capability of CoAA minigenes was 

examined previously178
. The splicing capability of both RBM4 minigenes was evaluated 

by RT-PCR, followed by Spe I restriction enzyme digestion. 

The results showed that all of the introns in the RBM4 minigenes could be 

precisely removed from the pre-mRNA, although intron 2 and 3 were removed at a 

reduced efficiency when compared to the wild-type RBM4 gene (Figure 18B). Primers 

located at CoAA exon 1 and RBM4 exon 3 were used to amplify both endogenous and 

minigene-generated CoAZ and ncCoAZ. As shown in Figure 18C, CoAZ and ncCoAZ 

were detected in HEK293 cells transfected with empty vector alone or co-transfected 



Figure 17. Identification of CoAZ and ncCoAZ as trans-splicing variants of CoAA and RBM4. (A) Schematic 

representation of CoAA and RBM4 genes in which introns are shown as lines and exons are boxes with splicing 

events depicted (not to scale). CoAA exons are numbered 1-3 and RBM4 exons I-IV. Translation start sites are 

indicated by ATG. The position of primers for 5' and 3' RACE of CoAZ are shown as open and filled arrows, 

respectively. The mRNA transcripts of CoAA and RBM4 and their corresponding protein products are shown with 

each region correlated with open, shaded and filled boxes. RNA recognition motifs (RRM), CoAA activation domain 

(YxxQ) and RBM4 zinc-finger containing C-terminus (ZnF) are indicated. Deposited accession numbers at NCB! 

GenBank are: human CoAZ, EU287938; human ncCoAZ, EU287939; mouse CoAZ, EU287940; and mouse ncCoAZ, 

EU287941. (B) 5' and 3' RACE analyses of CoAZ. Number indicates sequential PCR steps. (C) Aligned primary 

sequences of human and mouse CoAZ. The RRM domain is underlined and the zinc-finger is boxed. Non-identical 

amino acids between human and mouse are shaded. Arrow indicates the trans-splicing in-frame fusion site. 
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with both CoAA and RBM4 minigenes with either CMV or their native promoters. CoAZ 

and ncCoAZ bands were individually excised and purified and were subject to Spe I 

digestion. After digestion, only CoAZ and ncCoAZ generated from the cells transfected 

with both minigenes yielded two bands, indicating trans-splicing occurred between the 

CoAA and RBM4 minigenes. 

Noticeably, minigenes with either CMV or native promoters were capable of 

directing the trans-splicing process, and there was no significant difference between the 

two promoters as far as the yield of trans-spliced products was concerned. When the 

genomic sequences of CoAA and RBM4 were aligned, no homology was found between 

their intronic sequences (data not shown). Therefore, it is unlikely that the trans-splicing 

between CoAA and RBM 4 genes is mediated through intron pairing. In summary, these 

results showed that CoAZ and ncCoAZ are natural trans-splicing products between the 

CoAA and RBM4 genes. They are generated from distinctively transcribed CoAA and 

RBM4 pre-mRNA, not as a result of transcription "read-through". Although this trans

splicing assay cannot rule out the possibility that the trans-splicing may occur between 

the endogenous CoAA gene and the RBM4 minigenes or between the endogenouse 

RBM4 gene and the CoAA minigenes, the point is still valid that trans-splicing between 

CoAA and RBM4 can occur naturally. 

4. CoAZ and ncCoAZ mRNAs are ubiquitously present in different human tissues 

and cell lines. 

To study CoAZ and ncCoAZ's physiological function, the mRNA expression 

patterns of CoAZ and ncCoAZ and their correlation with those of CoAA and RBM4 were 
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first examined in different human tissues and cell lines. The results showed that CoAZ 

and ncCoAZ were present in all human tissues and cell lines examined, although with 

variable expression. In most cases, ncCoAZ' s expression was correlated with that of 

RBM4 and CoAA, with high expression in adult lung, liver, spleen, thymus, pancreas, 

testis, fetal lung tissues and the HEK293 and DU145 cell lines. However, CoAZ's 

expression did not directly correlate with that of either CoAA or RBM4. CoAZ was 

expressed at high level in adult brain, placenta, kidney, heart, fetal kidney and the A-431 

H1299 and HeLa cell lines. Interestingly, the expression of ncCoAZ seemed to be 

inversely correlated to that of CoAZ: in many cases, when ncCoAZ was expressed at 

high levels, the expression of CoAZ was very low and vice versa. Moreover, in some 

tissues, the relative ratio between CoAZ and ncCoAZ seemed to be related to 

developmental stage. For example, in fetal brain, the expression of CoAZ was higher than 

that of ncCoAZ; however, in adult brain the expression levels of ncCoAZ and CoAZ 

were inverted. A similar pattern was also observed in kidney and heart, where the 

expression of CoAZ and ncCoAZ was inverted in fetal and adult tissues (Figure 19). 

It is possible that, the expression of CoAZ and ncCoAZ are regulated by 

-developmental stage, and, because ncCoAZ and CoAZ share the same promoter and 

polyadenylation signal, they may compete with each other for the splicing junction 

between RBM4's intron2/exon3, as indicated by RACE. 



Figure 18. CoAZ and ncCoAZ are natural trans-splicing products of CoAA and RBM4 genes. (A) Schematic 

representation of CoAA and RBM4 minigenes. Each minigene contains the wild-type genes' exon sequences and 

truncated intron sequences. A Spe I restriction enzyme recognition site was inserted into the third exon in RBM4 

mini genes without changing the reading frame. Mini genes are linked to either the CMV promoter or their wild-type 

gene's native promoter and inserted into pcDNA3 vectors. (B) HEK293 cells were transfected with vector alone or 

with both CoAA and RBM4 minigene constructs using a CMV promoter or with both CoAA and RBM4 minigene 

constructs with their native promoters. 36 hours after transfection, total RNA was isolated, and the splicing of each 

intron in the RBM4 minigenes was tested by RT-PCR with primer pairs spanning each intron as indicated in (A) 

followed by Spe I digestion. CMV signifies CoAA and RBM4 minigenes with CMV promoter and Promoter signifies 

CoAA and RBM4 minigenes with their native promoters. (C) The presence of trans-spliced CoAZ and ncCoAZ 

generated by minigenes was examined by RT-PCR with primers spanning CoAA exon 1 and RBM4 exon 3, followed 
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5. CoAZ transcript encodes a protein with CoAA's first RRM domain and RBM4' s 

zinc finger containing carboxyl terminus while ncCoAZ transcript does not encode 

any protein product. 

Although several studies have reported the occurrence of trans-splicing between 

closely linked genes, few of them detect the presence of chimeric proteins150
•
151

• To 

determine whether CoAZ and ncCoAZ transcripts encode protein products in cells, we 

generated a polyclonal antibody, anti-ZnF, against 113-339 amino acids of CoAZ, which 

is encoded by RBM4's exon 3. Another polyclonal antibody, anti-RRM, which was 

generated previously167
, was also used. Anti-RRM antibody recognizes CoAA's RRM 

which is shared by its splice variant, CoAM and CoAZ. Plasmids encoding Flag-tagged 

CoAA, RBM4, CoAM, CoAZ and ncCoAZ were individually transfected into HEK293 

cells and the expression of these introduced proteins was analyzed by Western blot using 

anti-RRM, anti-ZnF and anti-Flag antibodies, respectively. Compared to the anti-Flag 

antibody, anti-ZnF and anti-RRM antibodies could efficiently detect endogenous as well 

as overexpressed RBM4 and CoAA (Figure 20A). CoAZ transcript produced a protein at 

the predicted size with a CoAA RRM domain and an RBM4 zinc finger-containing C

terminus as detected by both anti-ZnF and anti-RRM antibodies (Figure 20A). These 

results were further supported by immunoprecipitation of Flag-tag CoAZ protein using 

either anti-ZnF or anti-RRM antibody followed by Western Blot with either anti-RRM or 

anti-ZnF antibody (Figure 20B). 

The endogenous CoAZ protein in HEK293 cells is below the detection level in 

spite of the fact that a low level of CoAZ mRNA is expressed. CoAZ protein was 
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predominantly localized in the nucleus as demonstrated by immunofluorescence staining 

using anti-Flag antibody (Figure 20C). Interestingly, ncCoAZ, which could be translated 

into CoAA's first RRM in one reading frame or into full length RBM4 protein in another 

frame was not detected by any of the antibodies. ncCoAZ plasmid and its reverse

transcribed eDNA were subjected to sequencing and the sequence accuracy was 

confirmed. These results suggested that although ncCoAZ could yield mRNA transcript, 

the pre-mature stop codon in ncCoAZ's nucleotide sequence prevented its translation. In 

this regard, the expression of the ncCoAZ transcript may compete with the expression of 

RBM4 protein to provide a regulatory mechanism for RBM4 expression due to the shared 

splice sites. 

To detect the presence of CoAZ, immunoprecipitation with anti-ZnF and anti

RRM antibodies were performed using total or nuclear extracts from HeLa, HEK293, 

H3776T, U20S and A549 cell lines. So far, we have only detected the presence of 

endogenous in HeLa cells (Figure 20D). 

6. Switched mRNA expression of CoAZ and ncCoAZ during P19 stem cell 

differentiation. 

It was demonstrated in a previous study that there is a switch in the expression of CoAA 

and its splice variant, Co AM, during P 19 cell differentiation 178
. It is also known that 

RBM4's homolog in Drosophila, Lark, is involved in Drosophila embryonic 

development179
• Therefore, it would be interesting to know whether the expression of 
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Figure 20. ncCoAZ does not encode a protein product while CoAZ encodes a protein with CoAA 's RRM and RBM4 's 

Zinc finger domain. (A) HEK293 cells were transfected with Flag-tagged plasmids encoding CoAA, CoAM, CoAZ, 

RBM4 and ncCoAZ, respectively. 48 hours after transfection, whole cell lysates were extracted and immunoblotting 

was performed using anti-RRM, anti-ZnF and anti-Flag antibodies. Anti-RRM antibody recognizes the RRM domains 

of CoAA, CoAM and CoAZ; anti-ZnF antibody recognizes the zinc-finger domain of RBM4 and CoAZ. ncCoAZ did not 

yield any protein product. (B) Flag-tagged CoAZ was overexpressed in HEK293 cells, the overexpressed CoAZ protein 

could be immunoprecipitated by RRM, ZnF, and Flag antibodies, respectively, and be detected by immunoblotting with 

either ZnF or RRM antibody. Sera from pre-immunized rabbits were used as control for immunoprecipitation. (C). 

Overexpressed Flag-tagged CoAZ was predominantly localized in the nucleus in HeLa cells as demonstrated by 

immunofluorescence staining using using anti-Flag antibody. (D). The presence of endogenous CoAZ could be 

detected in HeLa cells using immunoprecipitation with RRM antibody followed by immunoblotting with ZnF antibody. 
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Figure 21. CoAZ and ncCoAZ expression during P 19 embryonic carcinoma cell differentiation. (A) Undifferentiated P 19 

cells (EC) were induced with 5 OOnM retinoic acid (RA) in suspension culture for up to 4 days to form embryonic bodies 

(EB2-EB4) which were trypsinized and further differentiated in the tissue culture dish for an additional 15 days in the 

absence of RA (D3-D15). Total RNA was isolated and normalized at each stage and analyzed using gene-specific primers 

as indicated by RT-PCR. GAPDH was used as control. (B) Nuclear extracts were collected at each stage of P19 cell 

differentiation (EC-D15). CoAZ and RBM4 protein expression was analyzed by immunoblotting using both anti-RRM and 

anti-ZnF antibodies. (C) Cortical cells were isolated from rat embryos at day E18.5 and cultured for additional days as 

indicated Total cell lysate was collected at each time point and immunoblotting was performed using anti-RRMand anti

ZnF antibodies. 
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CoAZ and ncCoAZ was regulated by differentiation. P 19 is a teratocarcinoma-derived 

pluripotent stem cell line that can give rise to all three germ layers in mice180
. 

Undifferentiated P19 cells will undergo neuronal differentiation upon retinoic acid 

induction 181
•
182

. Induced P19 cells will initially form embryoid bodies which resemble 

the inner cell mass of embryos 183
•
184 and further differentiate into a mixture of cell types, 

including differentiated neurons and glial cells, as well as partially differentiated 

progenitors 180
• 

Total RNA was extracted at different time points during P19 cell differentiation 

and RT-PCR was performed using mouse specific primers for CoAZ, ncCoAZ and 

RBM4. Bands corresponding to the size of CoAZ, ncCoAZ and RBM4 were excised and 

sequenced to confirm their identity. The results showed that during P 19 cell 

differentiation, the mRNA level of CoAZ gradually increased whereas that of ncCoAZ 

gradually decreased, suggesting a switch in CoAZ and ncCoAZ expression. The mRNA 

expression of RBM 4 first gradually increased, peaking on the third day after RA 

withdrawal, and then gradually decreased. Other stem cell and neuronal differentiation 

markers were concurrently analyzed as controls. Nanog is a stem cell pluripotency 

marker and is absent in differentiated cells185
• Microtubule-associated protein-2 (MAP-2) 

and glial fibrillary acidic protein (GFAP) are neural and glial cell markers, 

respectively186
•
187 (Figure 21A). To examine the protein expression of CoAZ, RBM4 and 

CoAA, immunoblotting was performed using anti-ZnF and anti-RRM antibodies on P19 

cell nuclear extract at different stages of differentiation. Both antibodies are able to pick 

up their mouse homologs due to the significant sequence homology. Remarkably, a 35 
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kD band corresponding to the correct size of mouse CoAZ was detected by both 

antibodies. CoAZ protein was absent from DO to D6 and started to appear on day D9 with 

increasing levels onward. RBM4 protein expression first increased from day DO to D3, 

then gradually decreased. The protein expression of both CoAZ and RBM4 were 

consistent with their mRNA expression (Figure 21B). 

Given the fact that P 19 cells differentiate into neurons and glial cells after RA 

induction, immunoblotting was performed on whole cell extract from E18.5 mouse cortex 

primary culture using both antibodies. The results showed that both CoAZ and RBM4 

proteins were present in the cortical cell culture with CoAZ's expression increasing and 

RBM4's expression decreasing as the time in culture increased (Figure 21C). These 

results suggest that CoAZ is likely to be present in differentiated cells, as indicated by its 

mRNA and protein expression patterns. This observation also provides an explanation as 

to why the previous immunoprecipitation failed to detect CoAZ in human cancer cell 

lines, because cell lines are in an undifferentiated state while CoAZ may be present in 

differentiated cells. 

7. Endogenous expression ofCoAA, CoAZ and RBM4 during neural differentiation 

To substantiate the above observation, immunohistochemistry and 

immunofluorescence staining were carried out to examine the endogenous expression of 

CoAZ, as well as CoAA and RBM 4 in several physiological systems representing 

different stages of neural development. 

Embryoid bodies derived from mouse embryonic stem (ES) cells reflect an early 

stage of development. An embryoid body consists of extraembryonic primitive endoderm, 



114 

primitive ectoderm and the proamniotic cavity. While the cells within the cavity undergo 

massive apoptosis as indicated by positive caspase-3 staining, the cells in the primitive 

endoderm and ectoderm layers are destined for further differentiation. Using anti-ZnF, 

anti-RRM and anti-CoAA (specific for CoAA) antibodies, immunohistochemistry 

showed that RBM4 and CoAA were present in both endoderm and ectoderm layers at the 

embryoid body stage (Figure 22A). The anti-RRM positive signal within the cavity is 

contributed by CoAM, as previously described 178
• At this stage, the protein level of 

CoAZ was undetectable (Figure 21 C); therefore, the anti-ZnF signal was predominantly 

contributed by RBM4. However, when mouse ES cells were transiently transfected with 

GFP-CoAZ, GFP-CoAA and GFP-RBM4, respectively, and induced to form embryoid 

bodies, it was observed that CoAZ positive cells were dispersed in the endoderm layer 

(data not shown). For a later stage of neural differentiation, embryonic mouse brain 

sections at days E12.5 and E15.5 were analyzed. At day E12.5, both CoAA and RBM4 

were highly expressed in the neocortex (Figure 22B and ref.13). At day E15.5, the ZnF 

signal was significant in the subventricular zone and cortical plate; it was also present in 

some cells in the ventricular zone. Meanwhile, CoAA was mainly present in the cortical 

plate178
. As Figure 21 C suggests, the expression of CoAZ at this stage might be very low 

and could not be distinguished from RBM4 by immunohistochemistry due to the shared 

carboxyl terminus; hence the ZnF signal was very likely contributed by RBM4. It is 

known that the subventricular zone serves as a source of neural stem cells in the process 

of adult neurogenesis and that it harbors the largest population of proliferating cells in the 

adult brain of rodents and human. The cortical plate contains post-migratory cells and 
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will give rise to the cerebral cortex. The distribution of CoAA and RBM4 in these 

structures suggests that both CoAA and RBM4 may be involved in neural progenitor cell 

differentiation. 

In mouse ES cell-derived early stage neural progenitors after 3 days of culture, 

both CoAA and RBM4 were expressed in the nuclei of all of the cells (Figure 22C). After 

5 days of culture, CoAA was still present in all cells whereas RBM4 was restricted to a 

subset of GF AP-positive cells (Figure. 22D). Furthermore, in differentiated cortical 

neurons isolated from rat embryonic brain cortex at E18.5 followed by in vitro culture for 

7 additional days, CoAA was highly expressed in MAP-2 positive neurons, as suggested 

by both anti-RRM and anti-CoAA staining. The ZnF signal was much weaker at this 

stage than at earlier stages and was present in both neurons and glial cells (Figure 22E). 

At this stage, the expression of CoAZ increased whereas RBM4 decreased; thus, the 

signal likely represented both CoAZ and RBM4. At an even later stage, in isolated 

astrocytes from mouse hippocampus at day P2, the anti-CoAA signal was almost 

completely absent while the anti-RRM and anti-RBM4 had relatively weak signals 

co localized in a subset of GF AP-positive cells (Figure 22F). Because CoAZ could be 

detected by both anti-RRM and anti-ZnF antibodies, it is possible that the signals in 

astrocytes was contributed by CoAZ. Together, these data suggested that during neural 

differentiation, RBM 4 might be predominantly expressed in progenitors, while CoAA 

and CoAZ might be present in neurons and a subpopulation of astrocytes, respectively. 

Although it was impossible to discriminate the endogenous CoAZ expression from that of 

CoAA and RBM4 due to the overlapping domains, using a combination of antibodies, it 
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was possible to speculate as to CoAZ's endogenous expression. In summary, CoAA, 

RBM4 and CoAZ might be physiologically relevant to neural differentiation. Their 

expression and distribution at different developmental stages and in different cell lineages 

implied a combinatorial control. 

8. CoAZ stimulates transcription and regulates alternative splicing. 

Its possession of RRM and zinc finger motifs and its nuclear localization suggests 

that CoAZ is very likely to be a transcriptional/splicing factor. Moreover, its parental 

genes, CoAA and RBM4, are known transcription and splicing factors. Thus, the 

transcriptional/splicing activity of CoAZ was investigated. The results showed that 

neither the RRM domains nor the zinc finger-containing C-terminus of RBM4 possessed 

any transcriptional activity when compared to the YxxQ domain of CoAA in a Gal4-

fusion system, suggesting the absence of an intrinsic activation domain in CoAZ or 

RBM4 (Figure 23A). In glucocorticoid receptor (GR)-mediated transcription assays, 

CoAZ and ncCoAZ could stimulate transcription in a hormone and GR dose-dependent 

manner while RBM 4 repressed transcription. In addition, CoAZ and ncCoAZ could 

synergize with CoAA' s transcriptional activity while RBM 4 antagonized their activities. 

upon cotransfection (Figure 23B-D). Due to the lack of an intrinsic activation domain, it 

is possible that CoAZ may activate transcription indirectly through interaction with other 

transcription factors. Interestingly, ncCoAZ potently enhanced transcription in the 

absence of a protein product, it is possible that ncCoAZ might activate transcription 

through competition with other transcription repressors at the RNA level. 
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To compare the alternative splicing activities of CoAA, RBM4 and CoAZ, an 

alternatively spliced CD44-v5 minigene reporter that produces two alternatively spliced 

transcripts, representing exon inclusion and skipping117 was used. Both CoAA and RBM4 

promoted exon inclusion in this system, consistent with their reported splicing activities 

(Figure 23E). CoAZ did not exhibit splicing activity possibly due to the fact that it has 

only a single RRM, whereas two RRMs are needed to perform splicing functions. 

9. A linked control among CoAA, RBM4 and their alternative splicing variants. 

To get some insight into the relationship between CoAA, RBM4 and their trans-splicing 

variants, plasmids encoding CoAA, RBM4, CoAM, CoAZ and ncCoAZ were 

individually transfected into HEK293 cells and the impact of their overexpression on 

each other's expression was examined. The results suggested that CoAM overexpression 

down-regulated the expression of CoAA and vice versa; RBM4 overexpression led to a 

decrease in the expression of ncCoAZ; when ncCoAZ was overexpressed, the expression 

of CoAZ, RBM4 and CoAA was inhibited while that of CoAM was upregulated and the 

overexpression of CoAZ suppressed the expression of ncCoAZ but not the others (Figure 

24A). 



Figure 22. Endogenous expression of CoAA, RBM4 and CoAZ during neural 

differentiation. (A) A diagram above indicates antibodies recognizing each variant. ES

derived embryoid bodies at EB4 stage were paraffin-embedded, sectioned and stained 

with anti-CoAA (CoAA only), anti-RRM (CoAA, CoAM, and CoAZ), anti-ZnF (RBM4 and 

CoAZ), and · anti-active caspase-3 (cleaved caspase-3) antibodies. (B) 

Immunohistochemical analyses of mouse embryonic brain at gestational stages E12.5 

and E15.5. The sagittal sections were stained with affinity-purified anti-ZnF antibody 

(1:200) and counterstained with hematoxylin. (C) Immunofluorescent staining of ES

derived neural progenitors (NP3) after 3 days of culture using anti-CoAA, anti-RRM and 

anti-ZnF antibodies co-stained with the neural progenitor marker nestin. CoAA and 

RBM4 are present in nestin- positive cells. (D) Double staining of neural progenitors 

after 5 days of culture (NP5). CoAA is present in all progenitor cells. RBM4 is restricted 

to some subpopulations. Arrows indicate RBM4-positive or -negative cells. (E) CoAA is 

in MAP-2 positive El8.5 rat brain cortical after 6 days of culture in vitro. (F) CoAZ 

expression in isolated astrocytes from brain at postnatal day 3 and co-stained with GF AP. 
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Figure 23. CoAZ and ncCoAZ stimulate transcription and synergize with CoAA activity. (A) CV-1 cells were 

transfected with a luciferase reporter and different fragments of CoAA , CoAZ and RBM4 fused with Gal4. (B)-(D) 

CV-1 cells were transfected with MMTV luciferase reporter (1 OOng), and gluococorticoid receptor (GR) (1 Ong or 

as indicated in B) together with CoAA, CoAZ, RBM4 or ncCoAZ(200ng) in the absence or presence of varying 

doses of dexamethasone (DEX) (1 OOnM or as indicated in C). Cells were harvested 48 hours after transfection and 

luciferase activity was assessed (D) Plasmids were cotransfected (100ng each) together with the MMTV luciferase 

reporter (100ng) and GR(10ng). Transfected CV-1 cells were grown in the presence (100nM) or absence of DEX 

After 48 hours, luciferase activity was assessed. Every value was assessed in triplicate and each graph shown here 

is the representative of three independent experiments. (E) The pETv5 splicing minigene reporter containing 

alternatively spliced CD44 variable exon 5. Exon inclusion and skipping yielded upper and lower transcripts, 

respectively. CoAA, RBM4, ncCoAZ and CoAZ together with pETv5 driven by RSV promoter were transfected 

followed by RT-PCR analysis. 
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Although both CoAZ and ncCoAZ shared CoAA' s exon 1, the effect of 

ncCoAZ's overexpression cannot be simply explained by splicing competition. It is 

possible that some feedback mechanism may be controlling each of these genes' 

expression. Interestingly, endogenous ncCoAZ was very efficiently trans-spliced and it 

may participate in the regulation of other genes at the mRNA level, given its expression 

correlation to that of other genes. Based on the results, CoAA, RBM4 and their splice 

variants adopt a symmetrical competition model (Figure 24B), in which CoAA is a 

. predominant coactivator and RBM4 a predominant corepressor. Each can be competed by 

its splicing variant CoAM and CoAZ, respectively, through shared functional domains. 

Their overall expression levels and alternative splicing balance are further subject to 

regulation by a non-coding variant, ncCoAZ. 

10. Drosophila gene Lark shares a common evolutionary ancestor with mammalian 

genes, CoAA and RBM4. 

Our study on trans-splicing implies that the three mammalian RRM domain

encoding genes including CoAA, RBM4 and RBM4B are potentially associated in a gene 

cluster and share a common enhancer sequence. The RBM4B gene encodes an RBM4 

isoform that is highly homologous to RBM4 188
. It has been shown that the Drosophila 

protein Lark is a mammalian ortholog of RBM4, and contains RRMs and zinc-finger 

domains189
. Since RRM domains are highly conserved during evolution, we performed a 

phylogenetic analysis using 31 well-studied human and Drosophila RRM domains 
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including those from CoAA, RBM4, RBM4B and Lark. The results indicate that the two 

RRM domains in Drosophila Lark are most closely related to the two RRM domains in 

human CoAA Human RBM4 and RBM4B are also closely related to each other. Lark, 

CoAA, RBM4 and RBM4B are closely related during evolution in comparison with other 

RRM-containing proteins (Figure 25A). Thus, together with previous findings, Lark gene 

possibly shares a common ancestor with the entire mammalian gene cluster including 

CoAA, RBM4 and RBM4B (Figure 25 B). The zinc finger of Lark is known to be 

homologous to that ofRBM4 and RBM4B. It appears that CoAA gene first branched out 

from Lark at a relatively early stage of evolution, while RBM4 and RBM4B may be 

derived by gene duplication at a relatively later stage. Thus, the RRM -containing proteins 

within the CoAA gene cluster may all have associated function in stem cell and progenitor 

cell differentiation in development, reflecting their common Drosophila ortholog Lark. 

The trans-splicing events between coactivator CoAA and corepressor RBM4 genes may 

be functionally required and hence are preserved during evolution. 



Figure 24. Tran-splicing variants CoAZ and ncCoAZ regulate the expression levels of 

CoAA and RBM4. (A) HEK293 cells were transfected with pcDNA3 vector, CoAA, CoAM, 

CoAZ, RBM4 or ncCoAZ in pcDNA3 followed by RT-PCR analyses using gene-specific 

primers of each transcript as indicated. Detected signals represent both endogenous and 

overexpressed transcripts, except for RBM4. The RBM4 transcript overlaps with the 

ncCoAZ transcript and only endogenous RBM4 was analyzed. (B) A model of symmetric 

counter-regulation among alternative splicing variants of CoAA and RBM4. CoAM 

inhibits CoAA via RRM domains and CoAZ inhibits RBM4 via the zinc-finger domain. 

ncCoAZ regulates their expression levels via alternative trans-splicing. 
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V. Discussion 

The connection between coregulators and human diseases has been under 

extensive investigation. Coregulator aberrations, such as protein over- or under

expression, germ-line mutation, polymorphism, gene amplification and gene 

translocation, have been linked to a diverse array of human diseases. The prevalence of 

coregulator abnormality in human diseases can be attributed to their pleiotropic action in 

cellular processes. For example, a number of coregulators, such as SRC-1, SRC-3, 

ARA50 and BRCA1, regulate NR-mediated gene transcription and their expression level 

is frequently altered in endocrine-related cancers38
•
190

• PGC-1a is an important 

coactivator in metabolic pathways and the defect in its inducible expression leads to 

cholesterol cholelithiasis (gallstones)191
. Chimeric oncoproteins arising from gene 

translocation events between transcription factors, such as EWS-Fli 1 and MOZ-CBP, 

disrupt normal gene transcription and are important contributing factors In 

tumorigenesis192
•
193

• Importantly, some coregulators exhibit recurrent aberration In 

multiple cancers, manifesting their pervasive role in cellular functions 194
•
195

• 

My study on characterization of CoAA gene amplification in human cancers adds 

another coactivator to the growing list. The discovery that the CoAA gene was amplified 

in multiple human cancers with a high incidence rate (>60%) in lung cancer, skin cancer, 

head and neck cancer and lymphoma (Figure 7 and unpublished data) strongly suggests 

that CoAA gene amplification is not a coincidence in cancers. Recently, we observed that 

in primary tumors, cells with CoAA gene amplification were also positive for stem cell or 

129 
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progenitor cell surface markers (unpublished observation). This is consistent with our 

results that in normal skin and lung tissues, CoAA protein was expressed in basal layer 

cells in the skin and alveolar epithelial type-2 cells in the lung, which are considered to 

be the progenitor cells in these tissues (Figure 13). Together, these findings further 

strengthen the importance of CoAA as well as provide a potential link between 

dysregulated stem cells and cancer. 

Initially, we were, however, quite cautious about the discovery of CoAA gene 

amplification because the CoAA gene resides at chromosome 11q13, a hot spot for DNA 

rearrangement and oncogenes, and the oncogene CCND 1 is only 3Mb downstream from 

CoAA. Using quantitative real-time PCR, we demonstrated that CoAA gene amplification 

was independent of CCND 1, establishing CoAA as a candidate for an oncogene. 

The genetic alteration underlying CoAA gene amplification was delineated by 

defining the CoAA amplicon in primary tumors. Only three tumor samples were used in 

amplicon mapping due to the limited source of cancer samples as well as the concern of 

cell heterogeneity. A preliminary quantitative real-time PCR analysis suggested that 

CoAA gene copy number generated by real-time PCR did not always correlate with that 

by FISH: using real-time PCR, CoAA gene amplification could be detected only in 

samples with very high magnitudes of amplification as identified by FISH. This 

discrepancy can be explained by the heterogeneous nature of the tumor cells: FISH 

analysis is able to detect the amplification status in single cells; however, when the 

genomic DNA is extracted from the whole tissue, the fold of CoAA gene amplification is 

greatly diluted by cells without CoAA gene amplification. Surprisingly, although the size 
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of the amplicons varied, all three samples displayed the recurrent loss of the 5' regulatory 

sequence from the CoAA amplicon, a phenomenon that was not observed in normal 

tissues or cancer tissues without CoAA gene amplification (Figure 9). 

Gene amplification is proposed to initiate through the Breakage-Fusion-Bridge 

(BFB) cycle, in which a telomeric fragile site initiates amplification and a centromeric 

fragile site defines the size of the amplicons 175
. Asymmetrical distribution of amplified 

genes during the cell cycle may confer growth advantage and contribute to the 

establishment of gene amplification. At chromosome 11q 13, a number of genes, 

including CoAA, are flanked by two fragile sites, FRA11A and FRA11F173
, which have 

been suggested to be involved in the BFB cycle175
• Based on the BFB cycle theory175

, we 

speculate that the 5' proximal fragile site FRA11A, together with potential fragile sites at 

the 3' end may contribute to the definition of the CoAA amplicon boundaries. This also 

provides a tempting explanation as to why the 5' amplicon boundaries are consistently 

located upstream of the CoAA gene. 

There are seven genes present in the core amplicon, including CoAA, RBM4, 

RBM4B, SPTBN2, RCEJ, LRFN4 and PC. RBM4 encodes an alternative splicing 

regulator that shares the same nuclear import pathways with SR proteins 188
• In response 

to cell stress, phosphorylated RBM4 suppresses cap-dependent and enhances IRES

mediated translation196
. In addition, RBM4's expression is reported to be significantly 

decreased in fetal Down's syndrome brain197
. RBM4B shares 66% identity with RBM4 at 

the mRNA level; however, no gene product has been reported for RBM4B. The protein 

product of SPTBN2 plays a role in strengthening cell junctions and providing stable 
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anchorage for transmembrane proteins. Its mutations have been identified to be the cause 

of spinocerebellar ataxia type 5 (SCA5). RCEl is a membrane metalloproteinase which 

is thought to function in the maintenance and processing of CAAX-type prenylated 

proteins. LRFN4 contains leucine-rich repeat and fibronectin type III domains and its 

function is currently unknown. PC encodes pyruvate carboxylase, which is involved in 

gluconeogenesis, lipogenesis, insulin secretion and synthesis of the neurotransmitter

glutamate. Mutations in this gene have been associated with pyruvate carboxylase 

deficiency. Although all of the seven genes could potentially be the oncogene candidate, 

we chose to focus on CoAA. Our reasons for doing so are that first, CoAA contains an 

oncogenic YxxQ domain. Second, its transcription/splicing activities may enable it to 

impact more genes in a broader context. Third, only CoAA not the other genes in the 

amplicon displays the recurrent loss of the 5' regulatory sequence. Our reasoning was 

justified by the results showing that CoAA gene amplification led to CoAA protein 

overexpression and consequently cell transformation. It is possible that another gene in 

the amplicon might be the oncogene and the real driving force for CoAA gene 

amplification; however, our study nevertheless demonstrated that aberrant CoAA could 

be a potential contributor to tumorigenesis. 

The lost 5' regulatory sequence contains densely arranged Alu repeats, which is 

hypothesized to facilitate DNA rearrangment198
, and contribute to CpG methylation

mediated gene silencing199
-
202

• This sequence was demonstrated to act as a repressor 

regulating CoAA promoter activity. Its absence in the CoAA amplicon led to elevated 

promoter activity and CoAA protein overexpression, which, in turn, could induce the 
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oncogenic transformation of NIH3 T3 cells. These finding were supported by 

immunohistochemistry performed on cancer tissues with and without CoAA gene 

amplification. Remarkably, performing FISH and immunohistochemistry on serially 

dissected lung cancer tissue sections, we demonstrated that in regions where the CoAA 

gene was amplified, CoAA protein was overexpressed (unpublished data). However, at 

this point, it is not known whether CoAA gene amplification leads to CoAA protein 

overexpression in all types of cancer or if the 5' regulatory sequence is absent in all 

CoAA amplicons. 

Currently, the size of the 5' regulatory sequence is not known, nor is the presence 

of additional regulatory sequences further upstream. It has been reported by a number of 

genetic studies that a large portion of chromosome around 11 q 13 area is recurrently lost 

in different types of cancers 172
• In addition, a recent study has detected chromosomal 

deletions encompassing FRA11A in a large number of primary cervical cancers174
• It 

would be interesting to see if these deletions could impact CoAA promoter activity, since 

enhancers or silencers can act over a long distance. Given the potent oncogenic function 

of CoAA and its YxxQ domain, it is possible that DNA rearrangement may lead to the 

oncogenic activation of CoAA. 

Subsequently, the lost 5' regulatory sequence was found to be able to modulate 

the alternative splicing of the CoAA gene during mouse embryonic carcinoma stem cell 

differentiation. The unbalanced expression of CoAA and its splice variant-CoAM, could 

potentially impact stem cell differentiation 178
. To further characterize the aberration of 

CoAA's alternative splicing, we initiated a search to look for additional splice variants, 
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which could be a result of defective splicing regulation of CoAA due to the loss of 5' 

regulatory sequence in cancers. The search yielded two trans-splicing variants, CoAZ and 

ncCoAZ, between CoAA and its distal gene, RBM4. Both CoAZ and ncCoAZ were 

expressed in various normal human tissues and cancer cell lines as well as mouse stem 

cells. 

In mammalian cells, the potential mechanisms underlying the splicing between 

two individual genes include: intron pairing131
•
157

, transcription read-through and trans

splicing132. The possibility of intron pairing as the mechanism for the appearance of 

CoAZ and ncCoAZ was disregarded based on the alignment of the intronic sequences of 

CoAA and RBM4. Transcription read-through could occur as a result of gene fusion, 

which was ruled out by RT-PCR and Southern blot (Figure 16 and data not shown). To 

test the possibility of trans-splicing, a minigene-based splicing assay was used. The 

results showed that trans-splicing could occur between individually transcribed CoAA 

and RBM4 minigenes, supporting the natural existence of trans-splicing between the 

CoAA and RBM4 genes in the chromosomal context. In addition, the full length eDNA 

sequences of CoAZ and ncCoAZ showed that these variants shared the same 5' UTR with 

CoAA and 3' UTR with RBM4, and the splice sites joining the CoAA and RBM4 exons 

followed the GU-AU rule, lending further support for naturally arising trans-splicing. 

Interestingly, our results excluded the role of the promoter in mediating trans-splicing, 

since trans-splicing occurred between minigenes with both native and CMV promoters. 

To identify potential cis elements responsible for mediating trans-splicing, the exonic and 

intronic sequences of human RBM4 and CoAA were compared with their mouse 
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homologs. The rationale was that since the trans-splicing events were conserved between 

human and mouse, the cis elements regulating them were likely to be conserved too. 

Alignment showed that the exonic sequences of CoAA are highly conserved between 

human and mouse; RBM4's exon 1, exon 2 and the 5' end of exon 3 including the zinc 

finger motif are highly conserved whereas exon 4 and the 3' end of ex on 3 are much less 

conserved. The mouse and human homologs of CoAA share 55-74% identity in their 

intronic sequences. Of note, although RBM4's intronic sequences are very divergent, 

59% identity between the mouse and human homologs was observed in intron 3, with 

stretches of conserved nucleotide dispersed throughout the intron, especially near the 

splice sites. In addition, there are stretches of conserved purine-rich nucleotide sequences 

encompassing both splice sites of RBM4 exon 3. In awareness of the potential 

involvement of these conserved sequences in splicing, RBM4 minigenes contained the 

intact exonic sequences and the truncated intronic sequences retaining the conserved 

stretches near splice sites. Examination of the splicing capability of RBM4 minigenes 

showed that the minigenes were capable of both cis- and trans-splicing, although at a 

much lower efficiency. This indicates that in this case, cis and trans- splicing may share 

similar regulatory elements and that additional intronic elements, such as lEE, may be 

required to achieve splicing efficiency. These fmdings, however, raised one question -

how does the trans-splicing between CoAA and RBM4 occur? 

It was proposed in the 1990s that transcription occurs in distinct foci (transcription 

factories) within the cell. Within these foci, RNA Polll, transcription/splicing factors and 

other transcription-related molecules are highly concentrated. Similar active genes cluster 
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into specialized factories to initiate transcription203
. In the past decade, this theory has 

gained much experimental support. For example, discrete transcription foci have been 

visualized by immunolabeling nascent RNA with bromo-uridine 5-triphosphate (Br-UTP) 

or by Fluorescence in situ Hybridization (FISHi04
•
205

• Using the chromosome 

conformation capture (3C) technique, it was demonstrated that engaged polymerase, its 

transcripts and the DNA template were fixed in certain region in the nucleus and many 

distantly located genes were found to be within close proximity during transcription206
-
208

• 

According to the transcription factory theory, CoAA and RBM4 are very likely to 

be colocalized in the same transcription factor during transcription due to their close 

proximity on the chromosome and their evolutionary origin. Inside the factory, when a 5' 

splice site in CoAA pre-mRNA becomes available but the next 3' splice site does not, it 

may be trans-spliced to a 3' splice site in RBM4 pre-mRNA, given that the large amount 

of RNA Polll and splicing factors may promote this process. Indeed, the intron between 

CoAA exon 1 and 2 are about 7kb, much longer than other introns in CoAA or RBM4. 

Therefore, the transcription of this intron may take longer than other introns, temporarily 

rendering the 3' splice site of exon 2 unavailable. A recent study has demonstrated that 

the unavailability of 3' splice site promotes trans-splicing in the Sp 1 gene135
• In this 

regard, CoAZ and ncCoAZ are most likely splicing by-products. However, there are 

several arguments against this origin of CoAZ and ncCoAZ. First, the CoAA exon1 is 

always trans-spliced to RBM4 exon 2 and 3 but not exon 4. If CoAZ and ncCoAZ arose 

solely due to the absence of the 3' splice site in CoAA, the CoAA 5' splice site should 

have equal access to each 3' splice site in RBM4. In addition, as mentioned previously, 
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the intronic sequence between RBM 4 ex on 3 and 4 is quite conserved, suggesting the 

presence of splicing regulatory elements. Thus, the 3' splice site of exon 4 might be a 

strong splice site and might be easier to splice to. Second, there is no EST evidence 

suggesting the trans-splicing between CoAA and its proximal gene, CCS, which is the 

same distance to CoAA as RBM4. Third, ncCoAZ transcript is quite abundant inside the 

cell as shown in Figure 19. If it was produced by mistake, it would not be practical for 

cells to invest so much energy on something meaningless. It would be useful if the cis 

and trans factors regulating the trans-splicing process could be identified. In that way, we 

will know whether this trans-splicing is a noise reaction or not. 

Then comes another issue: what are CoAZ and ncCoAZ's functions? CoAZ 

transcript encodes a protein with CoAA's first RRM and RBM4's zinc-finger containing 

carboxyl terminus. The ncCoAZ transcript contains CoAA exon 1 and the complete 

coding region ofRBM4, separated by a pre-mature stop codon. This stop codon prevents 

the translation of ncCoAZ possibly through non-sense mediated decay (Figure 20). Since 

CoAZ contains RNA/DNA binding domains, to look for CoAZ's and ncCoAZ's functions, 

we first tested their transcription and splicing activities. 

The results showed that both CoAZ and ncCoAZ could stimulate NR-mediated 

gene transcription and synergize with CoAA's transcriptional activity, while RBM4 was a 

transcriptional repressor and significantly suppressed the transcriptional activities of 

CoAA, CoAZ and ncCoAZ. In addition, both CoAA and RBM44 were able to modulate 

CD44 gene pre-mRNA splicing in minigene-based assays whereas CoAZ was not, 

possibly due to the presence of the defective double RRM domain (Figure 23). These 
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results were quite unexpected, though, because CoAZ did not have an intrinsic activation 

domain and ncCoAZ did not encode any protein product. To follow up on these results, 

we tested the binding affinity of CoAZ for CoAA and the impact of the overexpression of 

CoAZ and ncCoAZ on that of CoAA and RBM4 at the mRNA level. Interestingly, at the 

mRNA level, CoAM overexpression down-regulated the expression of CoAA and vice 

versa; RBM4 overexpression led to a decrease in the expression of ncCoAZ; when 

ncCoAZ was overexpressed, the expression of CoAZ, RBM4 and CoAA was inhibited 

while that of CoAM was upregulated; and the overexpression of CoAZ suppressed the 

expression of ncCoAZ but not the others (Figure 24). At the endogenous level, because 

ncCoAZ contains the intact coding region of RBM4, its splicing may compete with that 

of the endogenous RBM4. In the overexpression setting, it seems there is a feedback loop 

regulating CoAA's and RBM4's expression: when they are overexpressed, the splicing of 

certain splice sites are inhibited, leading to the intertwined expression pattern between the 

gene products and their splice variants. We also showed that at the protein level, 

overexpressed CoAZ could bind to CoAA and overexpression of ncCoAZ could modestly 

attenuate RBM4's protein expression (data not shown). Based on these findings, CoAZ's 

transcriptional activity might come from its interaction with CoAA and the transcription 

activity of ncCoAZ might partially due to its inhibitory effect on the transcriptional 

represso~RBM4. 

In our search for the physiological functions of CoAZ and ncCoAZ, we took 

advantage of the P 19 mouse embryonic carcinoma stem cells. Our results showed that 

during P19 cell differentiation, there was a switch in CoAZ's and ncCoAZ's mRNA 
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expression with CoAZ's expresston gradually increasing and ncCoAZ gradually 

decreasing as differentiation proceeded. RBM4's mRNA expression also exhibited 

biphasic changes during differentiation. Moreover, the protein product encoded by the 

CoAZ transcript was detected in the terminally differentiated P 19 cells; its protein 

expression as well as that of RBM4 was very consistent in its m.RNA expression pattern 

(Figure 21). A further examination of the protein expression patterns of CoAA, RBM4 

and CoAZ at different stages of neuronal differentiation revealed that CoAA and RBM4 

were initially present in neural progenitor cells and they, together with CoAZ, were 

distributed into different cell lineages during development (Figure 22). 

One significant finding of this study is the discovery of the existence of functional 

trans-splicing variants. Several studies have reported the occurrence of trans-splicing 

between closely linked genes; however, neither the chimeric proteins generated by these 

events nor their functions have been documented150
•
151

• Due to the lack of function, trans

splicing in mammals is largely considered to be non-specific splicing noise. Moreover, 

the widely accepted theory of transcription and splicing coupling strongly argues against 

the possibility of trans-splicing, let alone its physiological function. In this study, we 

detected trans-spliced transcripts, CoAZ and ncCoAZ in various human tissues and 

cancer cell lines. CoAZ and ncCoAZ could stimulate NR-mediated transcription and 

regulate their parental genes' expression at the mRNA level. CoAZ protein was identified 

in differentiated P 19 cells and potentially in astrocytes during neural differentiation. This 

study provides the first example in mammalian cells that trans-splicing is able to generate 

functional chimeric proteins. In addition, this study also demonstrated that trans-splicing 
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variants can provide a fine regulation of their parental genes' expression and activities, 

establishing a linked control. These findings comprise an argument against the 

speculation that trans-splicing is simply splicing noise in mammals. 

Another important finding of this study is that CoAA, RBM4 and the Drosophila 

gene Lark, may have evolved from the same ancestor gene. Phylogenetic analysis using 

RRM domains from 31 well-studied human and Drosophila proteins suggested that 

human CoAA's RRM domains are evolutionarily most closely related to those in 

Drosophila Lark; human RBM4 and RBM4B are most closely related to each other; and 

Lark, CoAA, RBM4 and RBM4B together comprise a cluster of proteins that are more 

closely related during evolution compared to other RRM -containing proteins. A detailed 

examination of CoAA, RBM4 and RBM4B genomic loci in human, mouse and Drosophila 

revealed that the CoAA gene is absent in Drosophila and so far it has only been found in 

vertebrates. The arrangement of CoAA, RBM4 and RBM4B on the chromosome is highly 

conserved between human and mouse. RBM4 and RBM4B share significant homology in 

their RRM domain and zinc fingers. It is known that RBM4 is Lark's mammalian 

homolog. We hypothesize, based on these observations, that CoAA, RBM4, RBM4B and 

Lark are derived from a common ancestor gene. During evolution, the RRM domains of 

the ancestor gene duplicated, followed by DNA translocation and rearrangement to give 

rise to the CoAA gene; the appearance ofRBM4 and RBM4B genes may likely be due to 

gene duplication of the ancestor gene and subsequent point mutations. CoAA, RBM4 and 

RBM4B together comprise an evolutionarily conserved gene cluster. The trans-splicing 

events between CoAA and RBM4 genes may reflect a force to neutralize the impact on 
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gene transcription as new genes formed during evolution, and they are preserved because 

they might be functionally required. In this regard, it is possible that the trans-splicing 

events observed between closely linked genes are remnants of gene creation during 

evolution or an indication of new gene formation. 

The discovery that CoAA, RBM4 and RBM4B constitute an evolutionarily 

conserved gene cluster adds another layer of complexity to CoAA gene regulation. 

Studies have suggested that genes in a gene cluster are under the control of a common 

regulatory sequence (enhancer or silencer) and the loss of this element may lead to the 

dysregulation of all the genes in the cluster09
• In the first part of the study, we identified 

a recurrent loss of the 5' regulatory sequence in CoAA genes in multiple cancers, which 

resulted in aberrant transcription of CoAA. It would be interesting to see whether this 5' 

regulatory sequence could modulate RBM4 and RBM4B's transcription or splicing, or 

potentially the trans-splicing between CoAA and RBM4. If this genomic abnormality 

could indeed impact trans-splicing, then it may represent an even more efficient 

oncogenic activation because as we showed, trans-splicing variants can impact both 

parental genes. 

The differential expression of CoAA and RBM 4 in different cell lineages during 

neural development strongly suggested that CoAA and RBM4 are very likely to be 

involved in the regulation of cell differentiation. This leads us to speculate that 

dysregulated CoAA leads to differentiation defects, which could contribute to 

tumorigenesis. Although our present study points out that CoAA might be involved in 

tumorigenesis and stem cell differentiation, the knowledge of CoAA's function and the 
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mechanism of its contribution to tumorigenesis and cell differentiation is still lacking. In 

the next section, I would like to discuss in detail the observations and experimental 

evidence we have concerning the potential function of CoAA. 

One of the ways to speculate as to the functions of a protein is to analyze its 

primary sequence to identify potential functional motifs and domains. Based on pattern 

and profile search and amino acid composition analyses, CoAA consists of two RRMs at 

its amino terminus, followed by a loosely structured linker region, a YxxQ transactivation 

domain and an arginine-rich domain at the carboxyl terminus. A RRM is able to bind 

single-stranded nucleic acids and its presence suggests CoAA's involvement in RNA 

metabolism. Indeed, ours and others' work1 has demonstrated that CoAA can promote the 

alternative splicing of variable exons in a CD44 minigene. However, currently, we do not 

know the binding preferences of CoAA's RRMs, nor do we know their target RNAs. Our 

phylogenetic analysis revealed that CoAA's RRMs were evolutionarily related to the 

RRMs in Drosophila protein, Lark (Figure 25). The RRM domains of Lark have been 

shown to be involved in maternal function, flight behavior, and developmental control210
• 

It is possible that CoAA could bind to the RNA of developmentally regulated 

genes and regulate their transcription and/or splicing processes. In a previous study, we 

observed that the overexpression of CoAA in P 19 stem cells leads to the elevated mRNA 

expression of Sox6, which is a transcription factor implicated in cell differentiation 178
• It 

remains to be seen what CoAA's target genes are. The functions of the linker region and 

the arginine-rich domain are currently unknown; however, these two regions do contain 

several residues which are potential targets of multiple kinase pathways. In vitro and in 
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vivo experj.ments are needed to determine whether these putative target residues are true 

kinase targets and to characterize the significance of these possible phosphorylation 

modifications. Most recently, our result showed that the linker region could be 

methylated (date not shown) and we are currently investigating the function of this 

methylation. 

Another way to speculate as to function of a protein is from its interaction 

partners. CoAA's YxxQ domain has been shown to bind to coactivator TRBP and 

components in the DNA-PK complex167
• Recently, we showed that it also interacted with 

RNA Polii CTD and splicing factor hnRNP M. Its multiple partners suggest that CoAA 

might play a role in a diverse array of physiological processes, such as transcription, 

splicing and DNA repair. 

TRBP is a general coactivator which not only binds to multiple NR and activates 

NR- mediated transcription but also enhances the activity of a wide variety of other 

transcription factors including AP-1, CREB, NF-KB, ATF-2, heat shock factors, E2F-1, 

SRF, and Rb, p53 and Sox9146
•
160

•
211

-
219

. TRBP interacts with histone acetyltransferase 

CBP/p300 and is associated with complexes containing SET methyltransferase, which 

indicates its involvement in chromatin remodeling216
•
220

•
221

• TRBP has also been shown to 

interact with components in the DNA-PK complex, and although it is not clear whether 

TRBP participates in the DNA repair process, its transcriptional activity is greatly 

reduced in DNA-PK deficient cells161
• Interestingly, CoAA also acts as a coactivator for a 

number of transcription factors, including NF-KB, CREB, AP-1, TR, ER and GRand can 

synergizes with TRBP's transcriptional activity167
• CoAA has also been shown to interact 
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with the DNA-PK regulatory subunit Ku86 and PARP in GH3 cells167
. These overlapping 

functions point out the possibility that during transcription, TRBP provides a platform for 

transcription factors, including CoAA, to dock; CoAA, in turn, may modulate TRBP's 

transcriptional activity and specificity in different gene context. 

A complete deletion of the TRBP gene in mice leads to an embryonic lethal 

phenotype with placental dysfunction and severe developmental defects in heart, liver 

and brain 162
•
163

• Deletion of one copy of TRBP gene results in growth retardation, male 

and female hypofertility, reduced branching in mammary glands, decreased insulin 

secretion, accelerated polyoma middle-T antigen-induced mammary tumorigenesis and 

an attenuated would healing process222
'
223

. Although the molecular mechanism 

underlying these phenotypes remains to be elucidated, these fmdings clearly demonstrat 

that TRBP is a pleiotropic coregulator involved in transcription, cell survival, growth and 

development. 

At present, there is no evidence suggesting CoAA is involved in processes 

mediated by TRBP other than transcription. It would be interesting to see whether the 

disrupted CoAA-TRBP interaction is responsible for the phenotypes observed in TRBP

deficient mice. 

CoAA's interaction with both RNA Polll CTD and hnRNP M is considered to 

represent a mechanism for the coupling of transcription and splicing. Although the 

physical interaction between these proteins has been proven by various methods, the 

significance of this interaction is still unknown. One can imagine that if the bridging 

provided by CoAA is essential then disrupting either side of the interaction will abolish 
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both processes - disrupting CoAA and hnRNP M interaction will impact CoAA' s 

interaction with CTD and transcription and vice versa. There are numerous factors 

interacting with CTD, including different enzymes and various transcription and splicing 

factors. CoAA could be a common CTD-interacting protein shared by multiple processes 

or it could be a conditional CTD-interacting protein which binds to CTD only under 

certain conditions. To determine the significance of CoAA-CTD interaction, it would be 

helpful to knockdown CoAA and evaluate the consequence of CoAA depletion. 

Since the YxxQ domain in CoAA shares significant sequence homology and 

functional similarities with the EAD of EWS, an examination of EWS's function may 

yield some ideas concerning the functions of CoAA. 

A recent study showed that the tyrosine residues in EWS are important for EAD' s 

transcriptional activity; however, the key determinant seems to be the aromatic side chain. 

This study further showed that the EAD assumes a disordered structure and the overall 

sequence composition, not certain repetitive motifs, is essential for its activit)?24
• These 

findings are very consistent with our observation. In our Gal4 fusion protein luciferase 

assays, we demonstrated that AxxQ did not possess any transcriptional activity whereas 

FxxQ (with all of the 27 tyrosine residues in YxxQ mutated to phenylalanine) could 

stimulate transcription even more potently. We also observed that when we fused only a 

fraction of the YxxQ domain to Gal 4DBD, this fusion protein could not activate 

transcription whereas the full length YxxQ was a potent activator (Data not shown). In 

addition, previous studies have reported the auto-inhibitory effect of the C terminal 

domain of EWS on its EAD225
. Analogously, we observed that the transcriptional activity 



146 

of the Yxx.Q domain was hindered by the presence of neighboring domains. These 

findings add more similarities shared by CoAA and EWS and point out that there may be 

an auto-regulatory mechanism controlling CoAA's transcriptional activity, and that 

tyrosine phosphorylation in the Yxx.Q domain may not be an important regulation of 

CoAA's activity. 

Full-length EWS cannot directly stimulate transcription, in spite of the presence 

of an intrinsic activation domain. However, it is involved in transcription through 

interaction with subunits of the RNA Pol II complex and various transcription 

factors226
•
227

. Besides transcription, EWS can also regulate splicing and it is subject to 

phosphorylation and methylation modifications228
-
232

• Interestingly, our preliminary data 

also showed that CoAA could be phosphorylated, potentially by Abl-1, in its Yxx.Q 

domain and methylated in its linker region. It would be useful to identify in CoAA the 

amino acid residues subject to these modifications and evaluate the impact of these 

modifications on CoAA' s transcriptional and splicing activities. 

As observations and findings accumulate, we are now poised to envisage what 

CoAA's physiological functions are and plan for the future. So far, the direct interaction 

between CoAA' s Y xxQ domain with CTD is the strongest evidence supporting CoAA' s 

role in transcription. The pursuit of this path will need to characterize the significance of 

this interaction as well as to clarify how self-repressive CoAA becomes activated and 

exerts its transcriptional activity. We are also very interested in CoAA's role in cell 

differentiation and its potential contribution to tumorigenesis. At present, we have 

experimental evidence showing CoAA is involved in differentiation but we do not know 
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the detailed mechanism. It would greatly facilitate our study if we can identify CoAA's 

target genes as well as factors that regulate CoAA. From the identified target genes and 

proteins, we will have a clearer picture of how CoAA regulates differentiation and how 

dysregulated CoAA contributes to tumorigenesis. Nevertheless, the ultimate way of 

demonstrating CoAA's physiological function is to establish CoAA transgenic or 

knockout mice and characterizen of the phenotype displayed by the mice; such results 

will yield new insights into CoAA' s function. 



VI. Summary 

• The transcriptional coactivator CoAA contains an EWS-like oncogenic Yxx.Q 

domain. 

• The CoAA gene is amplified in multiple human cancers with highest incidence 

rates in lung, skin, head and neck cancers and lymphomas. 

• The amplification of the CoAA gene is associated with the recurrent loss of 5' 

regulatory sequence upstream of its basal promoter. 

• The lost 5' regulatory sequence acts as a silencer modulating CoAA 's basal 

promoter activity. 

• In the absence of the 5' regulatory sequence, CoAA gene amplification leads to 

CoAA protein overexpression. 

• Reducing CoAA protein expression results in attenuated proliferation ofNCI-H69 

cells. 

• CoAZ and ncCoAZ are natural trans-splicing products of the CoAA and RBM4 

genes and they are conserved between human and mouse. 

• CoAZ and ncCoAZ share CoAA's promoter and RBM4's polyadenylation signal. 

• CoAZ and ncCoAZ mRNAs are ubiquitously expressed at the mRNA level in 

different human tissues and cell lines. 

148 
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• CoAZ encodes a coactivator with CoAA's RRM and RBM4's ztnc finger

containing carboxyl terminus whereas ncCoAZ does not encode any protein 

product. 

• ncCoAZ can regulate the expression of CoAA, CoAM, RBM4 and CoAZ at the 

RNA level. 

• During P 19 mouse embryonic carcinoma stem cell differentiation, CoAZ and 

ncCoAZ exhibit a switch in mRNA expression, and CoAZ protein is present in 

differentiated neural cells. 

• During neural development, the protein expression of CoAA, CoAZ and RBM4 

switches and they are distributed into different cell lineages. 

• CoAA and RBM4 may be derived from a common gene ancestor during evolution 

and the trans-splicing events between them may be functionally important and 

thus are evolutionarily preserved. 
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