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Introduction 

Thyroid hormones (T : 3,5,3'triiodo-l-thyronine and T4: thyroxine) play a critical 

role in development, metabolism, cellular proliferation and differentiation of many 

organs and tissues. Most of the effects of thyroid hormone are mediated by thyroid 

hormone receptors (TRs) which, along with the receptors for steroid hormones, 

retinoids and vitamin D, belong to the nuclear receptor superfamily. TRs are DNA-

binding transcription factors that can activate or repress gene transcription by recruiting 

several protein complexes which modify the structure of chromatin. Two genes (TRot 

and TRP) encode a variety of TRs. In the case of TRa, alternative splicing of the pre-

mRNA results in the generation of two functionally different receptors. TRccl binds T 

and activates transcription whereas TRa2 does not bind T3 but has a dominant negative 

effect in TR-mediated transcription. In this introduction we discuss three topics: the 

physiology of thyroid hormone receptors, the mechanism of (alternative) splicing of 

gene transcripts and finally the splicing of thyroid hormone receptor transcripts. 

1.1 Thyroid hormone receptors 

Gene structures of thyroid hormone receptors (TRs) 

TRs are encoded by two different genomic loci, TRa by c-erbA or NR1A1 on 

chromosome 17qll.2 and TRP by NR1A2 on chromosome 3p24.3 (1-3). The human 

TRa gene is organized in 10 exons and encodes for TRa l , TRa2 and their A variants 

(figure 1). An alternative T3-binding protein (p43), related to TRal , was discovered in 

chicken erythroid cells (4). However no additional mRNA was identified that could lead 

to the specific synthesis of p43 and it is therefore believed that p43 is generated by an 

alternative translation initiation at an internal AUG in the TRal mRNA (5). TRal is 

generated by a messenger RNA (mRNA) that begins at exon 1 and terminates at a poly-

A addition signal located in the 3'region of exon 9 (6). TRa2 is derived from the RNA 

produced by an alternative splice site located 128 bp downstream of the start of exon 

9 and the splice acceptor site of exon 10. The poly-A addition signal used to terminate 

this product is located 364 bp downstream of the start of exon 10. This event replaces 

the 40 final amino acids of TRal with 120 amino acids specific for TRa2 resulting in 

different C-terminal regions. ATRa variants were originally described in mouse ES cells 

where short transcripts were found that derived from an alternative promoter located 

within intron 7 of the TRa gene (7). The transcripts encode isoforms of TRal and 

TRa2 which lack the DNA binding domain and part of the ligand binding domain. 

11 
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Figure 1. Structural organization of the T R a (NR1 Al, c-erbAa) locus. Arrows indicate the direction of 
transcription. Black boxes represent exons encoding TRa . The regions that are spliced out are indicated 
by dashed lines. The DNA-binding domain is encoded by exons 4 and 5, the ligand binding domain is 
encoded by exons 7-9. The alternative splice site in exon 9 is indicated in the figure. Exon 10 is specific 
for T R a 2 . Translation initiation sites are indicated (AUG). Rev-erbAa exons (grey boxes) are present at 
the opposite strand. Abbreviations: P, promoter, TR, thyroid hormone receptor. Figure modified from 
Flamant and Samarut (120). 

The ATRa variants are therefore unable to bind DNA and T . Both ATRa variants are 

able to inhibit transcription mediated by TRal and TR01 in an in vitro transfection 

study although the inhibition of transcription was non-specific for ATRa2. Moreover 

TRa knockout mice which lack TRal and TRa2 but still contain ATRal and ATRa2 

display a very severe phenotype with an impaired development of the small intestine 

and bone and these mice die shordy after weaning (8). Knocking out all TRa vari

ants restores most of these defects. Another member of the thyroid/ steroid hormone 
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receptor family which is encoded on the TRa genomic locus is Rev-ErbAa (Rev-ErbA) 

(9;10). Rev-ErbA is encoded by eight exons from the opposite DNA strand from which 

the TRa mRNAs are transcribed. As a result the mRNAs of Rev-ErbA and TRa2 (but 

not TRal) are complementary for 269 nucleotides making specific base pairing interac

tions possible between the two transcripts. To date no ligand has been identified for Rev-

ErbA and it is therefore referred to as an orphan receptor. c-erbA is the human cellular 

homolog of v-erbA which is one of the two oncogenes of the avian erythroblastosis 

virus (AEV), an acute chicken retrovirus capable of inducing erythroleukemia and sar

comas (2). v-erbA does not bind thyroid hormone but retains the ability to bind DNA in 

a sequence-specific fashion (11). 

The TRP gene consists of 11 exons of which exons 3-8 are common for all TRps and 

show high homology to the TRa isoforms. It encodes TRpi, TRP2, TRP3 and a trun

cated variant TRAP3, all generated by alternative splicing and/ or alternative promoter 

usage resulting in differences only in the N-terminal regions of the proteins (12;13). In 

this introduction we will mainly focus on the TRa isoforms. 

TR promoter context 

The promoter that initiates TRa transcription does not contain the typical TATA-

like element that is found in most eukaryotic genes and which determines the transcrip

tion start site (14;15). Instead, the TRa promoter contains multiple initiation sites that 

are linked to the numerous transcription factor Spl sites found in this sequence region 

and therefore has the hallmark of a "housekeeping gene" promoter. The TRa promoter 

sequence does not harbour a thyroid hormone responsive element (TRE) but it is posi

tively regulated by glucocorticoids through a glucocorticoid responsive element (GRE) 

(14). Furthermore a putative binding site for KROX20 (a transcriptional factor that plays 

a role in early development of the central nervous system) was found (15). The TRa 

promoter also contains a consensus SF-1 (Stereogenic Factor 1) responsive element 

(SFRE) which can mediate the effect of SF1 but is also a binding site for an orphan 

nuclear receptor, the estrogen receptor related receptor alpha (ERRa) (16). Moreover 

the TRa promoter has been reported a molecular target of ERRa in specific tissues. 

The Rev-Erb promoter contains a functional Rev-Erb responsive element which could 

represent auto regulation of Rev-Erb at the transcriptional level (17). The TRP promoter 

contains a TATA box as well as two thyroid hormone responsive elements which can 

mediate responses to T3via TRal and TRpi (18;19). 
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TR translation products: structures and junctions 

Thyroid hormone receptors have a similar domain organization to the other mem

bers of the thyroid/steroid hormone receptor superfamily. This consists of a modular 

structure with the different regions corresponding to autonomous functional domains 

that can be interchanged between the related receptors without loss of function. A typi

cal nuclear hormone receptor is made up of a variable N-terminal region (A/B), a con

served DNA-binding domain (DBD or region C), a hinge region (D) and a conserved 

E / F region that contains the ligand binding domain (LBD) (figure 2) (20). The A /F 

regions may contain autonomous transcriptional activation functions which contribute 

to constitutive ligand-independent activation by the receptor (AF-1 region) or strictly 

ligand dependent transactivation functions (AF-2). The various TR translation products 

are shown in figure 2. A short TRal protein isoform (p43) identified in chicken is syn

thesized by alternative translational initiation at an internal AUG in the mRNA encoding 

the full length TRal (4;21). P43 was localized in the matrix of mitochondria in rat liver 

where it could mediate the mitochondrial response to T3 (5;22). 

The A/B domain is similar for TRa l and TRa2 but differs between TRa and TRf3 as 

well as between the different TRP isoforms. The function of the A/B domain remains 

largely unknown but since the A/B domain shows promoter and cell specific activity, it 

is suggested that it may contribute to specificity of action among isoforms (20). Further

more, the A/B domain could be a target for phosphorylation which, for example, is the 

case for human TR01 which can be phosphorylated in vitro in response to T3 and this 

may affect transcriptional activity (23;24). In TRal encoded by avian c-erbA, two ser

ine residues in the A/B domain were identified that could be phosphorylated by protein 

kinase C (PKC), however the function of this phosphorylation remains unknown (25). 

The DNA-binding domain confers the ability to recognize specific target sequences 

(thyroid response elements; TREs) on DNA and activate transcription. It is organized 

into two "zinc fingers" each containing 4 cysteine residues coordinated by a zinc ion 

(26). The amino acids that are required for DNA recognition are present in a region 

termed the "P box" located in the first finger whereas residues in the second finger form 

the "D box" which is involved in dimerization (20). 

The hinge region is located between the DBD and LBD, allowing rotation of the DBD 

relative to the LBD. In TRs the hinge region harbours motifs called nuclear localization 

signals (NLS). For the TR(3l one NLS (located between aa 184-190) has been shown 
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Figure 2: A schematic representation of a typical nuclear receptor (NR) and allTRoc translation products. 
A typical nuclear receptor is composed of an N-terminal A/B domain required for transcriptional 
transactivation, a DNA-binding domain (C), hinge region (D) and ligand-binding domain (E/F) which 
is also involved in dimerization. The DNA-binding domain is coloured light grey. The region specific 
for T R a l and ATRcd is black stained and the region specific for TRa2 and ATRa2 is black-and-white. 
Different numbers represent amino acids on the T R a receptor. Mass is given in kilo Dalton (kD). 

to mediate T3 induced nuclear translocation (27). TRal also posseses several NLS and 

both TRal and TRpi were shown to shuttle between the cytoplasm and the nucleus 

(27;28). Phosphorylation of TRal enhances nuclear retention and/or inhibits nuclear 

export (29). Another function of the hinge region is its involvement in transcriptional 

suppression by the binding and release of corepressors (11;30;31). 

The LBD is required for binding of ligand and also mediates ligand-dependent tran

scriptional activity as well as homo- and heterodimerization (32). The LBDs of TRa and 

TRP are markedly conserved and show only one amino acid residue difference (Ser 277 

in TRa or Asn331 in TR(3) around the hormone binding pocket. This difference adds 

to the differences found between the two subtypes in regulation of transcription and 

binding to synthetic ligands (33). For example the presence of Asn331 instead of Ser277 

in the TRpi results in a higher affinity of TR01 for the synthetic thyroid hormone 

analogue GC-1 due to a more stabile interaction of the LBD with GC-1. A conserved 

region near the C-terminal end of the LBD, called the ninth heptad, is important for 

heterodimerization (34). Furthermore the LBD contains the activation domain 2 (AF-2) 

which is involved in interactions with coactivators and mediates ligand-dependent tran-
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scriptional activation (35). Coactivators mediate the interactions of transcription factors 

with the basal transcription machinery via their LXXLL motif (where L is leucine and X 

is an}7 amino acid), which is the crucial element that interacts with the AF-2 domain of 

transcription factors (36;37). 

Binding of TRs to Thyroid Response Elements (TREs) 

TRs regulate gene expression through binding to specific DNA sequences known 

as thyroid hormone response elements. TREs are usually composed of two or more 

consensus motifs AGGTCA (referred to as "half sites") (38). Specificity of target gene 

recognition is determined, at least in part, by the orientation and spacing of two half 

sites consisting of the consensus sequence AGGTCA (39). TRs preferentially bind to 

two direcdy repeated AGGTCA sequences separated by four base pairs (DR4: AGGT-

CANNNNAGGTCA). Other configurations are palindromes (AGGTCATGACCT) 

and inverted palindromes (TGACCTNNNNNNAGGTCA). In vitro studies using 

fusion proteins of Rev-Erb and the N-terminus of the glucocorticoid receptor have 

shown that Rev-Erb can bind to DR4 TREs but not to palindromes or inverted palin

dromes (40). The DNA-binding domain of Rev-Erb can also bind in vitro to the TRE 

of the rat TSHP gene indicating a possibility that RevErb could also be involved in regu

lating a subset of TREs. 

TRs can bind to DNA as a monomer (only one TR), homomer (two TRs) or as a het-

erodimer with other members of the nuclear receptor superfamily, such as the retinoid 

X receptor (RXR), retinoid acid receptor (RAR) and the chicken ovalbumin upstream 

promoter transcription factor (COUP-TF). Binding of a TR monomer or homodimer 

is relatively weak due to rapid dissociation of the TR-TRE complex. The stability of the 

complex is greatly enhanced when TR is bound to a TRE as a heterodimer and the RXR 

is the preferent heterodimerization partner (41-43). The preferred DNA-binding form 

is a heterodimer however at very high in vitro concentrations of TR only homodimers 

are formed (41). TR homodimers have been shown to interact strongly with the SMRT 

corepressor whereas TR/RXR heterodimers are inefficient at binding SMRT indicating 

a role for homodimers in transcriptional repression (44). 

In addition the sequence and topology of a TRE can determine the recruitment of 

a homo- or heterodimer thereby also implying a specific role for the nature of the TRE 

in recruitment of corepressors. A TRE is referred to as a positive TRE or a negative 

TRE. In positively acting TREs gene transcription is activated by liganded TRs that are 
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Introduction 

associated with coactivators whereas binding of unliganded TRs, associated with core-

pressors, repress transcription. When binding of liganded TRs results in repression of 

transcription a TRE is called a negatively acting TRE. Negative TREs have been identi

fied in the genes encoding the TSHa (45) and |3 (46) subunits, TRH and the P-amyloid 

precursor protein (APP) (47;48). For example in the case of the TSHP gene the TRE 

recruits TRpi and mediates negative regulation by T . The mechanism, which is depen

dent on DNA binding, includes recruitment of histone deacetylases (HDACs) which 

are involved in transcriptional repression (by tightening nucleosome-DNA interactions 

thereby reducing access of the transcription factors to the chromatinated promoter 

(49)) (50;51). The properties of negative TREs are not completely understood but it is 

believed that the position of negative TREs (generally very close to transcription initia

tion sites) might play a role (44). 

TRalpha2 
Alternative splicing of the last exon of TRal results in the generation of the non-

T -binding C-terminal variant TRa2 (52). TRa2 functions as a weak dominant negative 

inhibitor of thyroid hormone action (53;54). The nature of the dominant negative 

activity is discussed below. 

TRa2 forms a TRE-binding complex as a monomer and a homodimer but it binds 

DNA much weaker than TRal . This is probably the result of the unique C-terminus of 

TRa2 which lacks the second half of the ninth heptad sequence (at amino acids 368-

374 of TRal) which is important for heterodimerization with RXR (55). TRa2 may 

therefore be unable to heterodimerize with RXR (or any of the other heterodimerization 

partners of TRal including TRal itself which was indeed reported by Katz et al (56)). 

However TRa2:RXR heterodimers have been reported, but these were only formed on a 

DR4 TRE (55;57;58). This discrepancy is explained by the nature of the DR4 TREs, e.g. 

certain flanking and spacer sequences of the TRE which can enhance binding of TRa2 / 

RXR heterodimers. When the last 100 or 150 amino acids of the TRal C-terminus were 

fused to the C-terminus of TRa2AC (made by deletion of the last 20 of the 122 unique 

amino acids of TRa2), the heterodimerization property of TRa2AC was completely 

restored, however this was not the case when the TRal specific amino acids were fused 

to intact TRa2 (56). In addition Yang et al showed that restoration of the ninth heptad 

in TRa2, by insertion of 9 TRal specific amino acids after amino acid 370, is critical for 

restoring heterodimerization on the palindromic DNA (57). However for restoration of 
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heterodimerization on the inverted repeat, addition of a series of alanine residues func

tions as well. The partial lack of the ninth heptad is also involved in the very weak or lack 

of interaction (hat is reported for TRa2 with nuclear corepressors (58;59). When the 

ninth heptad is restored TRot2 is able to interact strongly with corepressors (60). These 

data clearly underline the role of the unique C-terminus of TRa2. 

The dominant negative activity of TRa2 requires DNA binding but the relatively 

weak nature of this activity is only partly explained by the weak DNA binding (57). For 

example dephosphorylation of the TRa2 C-terminus or rendering a nonphosphorylatable 

form of TRa2 completely restored its DNA binding as a monomer (61). Katz et al also 

showed that deletion of the last 20 of the 122 unique amino acids of TRa2 (creating 

a TRa2AC) increased the DNA-binding properties of TRa2AC to the level of TRal . 

This indicates that the C-terminus of TRa2 is an inhibitory domain. 

The fact that TRa2 has weak DNA binding activity and fails to interact properly with 

corepressors such as NcoR and SMRT indicates that TRa2 does not actively inhibit 

transcription (58). One of the mechanisms of the dominant negative activity of TRa2 

is based on competition with the other TRs for binding to TREs. TRa2 is able to inhibit 

the binding of TRal monomers, homodimers and RXR-heterodimers although at a 

high ratio TRa2 to TRal (62). Moreover a modest inhibition by TRa2 was shown on 

T R a l or TRpM mediated transcription on positive TREs but not on negative TREs 

(63). The nature of the TRE and its flanking sequences in the promoter of T regulated 

genes is also important. For example TRa2 actively inhibits T^/TRpi transactivation of 

a myelin basic protein promoter construct but not of a construct with the promoter of 

malic enzyme (64). Finally TRa2 has been shown to act in a dominant negative manner 

without binding to a TRE probably by titrating out essential (basal) transcription factors 

(65). 

2.1 Splicing of gene transcripts 

Constitutive and alternative splicing 

Pre-mRNA splicing was discovered in 1977 and represents an essential step in the 

expression of genes which contain non-coding intron sequences (66;67). The introns 

are transcribed into pre-mRNA but are subsequently removed and the exons are ligated 

together to form translatable mRNA. Constitutive pre-mRNA splicing involves the ini

tial recognition of conserved splice site sequences at the intron-exon boundaries by 
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various proteins and splicing factors. The 5'splice site signal which is called the splice 

site donor is generally a variation of the consensus sequence CAG/GUAAGUA. The 

3'splice site, or the splice site acceptor, consists of three components: a branch point 

sequence [YNCURAY (Y, pyrimidine; N, any nucleotide; R, purine)], a polypyrimidine-

tract and a CAG sequence at the 3'-end of the intron (68). Auxiliary splicing enhancer 

sequences have been found in exons (exonic splicing enhancers) and in introns (intronic 

splicing enhancers). Splicing occurs in the spliceosome which is a 60S ribonucleoprotein 

complex (like a ribosome) consisting of snRNA-containing small nuclear ribonucleo

protein (snRNP) complexes, arginine/ serine rich (SR) RNA-binding proteins and other 

non-SR protein splicing factors, including heterogeneous nuclear ribonucleoproteins 

(hnRNP), RNA helicases, kinases and other enzymes (69;70). The spliceosome assem

bles in a highly ordered and stepwise manner (71) (figure 3). First Ul snRNP binds with 

its 5'end to the complementary sequence at the 5'splice site at the pre-mRNA. Subse-

quendy the U2 snRNP binds to the branch point and then the U4/U6 (these snRNPs 

form a tight complex) and U5 snRNP bind to form a splicing complex (the spliceo

some). Ul and U4 are destabilized and the spliceosome is activated for catalysis. Splicing 

occurs in two ATP-independent trans-esterification reactions. During the first catalytical 

step a conserved nucleotide in the intron sequence attacks the phosphate at the 5'splice 

site and cleaves the 5'exon thereby producing a lariat intermediate (which has the shape 

of a lasso). The second step involves repositioning of the 3'hydroxyl of the 5'exon near 

the phosphate at the 3'splice site of the exon and cleavage of the 3'splice site of the pre-

mRNA. The two exon structures are then joined together and the intron sequence is 

released as a lariat. The lariat which is still bound to the snRNPs is then disassembled in 

the nucleus and the snRNPs are recycled. 

Alternative splicing is the process by which multiple forms of mRNA can be formed 

from one pre-mRNA molecule. Figure 4 shows the different types of alternative 

splicing. The most common type of alternative splicing is inclusion or exclusion of one 

or more exons or introns within the constant framework provided by the constitutive 

exons and introns (72;73). When an exon or intron is excluded it is called retained. 

Another alternative splicing event includes the usage of an alternative 5' donor or 

3'acceptor splice site. This will lead to the excision of introns of different lengths 

and complementary variations in exon size. In the case of a cassette exon, the exon is 

included or excluded independently of other exons. Mutually exclusive splicing involves 

two or more exons of which only one is included in the mature mRNA and thus they are 
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5' C 3 ' Mature mRNA 

Figure 3: A schematic representation of the constitutive splicing process. Exons (white) and introns 
(grey) are represented by boxes. After recognition of the 5'splice site by Ul and binding of U2 at the 
branch point near the 3'splice site the spliceosome assembles by recruiting U4/U6 and U5. After several 
rearrangements the 5' splice site is attacked by a nucleotide in the intron sequence (black circle) and 
is cleaved. The 5'end of the intron joins with this nucleotide and a lariat (lasso) structure is formed. 
Then the end of the first exon binds to the beginning of the next exon thereby cleaving the 3'splice site. 
The snRNP-bound lariat is disassembled and degraded in the nucleus and the snRNPs are recycled. 
Abbreviations: Ul to U6 are small nuclear ribonucleoproteins (snRNPs). 

never spliced together. Multiple promoters or multiple poly(A) sites lead to alternative 

5'or 3'sequences. If the variable sequences are located in the coding region this will 

subsequendy lead to variations in amino-acid sequence in the N- or C-terminus of the 

protein. On the other hand variations in the untranslated sequences may influence RNA 

stability, transport or translational efficiency. Taken together alternative splicing can 

create multiple mRNAs derived from one pre-mRNA and this may provide an important 

mechanism for generating functional protein diversity. 

Splice site selection and splicing/actors 

Selection of the correct splice site mainly involves the coordinate recognition of 

nearby 3'and 5'splice sites, usually across an exon (called exon definition) (74;75). 

However if two potential 5'splice sites are occupied by Ul snRNPs (the first snRNP 
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that recognizes and binds the 5'splice sites after which assembly of the spliceosome can 

start), splicing not necessarily follows and therefore additional factors must participate 

in the selection of the splice site (76-78). One such group of proteins that plays a role in 

selection of 5'splice sites is the family of SR proteins that are required for constitutive 

splicing (79;80) but also influence alternative splicing by facilitating assembly of the 

spliceosome (81;82). SR proteins are located in nuclear speckles which are highly 

dynamic structures that respond specifically to activation of nearby genes by release of 

their splicing factors (83;84). SR proteins are phosphorylated and regulate alternative 

splicing in a concentration dependent manner (80;85). 

Retained intron 

m 
Alternative 5 'splice site 

ft: 

Mutually exclusive exons 

zrWtz 
Alternative 3 'splice site 

£ 
Multiple promoters 
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Cassette exon 
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Multiple poly(A) sites 

:SHB 
Figure 4: Types of alternative splicing events. Introns are shown as lines and exons are shown as boxes. 
Alternatively spliced exons/ introns are in black- and- white. Splicing patterns are indicated above and 
below by the diagonal dashed lines. Alternative splicing can occur due to an alternative 5'or 3'splice site. 
It can lead to the inclusion or exclusion of an internal exon (retained intron) also independent of the 
other exons (cassette exon). In mutually exclusive splicing, two or more alternative exons are involved 
and only one exon can be included in the mature mRNA. At the 5'and 3'end alternative splicing can 
occur in association with selection of alternative promoters and the use of alternative polyadenylation 
sites. 
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SR proteins, of which ASF/SF2 was the first protein found and the best characterized 

member of the family, share two characteristics in their sequence: the RNA recognition 

motif (RRM) near the amino terminus and a domain rich in arginines and serines (SR or 

RS rich region which is the eponym for the family) at the carboxyl terminus. SR proteins 

can affect the use of the 5'splice site and generally they stimulate the use of the proximal 

(downstream) site (figure 5) (79;86;87). They recognize specific enhancer sequences in 

the exons and they promote binding of UlsnRNP to the 5'splice site (77;88). 

Another class of proteins, which counteracts the activity of SR proteins by favouring 

the use of the distal 5' splice site (figure 5), comprises the hnRNP A/B proteins (89;90). 

hnRNP Al , the best characterized member of the group, contains a carboxy-terminal 

glycine-rich domain and two RRMs and was shown to bind pre-mRNA (87;91). hnRNP 

proteins shuttle between the cytoplasm and the nucleus and their accumulation in the 

nucleus is transcription dependent. During its transit through the nuclear pores to the 

cytoplasm it is bound to mRNA in an hnRNP-mRNA complex (92;93) 

hnRNP J\ 1 and SF2 in alternative splicing 

One of the models for regulation of alternative splicing is based on the antagonistic 

effects of hnRNP Al and SF2. In vitro splicing assays with adenovirus pre-mRNA and 

different amounts of SF2 and hnRNP Al demonstrated that an excess of hnRNP Al 

over SF2 results in activation of the distal 5'splice site (ss) whereas an excess of SF2 over 

hnRNP Al generally favours the proximal 5'ss (89). The opposing effects of SF2 and 

hnRNP Al were also observed in Hela cells that were transfected with several reporter 

genes (90). The reporter gene was spliced at the proximal 5'ss after overexpression of 

SF2 and at the distal 5'ss after overexpression of hnRNP Al. Moreover the ratio of 

hnRNP Al to SF2 was also shown to control splice site choice of the alternative 3'splice 

(94). Competitive binding between SF2 and hnRNP Aland affinity of Ul snRNP for 5'ss 

at the pre-mRNA probably underlies this antagonism (figure 5) (95). 

In terms of a mechanism for alternative splice site selection, SF2 enhances Ul snRNP 

binding at all 5'ss of the pre-mRNA and/ or interferes with hnRNP Al binding. This 

results in a double occupancy of alternative 5'ss by Ul snRNP which favours splicing via 

the 5'ss nearest to the 3' ss (which is the proximal downstream 5'ss) (77;87). In contrast, 

hnRNP Al binds indiscriminately to the pre-mRNA which interferes with UlsnRNP 

binding and thus the likelihood of simultaneous occupancy of 5'ss. As a result, the 

upstream distal 5'ss is used. The use of specific splice sites thus depends on the indi-
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vidual probabilities that they are occupied, i.e., on their affinity for Ul snRNE, rather 

than their position. Tissue specific variations in the total and relative amounts of SF2 

and hnRNP Al have been described and the ratio between SF2 and hnRNP Al varies 

between tissues, developmental stages and stages of adenoviral infection. This may be 

important in the regulation of alternative splicing in a tissue-specific or developmentally 

regulated manner (85). 

downstream 3'splice site 

1 

5'proximalv 

splice site 

t ^-. 
5'distal 
splice site upstream 

Figure 5: Model for the antagonistic actions of SF2 and hnRNP Al in 5'splice site selection. Alternative 
5'splice sites are displayed as black boxes; 3'splice sites are light grey. Introns are shown as lines. The 
splicing patterns are indicated above and below by the diagonal dashed lines. The upper panel shows a 
situation in which high concentrations of SF2 lead to double occupancy of the 5'splice sites by Ul. In this 
case the downstream (proximal from the 3'splice site) site is used for splicing. The lower panel shows a 
situation with low concentrations of SF2 or high concentrations of hnRNP Al. Ul binding is reduced by 
competition with hnRNP Al and this will lead to the use of the upstream or distal site. Abbreviations: 
U1=U1 snRNP 
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Transcription and splicing 

Splicing does not occur as an isolated event; it interacts dynamically with both 

the transcription process and other RNA processing events such as capping and 

polyadenylation (96). The carboxyterminal domain (CTD) of the large subunit of RNA 

polymerase II (Pol II) plays a critical role in these interactions as was shown by McCracken 

et al (97). They showed that when the CTD of pol II is shortened polyadenylation 

and splicing is abrogated whereas the transcriptional activity of Pol II is not affected. 

Cramer et al reported that differences in the promoter structure of a transiently 

transfected fibronectin construct can lead to differences in the alternative splicing of 

the fibronectin ED I exon (98). Moreover they have shown that overexpression of 

SF2 has no effect on the alternative splicing when the construct is driven by a p-actin 

promoter but the splicing direction is affected when transcription is driven by a number 

of other promoters (99). Therefore several mechanisms have been proposed including 

the recruitment of splicing factors to the site of transcription by the promoter itself 

(100;101) or the promoter modulates the regulation of Pol II elongation or processivity 

(102). Recruitment of splicing factors by the promoter might involve direct interaction 

between splicing factors and transcription factors that bind to the promoter or to the 

transcriptional enhancer sites. One study which favours this hypothesis reports of a 

functional interaction between SF2 and the transcriptional coactivator p52 both in vitro 

and in vivo as well as colocalization of SF2 and p52 in the nucleus of Hela cells (103). 

Most importantly p52 not only acted as a transcriptional activator but it also modulated 

SF2-mediated pre-mRNA splicing. 

Another transcriptional coactivator which may provide a link between splicing and 

transcription is the peroxisome proliferator activated receptor (PPAR) gamma coactiva

tor (PGC-1) which, in addition to the binding sites to Pol II and transcriptional co-acti

vators, contains some RNA processing motifs that are characteristic of splicing proteins 

(104-106) (figure 6). PGC-1 harbours an activation domain (AD) at its N-terminus that 

contains binding sites for other coactivators such as steroid receptor coactivator 1 (SRC-

1) and CREB-binding protein p300 (CBP/p300) (107). A leucine-rich motif (LxxLL 

motif) mediates ligand dependent interactions with certain nuclear receptors such as TR, 

PPARa, estrogen receptor (ER) and GR (106;108-110). The central region of PGC-1 

(200-400) contains a negative regulatory element which represses the function of the 

N-terminal AD. A proline-rich region that overlaps with this inhibitory domain inter

acts with transcription factors such as PPARy in a ligand-independent manner and with 
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nuclear respiratory factor one (NRF-1) (104;107;111). At the C-terminal end PGC-1 

contains two conserved motifs: a serine/arginine-rich region (RS) and an RRM. The RS 

domain is characteristic for SR proteins and the RRM shows homology to the corre

sponding domains found in SR and hnRNP proteins which confer RNA binding activity. 

Indeed PGC-1 was found to co-localize with SR proteins in nuclear speckles and asso

ciates with the splicing factors and the elongation form of RNA polymerase II (112). 

These associations were dependent on the RS/RRM containing C-terminus of PGC-1. 

PGC-1 was shown to alter the splicing pattern of a fibronectin minigene in transiendy 

transfected cells depending on the promoter structure (112). These findings suggest a 

role for PGC-1 as a DNA binding transcription factor to regulate post-transcriptional 

processes such as splicing (figure 7). 
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Figure 6: Schematic representation of the structure and functional domains of PGC-1. PGC-1 contains 
an activation domain, an LXXLL motif, an inhibitory domain and two conserved motifs: a serine/ 
arginine rich region (SR) and a putative RNA recognition motif (RRM). The activation domain 
interacts with other transcriptional coactivators such as SRC-1 and CBP. The LXXLL motif mediates 
ligand dependent interactions with nuclear receptors. The inhibitory domain suppresses the activation 
domain and part of this domain interacts with PPARy in a ligand-dependent manner. A third region 
mediates interactions with MEF2C and has no other known functions. The last domain containing the 
RS and RRM motifs mediates interactions with SR splicing factors and Ul. PGC-1 can interact with the 
initiation form of Pol II at its N-terminal end and with the elongation form of Pol II at its C-terminal end. 
Abbreviations: CBP: CREB binding protein; SRC-1: steroid receptor coactivator 1; MEF2C: myocyte 
enhancer factor 2C; NRF-1: nuclear respiratory factor 1; NR: nuclear receptor; PPARy: peroxisome 
proliferator-activated receptor; RS: arginine/ serine rich region; RRM: RNA recognition motif. The 
number of amino acids are indicated at the beginning and the end of the protein. 
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Inititiation 
Activation transcription 

Elongation and Splicing 

\ / 
mRNA v pre-mRNA 

Splicing 

Figure 7: Schematic representation of the initiation and elongation of transcription coupled to splicing. 
Exons are shown as boxes and introns as lines. In the upper panel the transcription initiation complex 
assembles with Polymerase II, transcription factors (TFs), PGC-1 and histone acetylase transferases 
(HATs) at the promoter of a gene. During elongation, depicted in the lower panel, Pol II can associate 
with splicing factors such as the SR proteins and PGC-1. This complex may influence the splice site 
direction of alternatively spliced genes. 
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1.3 Splicing of the thyroid hormone receptor alpha transcripts 

The balance of TRa/pha 1 to TRalpha 2 
An alternative 5'splice site is located in exon 9 of the TRa transcript. When this 

alternative splice site is used, TRa2 is generated and the transcript ends at a poly(A) 

signal located in exon 10 (figure 8). If the alternative splice site is not used, a poly(A) 

signal in exon 9 terminates the transcript resulting in the generation of TRal . 

c-erbAa gene 5'splice site 

t 

Alternative 
5'splice site 

1 ^ 

3'splice site 

TRal 

TRa2 

Figure 8: A schematic representation of the last 3 exons (boxes) and introns (lines) of the T R a gene. 
The TRal-specific part of exon 9 is indicated in light grey and the TRoc2-specific exon 10 is indicated in 
dark grey. In the lower panel the T R a l and T R a 2 transcripts are depicted and the spliced fragments are 
represented by dashed lines. The splice sites of intron 9 are indicated by black arrows. 

The generation of knockout mice which lack TRal or its splicing variant TRa2 

has helped us to understand the function and physiological relevance of TRa2 and 

the balance in TRal :TRa2. The first reported TRa-knockout mouse, TRa '!' did not 

survive beyond five weeks and this was due to the maintenance of the ATRal and 

ATRa2 (8). These truncated isoforms can repress the transactivation functions of 

other TRs and interfere with normal postnatal intestine development causing premature 

death. Mice that are completely deficient in TRa isoforms (TRa 0/0) have an increased 

sensitivity to thyroid hormone (113). They maintain normal thyroid-stimulating (TSH) 

concentrations despite low serum T4 levels. The increased sensitivity was mainly seen in 

tissues expressing TRP isoforms suggesting that it was the abrogation of the silencing 

effect of TRa2 that caused the increased responsiveness to T . TRal knockout mice 

do not over express TRa2 (or TRpi) and show no changes in sensitivity to thyroid 
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hormone (114). Mice that lack TRa2 as a result over express TRal and this leads to 

features of hyperthyroidism, such as increased heart rate, weight loss and elevated body 

temperature but also to features of hypothyroidism such as low serum thyroid hormone 

levels with an inappropriately normal TSH concentration (115). These tissue-specific 

differences in thyroid hormone responsiveness may depend on the amount of TRal 

expressed and thus suggest that the TRccl:TRa2 ratio may be involved in thyroid hor

mone responsiveness in specific tissues. A pathological condition which is associated 

with a decrease in responsiveness to T3 is fasting. When rats are subjected to fasting over 

a 48-hour period, the maximal binding capacity of the TR in liver decreases to 70% of 

the fed state and the TRal:TRa2 ratio decreases threefold (116). In conclusion these 

studies suggest that differences in thyroid hormone responsiveness depend on both 

the amount of TRal expressed and the TRal:TRa2 ratio which may regulate thyroid 

hormone responsiveness in specific tissues. 

Rev-ErbA 
Two studies have shown that in tissues where the Rev-ErbA mRNA levels are high, 

the TRal :TRa2 ratio is also relatively high (9). Furthermore Rev-ErbA levels were 

shown to increase during adipocyte differentiation which is correlated to an increase 

in the TRal :TRa2 ratio (117). In other conditions where the mRNA levels of Rev-

ErbA increased as a result of a block on protein synthesis, the TRal:TRa2 ratio also 

increased due to an increase in TRal and a decrease in TRa2 which was not related to 

transcription or mRNA stability (10). 

The mRNA encoding Rev-ErbA is partly complementary to TRa2 mRNA. As a 

result the mRNAs of Rev-ErbA and TRa2 could hybridize and block the splicing of 

TRa2 pre-mRNA thereby favouring the formation of TRal . Indeed, in an in vitro 

splicing assay, splicing of TRa2 was inhibited by the addition of antisense RNAs 

containing the 3'end of Rev-ErbA (118). Overexpression of Rev-ErbA mRNA in cells 

transiently transfected with a TRa minigene containing the last 4 exons and introns of 

TRa can also increase the TRal:TRa2 ratio independent of translation of Rev-ErbA 

sequences (119). Therefore Rev-ErbA could play a regulatory role in the splicing of TRa 

by inhibition of splicing to TRa2. 
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Aim of this thesis 

The level of T R a l and T R a 2 m R N A transcripts as well as the ratio of T R a l to T R a 2 

varies between different tissues both in humans and in rodents. We therefore set out 

experiments to test whether the splicing of T R a pre-mRNA might be regulated. For this 

purpose we used a cell line which endogenously expresses T R a and tested the splicing 

direction of T R a under several conditions. In the next place we asked ourselves, if the 

splicing is regulated, what are then the modulators of this regulation during health and / 

or disease? To address this question we studied the balance in T R a l to T R a 2 in liver 

biopsies of patients who had died on the ICU in relation to the hormonal status and the 

extent of illness in each patient. Furthermore we used a mouse model of N T I to study 

the alternative splicing of T R a l and T R a 2 in different tissues after lipopolysaccharide 

(LPS) administration. In the last place we wondered what the mechanism of the 

regulation of alternative splicing might be. One possible candidate is the coactivator 

PGC-1 which might have an effect on transcription as well as on the splicing process 

via its N-terminal RNA processing domains. Therefore we used a transient transfection 

assay with a T R a minigene that contains the last 4 exons and introns of T R a including 

the alternative splice site and studied the T R a l : T R a 2 m R N A ratio. We co-transfected 

a plasmid expressing full length PGC-1 or PGC-1 containing several deletions in its N -

terminal domain, and studied the difference in splicing of the T R a transcripts. 
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Abstract 

The c-erbAa gene encodes two thyroid hormone receptors, TRal and TRa.2 that 

arise from alternative splicing of the TRa pre-mRNA. TRa2 is not able to bind T3 

and acts as a weak antagonist of TRs. It has been suggested that the balance of TRal 

to TRa2 is important in maintaining homeostasis. Here we study the effect of thyroid 

hormone on the splicing of TRa under various conditions in HepG2 cells. First T3 was 

added to HepG2 cells that endogenously express TRa. This resulted in a decrease in the 

TRal :TRa2 mRNA ratio by the addition of 10"8M or 10"7M T3. Then HepG2 cells were 

incubated with sera from hypothyroid or hyperthyroid patients. Sera from hyperthyroid 

patients (n=6) decreased the TRal:TRa2 ratio compared to HepG2 cells incubated 

with sera from euthyroid patients (n=8). Sera from hypothyroid patients (n=6) had no 

effect on the TRal :TRa2 ratio but supplementation with T, caused a decrease in the 

ratio. Finally we tested sera from patients with nonthyroidal illness (n= 17) which showed 

no effect on TRa splicing when compared to controls. fT levels of sera from hypo-, eu-, 

and hyperthyroid patients, but not of NTI patients, were negatively correlated (p<0.01) 

to the TRal:TRa2 ratio. We next studied the expression of splicing factors hnRNP Al 

and ASF/SF2 (SF2) in relation to the splicing of the TRa gene. In HepG2 cells incu

bated with NTI sera a negative relationship was found between the ratio of hnRNP Al: 

SF2 and the TRal :TRa2 ratio. A high hnRNP Al :SF2 ratio is associated with the use of 

the distal 5'splice site. The splicing direction should then change towards TRa2, which is 

indeed the case. Rev-ErbA which is partly complementary to TRa2 and could therefore 

interfere in the splicing process did not relate to the TRal:TRa2 ratio. 

In conclusion, high T3 levels induce a low TRal:TRa2 ratio which could protect the 

cell from excessive T3 induced gene expression. In vivo this might be a mechanism to keep 

tissues relatively euthyroid during high serum T3 levels. 

Introduction 

Thyroid hormone exerts its actions primarily by binding to thyroid hormone recep

tors (TRs) that bind to thyroid hormone response elements in the regulatory region of 

a gene thereby modifying gene expression. Five different TR isoforms are known (al , 

a2 , p i , P2, P3) which are derived from the genes c-erbAa and c-erbAP respectively 

(1;2). The c-erbAa gene encodes two variants that differ at their C-terminal end by the 
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use of an alternative splice site in exon 9. TRal is a functional receptor that binds T} 

whereas TRa2 does not bind T3 and may have a dominant negative effect. TRa2 can 

exert its dominant negative activity either by competing for TR binding to thyroid hor

mone responsive elements (TREs) on DNA (3;4) or via other mechanisms that do not 

require binding to a TRE(5). 

TRa2v~ mice overexpress TRal and are hypothyroid but show a complex phenotype 

with features of both hypo- and hyperthyroidism (6). A disturbance in the balance of 

the TRal:TRa2 ratio may be responsible for the changes in thyroid hormone sensitivity 

of the different tissues. Moreover, mice that lack all TRa isoforms have an increased 

sensitivity to thyroid hormone, possibly due to the absence of the silencing effect of 

the dominant negative TRa2 (7). We hypothesized that T, might have an effect on the 

alternative splicing of TRa mRNA by changing the balance towards TRa2 in case of 

high T3 levels. This might then counterbalance excessive T3 induced gene transcription 

during hyperthyroid conditions. We therefore tested the effect of T3 addition on 

endogenously expressed TRal and TRa2 in HepG2 cells. Subsequently we also looked 

at the effect of adding sera from patients who were hyperthyroid or hypothyroid. We use 

HepG2 cells as a model, for these cells have previously been used to study the uptake, 

metabolism and action of thyroid hormone and have proven to be a suitable model for 

thyroid hormone handling by the human liver (8;9). Induction of the low T3 syndrome 

in rats by fasting alters the balance between TRal and TRa2 in liver due to an increased 

expression of TRa2 (10). This leads to the hypothesis that serum from patients with 

nonthyroidal illness (NTI) might also have an effect on the splicing process of TRa and 

therefore we also tested sera of NTI patients in our HepG2 model. 

It is likely that there is a control of TRal and TRa2 mRNA levels by regulation of 

alternative splicing of the TRa pre-mRNA and splicing factors may play a role in the 

selection of the alternative splice site of the TRa pre-mRNA. Certain components of 

the general splicing mechanism, such as the family of serine-arginine (SR) proteins affect 

splice site selection in a dose dependent manner; they are counteracted by hnRNP Al 

and related proteins (11;12). The ratio of SR proteins and hnRNP Al-like proteins is 

therefore an important determinant for alternative 5'splice-site selection in transfected 

cells (13). The identification of a splicing enhancer element (SEa2) within the final 

intron of TRa2 mRNA that stimulates TRa2 mRNA splicing and interacts with ASF: 

SF2 (SF2) supports the idea that these splicing factors are involved (14). 
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Another interesting feature of the erbAa locus is the presence of a third gene, Rev-

ErbAct (RevErb), encoded on the opposite strand of the erbAa (15). The 3'end of 

RevErb overlaps with sequences coding for TRa2 but not TRal . The fact that RevErb 

mRNA is partially complementary to TRa2 mRNA could indicate that it is involved in 

a possible regulatory mechanism for TRa mRNA processing. In vitro splicing towards 

TRa2 pre-mRNA is inhibited by addition of an excess of antisense RNAs containing 

the 3'end of RevErb mRNA (16). RevErb is also associated with an increase in the ratio 

TRa l to TRa2 mRNA in differentiating adipocytes (17). Another study aim was conse

quently to evaluate possible involvement of SF2, hnRNP Al and RevErb in the splicing 

process of TRa pre-mRNA. 

Patients & Methods 

Materials 

T was obtained from Sigma Chemical Co. (St. Louis, MO) and dissolved in 5mM 

NaOH to a concentration of 1 mg/ml. It was further diluted in E/MEM (Biowhittaker, 

Verviers, Belgium) and stored at -20°C. 

Cell culture 

The human hepatoma cell line HepG2 was obtained from the ATCC (#HB 8065, 

American Type Culture Collection, Rockville, Maryland, USA). For the first experiment 

cells were cultured in EMEM supplemented with 10 U/ml penicillin/ streptomycin/ 

fungizone (p/s/f) and 5% fetal calf serum (all from Biowhittaker, Verviers, Belgium). 

Cells were plated in 6-wells plates and reached approximately 70% confluence after 18 

hours. Medium was then changed to incubation medium with 5% FCS and an increasing 

amount of T (10'to 10"7M). HepG2 cells were incubated with each concentration of T3 

in six-fold for a further 24 hours after which RNA was isolated. 

The second experiment was performed with sera from hypothyroid, hyperthyroid and 

euthyroid controls. HepG2 cells were incubated in 24-wells plates containing E/MEM 

supplemented with 10 U/ml (P/S/F) and 10% serum. Each serum sample was tested in 

duplicate for 24 hours. 

In the third experiment sera from two hypothyroid patients were tested in triplicate 

with increasing amounts of T3 (10"9to 10"7M). 
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In the fourth experiment we incubated HepG2 cells with E/MEM containing 10 U/ 

ml (P/S/F) and 10% serum from NTI patients or healthy controls. We isolated cells after 

5, 10 and 24 hours of incubation. All samples in this experiment were tested in tripli

cate. Sera were assayed in four separate runs; each run contained 2 serum samples from 

group I-III. 

Patients 

Sera were collected from 8 healthy volunteers, 6 hypothyroid (TSH>4 mU/1, fT4<10 

pmol/1) patients and 6 hyperthyroid (TSH<0.4 mU/1, fT4>23 pmol/1) patients. 

Additionally we collected sera from 24 patients hospitalized at the Department of 

Internal Medicine of our institute. Excluded were patients with thyroid or pituitary/ 

hypothalamic diseases, or using drugs known to interfere with thyroid hormone metabo

lism or regulation. Diagnoses of the patients admitted to the study were infectious dis

ease (n=7), renal insufficiency (n=6), cancer (n=5), liver disease (n=2), multiple sclerosis 

(n=l), gastrointestinal disease (n=2) and venous thrombosis (n=l). Sera from 8 healthy 

volunteers acted as controls in this experiment (group I). Sera of patients were divided in 

two groups: group II with normal serum T3 and T4 (T3>1.3 nmol/1, T4>75 nmol/1, n=7) 

and group III with subnormal T3 and normal or subnormal T4 levels (T,<1.3 nmol/1, 

n=17). Sera were stored at -20°C. 

Assays 

Serum T3 and T4 were measured with in-house RIA's (18). Free T was measured by 

a two-step fluoroimmunoassay (DELFIA; Wallac, Turku, Finland). TSH was measured 

with an immunofluorometric assay (DELFIA). A commercial enzyme immunoassay 

(Pelikine Compact human IL-6 ELISA kit, CLB, The Netherlands) was used to measure 

IL-6 with a sensitivity of 0.5-1 pg/ml. 

RT-PCR 
Total RNA was isolated with the RNeasy isolation system (Qiagen GmbH, Hilden, 

Germany) and reverse transcribed into single-stranded cDNA using the First Strand 

cDNA synthesis kit with random primers (Roche Molecular Biochemicals, Mannheim, 

Germany). Real-time PCR reactions were performed in a LightCycler (Roche Molecular 

Biochemicals, Mannheim, Germany). TRal and TRa2 were simultaneously detected in 

the same sample using sequence-specific hybridization probes and a LightCycler-Fast-
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Start DNA Master Hybridization Probes kit. Probes, primers and program were as pre

viously described (19). P-Actin, hnRNP Al and SF2 were measured using the LightCy-

cler-DNA Master SYBR Green kit and RevErb with the LightCycler Faststart DNA 

master SYBR Green kit. We designed primer pairs for hnRNP Al (sense: 5'-CATGACT-

GACCGAGGCAGTG-3'; antisense: 5'-GGCTGGATGAAGCACTAGCC-3') and 

RevErb (sense: 5'-GCTCGGGCATGGAGAATTC-3'; antisense: 5'-CCAGAGGCT-

CATCTTGGAAT-3'). Specificity of the product was checked by gel electrophoresis. 

Primers for ASF: SF2 and p-actin were as described (20;21). For each mRNA assayed, 

a sequence-specific standard was generated and used in the range of 0.1-1000 fg/20 |ti. 

The PCR reactions were cycled with the following programs: P-actin: denaturation at 95 

°C for 10 s, 45 cycles of 0 s 95 °C, 5 s 52 °C, 10 s 72 °C, hnRNP Al: denaturation at 

95 °C for 10 s, 45 cycles of 0 s 95 °C, 5 s 50 °C, 10 s 72 °C and SF2: 95 °C for 10 s, 45 

cycles of 0 s 95 °C, 5 s 50 °C, 10 s 72 °C, 5 s 80 °C, all with a final MgCL, concentration 

of 5mM. The following program was used for measuring RevErb mRNA: 95 °C for 600 

s, 45 cycles of 0 s 95 °C, 5 s 50 °C, 10 s 72 °C, 5 s 81 °C. Final concentration of MgCl, 

was 4mM. Melting curves were analyzed with continuous fluorescence reading. From the 

standard curve generated by measurements taken during the exponential phase of the 

amplification, the amount of mRNA in each sample was determined. All results were 

normalized to the amount of P-actin mRNA and are expressed as relative units. 

Western Blots 

HepG2 cells were cultured in 75 cm2 flasks for 24 hours in E/MEM containing 5% 

FCS in the presence of 10"7 M T3 or without T3 (only diluted NaOH in E/MEM as a 

control). Cells were washed two times with ice-cold PBS and a whole cell extract was 

made by scraping the cells in 1 ml homogenizationbuffer (0.25M sucrose, 10 mM Hepes, 

25mM KC1, ImM EDTA, 10% glycerol containing spermine, spermidine and Complete 

protease inhibitor (Roche Molecular Biochemicals)). The cells were then disrupted at 

6500 rpm for 60 s in a MagNA Lyser (Roche) with Green Beads (ceramic beads, Roche). 

Subsequently, 20 |_ll of protein suspension in loading buffer was loaded onto a 10% SDS-

Page gel. TRal and TR(x2 were detected as described by Zandieh Doulabi et al (in press) 

using monoclonal antibodies. 
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Data analysis 

Differences between groups were analyzed with the Mann-Whitney-U test. Pear

son's coefficient of correlation was used for evaluation of the relationship between the 

TRal:TRa2 ratio and the hnRNP Al: SF2 ratio and for correlations of serum T„ T. 
3' 4 

and fTjWith the TRal:TRa2 ratio. Spearman's correlation coefficient was used to ana

lyze the correlation between IL-6 and Ty 

Results 

p<0.01 

p<0.01 
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In the first experiment we tested if T3 

addition had an effect on the endogenous 

TRa mRNA expression and/or the alter

native splicing process of TRa in HepG2 

cells. The amount of T in die FCS is in 

the picomolar range which is well below 

the Kd of the thyroid hormone receptor 

and therefore unlikely to cause interfer

ence. Incubation of cells with concentra

tion of 10'8M and 10"7M T3 significandy 

decreased the ratio of TRal to TRa2 

(Fig.1). The change in the TRal:TRa2 

ratio was confirmed on a Western Blot. 

After incubation of HepG2 cells with 10" 
7 M T3 the TRal:TRa2 ratio on protein 

level decreased from 0.98 to 0.61 (Fig 2). 

The mRNA ratio of the splicing factors hnRNP A1:SF2 did not differ when T was 

added. There was also no effect of T3 on RevErb mRNA expression. 

The second experiment was performed to evaluate the effects of human euthy

roid, hyperthyroid or hypothyroid serum samples on the expression of TRa in HepG2 

cells. Hypothyroid sera contained lower levels of T3 and T4 compared to euthyroid sera 

whereas hyperthyroid sera had increased levels of T3 and T4 (Table 1). Incubation of 

HepG2 cells with hyperthyroid sera induced a decrease in the TRal :TRa2 ratio whereas 

incubation with hypothyroid sera did not have an effect (Fig.3). No difference was found 

in total TRa mRNA expression between the three groups. We then analyzed the mRNA 

Figure 1: HepG2 cells were incubated with 
increasing amounts of T, (10 9M to 10 7M) for 
24 hours before isolation of mRNA. The effect 
on the endogenous TRal :TRa2 mRNA ratio is 
shown. Values as mean + SEM (n=6); p-values are 
obtained with the Mann-Whitney-U test. 
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Table 1. Thyroid function test of euthyroid, hypothyroid and hyperthyroid subjects. Values are given as 
median and range. 

Parameter 

No. (M,F) 

Age (years) 

Total T, (nmol/1) 

Total T4 (nmol/1) 

Free T (pmc 

TSH (mU/1) 

»1/1) 

Hypothyroid 

6 (0,6) 

35 (27-51) 

1.2(0.5-2.1)» 

35 (5-115)c 

3.2 (2.0-9.6)d 

95 (12-226)d 

Euthyroid 

8 (3,5) 

38 (24-51) 

2.2 (1.8-3.0) 

110 (70-145) 

14 (12-20) 

1.45 (0.5-2.3) 

Hyperthyroid 

6 (0,6) 

45 (32-56) 

5.9 (2.7-7.9)b 

245 (210-397)b 

66 (26-70)b 

0.035 (0.02-0.05)e 

aP<0.01, CP<0.05, dP<0.001: hypothyroid compared with euthyroid; bP<0.001, eP<0.05; hyperthyroid 
compared with euthyroid (Mann-Whitney U test). 

expression of RevErb and the splicing factors hnRNP Al and SF2 and found no dif

ferences in expression between the three groups. Furthermore, there was also no cor

relation with the TRal:TRa2 ratio. The 10-fold increase in the TRal:TRa2 ratio when 

compared to the first experiment is caused by the addition of 10% human serum. 

The third experiment was performed to test if the high concentration of T3 in serum 

of hyperthyroid patients caused the decrease in TRal:TRa2 mRNA ratio in HepG2 

cells. We therefore added increasing concentrations of T^ to hypothyroid human serum. 

After a 24 hour incubation of HepG2 cells with this T3-enriched serum, the TRal :TRa2 

ratio decreased significantly (Fig. 4). 

With the fourth experiment we investigated whether the well-known altered concen

tration of T^ and T4 in serum of patients with NTI would have an effect on the splicing 

process of the TRa pre-mRNA in HepG2 cells. Thyroid function tests and IL-6 serum 

levels of NTI patients and controls are presented in table 2. Serum IL-6 levels were ele

vated in the NTI patients when compared to healthy controls, but no differences could 

be detected within the NTI patient groups. When all patients were analyzed together, a 

+ T3 

-T, 

TRal TRa2 TRal:TRa2 TRal 

5444 

4569 

8929 

4647 

0.61 

0.98 

kD 
62 

•47.5 ' 

TRa2 

T, + 

Figure 2: Western blots were prepared with whole cell extract of HepG2 cells incubated with or without 
10 7M T . Blots were then incubated with monoclonal antibodies against TRa l or TRa2 . The arrows 
indicate the specific bands of 46 kD for T R a l and 58 kD for TRa2. In the table the relative light units 
of each band are given and the TRa l :TRa2 ratio is calculated. 

48 



T affects the splicing of TRa mRNA 

p<0.05 

15 

CM 
a 
ac 
T. 10 
a 

DC 

B 5 
n 

DC 

p<0.05 

NS p<0.01 

Hypothyroid Euthyroid Hyperthyroid 

Sera 

Figure 3 : The TRa l :TRa2 mRNA ratio in HepG2 
cells incubated with sera from hypothyroid, 
euthyroid and hyperthyroid subjects. Values as 
mean + SEM (n=6). P-values are obtained with 
the Mann-Whitney-U test. 
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Figure 4: The TRal :TRa2 mRNA ratio in 
HepG2 cells incubated with sera from hypothyroid 
subjects, supplemented with increasing amounts 
of T, (10-'M to 107M). Values as mean + SEM 
(n=6); p-values are obtained with the Mann-
Whitney-U test. 

strong correlation was found between total serum T3 and serum IL-6 (Spearman's corre

lation coefficient, r=-0.61, p<0.001). We harvested HepG2 cells after 5,10 and 24 hours 

of incubation with serum. Since no significant effects on the splicing of TRa were seen 

after 5 and 10 hours (data not shown) we only describe the data after 24 hours of incu

bation. The TRal:TRa2 ratio did not change between cells incubated with sera from 

different groups (Fig. 5A). No differences were found between the different groups for 

any of the measured mRNAs with the exception of increased RevErb mRNA in NTI 

Table 2. Thyroid function tests and serum IL-6 in controls (group I) and hospitalized patients with 
normal serum T3 (group II) or subnormal T3 (group III). Values are given as median and range. 

parameter 

No. (M,F) 

Age (years) 

Total T3 (nmol/1) 

Total T4 (nmol/1) 

Free T4 (pmol/1) 

TSH (mU/1) 

IL-6 (pg/ml) 

Group I 

8 (3,5) 

40 (24-59) 

2.2 (1.8-3.0) 

98 (70-145) 

14 (12-20) 

1.5 (0.5-2.3) 

1.1 (0.1-2.1) 

Group II 

7 (4,3) 

43 (18-58) 

1.6 (1.3-2.4) 

110 (80-140) 

15 (12-23) 

1.5 (0.3-4.0) 

16.3 (2.5-104.0)' 

Group III 

17 (8,9) 

53 (27-79) 

0.6 (0.2-1.2)»'b 

75 (35-125)c 

16 (9-25) 

2.2 (0.2-5.6) 

23.6 (3.9-654.0)» 

°P<0.001 vs group I, bP<0.05 vs group II, CP<0.001 vs group II (Mann-Whitney U test). 
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patients with a subnormal T3 (Fig. 5B). The mRNA expression of RevErb was nega

tively correlated to the level of serum T3 (r=-0.39, p<0.05). We did not find a relation

ship between the TRal:TRa2 ratio and RevErb. Interestingly, although no effect of 

the individual splicing factors hnRNP Al and SF2 on the TRal:TRa2 ratio was seen, 

a negative correlation (r= -0.40, p<0.05) was found between the TRal:TRa2 ratio and 

the ratio of hnRNP A1/SF2 (Fig. 6). No relation was found between IL-6 and any of 

the measured mRNAs. 

Whereas a clear negative correlation was found between serum fT4 levels of hypothy

roid, euthyroid and hyperthyroid patients and the effect of these sera on the TRal :TRa2 

ratio, this relationship was not observed for NTI sera (Fig 7). 

A. 
10.0 

CM 

a 
% 7.5 \ 

a. 5.0 

a 
a 2.5 

0.0 

NS 
NS NS 

i i i i i i i i 

III 

B. 

ÜJ 

> 
a. 

10 

0.1 

0.01 

1 NS 
1 

p=0.05 

p<0.05 
II 1 

I II III 
Figure 5: HepG2 cells were incubated with seta from healthy subjects (group I) or NTI patients (group 
II and III) for 24 hours. Effect on the TRal :TRa2 mRNA ratio (panel A) and on RevErb mRNA 
expression (panel B). Values as mean + SEM; p-values are calculated with the Mann-Whitney-U test. 
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Figure 6: Correlation between endogenous mRNA values of the TRal :TRa2 ratio and the hnRNP Al: 
SF2 ratio in HepG2 cells incubated with serum from NTI patients or controls. 

Discussion 

The balance between TRal and TRa2 is important since they are both transcrip

tion factors but have opposite effects on T3-responsive gene expression (22). Studies 

in mouse strains that lack both TRa isoforms or only TRa2, have shown an increased 

sensitivity to T3 which is mainly attributed to the abrogation of the constitutive silenc

ing mediated through TRa2 (6) (7). Although no definite conclusions about the role of 

TRa2 can be drawn, both studies underline that the balance in TRal:TRa2 may play an 

important role in the control of growth and homeostasis. 

We show here that a high amount of T3 decreases the endogenous TRal:TRa2 ratio 

in HepG2 cells without affecting the transcription of the total TRa mRNA. This change 

in the TRal:TRa2 mRNA ratio due to T3was also observed at the protein level. When 

HepG2 cells were exposed to sera from hyperthyroid patients we also found that high 

thyroid hormone concentrations decreased the TRal:TRa2 mRNA ratio. Addition of 

T3 to sera from hypothyroid patients similarly resulted in a decrease in the TRal:TRa2 

ratio. This change in the splicing direction towards the dominant negative receptor TRa2 

could protect the (HepG2) cell against excessive T3 induced gene expression, despite an 

extracellular environment containing high levels of T . 

The mechanism behind this effect of T3 is not clear. Unlike the gene encoding the 

TRp isoforms, the gene encoding TRa does not contain a TRE and is therefore prob

ably not under direct thyroid hormone control (23). Indeed, in our studies T3 had no or 

only minor effects on transcription of the TRa gene, indicating that the effect of T3 on 

TRa splicing is probably not regulated at the transcriptional level of the gene. Alterna

tive splicing of TRa pre-mRNA could be regulated in various ways. One is the choice 
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Figure 7: A. Relationship between serum fT4from hypothyroid, euthyroid and hyperthyroid subjects 
and the TRocl:TRa2 mRNA ratio in HepG2 cells incubated with these sera. Free T4 levels of three 
hyperthyroid patients are >70 pmol/1. Pearson's correlation coefficient is shown. B. Correlation between 
serum fT levels in healthy subjects (group I) and NTI patients (group II and III) and the TRctl:TRa2 
ratio in HepG2 cells incubated with these sera. 

of the alternative 5'-splice site, which is mediated by various splicing factors that bind 

to the alternative splice site but also to adjacent elements which results in expression of 

TRa l or TRa2. In the intron of TRa2 a splicing enhancer element (SEa2) was charac

terized which in vitro stimulates TRa2 mRNA splicing. SEa2 binds SF2 which indicates 

that the splicing process might be influenced by binding of specific splicing proteins 

to this element (14;15;24). T3 added at a concentration of 10 9M increased the hnRNP 

A1:SF2 ratio in HepG2 cells, which coincided with an increase in TRa2 expression. 

The TRal :TRa2 ratio decreased although not significantly. This is in agreement with 

experiments that show that a predominance of SF2 over hnRNP Al promotes the use 

of the proximal 5'-splice site, which in our case would lead to a high TRal:TRa2 ratio. 

A high hnRNP Al :SF2 ratio results in the use of the distal 5'-splice sites, leading to a 
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low TRal :TRa2 ratio. It is known that both SF2 and hnRNP Al can bind to specific 

RNA sequences and affect the splice site choice (12;13;25). Bai et a/have shown that 

co-transfection of SF2 with a calcitonin/CGRP gene construct promoted the use of 

the proximal 3'-splice site, resulting in the inclusion of a terminal calcitonin exon (20). 

Co-transfection with hnRNP Al antagonized the effect of SF2 by stimulating the distal 

splice site. In our in vitro model only one alternative splice site is present, which is the 

distal splice site leading to TRa2 that is chosen over polyadenylation of TRal . The dis

covery of the intronic enhancer element SEa.2 within the final intron of TRa2 mRNA 

supports the idea that these splicing factors are involved and that the model proposed 

for calcitonin would be valid in this case as well (14). However, involvement of other, 

possibly tissue specific, splicing factors that play a role in the splicing process of the TRa 

pre-mRNA cannot be ruled out. 

Regulation of the splicing process by thyroid hormone could also be mediated via 

signaling pathways leading to phosphorylation and subsequent activation of splicing fac

tors. 

Phosphorylation of SR proteins by CLK/Sty protein kinase leads to their release 

from nuclear speckles and enhances protein activity(26). Xiao and Manley showed that 

SF2 could only activate splicing in vitro when its serine residues in the RS domain are 

phosphorylated (27). It is possible that T3 exerts its effect on splicing by serine phos

phorylation of SF2. Since several kinases, such as CLK/Sty, SRPK1, PKA and PKC are 

all able to phophorylate SF2, there are multiple candidates for regulation by T . Serine 

phosphorylation of TR isoforms itself has also been described. For example TRpi is 

stabilized by phosphorylation mediated by MAPKs via a nongenomic action of T (28). 

Chen et al. have shown that MAPKs also potentiate TR activity. SF2, however is not a 

substrate for MAPK although other splicing factors might be involved that could be 

phosphorylated by MAPK. Jones et al. have shown a reduction in T3-induced gene tran

scription as a result of a reduced TRal and TRpi activity due to the use of the serine/ 

threonine kinase inhibitor H7(29). In contrast to the effects observed on TR proteins 

by phosphorylation, no effects of phosphorylation have been described on TR isoform 

expression. 

Another feature that could contribute to regulation of the TRa mRNA processing 

is RevErb. This anti-sense transcript encodes a nuclear receptor, belonging to the same 

superfamily as the thyroid hormone receptors. Only two natural target genes are known, 

the rat apolipoprotein (apo)A-l gene and the human RevErb gene itself (30;31). Since the 

53 



Chapter 2 

RevErb mRNA partially overlaps the TRa2 mRNA, a possible role in direct regulation 

of the TRa gene expression by RevErb has been suggested. Transfection of a minigene 

expressing both TRa and RevErb genes, resulted in a 2-fold increase in the TRa 1 :TRa2 

ratio as compared to TRa expression without co-expression of RevErb (32). A simi

lar increase in the TRal:TRa2 ratio and RevErb mRNA was found in adipocytes that 

were induced to differentiate in vitro (17). On the other hand, in a differentiating B-cell 

line, no correlation was found between the TRal:TRa2 ratio and RevErb but a positive 

correlation was found between TRal:TRa2 ratio and the RevErb:TRa2 ratio (33). In 

this case the authors in fact show a relation between TRal and RevErb, since both are 

divided by TRa2. In our study we did not find a correlation between RevErb and the 

TRal :TRa2 ratio at all, suggesting that at least in this experiment, RevErb mRNA has 

no influence on the splicing of TRa pre-mRNA. The increased expression of RevErb 

in HepG2 cells incubated with NTI sera could be the result of low T3 contents in these 

sera since we also found a negative correlation between serum T and RevErb which is 

of unknown significance. 

The low amount of T3 in NTI sera does not seem to have an effect on the splicing 

process of TRa pre-mRNA. IL-6 levels were elevated in serum of all NTI patients and 

correlated strongly with serum T which is in agreement with previous reports (34;35). 

IL-6 has been shown to contribute to the pathogenesis of NTI but the mechanism are 

not yet elucidated (36). In our experiment serum IL-6 was not related to the TRal:TRa2 

ratio but we cannot rule out the possibility that IL-6, via co-activators or splicing fac

tors, plays an indirect role in the regulation of the splicing process. HepG2 cells incu

bated with NTI sera showed a relationship between a high hnRNP Al: SF2 ratio and a 

low TRal :TRa2 ratio which is not related to serum T . However this result supports 

the idea that a certain balance in the splicing factors hnRNP Al to SF2 is involved in the 

splicing of TRa. 

In conclusion, we have demonstrated that high amounts of T in incubation medium 

of HepG2 cells, either present in serum or supplemented, leads to a shift in the splicing 

direction of the endogenous TRa pre-mRNA towards the dominant negative isoform 

TRa2. This suggests a model where the change in splicing direction protects cells 

against excessive thyroid hormone regulated gene expression. In vivo this might provide 

a mechanism to keep tissues relatively euthyroid despite high serum T3 levels. 
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Chapter 3 

Abstract 

Many physiological systems adapt to a changing (hormonal) environment by varying 

the levels of splice variants of a gene. An example is the c-erbA-a gene which through 

alternative splicing gives rise to two receptor isoforms TRal and TRa2. The TRal iso-

form is a bona fide thyroid hormone (TQ receptor whereas the TRa2 acts as a dominant 

negative isoform. The ratio of these splice variants could therefore have a marked influ

ence on T3-regulated gene expression, especially in view of the changing metabolism of 

thyroid hormone during illness. We studied the TRotl:TRa2 ratio in postmortem liver 

biopsies of 58 patients who were critically ill and died in the ICU in relation to differ

ent clinical and treatment parameters. Stepwise multiple regression yielded the following 

equation: TRal:TRa2 ratio = -1.854 + (0.0323*Age) + (0.0431*TISS score) indicating 

that 28% of the change in TRal:TRa2 ratio can be predicted by these two clinical vari

ables. There was no effect of randomization to intensive insulin therapy, glucocorticoid 

or thyroid hormone treatment on the TRal:TRa2 ratio. The ratio hnRNPAl:SF2, a 

possible molecular determinant of the splicing ratio, did not show an association with 

the TRal :TRa2 ratio. 

In conclusion, it appears that in critically ill patients the ratio of TRal:TRa2 expres

sion is increased possibly indicating an increased sensitivity to T but, in view of the 

decreased serum T levels and the resulting possible suppression of T3-responsive 

gene expression by unliganded TRs, the functional consequence of this increased ratio 

remains to be established. 

Introduction 

Many physiological systems adapt to a changing (hormonal) environment by varying 

the levels of splice variants of a particular gene (1). Examples include the splicing of 

glucose-6-phosphate dehydrogenase which changes as a result of nutritional status (2) or 

the change in splicing of the PKCj3 gene induced by insulin (3). The precise mechanisms 

guiding these changes are not yet known but they are most probably caused by chang

ing levels of splice factors. Two classes of proteins are known to be involved in splicing 

namely the hnRNP and the SR proteins (4). These proteins bind the RNA on specific 

sequences and thereby regulate the splicing direction. This direction is determined by the 
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ratio hnRNP/SR proteins where a high ratio favours the distal splice site whereas a low 

ratio favours the proximal one (5). 

Splice variants are not only known for genes influenced by hormones but also for 

the hormone receptor genes themselves. One example is the dexamethasone dependent 

alternative splicing of the insulin receptor pre-mRNA which influences the sensitivity 

of a cell for insulin (6). Another example is the c-erbA-oc gene which through alternative 

splicing gives rise to two receptor isoforms TRal and TRa2. Recent studies have indi

cated that the 9fh exon of the c-erb-Aa gene contains a splice enhancer which can bind 

the above mentioned splice factors, which then determine the choice between TRal 

or TRa2 (7). The TRal isoform is a bona fide thyroid hormone receptor whereas the 

TRa2 is a non-binding form which is able to act as a dominant negative on the other 

receptor isoforms. The ratio of these splice variants could therefore have a marked influ

ence on T3-regulated gene expression. This idea is supported by recent data obtained 

from studies with knock-out animals lacking the TRa2 isoform which appeared to be 

more sensitive to the hormone (8;9). This finding can be interpreted as suggesting that 

the sensitivity of a particular cell/tissue for thyroid hormone may depend on the ratio 

of the a l and a2 isoforms. 

A major adaptation which occurs during illness or fasting is the changing metabolism 

of thyroid hormone. This phenomenon, termed non-thyroidal illness, causes a decrease 

in serum T3 levels as a result of decreased membrane transport (10) and deiodination 

(11;12). Non-thyroidal illness can be viewed as an adaptation of the body to disease 

and the decrease in serum T3 as a way to dampen catabolism. Although its cause and 

exact purpose remain elusive, especially during acute illness, it has been shown that in 

prolonged critical illness the suppressed pulsatile TSH release, possibly as a result of 

decreased hypothalamic TRH expression, accounts for much of the observed T3 and 

T4 decrease (13). If the underlying aim of non-thyroidal illness is to decrease the tis

sues sensitivity for T3 then this could also be obtained by decreasing the activity of the 

receptor. Studies in mice have indeed shown that the receptor activity decreases during 

illness (14). On the other hand it could also be that the receptor becomes more sensitive 

in order to compensate for the decreased hormone availability. 

In order to shed more light on these two possibilities we decided to study TR expres

sion and the balance of TRal:TRa2 in postmortem liver biopsies of 58 patients who 

were critically ill and died in the ICU (12). We evaluate the effects of patient character

istics like age and the severity of disease as well as hormonal interventions including 
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intensive insulin therapy on the TRal:TRa2 ratio. This ratio can be viewed as a marker 

for thyroid hormone sensitivity. Molecular determinants, such as SF2 and hnRNP Al 

are studied for their possible involvement in the splicing process of the TRoc pre-mRNA 

leading to alterations in the TRal:TRa2 ratio. 

Methods 

Subjects 
In this study we included 58 adult patients who participated in a large study (n=1548) 

on intensive insulin treatment in ICU patients of which the major clinical outcomes 

have been published elsewhere (15). On admission at the ICU, patients were randomized 

to conventional insulin therapy (maintenance of blood glucose level between 180 and 

200 mg/dl, insulin started when blood glucose levels exceeded 210 mg/dl) or intensive 

insulin therapy (insulin infusion to maintain normoglycemia of 80-110 mg/dl, started 

when blood glucose levels exceeded 110 mg/dl). At the time of admission to the ICU, 

the severity of illness was determined by calculating the scores for the Acute Physiologic 

and Chronic Health Evaluation (APACHE II) (16) and the simplified Therapeutic 

Intervention Scoring System (TISS-28) (17;18). Higher scores indicate more severe 

illness and the requirement for more therapeutic interventions respectively. For the TISS-

28 score, each therapeutic intervention is scored 1 to 4 points. Some patients (n=21) also 

received thyroid hormone treatment in the presence of clinical signs of hypothyroidism 

or serum T levels lower than 50 nmol/1 with a normal thyroxine-binding globulin. 

Treatment consisted of an intravenous bolus of 150 ug T4 daily plus 0.6 ug T3 per kg 

bodyweight per 24h as a continuous IV infusion. All patients in this study have died in 

the ICU. Within minutes after death, blood samples were obtained from 43 patients and 

liver biopsies were obtained from 58 patients. This study protocol has been approved by 

the Ethical Review Board of the University of Leuven School of Medicine, and patients 

were included after informed consent from the closest family member. 

Assays 
The serum concentrations of TSH, T4 and T3 were measured by chemoluminescence 

assays (Vitros ECi Immunodiagnostic System, Ortho-Clinical Diagnostics, Amersham, 

UK). The within-assay coefficients of variation were 4%, 2% and 2% for TSH, T4 and 
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T3 respectively. Reverse T3 was measured by radioimmunoassay as previously described 

with a CV of 3-4% (19). 

RNA isolation and cDNA synthesis 

RNA was isolated from liver samples using the High Pure RNA Tissue Kit (Roche 

Molecular Biochemicals, Mannheim, Germany) according to the manufacturer's proto

col. The RNA concentration in each sample was determined with the RiboGreen RNA 

Quantitation Kit (Molecular Probes, Leiden, The Netherlands) and all samples were 

diluted subsequently to 0.1 ug/ul. Single-stranded cDNA was obtained using lug of 

RNA and the First Strand cDNA synthesis kit with random primers (Roche Molecular 

Biochemicals, Mannheim, Germany). 

Real-time PCR 

Real-time PCR reactions were performed in a LightCycler (Roche Molecular Biochem

icals, Mannheim, Germany). TRal (forward, 5'-CATCTTTGAACTGGGCAAGT-3'; 

reverse 5'- CTGAGGCTTTAGACTTCCTGATC-3') andTRa2 (forward, 5'- CATCTTT-

GAACTGGG CAAGT -3'; reverse 5'- GACCCTGAACAACATGCATT -3') were simul

taneously detected (dual colour detection) in the same sample using sequence-specific 

hybridization probes (TRal forward probe, 5'-GGCCCAAGCTGCTGATGAAG-Flu-

orescein-3'; TRal reverse probe 5'- LCred640-TGACTGACCTCCGCATGATCG-P-

3'; TRa2 forward probe, 5'- GGCCCAAGCTGCTGATGAAG-Fluorescein-3'; TRa2 

reverse probe 5'- LCred704-GAGAAGTGCAGAGTTCGATTCTGTACAAG-P-3'; 

manufactured by TIB-MolBiol, Berlin, Germany) and the LightCycler-FastStart DNA 

Master Hybridization Probes kit (Roche Molecular Biochemicals, Mannheim, Germany). 

Further details were as previously described (20). 

SF2 and hnRNP Al were measured in a total reaction volume of 20 ul with 2ul of 

cDNA using the LightCycler-DNA Master SYBR Green kit. The sequences of the 

primers of SF2 and hnRNP Al were as described (21): For each mRNA assayed, a 

sequence-specific standard was generated and analyzed in the range of 0.1-1000 fg/20 

ul in parallel to the samples. The crossing points of the standards with the noise band, 

which is set at the beginning of the log-linear phase, are plotted against the logarithm of 

the concentration and fitted to a standard curve. The concentration of cDNA of each 

gene is then calculated from its own standard curve. Since only ratios of mRNA are 

described in this paper, there was no need to correct for a housekeeping gene. 
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Statistical analysis 

Correlations between data were analyzed using Pearson's correlation coefficient for 

the whole group and for subgroups Mann-Whitney U tests were used. To identify pos

sible determinants of the TRal :TRa2 ratio among the different clinical parameters we 

used stepwise multiple regression. We used SPSS 10.0.7 (SPSS, Chicago, IL) for all analy

ses. 

Results 

Baseline characteristics of patients are shown in table 1. Severity of illness was deter

mined during the first 24 hours in the intensive care unit (ICU) by calculating the scores 

for the APACHE II. Higher scores indicate a more severe illness. The simplified Ther

apeutic Intervention Scoring System (TISS-28) reflects the total score of therapeutic 

interventions that were done on each patient during the first 24 hours. Serum concentra

tions of thyroid hormones are given in table 2. 

Table 1. Characteristics of 58 patients admitted to the ICU with critical illness who subsequently died. 

Male sex 

Age - yr (mean ± SD) 

Body-mass index (mean ± SD) 

Hormonal intervention 

Intensive insulin therapy 

Thyroid hormone treatment 

Glucocorticoid treatment 

APACHE II score (median and range) 

TISS-28 score (median and range) 

Renal Replacement therapy 

ICU stay - days (median and range) 

36 (62%) 

70.7 ± 11.7 

25.6 ± 4.8 

42 (72%) 

20 (35%) 

21 (36%) 

29 (50%) 

13 (4-41) 

40 (17-55) 

26 (45%) 

11 (1-10) 

Patients who were treated with thyroid hormones had significantly lower TSH levels 

and higher T3 levels as well as higher T,/T4 ratios compared to patients who were not 

treated. 
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Figure 1: A. Correlation of the TRcd:TR<x2 mRNA ratio in liver biopsies of 58 patients who died in the 
ICU and their age. B. Correlation of the TR<xl:TRcc2 ratio with the amount of therapeutic interventions 
that a patient received during the first 24 hours in the ICU (TISS score day I) C. Correlation of the 
TRoel :TRa2 ratio and the APACHE score during the first 24 hours in the ICU. 

Using the dual colour detection option on the LightCycler we were able to measure 

the TRcd:TRa2 ratio in each individual sample without having to correct for input, 

efficiency of the sample etc. The conditions were chosen such that the slopes of the 

standard curves for the two TR isoform mRNAs (indicative of the PCR efficiency) 

were analogous (Aslope<0.05), thus making sure that a reliable quantification could be 

obtained over a large range of concentrations. 

The TRal:TRct2 mRNA ratio was calculated in all liver biopsies and we found that 

it significantly correlated with age, TISS score on day 1 and APACHE II (Fig. 1). The 

correlation with age remains significant when the subjects in the 20-40 years age range 
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Table 2. Serum thyroid hormone parameters in the total group (n=43) and subdivided in a group not 
receiving thyroid hormone (TH) treatment (n=28) and a group receiving TH treatment (n=15). 

TSH mU/1 

T4 nmol/1 

T3 nmol/1 

rT3 nmol/1 

T3/rT3 molar 

T. /T, molar 
3 4 

ratio 

ratio 

Normal values 

0.2-4.2 

58-128 

1.43-2.51 

0.14-0.34 

4.2-17.3 

0.01-0.04 

No TH treatment 

0.63 (0.02-4.5) 

27.6 (5.4-121.0) 

0.78 (0.41-4.71) 

0.84 (0.24-15.78) 

0.85 (0.18-6.13) 

0.02 (0.013-0.089) 

TH treatment 

0.005 (0.001-1.12)** 

44.7 (12.3-98.1) 

1.97 (0.67-3.21)** 

1.91 (0.41-5.07) 

1.30 (0.38-4.81) 

0.04 (0.015-0.113)* 

Median and range is given. 
** p<0.001 and * p<0.05 vs not treated patients 

were removed. We also found a significant difference in the TRal:TRa2 ratio as a result 

of inotrope and renal replacement therapy (RRT) (Fig. 2). Other variables which were 

tested but which showed no significant relation to the TRal:TRa2 ratio were: peak 

serum values of urea, creatinine and C-reactive protein and the mean morning blood 

glucose level. 

N o inotropes Inotropes 

B 

1 ' 

S 2 

N o RRT RRT 

Figure 2: Box-and-whisker plots of the TRal:TRa2 mRNA ratio in liver biopsies of 58 patients who 
died in the ICU divided by treatment with inotropes (2A) or renal replacement therapy (RRT, 2B). 
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Figure 3: Box-and-whisker plots of the TRal:TRa2 mRNA ratio in liver biopsies of 58 patients who 
died in the ICU divided by randomization to conventional or intensive insulin therapy (3A), treatment 
with thyroid hormones (TH, 3B) or treatment with glucocorticoids (GC, 3C). 

The clinical variables that correlated to the TRal:TRa2 ratio with a p-value less than 

or equal to 0.05 were used in a multiple regression analysis which yielded the following 

equation: TRal:TRa2ratio = -1.854 + (0.0323*Age) + (0.0431*TISS score). This indi

cates that 28% of the change in TRal:TRa2 ratio can be predicted by these two vari

ables. No significant contribution to this model was found from the other variables. 

There was no effect of the randomization to either conventional or intensive insulin 

therapy on the TRcd:TRa2 ratio (Fig. 3A). We next looked at the effect of thyroid hor

mone treatment or glucocorticoid treatment and again no difference was found in the 

TRal:TRa2 ratio between the treatment groups (Fig 3B and 3C). 
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In view of the wide variation in the TRal:TRa2 ratio we looked whether there is a 

relation between the etiology of disease or the cause of death and the level of the ratio. 

To this end we grouped the patients according to the etiology or cause of death and 

checked whether the extremes (defined as those values in the first or the last quartile) of 

the ratio could be explained by one or more of the subclasses, but no significant relation 

was found (table 3). 

The serum T3/rT3 ratio correlated negatively with the TRal :TRa2 ratio (p<0.05) (Fig 

4) but the ratio hnRNPAl: SF2, a possible molecular determinant of the splicing ratio, 

did not show an association with the TRal:TRa2 ratio (Fig 5). 

Table 3. Cause of illness and death in all patients and number of patients in the 1st and 4th quartiles of 
the T R a l : TRa2 ratio. 

pa tho logy 

Cause of death 

Cardiac 

Vascular 

Thoracic 

Transplant 

Abdomina l 

Cerebral 

Polytraumatic 

Diverse 

Cardiac shock 

M O F sepsis 

M O F SIRS 

Severe brain damage 

numb er of 

patients 

21 

2 

10 

1 

10 

8 

3 

3 

9 

25 

21 

3 

T R a l :TRa2 ratio 

1st quartile 

(ratio<1.39) 

5 

1 

2 

0 

2 

2 

0 

2 

3 

7 

2 

2 

4.tk quartile 

(ratio>2.53) 

7 

0 

0 

0 

5 

1 

1 

0 

2 

9 

3 

1 

MOF: multiple organ failure.; SIRS: systmic inflammatory response syndrome 

Discussion 

Several non-thyroid dependent conditions are known in which plasma T3 levels 

decrease and in which one could expect adaptations in the sensitivity of the receptor 

towards hormone, in particular illness and increasing age. Many publications deal with 

the decrease of T3 in the blood as a result of illness. It has been argued that the illness-
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Figure 4: Correlation of the TRod:TRa2 ratio in Figure 5. Correlation of the TRal:TRoc2 ratio 
liver biopsies of 43 patients who died in the ICU and the ratio of splicing factors hnRNP A1:SF2 in 
and their serum ratio T3/rT3. mRN A samples of 58 liver biopsies of patients who 

died in the ICU. 

induced decrease in T3 is an adaptation of the system to the diseased state such that it 

will decrease the impact of T3 on its target organs ((22) and references therein). How

ever, studies in prolonged critically ill patients have shown that, even though they have 

severely decreased thyroid hormone levels, they are in fact in a state of catabolism (23). 

In general the decrease in T3 levels is more pronounced as the illness gets worse. Initially 

the T3 decrease is not accompanied by changes in TSH levels but these do change as 

the illness lasts. The TSH decrease is a result of a decrease in TSH pulse amplitude and 

it has been shown that this suppressed pulsatile TSH release accounts for much of the 

observed T3 and T4 decrease in prolonged critical illness (13). On top of that, further 

studies have shown that the decreased tissue levels of deiodinase I play an important 

role in the decreased formation of the active hormone T3 and, together with an increase 

in deiodinase III activity in both liver and muscle, contribute to the changes seen dur

ing critical illness (12). A recent publication on the relation between T3 and age showed 

a decreased FT3/FT4 ratio in old and very old (centenarians) humans (24). Again, as in 

the case of illness, it is suggested that changes in the activity of the deiodinases are at the 

root of the decreasing ratio. 

Theoretically, tissues may adapt to the decrease in circulating hormone by increasing 

the sensitivity for the hormone, e.g. by modulating the number of receptors. Interestingly, 

two of the parameters that showed a correlation to the TRal:TRa2 ratio in our study 

were age and severity of illness (expressed as APACHE II). In both cases a positive 

correlation was found, indicating that the system tries to adapt to the decreasing T by 

increasing the amount of active receptor over the inactive - dominant negative - one, 
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which is supported by the negative relationship between the TRal:TRa2 ratio and 

T3 / rT ratio (as an indirect measure of the severity of illness). This increased tissue 

sensitivity could give rise to a catabolic state which is indeed what has been observed in 

critically ill patients (23). 

The increase in the TRal :TRa2 ratio is not dependent on changes in the expression 

of the splice factors SF2 and hnRNPAl since we did not find a relation between the 

ratio of these splice factors which is known to determine the splice site selection (5). We 

cannot rule out however that these proteins do play a role because we only measured 

their mRNAs. It is known that the activity of these proteins is influenced by their phos

phorylation state and this is therefore possibly of more importance (25). We have not 

been able to measure this since only RNA was available from the small amounts of tis

sue biopsies. In a previous study in HepG2 cells incubated with sera from NTI patients 

we did find a relation between the TRal:TRa2 ratio and the ratio of the splicing fac

tors (21) which however was independent of the serum T, level. This difference may be 

explained by the fact that the patient group in the present study is biased towards the 

more severely ill than that in our earlier study which included sera from patients across a 

wide spectrum of NTI and healthy controls. 

When looking at the different hormonal treatments we found no effect of these 

treatments on the TRal :TRa2 ratio indicating that there is no direct effect of these 

hormones on the splicing of the TRa pre-mRNA in this particular situation. In vitro we 

recently did find an effect of (pharmacological doses of) thyroid hormone on the splicing 

of the TRa pre-mRNA (21). That we have not found an effect of thyroid hormone in 

this study with critically ill patients may be due to the fact that the thyroid hormone 

treatment in these patients was aimed at restoring euthyroidism. Moreover, the effect of 

thyroid hormone on the splicing direction may be overruled by the (stronger) effects of 

the illness. The results presented here also differ from those obtained after fasting in rats 

where the TRal:TRot2 ratio decreased (26), indicating that the NTI induced by critical 

illness has a different underlying mechanism (cytokines?) than that of fasting. 

Concluding it appears that, in contrast to the suggestion that T3 decreases during NTI 

to dampen T, action, the system tries to adapt to the decreasing thyroid hormone levels 

during prolonged (critical) illness by increasing the expression of the active form of the 

thyroid hormone receptor cc and thereby possibly increasing the cellular sensitivity to the 

hormone. 
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Chapter 4 

Abstract 

Changing the direction of alternative splicing of transcripts is used by cells to adapt 

to changes in the environment. In the case of thyroid hormone receptor alpha (TRa) 

alternative splicing results in TRal, which is a functional receptor, and TRa2 which can

not bind T and acts as a dominant negative receptor. The balance between TRal and 
3 

TRa2 is thought to play a role in tissue sensitivity to thyroid hormone and may change 

during nonthyroidal illness. Therefore we decided to study the TRal:TRoc2 during acute 

illness induced by bacterial endotoxin (LPS). We also looked at possible effectors of the 

alternative splicing direction which include a known splicing factor ASF/SF2 (SF2) and 

Rev-ErbAa (Rev-erbA). 

Administration of LPS caused a reduction in TRal mRNA expression within 4 hours 

in the pituitary whereas TRa2 remained stable; the result is a transient decrease in the 

TRal :TRa2 mRNA ratio. This was also seen in liver where the TRal :TRa2 mRNA ratio 

decreased after 4 hours and was followed by an increase in the TRal:TRa2 ratio after 

8 hours. Protein expression of TRal and TRa2 was not significantly affected by LPS 

in liver. In the hypothalamus TRa mRNA was highly expressed, but the TRal:TRa2 

mRNA ratio was not affected by LPS; SF2 expression was low. In the pituitary and liver 

SF2 mRNA expression was positively related to the relative abundance of TRal mRNA 

but not to the TRal:TRa2 mRNA ratio. Rev-erbA mRNA expression in liver resembled 

the expression pattern of TRal and TRa2 mRNA during the timecourse of the experi

ments, but was not correlated to the TRal:TRa2 mRNA ratio. 

In conclusion the initial decrease of the TRal:TRa2 ratio might lower the tissue-spe

cific sensitivity to thyroid hormone and might be part of a general downregulation of 

thyroid hormone effects in target tissues in nonthyroidal illness. 

Introduction 

Changing the splice site selection of gene transcripts in response to internal and 

external stimuli seems to be a physiological process performed by many cells (1). For 

example insulin sensitivity of HepG2 cells is greatly increased by dexamethasone due 

to its effects on the alternative splicing of the insulin receptor (2). The c-erbA-a gene 

is also alternatively spliced and gives rise to the thyroid hormone receptor (TR) a l and 

the non-T3 binding isoform TRa2. Another product of the c-erbA-a locus is Rev-erbAa 
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(Rev-erbA) which is encoded on the opposite strand of the gene (3). TRal and TRa.2 

are co-expressed in many tissues and generally levels of TRa2 are higher than TRal (4). 

TRa2 can exert a suppressive function on other TRs probably by interfering with TR-

mediated transactivation (5;6). Interestingly, mice that completely lack TRa exhibit an 

increased sensitivity to thyroid hormone (7). Moreover mice that are devoid of TRa2 and 

as a consequence overexpress TRa l , have a mixed hypo- and hyperthyroid phenotype 

depending on the tissue studied (8). The balance between TRal and TRa2 is therefore 

believed to be important in regulating tissue-specific sensitivity to thyroid hormone. 

Differences in the levels of transcripts can arise from changes in the pathways regulat

ing alternative splicing. One such mechanism is based on tissue-specific changes in the 

levels of splicing factors from the serine-, arginine-rich (SR) and heterogeneous nuclear 

ribonucleoproteins (hnRNP) families. It has been shown that the expression of these 

proteins may change during illness (9). ASF/SF2 (SF2), a member of the SR family, has 

been shown to promote the use of the proximal 5'splice site whereas hnRNP Al com

petes with SF2 and stimulates the use of the distal splice site (10;11). A mouse model 

of mammary tumorigenesis in which a stepwise increase in SR proteins and a concomi

tant change in the alternative splicing direction of CD44 RNA was found, supports this 

hypothesis (12). 

Another putative level of regulation of the alternative splicing of the TRa pre-mRNA 

might arise from the existence of the antisense strand Rev-erbA. A distinguishing feature 

of Rev-erbA is the overlap of its last exon with the TRa2 specific exon, which makes 

the formation of RNA duplexes possible. This could represent a regulatory mechanism 

in the expression of the two splice products of the TRa gene. Indeed a correlation 

between Rev-erbA expression and the TRal:TRa2 ratio has been reported in an in vitro 

splicing model (13) and in differentiating adipocytes (14). 

Tissue specific regulation of splicing of the TRa pre-mRNA may play a role during 

the adaptation of the body to pathological conditions such as in non-thyroidal illness. 

One example is the change in the alternative splicing of TRa during 48 hours of starva

tion in rats which caused a decreased TRal:TRa2 ratio due to an increased expression 

of TRa2 (15). In the present study we evaluated the TRa splicing in relation to cer

tain splicing factors during nonthyroidal illness (NTI) induced by LPS administration in 

mice. NTI refers to changes in thyroid hormone metabolism that occur during a variety 

of illnesses. Characteristics of this syndrome are low T3 and T4 plasma levels and inap

propriately normal to subnormal TSH levels. Both central (hypothalamus and pituitary) 
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as well as peripheral (liver) mechanisms are believed to play a role in NTI (16). We there

fore determined the TRal :TRa2 in various organs of mice at different time points after 

LPS administration. We also measured the levels of SF2 to test whether alterations in 

the expression of this splicing factor relate to effects found on the alternative splicing of 

TRa pre-mRNA. Similarly we wondered if expression of Rev-erbA could be correlated 

to the TRal :TRa2 ratio. 

Materials & Methods 

Materials: 

Endotoxin; Lipopolysaccharide (LPS, E.coli 127:B8) was obtained from Sigma 

Chemical Co. (St. Louis, MO). Monoclonal antibodies against TRal and TRa2 were 

previously described by Zandieh Doulabi et al.(YT) 

Animals: 

Female Balb/c mice were obtained from Harlan (Horst, the Netherlands). The mice 

were kept in a 12 h/12 h light/dark cycle, in a temperature-controlled room (22 C) and 

received food and water ad libitum. One week before the start of the experiment, mice 

were housed in groups according to the experimental set-up. This study was approved 

by the local committee on animal welfare (DEC). 

experimental design: 

Experiment 1. Nonthyroidal illness was induced by ip injection of mice with 150 |ag 

LPS dissolved in 0.5 ml sterile 0.9% NaCl. Control mice were injected with sterile 0.9% 

NaCl and were fed ad libitum. At different time points after injection (4, 8 and 24 hours) 

mice were anaesthetised with isoflurane before killing. The hypothalamus, pituitary and 

liver were removed from 5 animals in each group. 

Experiment 2: Experiment 1 was repeated for the liver only now using control animals 

that were pair-fed, meaning that they received the same amount of food as the amount 

of food that was consumed by LPS injected mice. This experiment was performed to 

correct for reduced food intake that accompanies LPS administration. The liver was 

removed from 6 animals in each group. 
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Experiment 3: In this experiment mice received LPS or saline and were fed ad libitum. 

Mice were killed after 1, 2, 3, 4, and 6 hours. The hypothalamus, pituitary and liver were 

removed from 5 animals in each group. 

In all experiments blood was taken by cardiac punction and serum was stored at —20 

°C until analysed. All tissues were stored immediately in liquid nitrogen. 

Thyroid hormones: 

Serum T3 and T4 were measured with in-house RIA's (18) and expressed in nmol/1. 

To prevent inter-assay variation, all samples from one experiment were measured within 

the same assay. 

RNA isolation andRT-PCR: 

Total RNA was obtained with the MagNa Pure LC RNA Isolation Kit II (Tissue) using 

the MagNa Pure LC Instrument. RNA was subsequendy reversely transcribed using the 

1st Strand cDNA synthesis kit for RT-PCR (AMV) (all Roche Molecular Biochemicals, 

Mannheim Germany). Primer pairs for HPRT (hypoxanthine phosphoribosyl transferase, 

a housekeeping gene), Rev-erbA and SF2 were as published before (19) (20) (10). All 

primer pairs were purchased from Biolegio (Biolegio BV, Maiden, The Netherlands). 

For each mRNA assayed, a sequence-specific standard was generated and analysed in 

the range of 0.1-1000 fg/20 |ti in parallel to the samples. Each mRNA was assayed 

in a total reaction volume of 20 fj.1 with 2|0.1 of cDNA using the LightCycler-DNA 

Master SYBR Green kit (Roche Molecular Biochemicals, Mannheim Germany). TRal 

and TRa2 were simultaneously detected in the same sample using sequence-specific 

hybridization probes and a LightCycler-FastStart DNA Master Hybridization Probes kit 

(Roche Molecular Biochemicals, Mannheim Germany). Probes, primers and program 

were as previously described (21). All results were corrected as to their RNA content 

using HPRT as a housekeeping gene. 

Protein extraction and analysis: 

Whole cell lysates were obtained from mouse livers of experiment 2. Of each liver 50 

mg was homogenized in 1 ml 0.25M sucrose, 10 mM Hepes, 25mM KC1, ImM EDTA, 

10% glycerol containing spermine, spermidine and Complete protease inhibitor (Roche 

Molecular Biochemicals, Mannheim, Germany) using the MagNa Lyser instrument 

(Roche Molecular Biochemicals). The protein concentration was determined using the 
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Bio-Rad Protein Assay (Bio-Rad Laboratories, Inc., Munich, Germany). Subsequent!}', 25 

|ag protein (for detection of TRa2, 50 fig) was loaded onto a 10% SDS-PAGE gel. After 

blotting onto a membrane, TRal was detected as described below. First the membrane 

was blocked for 45 min. in PBS 0.01% Tween 20 (PBS/T) and 1% casein hydrolysate 

(Roche Molecular Biochemicals). Then the membrane was incubated with a monoclonal 

antibody against TRal (1:50) for 1 h. at room temperature and subsequendy overnight 

at 4°C. After washing 5 times in PBS/T the membrane was incubated with a secondary 

antibody diluted 1:60.000 at r.t. for 45'. After washing 3 times, LumiLight Plus substrate 

was added (Roche Molecular Biochemicals) and signals were visualized using a Lumilm-

ager (Roche Molecular Biochemicals). TRa2 was detected by blocking the membrane for 

45'in PBS/T 1% blockingbuffer and subsequent incubation with a monoclonal antibody 

against TRa.2 (1:20) for 1 h. at room temperature and then overnight at 4°C. After wash

ing 5 times in PBS/T the membrane was incubated with a secondary antibody diluted 

1:20.000 at r.t. for 45'. After washing with PBS/T (pHIO) and then buffer II (0.1 MTns / 

HC1, 0.1 M NaCl, 0.05M MgCl.) for 10', CDP Star substrate (1:100) (Roche Molecular 

Biochemicals) was added for 5' after which signals were visualized and detected. 

Statistical analysis: 

Data are presented as the mean ± SEM. Variation between groups was evaluated by 

analysis of variance (two-way ANOVA) with two grouping factors (time and treatment). 

When we combined the results of experiment 1 and 2, we used three grouping fac

tors (time, treatment and experiment) in the ANOVA (due to differences in variances 

between groups we first ranked the data (22)) and we used the Tukey test (23) for the 

Post Hoc analyses (all analyzed in SPSS 10.0.7, Chicago, IL). The differences between 

groups at single time points were analysed by the Students t-test or by the Mann Whitney 

U test in case of abnormal distribution (Excel, Microsoft Corporation, USA). 

Results 

Serum T3 and T4 after U'S 

After 24 hours serum T and T„ concentrations in control animals were not differ-
3 4 

ent from baseline values with the exception of a lower serum T4 in the pair-fed controls 

due to reduced food intake. In contrast, serum T3 and T4 were lower compared to base

line 24 hours after LPS administration. The decrease in serum T3 and T4 after LPS was 
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greater than in controls in all experiments (figure 1). These changes in serum thyroid 

hormone concentrations clearly indicate the development of nonthyroidal illness in the 

LPS-treated mice. 
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TRa 1 and TRa 2 mRNA after LPS 

High levels of TRa mRNA tran

scripts were detected in the hypothalamus 

where there was more TRct2 than TRal 

(TRcd:TRa2 ratio: 0.02 ± 0.008, mean ± 

SD). In the pituitary the expression of 

TRa2 was also more abundant than TRal 

(TRal:TRa2 ratio: 0.09 ± 0.02, mean ± 

SD). In liver the expression of both TRa 

isoforms was similar, resulting in a ratio of 

about 1 (TRal:TRa2 ratio: 1.3 ± 0.4). 

Figure 2 shows that the TRa mRNA 

levels in the hypothalamus were not influ

enced by LPS administration. In contrast, 

LPS administration caused a decrease 

in the TRal:TRa2 ratio in the pituitary 

after 4 hours, but when the complete 24 

hours LPS and control curves were com

pared no significant difference was found. 

The decrease in the TRal:TRa2 ratio at 4 Figure 1. Changes of serum T3 and T4 levels 
at 24h relative to baseline after injection of 150 
Hg LPS (dark bars) or saline (white bars). In hours was solely due to a decrease in the 
the first experiment control mice were fed ad _ , „ . . . . 

... . /n ,. j . j _ , I R a l expression whereas the expression 
libitum (Control) and in the second experiment r r 

pair-fed (Pair-fed controls). Mean values ± SEM o f T R a 2 r e m a i n e d Stable. 
are depicted, and differences between groups „. T _ „ . . . . , . 

l * J vu M w/uv TT Since LPS administration results in 
are calculated with Mann-Whitney U tests. 

diminished food-intake and restricted feed

ing by itself causes decreased serum T3 and T4, we also studied the effect of restricted 

feeding on TRa expression and splicing in liver. To this end we combined experiments 

1 and 2 in which we studied the effect of LPS versus controls that were fed ad libitum 

and of LPS versus pair-fed controls (fig 3). Statistical analysis of the curves showed that 

a) the expression of both TRa isoforms was significantly influenced by time (p<0.01), 

b) only TRal was significantly influenced by treatment (LPS) (p<0.05) and c) there was 83 
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Hypothalamus 

Pituitary 

12 16 

Time (hours) 

Figure 2. Changes of the TRrxl:TRa2 mRNA ratio 
relative to baseline (set at 1.0) in the hypothalamus 
(absolute ratio: 0.02 ± 0.008) and the in the 
pituitary (absolute ratio: 0.09 ± 0.02) during 24 
hours after administration of LPS (•-•) or saline 
(o-o). Mean ± SEM is shown and differences 
between groups were analyzed with ANOVA. 

no influence due to the combination of the 

different experiments. Post-hoc analysis 

showed that TRal significandy differed in 

the LPS-treated animals when compared 

to pair-fed controls (p<0.05) but not when 

compared to fed-controls. There was no 

difference in TRal expression between 

the two control groups. As a result the 

TRal:TRa2 ratio was significandy affected 

by treatment (p<0.05) and time (p<0.001). Post hoc analysis showed a significant dif

ference in the TRal:TRa2 ratio in the LPS-

injected mice when compared to pair-fed 

controls (p<0.05) and no difference between 

LPS-injected mice and fed controls. 

Since the TRa mRNA levels differed sig

nificantly between LPS injected mice and 

pair-fed mice, we also measured the TRa 

protein expression in the livers of these ani

mals. There was no significant difference in 

TRa l or TRa2 expression between the LPS 

and pair-fed mice when the total duration of 

the experiment was analysed although after 

4 hours TRal expression was decreased and 

TRa2 expression was increased (figure 4). 

Figure 3. TRa l , TRa2 mRNA expression and the 
T R a l : T R a 2 ratio in the liver of LPS treated mice 
(•-•), controls (o-o) and pair-fed controls (Q-D)-
Mean values ± SEM are expressed relative to 
baseline (absolute ratio: 1.3 ± 0.04, set at 1.0). 
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Figure 4. TRcd, TRa2 protein expression and 
the TRal :TRa2 protein ratio in the liver of LPS 
treated mice (•-•) and pair-fed controls (•—D). 
Mean values ± SEM of each group are expressed 
relative to the control group (set at 1.0). 

The TRal:TRa2 mRNA ratio in liver 

was also studied during a short time span 

(0-6 h) after LPS administration which 

showed a decrease in the ratio within 2 

hours after LPS administration which 

remained significantly lower than control 

until 6 hours after injection (fig 5). 

SF2 and Rev-erbA mRNA after LPS 
Administration of LPS did not affect 

levels of SF2 in hypothalamus, pituitary or 

liver (fig 6a, c, e). Rev-erbA expression in the hypothalamus and pituitary was not influ

enced by administration of LPS (fig 6b, 6d) but in liver it transiently decreased after LPS 

treatment with the lowest expression 8 hours after injection (fig 6f). 

Discussion 

Time (h) 

1 2 3 4 
Time (hours) 

Figure 5. The TRctl:TR<x2 mRNA ratio in 
the liver of LPS treated mice (•-•) and ad 
libitum fed controls (o-o) within 6 hours after 
LPS administration. Mean values + SEM are 
relative to baseline (set at 1.0). P-value indicates 
difference between groups by ANOVA. 

Non thyroidal illness has been proposed 

to be a beneficial adaptation of the organ

ism to disease such that low serum thyroid 

hormone levels may counteract excessive 

catabolism. Mechanisms involved in the 

pathogenesis of NTI include decreased 

transport of thyroid hormones across the 

membrane (24) and decreased deiodination 

of T4 into T3 (25). Both of these will lead 

to a decreased effect of thyroid hormone 

on the cell. A further way to modulate the 

effect of T3 in tissues could be by changing 
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Figure 6. Relative expression of SF2 mRNA and Rev-erbA mRNA in hypothalamus (A, B), pituitary 
(C, D) and liver (E, F) of mice after administration of LPS (•-•) or saline and fed ad libitum (o-o). 
Mean values ± SEM are depicted and p-values indicate differences between groups by ANOVA. 
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the activity or the amount of functional receptors. Since it was recently shown that mice 

lacking the TRa2 isoform have an increased responsiveness to thyroid hormone (8) (7) 

the relative amount of the dominant-negative receptor TRa2 could be used as a possible 

measure for this receptor related change in sensitivity. Moreover in the developing rat 

intestine the increased sensitivity to T3 parallels the decline in TRa2 mRNA expression 

levels without concomitant changes in TRpi and TRal expression (26). We therefore 

decided to study the expression of the TRal and TRoc2 isoform mRNA in different tis

sues of mice that were treated with LPS to induce NTI. 

The ratio of the TRal :TRa2 isoform mRNAs varied markedly between the different 

tissues we studied. In the hypothalamus both TRa mRNA isoforms were found and 

TRa2 was expressed at higher levels than TRal which corresponds to the results of TR 

localization studies in brain areas in rodents (27). The absence of an obvious effect of 

LPS on TRa mRNA expression or the TRal :TRa2 mRNA ratio could be due to the fact 

that LPS has an effect only in specific areas of the hypothalamus even though this brain 

area expresses high levels of both TRa mRNAs (28). An effect of LPS on TRa expres

sion could be expected in the TRH-producing neurons in the paraventricular nucleus 

(PVN) of the hypothalamus which are known to express TRa mRNA (28). Interest

ingly, although TRa2 was found in abundance in the PVN, it was relatively absent in 

TRH-producing neurons in the PVN. TRal and the TRP isoforms on the other hand 

were found in abundance in the TRH-producing neurons which may render these neu

rons thyroid hormone responsive and distinguish them from the other populations of 

neurons in the hypothalamus that are not thyroid hormone responsive. However, for 

practical reasons we isolated RNA from the complete hypothalamus which could lead to 

a dilution of the change in signal in the possibly affected areas. 

In the pituitary we also detected higher mRNA expression of TRa2 compared to TRal 

which is in contrast to the report of Gittoes et al. who observed similar expression levels 

of TRal and TRa2 (29). In the acute phase of LPS-induced illness the TRal:TRa2 

mRNA ratio transiently decreased in the pituitary due to a decrease in TRal mRNA 

expression. Whether this decrease plays a role in the pituitary feedback regulation of 

TSH is unknown, especially because most effects of thyroid hormone in the pituitary are 

mediated by TRP2 (30). On the other hand, the decrease in TRal mRNA coincides with 

the decrease in the other functional TRs in the pituitary, namely TRpi and TRP2 mRNA 

which rapidly decrease after LPS administration (Boelen, personal communication). A 
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decrease in functional TR expression in the pituitary could therefore contribute to a 

downregulation of thyroid hormone metabolism during NTI. 

In liver the mRNA expression of both TRa isoforms was comparable, which 

agrees with data showing a similar abundance of TRal and TRa2 mRNA and protein 

expression in liver (31) (32). When compared to pair-fed control mice, the TRal:TRa2 

ratio in liver was decreased in the early phase of infection both at the mRNA and the 

protein level. TRal mRNA decreased more rapidly than TRa2 mRNA resulting in a 

decrease in the TRal :TRa2 ratio starting 2 hours after LPS administration, which 

matches the data recently obtained by Beignieux et al who reported a similar rapid 

decrease in TRal and TRa2 mRNA within 2 hours after LPS administration (33). 

One of the explanations could be that the half life of TRal mRNA is shorter than 

that of TRa2 mRNA as was indeed observed in several cell lines (34). We cannot 

exclude this possibility that differential breakdown of TRa mRNA as a result of LPS is 

involved in changing the TRal:TRa2 mRNA ratio. This would require studies in which 

transcription is blocked in order to study mRNA half lives, typically using actinomycin 

D. This compound unfortunately increases the sensitivity to LPS (35) and can therefore 

not be used in our experimental setup. 

When we studied the total 24 hour period after LPS administration, the TRal and 

TRa2 protein levels were not significandy influenced. Others however have reported a 

decrease in TRal and TRa2 protein expression 16 hours after LPS administration (33). 

In our experiments TRa2 protein expression was decreased after 24 hours only; TRal 

expression was not changed. We can however not exclude the possibility that TRal pro

tein expression was low at 16 hours but had already increased again after 24 hours which 

could result from the large increase that we have observed in the mRNA expression lev

els of T R a l and TRa2. 

The observed changes in the TRal:TRa2 mRNA ratio could be the result of changes 

in (transcription coupled) alternative splicing (36-38) or in preferential breakdown of 

one of the isoform mRNAs. If regulation of alternative splicing plays a role, varying 

the cellular concentration or activity of pre-mRNA splicing factors such as SF2 (39;40) 

could be involved. A high concentration of SF2 would in the case of the TRa pre-

mRNA lead to inclusion of the entire exon 9, yielding TRal . Although we found a 

good correspondence between the levels of SF2 mRNA and the TRal mRNA levels in 

the tissues we studied, no relationship between SF2 and the TRal:TRa2 ratio was seen, 
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making it unlikely that SF2 acts as a direct regulator of the T R a l : T R a 2 ratio during 

N T I . 

It has been suggested previously that Rev-erbA mRNA is another effector of the 

splicing direction of the TRa pre-mRNA (41), but we did not find a correlation between 

Rev-erbA mRNA expression and the T R a l : T R a 2 ratio in any of the tissues studied. 

In fact, the Rev-erbA mRNA resembled the expression of the total T R a gene derived 

expression (i.e. TRa pre m R N A + T R a l +TRa2) suggesting a simultaneous transcriptional 

activation of the entire T R a locus and therefore these results argue against a direct role 

for Rev-erbA in TRa pre-mRNA splicing in LPS-induced NTI in mice. 

In conclusion, we have shown that the T R a l : T R a 2 ratio decreases in pituitary and 

liver during the early phase of LPS-induced infection (<6h). This could represent an 

additional mechanism which contributes to nonthyroidal illness because it lowers thy

roid hormone sensitivity in these tissues by changing the T R a l : T R a 2 ratio towards the 

dominant negative isoform T R a 2 . 
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Chapter 5 

Abstract 

Transcripts derived from the thyroid hormone receptor alpha (TRa) gene are alter

natively spliced resulting in a functional receptor TRal and a non-T binding variant 

TRa2 which can exert a dominant negative effect on transactivation functions of other 

TRs. There is evidence for regulated splicing of TRa transcripts and here we investi

gate whether the PPARy co-activator alpha (PGC-1) has an effect on this splicing pro

cess. PGC-1 was discovered as a transcriptional co-activator but also has certain motifs 

characteristic of splicing factors which enable PGC-1 to associate with splicing factors 

and alter RNA processing of a minigene. We demonstrate here that PGC-1 can alter the 

splicing direction of endogenously expressed TRa transcripts in HepG2 cells towards 

TRa2. Deletion of the RNA processing domain abrogated this effect whereas expres

sion of only the RNA processing domain had an opposite effect on the splicing direc

tion favouring TRa l . PGC-1 showed a similar effect on the splicing direction of a TRa 

minigene containing only the last 4 exons and introns of the TRa gene. These data sug

gest that PGC-1 is involved in the RNA processing of TRa transcripts probably via its 

RNA processing domain. 

Introduction 

Thyroid hormone receptor alpha (TRa) has an important role in regulation of 

physiological functions such as the control of body temperature and heart rate (1). The 

TRa gene encodes several variants due to alternative promoter usage and the existence 

of an alternative splice site in exon 9 (2). TRal is a functional receptor and TRa2 is a 

non-T3 binding variant which results from usage of the alternative splice site. TRa2 can 

still bind to DNA and has a dominant negative effect on the transactivation of the other 

TRs. The balance between TRal and TRa2 (TRal:TRa2 ratio) might be important 

for the sensitivity to thyroid hormone. Mice that lack TRa2 as a result overexpress 

TRa l and this leads to features of hyperthyroidism, such as increased heart rate, weight 

loss and elevated body temperature but also to features of hypothyroidism such as low 

serum thyroid hormone levels with an inappropriately normal TSH concentration (3). 

These tissue-specific differences in thyroid hormone responsiveness may depend on the 

amount of TRal expressed and thus suggest that the TRal :TRa2 ratio may be involved 

in thyroid hormone responsiveness in specific tissues. Similarly in mice that lack all TRa 
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isoforms, the sensitivity to thyroid hormone is increased which could be contributed to 

the abrogation of the silencing effect of TRa2 in tissues expressing the TRP isoform 

(4). 

Several studies from our lab have provided evidence that the TRal:TRa2 ratio is 

regulated. When rats are subjected to fasting the TRa2 mRNA levels in liver increase 

three-fold whereas no change in TRal is observed (5). Moreover HepG2 cells that 

are treated with pharmacological levels of T show a decrease in their endogenous 

TRal:TRa2 ratio (6). No good correlation with known splicing factors was found 

and the mechanism behind the regulation of the splicing process remains unknown. 

Interestingly, during fasting the PPARy co-activator alpha (PGC-1 a) is increased 

and PGC-1 can also be induced by T3 (7;8). PGC-1 was originally identified as a 

transcriptional reactivator interacting with the nuclear receptor (NR) PPARy but it also 

enhances the activity of many other NRs such as TRa (9;10). In addition to the effect 

on transcription, PGC-1 is involved in RNA processing as well. It was shown to alter 

the splicing of a minigene dependent on the presence of a binding site for a nuclear 

receptor (11). This effect was obtained by colocalization and association of PGC-1 with 

splicing factors depending on the RNA processing motifs present in the C-terminus of 

PGC-1. These motifs consist of an RNA recognition motif which shows homology 

to domains found in known splicing factors such as the serine-, arginine-rich (SR) and 

heterogeneous nuclear ribonucleoproteins (hnRNP) protein families and two regions 

rich in Ser-Arg pairs which are characteristic for SR proteins. These findings suggest 

that PGC-1 might provide a molecular link between transcription and RNA processing. 

However there is no evidence yet that PGC-1 regulates splicing of genes in their natural, 

chromatin context. 

We hypothesized that PGC-1 might play a role in the splicing process of TRa 

transcripts. To this end we studied the effect of PGC-1 on the endogenously expressed 

TRa transcripts in HepG2 cells as well as on a TRa minigene. 

Materials & Methods 

Materials 

T3 was obtained from Sigma Chemical Co. (St. Louis, MO) and dissolved in 5mM 

NaOH to a concentration of 1 mg/ml. It was further diluted in E/MEM (Biowhittaker, 

Verviers, Belgium) and stored at -20°C. 
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Plasmids: 

TRa was expressed from a minigene pCMV-erbAm that spans exon 7-10 of the rat 

TRa gene under the control of a CMV promoter and was a kind gift of Dr. Munroe 

(12). The expression plasmid for full length human PGC-1 containing a hemagglutinin 

(HA) epitope-encoding sequence (pcDNA3 pBS/HA-hPGC-1) has been described (10). 

The plasmid pBS/HA-hPGC-1 was used as template for the generation of all PGC-1 

deletion variants. To make SR/E/RRM (565-754), primers C8/1713-NdeI (TAC GCC 

GGT CAT ATG CGC TCT CGT TCA AGG TCC) and C8/2443-a (GAC TGA CTC 

GAG TTA CTT GCG TCC ACA AAA GTA C) were used to PCR-amplify a DNA-

fragment encoding amino acids 565-754 of PGC-1. The PCR-product was digested with 

Ndel and Xhol and used to replace the Ndel/Xhol fragment of pBS/HA-hPGC-1. 

PGC-1 variant ASR/E/RRM was constructed by a two-step PCR-method. In the first 

round, primer C8/1190 was used in combination with -SR/E/RRM-a (GAA AAA TTG 

CAT CCT TTG GGG TCT TTG) to amplify the 5'-flanking sequences of the sequences 

to be deleted. Primer T7 was used with primers -SR/E/RRM-s (CAA AGG ATG CAA 

TTT TTC AAG TCT AAC) to amplify the 3'nanking-sequences of the sequences to 

be deleted. Corresponding pairs of 5'- and 3'-flanking regions generated in the first 

round were used as template for the second PCR-round with primers C8-1190 and T7. 

The generated PCR-products were digested with Xbal and Xhol and used to replace 

the wildtype Xbal/XhoI-fragment of pBS/HA-hPGC-1. To confirm the presence of 

the right deletions and to exclude unwanted mutations, all constructs were sequenced. 

For expression in mammalian cells, the HA-tagged PGC-1 variants were subcloned 

as BamHI/NotI fragments into pcDNA3 to generate pcDNA3/HA-PGC-l.ASR/E/ 

RRM, and pcDNA3/HA-PGC-l.SR/E/RRM. A pcDNA3 plasmid (Invitrogen) was 

used as empty control vector. 

Cell culture and transient transfections: 

The human hepatoma cell line HepG2 was obtained from the ATCC (#HB 8065, 

American Type Culture Collection, Rockville, Maryland, USA). Cells were cultured in 

Eagle's medium supplemented with 10 U/ml penicillin/ streptomycin/ fungizone (p/s / 

f) and 5% fetal calf serum (all from Biowhittaker, Verviers, Belgium). Cells were seeded 

in six-wells plates at 18 hours before transfection and reached approximately 60% con

fluence at the time of transfection. We used FuGENE (Roche Diagnostics, Almere) as 

transfection reagent at a 3:2 ratio. Standard amount of reporter and expression plasmids 
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per transfection assay were: 1 (ig of pCMV-erbAm and 2 [ig of PGC-1 WT or 0.2 [ig of 

PGC-1 deletion variants or pcDNA3 (with a total amount of 3 |Ug DNA per cell). When 

cells were incubated with T3, medium was changed after 24 hours to incubation medium 

with 5% FCS and 10"7M T3 or the dilutant NaOH in E/MEM. 

RNA isolation andRT-PCR: 

After 48 hours of transfection cells were lysed in 200 |nl lysisbuffer and RNA was 

isolated using the MagNa Pure LC RNA Isolation Kit II (culture cells) in the MagNa 

Pure LC Instrument (Roche Molecular Biochemicals, Mannheim, Germany). RNA was 

reverse transcribed into single-stranded cDNA using the First Strand cDNA synthesis 

kit with random primers (Roche Molecular Biochemicals, Mannheim, Germany). 

Real-time PCR: 

Real-time PCR reactions were performed in a LightCycler (Roche Molecular Bio

chemicals, Mannheim, Germany). TRal and TRa2 were simultaneously detected in the 

same sample using sequence-specific hybridization probes and a LightCycler-FastStart 

DNA Master Hybridization Probes kit. Probes, primers and program were as previously 

described (13). PGC-1, GAPDH and total TRa were measured in a total reaction vol

ume of 20 (J.1 with 2(J.1 of cDNA using the LightCycler-DNA Master SYBR Green kit. 

The sequences of the primers of PGC-1 were as follows: 5'- GCA CCG AAA TTC TCC 

CTT GTA-3' (exon 9) and 5'-TTT GCT TGG CCC TCT CAG AC-3' (exon 10). Primers 

for GAPDH were as described (14). The PCR reactions were cycled with the following 

programs: GAPDH: denaturation at 95 °C for 10 s, 45 cycles of 0 s 95 °C, 5 s 55 °C, 10 

s 72 °C, PGC-1: denaturation at 95 °C for 10 s, 45 cycles of 0 s 95 °C, 5 s 60 °C, 10 s 72 

°C. For each mRNA assayed, a sequence-specific standard was generated and analyzed 

in the range of 0.1-1000 fg/20 ul in parallel to the samples. The crossing points of the 

standards with the noise band, which is set at the beginning of the log-linear phase, are 

plotted against the logarithm of the concentration and fitted to a standard curve. The 

concentration of cDNA of each gene is then calculated from its own standard curve and 

normalized to the amount of GAPDH in the sample. Two -RT samples were tested in 

each experiment for GAPDH amplification to exclude genomic contamination. 
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Protein extraction and analysis: 

Cells were washed with cold PBS, scraped in 2 ml PBS and centrifuged at 4°C for 5 

minutes at 3000 rpm. The pellet was resuspended in 100 pi 2x loadingbuffer (2% SDS, 

10% glycerol, lOOmM DTT, 60 mM Tris pH 6.8, broomphenol blue) pre-heated at 80°C. 

Subsequendy, 8 |̂ 1 of lysate was loaded onto a 10% SDS-Page gel. After blotting onto 

a PVDF membrane (Millipore, Brussel, Belgium), PGC-1 and its variants were detected 

by: blocking for 60 min. in PBS containing 1% casein hydrolysate at 37°C followed by 

an incubation of 60 minutes with a mouse monoclonal antibody against the HA epitope 

(clone 3F10) conjugated with peroxidase in PBS. After washing 3 times, LumiLight Plus 

substrate was added and signals were visualized using a Lumilmager (all Roche Diagnos

tics, Almere, The Netherlands). 

Analysis: 

The balance between the mRNA levels of the two splicing variants TRal and TRa2 

is expressed as the TRal:TRa2 ratio. The mean TRal:TRa2 ratio in the control cells 

is always set at 1 and the TRal:TRa2 ratio in the treated groups is calculated relative to 

control. Statistical differences between groups were calculated using the Mann-Whitney 

U test (only when n>4). 

Results 

T affects the splicing direction of endogenous TRa transcripts but not of a minigene 

As shown in figure 1, 10"7 M T3 affects the splicing direction of endogenously 

expressed TRa transcripts towards TRa2. However, T3 has no effect on the splicing 

direction when a TRa minigene (pCMV-ErbA) is transfected containing only the last 4 

exons and introns of the TRa gene. 

Figure 1. Schematic representation of the 
TRal :TRa2 ratio of the endogenously 
expressed T R a transcripts or the T R a 
transcripts that are derived from the 
pCMV-ErbA minigene transfected in 
HepG2 cells (n=6). Cells were 24 hours 
incubated with 10 7M T3 (white bars) or 
vehicle (black bars). Mean values ± SEM are 
depicted, and differences between groups 
are calculated with Mann-Whitney U tests. 

Endogenous + pCMV-ErbA 
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Figure 2. A. The TRal :TRa2 mRNA ratio 
derived from the endogenous T R a gene after 
transfection of increasing amounts of PGC-1 in 
HepG2 cells. B. The TRal :TRa2 mRNA ratio 
in HepG2 cells that were transfected with 1 (Xg 
pCMV-ErbA and co-transfected with increasing 
amounts of PGC-1. 

PGC-1 affects the splicing direction of 

TRa transcripts 

We next investigated whether PGC-1 

would have an effect on the splicing direc

tion of the endogenously expressed TRa 

transcripts in HepG2 cells. As shown in 

figure 2A, the TRal :TRa2 ratio decreased 

dose dependent in cells when PGC-1 was 

transfected. No change in the total level 

of TRa mRNA was observed (data not 

shown). 

We further examined the effect of PGC-

1 on splicing of TRa transcripts encoded 

by the reporter minigene pCMV-erbA. Fig

ure 2B shows that the TRal:TRa2 ratio 

decreases after transfection of PGC-1 

compared to control. The total amount of 

TRa mRNA increased about 4-fold after 

PGC-1 transfection (data not shown). 

The effect of PGC-1 deletion variants on TRa transcripts of the minigene 

To determine if the effect of PGC-1 on splicing is dependent on its putative RNA 

processing domains, we studied two PGC-1 deletion variants (figure 3). One variant 

lacks the total putative RNA processing domain (ASR/E/RRM) and the other vari

ant only expresses the putative RNA processing domain (565-754). The TRal:TRa2 

ratio was again significantly decreased by co-transfection of PGC-1-WT when com

pared to control (figure 4). Co-transfection of ASR/E/RRM resulted in a decrease in 

the TRal:TRa2 ratio which was not significantly different from control or PGC-1 WT. 

PGC-1 

?•-?•: 

SR RRM • !• 
1 1 II 

WT 

ASR/E/RRM 

565-754 

Figure 3. Schematic representation of the structure 
of PGC-1 WT and deletion variants. PGC-1 ASR/ 
E /RRM lacks the putative RNA processing domain 
whereas PGC-1 565-754 only expresses this domain. 
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Figure 4. The TRal :TRa2 ratio transfected with 1 ug pCMV-ErbA and co-transfected with 
PGC-1 WT or variants. Mean values (n=6) + SEM are depicted, and differences between 
groups are calculated with Mann-Whitney U tests. Below the graph are shown the variant PGC-
1 proteins in duplo, run on an SDS/PAGE gel and Western blotted with anti-HA antibodies. 

However, when 565-754 was co-transfected, a significant decrease compared to control 

was observed in the TRal :TRa2 ratio. Furthermore, when compared to PGC-1 WT or 

ASR/E/RRM a decrease was also observed. Expression of PGC-1 or its variants did 

not result in a difference in the total TRa mRNA expression compared to control (data 

not shown). We confirmed the presence of PGC-1 proteins by Western blotting with an 

anti-HA antibody. The SR/E/RRM region of PGC-1 can get heavily modified due to 

numerous phosphorylation, glycosylation and methylation sites which probably explains 

the triplet that appears when the SR/E/RRM region is run on gel. 

The effect of PGC-1 deletion variants on endogenouslj expressed TRa transcripts 

Finally we studied the effect of PGC-1 WT or deletion variants ASR/E/RRM and 

565-754 on the endogenously expressed TRa transcripts. Expression of PGC-1 WT 

resulted in a nearly significant decrease in the TRal:TRa2 ratio (figure 5). Expres

sion of PGC-1 ASR/E/RRM was not as effective as PGC-1 WT resulting in a minor 

decrease in the TRal :TRa2 ratio which was not statistically different from PGC-

1 WT or control. When cells were transfected with 565-754 a significant increase 

in the TRal:TRa2 ratio was observed compared to all other groups. There was no 

difference in the total TRa mRNA expression between groups (data not shown) 

102 



PGC-1 affects the splicing of TRa 

Endogenous TRa 

p<0.05 

g p<0.01 
« 2" p<0.01 

£Ü OS 

. * 
no°' • 

# 
# 

A * 

# 

Figure 5. The endogenous TRal :TRa2 ratio after transfection of PGC-1 WT or variants. Mean values 
(n=6) ± SEM are depicted, and differences between groups are calculated with Mann-Whitney U tests. 

Discussion 

In a previous study we have shown that pharmacological levels of T3 can change 

the splicing direction of TRa transcripts towards TRa2 (6). There are several families 

of splicing factors such as the SR family and the hnRNP family which play a role in 

constitutive splicing as well as alternative splicing, which could be involved in the 

effect of T3 on the alternative splicing of TRa transcripts. However we did not find a 

correlation between the TRal:TRa2 ratio and the expression of SF2 and hnRNP Al , 

two well-characterized members of these families. In this study we show that, in contrast 

to the effect on the endogenously expressed TRa transcripts, T3 has no effect on the 

splicing of a TRa minigene, which contains the last four exons and introns of the TRa 

gene and lacks the N-terminus including the promoter sequence. This could indicate that 

the effect of T3 is promoter-dependent. However, although the TRa promoter is not 

responsive to T3, it is a target of the orphan receptor, estrogen related receptor alpha 

(ERRa) (15;16). Interestingly the expression and activity of ERRa is regulated by the 

transcriptional coactivator PGC-1 which in turn is induced by T3 (14;17). Since PGC-1 

also contains putative RNA processing motifs and has been shown to affect the splicing 
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of a fibronectin minigene, we hypothesised that PGC-1 might have an effect on the 

splicing of TRa transcripts. (11) 

In this study we provide the first evidence that PGC-1 has an effect on splicing of 

an endogenously expressed gene. PGC-1 can change the splicing direction of TRa 

transcripts towards TRa2. A PGC-1 construct that lacks the C-terminal domain 

containing the RNA processing motifs has less effect on the splicing than PGC-1 WT, 

indicating that this domain is necessary for the effect of PGC-1 on RNA processing. 

This is in agreement with the findings of Monsalve et al. (11) who also found that the 

effect of PGC-1 on the splicing of a fibronectin minigene was dependent on the RNA 

processing domain. They also found that the effect of PGC-1 on splicing was promoter-

dependent. However in our study we find an effect of PGC-1 on the endogenous 

promoter but also on the TRa minigene. This can either mean that PGC-1 can load on 

to the CMV promoter or the RNA transcript or that PGC-1 does not bind to the TRa 

transcripts and/or has an indirect effect by enhancing gene expression of other splicing 

factors. A third explanation could be that PGC-1 may bind to an alternative promoter 

present in intron 7 of the TRa gene. This promoter is responsible for transcription 

of N-terminally truncated TRa transcripts, ATRal and ATRa2 which were detected 

in mouse tissues and ES cells and in human promonocytes (18). The function of the 

A transcripts is largely unknown but they are probably involved in antagonizing the 

transcriptional activity of TRa. Mice that lack TRal and TRa2 but still express the 

ATRal and ATRa2 die shortly after weaning due to abnormal development of the 

thyroid and severe impairment of intestinal maturation (19). This alternative promoter 

has a consensus binding site for the glucocorticoid receptor (GR) and thus a potential 

binding site for PGC-1 which can interact with the GR. 

When we tested a PGC-1 construct expressing only the RNA processing domain 

opposite effects were observed depending on the context. The RNA processing domain 

acted on the endogenously expressed TRa transcripts by directing the splicing towards 

TRa l whereas when the TRa minigene was co-transfected more TRa2 was formed. 

The RRM motif and the Arg-Ser region that are located in the RNA processing domain 

of PGC-1 mediate physical association and localization with splicing factors in so-called 

nuclear speckles causing PGC-1 to behave in many aspects as an SR protein. SR proteins 

are required for general splicing but also regulate alternative splicing by promoting the 

use of the proximal 5' splice site (20;21).The effect on alternative splicing is counteracted 

by proteins of the hnRNP family which promote the use of the distal 5'splice site (22). 
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TRa pre-mRNA + SR proteins + hnRNP proteins 

A B 

T R a l Pre-mRNA/ 
SR protein 
complex 

Pre -mRNA/ 
hnRNP protein 
complex 

TRa2 

Figure 6. A model representing two equilibriums (A and B) of T R a pre-mRNA with SR proteins and 
hnRNP proteins resulting in splicing of T R a pre-mRNA in the direction of TRa l (A) and/or T R a 2 
(B). 

In the case of the TRa transcript, use of the proximal 5'splice site would lead to TRal 

whereas the use of the alternative 5'splice sites leads to TRa2. If the alternative splicing 

direction of TRa pre-mRNA indeed consists of two equilibria between the levels of 

pre-mRNA and splicing proteins from the SR (figure 6, A) and hnRNP family (figure 

6, B), the direction could change when one type of protein or the mRNA itself is 

abundandy expressed. If we now think of the PGC-1 RNA processing domain as an SR 

protein which is abundandy expressed with only a few pre-mRNA transcripts, as is the 

case in the endogenous situation with only this SR-like domain transfected, the splicing 

direction changes towards TRal . On the other hand, when both the SR-like domain and 

TRa pre-mRNA are abundandy expressed, in the case of co-transfection of the SR-

like domain and the TRa minigene, this might result in restoration of the equilibrium 

between pre-mRNA and the SR like protein (A) but due to a change in the equilibrium 

(B) between pre-mRNA and the hnRNP proteins result in changing of the splicing 

direction towards TRa2. 

In addition to the above discussed model which describes promoter independent 

effects of PGC-1 relying mainly on interactions of PGC-1 with other splicing factors, 

another explanation for the effects of PGC-1 could result from a promoter dependent 

process. In this case the effects of PGC-1 on the endogenous TRa gene may require the 

recruitment by some other PGC-1 domain. Moreover, the fact that RNA levels are lower 

in the case of the endogenous gene make the effect of PGC-1 on splicing dependent on 

this omer domain because the limiting step is targeting of PGC-1 to the TRa transcript. 

If PGC-1 is indeed involved in coupling of transcription and processing it could have 

a role in recruiting other proteins present in the initiation complex and transport them 
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to the elongation complex. Such proteins could exert their effect on mRNA processing 

via recruitment of splicing factors or phosphorylation of factors that are already present 

such as PGC-1 itself. Therefore the C-terminal domain of PGC-1 could be modified 

during elongation by factors that are recruited by the N-terminal domain of PGC-

1 during initiation indicating a coupling between transcription and elongation which 

is absent in the case of the PGC-1 mutant only expressing the S R / E / R R M region. 

Fur thermore this domain may even act as dominant negative on PGC-1 in the case of 

the endogenous gene because it interacts with the splicing factors but does not target 

them to the right locus (the T R a transcript). 

We have used a T R a minigene (which does not contain a T R a promoter) in addition 

to the studies on endogenously expressed T R a and showed that PGC-1 can decrease 

the T R a l : T R a 2 ratio of the T R a minigene and of the endogenously expressed T R a 

transcripts. However the S R / E / R R M domain and T, show similar effects only on the 

endogenously expressed T R a transcripts. Therefore the T R a minigene is probably not 

a good model to study splicing of endogenously expressed genes but may help to distin

guish promoter dependent effects of PGC-1 from promoter independent effects. 

In conclusion, PGC-1 has an effect on the splicing direction of endogenous T R a 

transcripts by promoting the usage of the alternative 5'splice site resulting in more T R a 2 

over T R a l . Further studies are needed to determine to determine how PGC-1 exerts 

this effect and if other (splicing) proteins are involved. 
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This thesis deals with the alternative splicing of thyroid hormone receptor alpha tran

scripts. After transcription, pre-mRNAs are processed within the spliceosome to remove 

the introns and ligate the exons to form mature mRNA. The use of an alternative splice 

site or alternative polyadenylation site can then lead to different mRNAs. The mature 

mRNA coding sequence is flanked by untranslated regions (UTRs) that are modified 

by a cap structure (5'end) and a poly(A) tail (3'end) both of which play a critical role 

in mRNA translation and stability (1). After transport from the nucleus into the cyto

plasm the mRNA degradation process takes place. Usually the event starts by poly (A) tail 

shortening, followed by decapping and 5'-3'decay or 3'-5'decay by exonucleases and/or 

endonucleases. Alternatively, decay can take place via a deadenylation independent pro

cess. There are several reports stating that the presence or absence of specific sequence 

elements in the UTRs play a role in the stabilization, transport and translational effi

ciency of the mRNA (2;3). Here it will be discussed how these mechanisms controlling 

the mRNA processing could influence the splicing of TRa transcripts resulting in a 

change in the expression of the different TRa mRNA isoforms. 

7.1 TRa transcription and processing during physiological 
conditions 

Simultaneous measurement of TRa 1 and TRa2 transcripts 

A dual-colour PCR was developed using the LightCycler for the specific and simulta

neous measurement of TRal and TRa2 in one tube (4). Figure 1 schematically shows 

the primer and probe design on the TRa gene. TRal and TRa2 share the forward 

primer and probe, located in exon 8. The TRal specific reverse primer and probe are 

located in the TRal specific part of exon 9 (just 3' of the TRa2 specific alternative splice 

site) whereas the TRa2 reverse primer and probe are located in exon 10. The probes are 

designed according to the FRET principle which means that when the two probes (for

ward and reverse) bind in the near vicinity of each other, energy transfer occurs which 

leads to a specific fluorescent signal. The TRal and TRa2 specific reverse probes are 

labelled with two different fluorescins leading to a specific signal for TRal and TRa2 

which are detected in two different channels of the LightCycler. With this technique sen

sitive measurements of TRa transcripts became possible (for example in HepG2 cells 

and in livers of mice), also allowing a reliable quantification of the TRal:TRa2 ratio (5). 

Since both TRal and TRa2 are measured in the same tube at the same time the need 
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' ; , J = 1 ^ j i ^ ^ ^ ^ ^ TRa2 

Figure 1. A schematic representation of the last 3 exons (boxes) and introns (lines) of the T R a gene. In 
the lower panel the T R a l and TRrx2 transcripts are depicted and the spliced fragments are represented 
by dashed lines. The alternative 5'splice site is indicated by a black arrow. The region specific for TRa l 
is indicated in light grey and the region specific for T R a 2 in dark grey. Primers are indicated by black 
rectangles and the probes are indicated as blocked squares on the transcripts. 

for adjustment to expression levels of housekeeping genes is made redundant. This is a 

major advantage especially if housekeeping genes have unstable expression patterns. In 

appendix I the expression of three often used housekeeping genes (P-actin, cyclophilin 

and elongation factor 1 alpha) is described in tissue samples of patients who underwent 

a variety of treatments and in rats during a 12-h light, 12-h dark cycle (6). Indeed P-actin 

and cyclophilin levels not only changed significantly throughout the day in rats but were 

also significantly affected by hormone treatment in human liver tissue. 

Co-ordination of transcription, splicing andpolyadenylation 

There is increasing evidence that transcription, splicing and polyadenylation are 

coupled. The RNA polymerase II (Pol II) itself can direct splicing and polyadenylation 

factors to pre-mRNA via its C-terminal domain (7). On the other hand the transcriptional 

co-activator PGC-1 which can bind Pol II and other transcriptional co-activators can 

also associate with splicing factors and influence the splicing in a promoter-dependent 

context (8). In this thesis an effect of PGC-1 on the splicing of TRa is described for the 

first time, although no effect of PGC-1 on TRa transcription was observed. However, 

the PGC-1 mutant 565-754 which only expresses the domains involved in splicing 

showed the complete opposite effect on splicing of endogenous TRa transcripts in 

HepG2 cells when compared to wild-type PGC-1. This indicates that the domains 

involved in transcription may eventually also play a role in the splice site choice. The 

mechanism of the effect on splicing is still unknown but there is good evidence that 

it is indeed a transcription-dependent phenomenon. In the study of Monsalve et al. 
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PGC-1 only affected the splicing of a minigene that was driven by a promoter that 

contained a target region for PGC-1. No PGC-1 binding site can be found in the TRa 

promoter but this promoter is a target for the orphan nuclear receptor estrogen-related 

receptor a (ERRa). This receptor in turn is activated by and can associate with PGC-1 

supporting a possible effect of PGC-1 on the transcription of TRa (9;10). Chromatin 

immunoprecipitation studies on the promoter of TRa could provide further evidence 

for a role of PGC-1 in TRa transcription and processing. 

The calcitonin-CGRP gene is a good example for coordination of splicing and 

polyadenylation (11). In thyroid C cells the calcitonin-CGRP pre-mRNA is processed 

to splice exons 1 to 3 and use exon 4 as the 3'terminal exon with concomitant 

polyadenylation. An intron element located downstream of exon 4 was shown to 

enhance polyadenylation of exon 4. Interestingly the factors that bound to this intron 

element included Ul snRNP, SRp20 and PTB which are all known splicing factors. 

On the other hand in neuronal cells the calcitonin-CGRP pre-mRNA is processed to 

exclude exon 4 and use exon 6 as the 3'terminal exon with concomitant polyadenylation. 

The splicing is mutually exclusive and it is thought that two sets of factors can assemble 

on the intron element. One complex promotes exon 4 inclusion and the other promotes 

exon 4 exclusion. The choice is dependent on the type of splicing proteins that assemble 

in these complexes and it is therefore likely that a few of these splicing factors have a 

tissue specific expression. 

Regulation of splicing/actors 

During RNA processing general splicing factors bind to the pre-mRNA to allow 

correct splicing of the introns and form mature mRNA. In the case of alternative splice 

sites, binding of specific splicing proteins may eventually play a role in determining the 

direction of splicing. Several pathways may be involved in the modulation of action of 

the splicing factors, including hormonal activation. Insulin for example regulates the 

inclusion of the exon encoding protein kinase C (PKC) (32 mRNA which is important 

for increases in the glucose transport effect of insulin (12). Regulation of the alternative 

splicing leading to the exon inclusion occurs via the phosphatidylinositol 3-kinase 

signalling pathway through the phosphorylation state of SRp40, a splicing factor 

required for this insulin-regulated splice site selection. Similarly insulin can also regulate 

exon inclusion of the fibronectin transcript via an increase in the SRp40 concentration 

acting on the same purine-rich RNA element that was found in the PKC P2 RNA (13). 
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Several studies have shown that cells often respond to stress by changing the splice site 

selection (14). In a model for ischemia where cells in the brain were observed during 

several minutes without circulation and oxygen, some splicing proteins translocated 

from the nucleus to the cytosol (15). This coincided with a change in the alternative 

splice site selection of specific genes. A similar translocation effect was observed when 

primary neuronal cells were treated with increasing concentrations of calcium. Other 

stress factors such as osmotic shock and UV light can also induce accumulation of 

splicing factors such as hnRNP Al in the cytosol of fibroblasts (16). In our studies we 

did not observe an effect of T3 on the expression of the splicing factors SF2 and hnRNP 

Al but we have not checked the cellular distribution of these splicing proteins and we 

can therefore not exclude the possibility that T3 induced a translocation of (one of) 

these splicing proteins to the cytoplasm leading indirecdy to a change in the TRal :TRa2 

ratio. Interestingly, T3 can induce the expression of PGC-1 (17), a transcription factor 

with splice factor properties (8), and in this thesis we show that both T3 and PGC-1 can 

alter the endogenous TRal:TRci2 ratio in HepG2 cells towards TRot2. Further studies 

are needed to find out if the effect of T3 on the splicing of TRct is indeed mediated by 

PGC-1. 

The stability of mRNA transcripts 

Regulation of mRNA stability is controlled by specific modifying elements within 

the mRNA which can bind mRNA nonspecific or specific proteins. Many mRNAs with 

short half lives, such as those encoding cytokines, growth factors and proto-oncogenes, 

contain adenylate/uridylate-rich elements (AREs) which mediate mRNA decay via bind

ing to RNA-binding factors that recognize the ARE (18). Other RNA-binding proteins 

increase mRNA stability by recognizing different mRNA structures and so prevent 

endonuclease cleavage, for example in the case of the 3'UTR of transferrin receptor 

mRNA (19). In the case of the ferritin mRNA 5'UTR, interaction with specific pro

teins prevents binding of the ribosomal initiation complex and inhibits translation (20). 

Another example is poly(A) binding protein which binds to the poly(A) tail and has the 

ability to stabilize the mRNA and enhance translation (21;22). 

T R a l and TRct2 have different poly(A) start sites as well as unique 3'UTRs raising 

the possibility of a differential regulation of mRNA stability and turnover. Indeed it 

has been shown that TRa l has a shorter half life (2-4 hours) than TRa2 (~8 hours) in 

several cell lines (23). This implicates that when TRa gene transcription decreases, TRal 
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mRNA more rapidly disappears which might also be the case in our study where we 

treated mice with LPS and observed a reduction in both TRal and TRa2 mRNA levels 

as well as a decrease in the TRal :TRa2 ratio in the liver. However we cannot exclude the 

possibility that LPS might have an effect on the stability of TRa mRNA as well. Studies 

using actinomycin D (which blocks transcription) or cycloheximide (which blocks 

protein synthesis) can usually give a good indication of the mRNA stability in cells. The 

use of these inhibitors helped to elucidate the elevation of TRa2 mRNA transcripts in 

X-ray-transformed rodent cells when compared to non-transformed rodent cells which 

appeared to be due to an increased stabilization of the TRa2 transcript (24). In another 

study it was shown that cycloheximide treatment resulted in an increase in TRal and a 

decrease in TRa2 mRNA (23). The effect of cycloheximide was not due to changes in 

synthesis or degradation and therefore the increase in the TRal:TRa2 ratio was most 

probably caused by an effect of cycloheximide on the splicing process. However levels 

of Rev-erbA mRNA were also markedly increased due to cycloheximide treatment 

providing another explanantion for a change in the splicing direction (discussed in more 

detail below). 

The stability and degradation of specific mRNAs can be regulated by hormones. For 

example T can stabilize malic enzyme mRNA in rat liver and reduce the half life of the 

TSHP subunit mRNA in rat and murine pituitary cells (25;26). The latter was accompa

nied by a reduction in the length of the poly(A) tail. Since we have not checked if T3 has 

an effect on the stability of (either one of the) TRa mRNA transcripts, we cannot rule 

out the possibility that a difference in the mRNA stability between TRal and TRa2 is 

the cause of a changed TRal:TRa2 ratio after addition of T3in HepG2 cells. 

The Rev-Erb mRNA is another factor that may contribute to the TRal:TRa2 ratio 

by influencing mRNA stability. The 3'end of TRa2 and Rev-Erb are complementary 

and this could result in the formation of sense-antisense RNA duplexes which will inter

fere with the splicing of TRa transcripts or more specifically with the polyadenylation 

of TRa2. Indeed, evidence for such a regulatory system has been obtained by in vitro 

studies showing that addition of Rev-Erb mRNA to a splicing assay increases the forma

tion of TRal (27). Correlation studies in cell lines also show a high TRal:TRa2 ratio 

when a high Rev-Erb/TRa2 ratio is found (28). However, it remains to be demonstrated 

whether Rev-ErbA functions as a physiologically significant antisense regulator in vivo. 

Mice that lack the Rev-ErbAa gene show alterations in the development of granule and 

Purkinje cells, resembling the alterations observed in hypothyroid rats (29). However the 
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TRa l :TRa2 ratio in the cerebellum is not disturbed arguing against a role for Rev-Erb in 

the splicing process of TRa transcripts in vivo. Furthermore, we could not find a correla

tion between mRNA levels of Rev-Erb and the TRal:TRa2 ratio in our mouse studies. 

We did observe a concomitant decrease in Rev-Erb mRNA levels and the TRal :TRa2 

ratio in the liver. However, the TRal:TRa2 ratio returned to normal levels after 8 hours 

whereas Rev-Erb levels remained low, suggesting that other factors are involved. 

Possible models for the alternative splicing of TRa transcripts 

The difference in the balance in TRal to TRa2 mRNA transcripts could be the result 

of regulatory processes that are involved in the selection of the 3'-end of the mRNA. 

At the 3'-end of the TRa pre-transcript a choice can be made: (1) whether to process 

the transcript and (2) where on the transcript to place the 3'end. It is not clear if the 

primary event is at the level of splicing or polyadenylation or both. When the alternative 

c-erbAa gene 

Alt 5'ss PAl 5'si 

1 i 1 
9AT^9B| h 

3'ss PA2 

B 

T R a l 8 9A AAA„ 

TRa2 9A AAA„ 

Figure 2. A schematic representation of the TRa gene and a model for competition between two 5'splice 
sites (A and C) or between a 5'splice site and an alternative polyadenylation site (B and C). The region 
specific for T R a l is indicated in light grey and the region specific for TRa2 in dark grey. Splice sites and 
polyadenylation sites are indicated by black arrows. The splicing enhancer sequence SEa2 is indicated by a 
dashed box. Abbreviations: 5'ss: 5'splice site; SEa2: splicing enhancer alpha 2; PA: Poly(A) recognition site. 
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5'-splice site in exon 9 is used, TRa2 -which is polyadenykted in exon 10- is generated, 

whereas skipping the alternative splice in exon 9 leads to the use of the poly(A) site in 

exon 9 generating TRal (figure 2). There are two possible models to accommodate 

these choices, namely competition between alternative 5'splice sites or between the 

5'alternative splice site and the poly(A) recognition site which will be discussed below. 

Alternative 5' splice site recognition 

In the first model the splicing process precedes the polyadenylation and there is 

competition between the 5'splice site at the end of exon 9 and the alternative splice site 

present within exon 9 (figure 2A and C). The first component of the spliceosome that 

recognizes and discriminates among potential 5'splice sites in a pre-mRNA is Ul snRNP. 

In a model described by Eperon et al., splicing outcome depends on the number of sites 

that are occupied by Ul snRNP (30). When multiple sites are occupied the downstream 

site is used. Two well known splicing factors, SF2 and hnRNP Al, compete to bind 

the pre-mRNA; SF2 enhances Ul snRNP binding thereby causing a shift towards the 

downstream site (in our case leading to TRal) whereas hnRNP Al interferes with Ul 

snRNP binding leading to the use of the alternative splice site (TRa2). The ratio SF2/ 

hnRNPAl in a particular tissue could therefore determine the TRal:TRa2 ratio in that 

tissue. In an elegant study Hanamura and co-authors determined the protein levels of 

SF2 and hnRNP Al in several rat tissues (31) and we compared the hnRNP A1/SF2 

protein ratio they found with the TRal:TRa2 mRNA ratio that we observed in mouse 

tissues. There appears to be a good correlation between the two ratios. The hnRNP 

A1/SF2 ratio is high in brain where we find more TRa2 over TRal and in liver the 

hnRNP A1/SF2 ratio is low where we find similar amounts of TRal and TRa2. In 

testis the hnRNP A1/SF2 ratio is even lower than in liver, indicating that if there were 

a correlation in each tissue the TRal:TRa2 ratio would be high. We have not measured 

TRa mRNA expression in testis, however Strait et al. reported that only TRa2 is 

expressed in this tissue in rats (32). This indicates that in addition to the tissue-specific 

expression levels of splicing factors other levels of regulation may play a role such as 

the cellular localization and/or phosphorylation of splicing factors (33;34). There is also 

the possibility that other splicing factors are involved and therefore ideally one should 

do proteomics in the liver of an LPS-treated mouse to test if the expression of splicing 

proteins alters due to LPS and if there is a correlation with the decreased TRal:TRa2 

ratio. 
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A competitive polyadenylation site 

In addition to the splice site competition model there could also be a competition 

between using the TRa2-specific 5'splice site and the polyadenylation signal of TRal 

(figure 2B or C). In this model exon 9 is defined as a composite exon whose 3'end is 

formed by either a 5'splice site or a poly(A) site based on circumstances (35). Which 

choice is made depends on how visible these sites are to the processing machinery and 

how efficiently the processing complex can assemble on a site (36). The strength of a 5'-

splice site is usually determined by the concentration of splicing factors in the cell as well 

as additional stabilizing factors recruited onto splicing enhancer elements. Similarly the 

strength of a poly(A) site is determined by the concentration of polyadenylation factors 

in the cell and additional stabilizing factors recruited onto polyadenylation enhancer 

elements. Therefore both expression levels of basic splicing and polyadenylation factors 

as well as specific factors that bind on adjacent RNA motifs could play a role in the 

choice between the 5'-splice site or the poly(A) site. 

Support for this model comes from evolutionary studies which show that TRal 

is restricted to vertebrates and TRa.2 to mammals indicating that the TRa2-specific 

5'splice site arose later during evolution (37). Indeed a single nucleotide difference in the 

TRa2 5'-splice site sequence between the mammalian and non-mammalian sequences 

is important for splice site activity. When in the mammalian 5'- splice site sequence the 

+6G (the nucleotide which differs between mammals and non-mammals) is mutated the 

TRal :TRa2 ratio increases 7-fold and hardly any splicing towards TRa2 is observed (38). 

Moreover the TRa2-specific 5'splice site sequence differs from the consensus at the + 5 

position resulting in a suboptimal splice site. When the + 5C was mutated to a + 5G in a 

TRa minigene creating a 5'ss that matches the consensus sequence, the splicing direction 

completelv switched to TRa2 with no use of the TRal polyadenylation site (38). This 

demonstrates that the strength of the TRa2 5'splice site is critical in determining the 

balance between TRal and TRa2 mRNA processing and that regulation can only 

occur with a suboptimal splice site. Recendy a purine-rich element was identified 130 nt 

downstream of the TRa2-specific splice site and immediately upstream of the TRal 

stop codon which acts as a splicing enhancer (SEa2) (38). It is required for TRa2 

splicing although when the TRa2-specific 5'-splice site was mutated to a consensus 5'ss 

sequence, SEa2 was not required. This suggests that this intronic splicing enhancer 

specifically regulates the suboptimal splicing of the TRa2-specific 5'ss. SEa2 functions 
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via interaction with trans-acting proteins including SF2, hnRNP F and hnRNP H. It 

is not clear which functions these three splicing proteins have. Does SF2 enhance 

splicing and do the hnRNP proteins prevent splicing as is the general antagonistic 

function of these protein families or do they all enhance splicing? If SF2 in this model 

would enhance the use of the TRa2-speciflc splice site, this would be in contrast to the 

previously discussed competition model between hnRNP Al and SF2 where high levels 

of SF2 prevent the use of the alternative (TRa2-speciflc) 5'splice site. hnRNP F was 

shown to be involved in the polyadenylation process in differentiating B-lymphocytes, 

indicating that binding of hnRNP F to SEa2 could regulate polyadenylation of TRal 

(39). Interestingly, Hastings et al also studied the TRal:TRa2 ratio in differentiating B-

lymphocytes and found changes in the TRal:TRa2 mRNA ratio correlating to levels 

of Rev-Erb mRNA (28). It would be worth checking if levels of hnRNP F were also 

changed and correlated to the TRal :TRa2 ratio. 

It has also been shown that the 70 kD subunit of UlsnRNP can inhibit recognition of 

the poly(A) site (40). This would fit with the suboptimal 5'splice site in exon 9 which is 

not optimally bound by UlsnRNP. When the splice site is mutated to a consensus splice 

site with a high UlsnRNP affinity the poly(A) recognition would be totally blocked. 

Binding of splicing proteins to SEa2 could also enhance the affinity for UlsnRNP at 

the 5'suboptimal splice in exon 9 resulting in a similar repression of poly(A) site use. 

This again is an argument against competing 5'splice sites because if the two competing 

5'splice sites were equal in strength why would the downstream 5'splice site not be used 

anymore? 

The exon-intron architecture of the alternatively processed immunoglobulin tran

scripts resembles that of TRot. Two poly(A) sites are present in a different 3'-terminal 

exon on the primary transcripts with the first being found in mRNA encoding secreted 

immunoglobulins and the second being used in mRNAs producing the membrane-

bound form. The use of an internal 5'splice site in exon 4 removes the secretory poly(A) 

site. Although no changes in the efficiency of splicing were observed, an increase in 

cleavage stimulatory factor (CstF) activity in plasma cells enhances the use of the first 

secretory poly(A) site due to binding to a specific sequence element. In this case compe

tition between poly(A) sites and not splice site competition determines the 3'-terminal 

exon. 

In the light of the above discussed models it seems most likely that competition 

between the alternative splice site and the poly(A) site in exon 9 results in the formation 
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of TRa2. The fact that when the alternative TRa2-specific 5'-splice site is mutated to 

a consensus 5'splice site only TRa2 is formed (independent of the presence of the 

intronic splicing enhancer SEot2) argues against a competition between 5'splice sites. 

On the other hand it is in favor of competition between a 5'splice site and usage of a 

poly(A) site because poly(A) site recognition is inhibited in the proximity of a 5'splice 

site. With a suboptimal 5'splice site competition is possible, however a strong 5'splice site 

(as in the case of the mutation to a consensus 5'splice site) completely abolishes poly(A) 

site recognition. Therefore the suboptimal nature of the alternative 5'splice site and the 

nearby intronic enhancer allow for regulation of the TRa RNA processing. 

7.2 TRa transcription and processing during pathological conditions 

Tissue responsiveness to thyroid hormone is dependent on 1) the amount of TH 

available dependent on transport of TH into the cell, the conversion of T into T by 

D l and the degradation of T, into T2 by D3, 2) the amount and affinity of TRs available 

to mediate the response to T3 on gene expression. During pathological conditions tissue-

specific TH responsiveness may change due to one or more disturbances in one or more 

of these processes. Here we will discuss only TRa transcription and processing during 

pathological conditions. 

Thyroid hormone receptors in hypo- and hyperthyroid conditions 

Thyroid hormone receptors have a developmental and tissue-specific pattern of 

expression. TRa is expressed in almost every tissue but seems to mediate thyroid hor

mone action in a subtype-specific manner, correlating to its level of expression or spe

cific distribution pattern even within an organ (41;42). Thyroid status influences the 

expression of TR isoform mRNA and protein concentration in tissues. The TRP gene 

can respond directly to T3 since its promoter contains a TRE. The case for the TRa is 

less clear but there is evidence that it is also modulated by thyroid hormone (43). 

Most studies concerned with the influence of thyroid hormone on the TR expression 

report an increase in TRa mRNA levels in liver, heart and pituitary during hypothyroidism 

and a decrease in TRa as a result of T, administration (32;43-45). A distinction can be 

made between studies which render animals hypothyroid and then supplement T and 

studies that compare euthyroid animals with animals that are rendered either hypo- or 

hyperthyroid. In studies where thyroid hormone deprivation was induced with PTU and 
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animals subsequently received T3 treatment the decrease in TRa mRNA expression after 

treatment with T3 was very profound (43;46). Studies that compared euthyroid animals 

with hypothyroid or hyperthyroid animals are summarized in table 1. Hypothyroid 

animals in all studies showed a higher expression of TRa mRNA in liver and heart when 

compared to euthyroid animals (32;44;45). Only the pituitary showed no difference in TRa 

expression (47). Therefore one could conclude that thyroid hormone deprivation leads 

to an increase in TR expression in tissues to compensate for the low levels of circulating 

thyroid hormones. In the pituitary TRP2 is the predominant isoform and several studies 

have shown that TRP2 mRNA expression increases as a result of hypothyroidism 

(43;48). Restoration of euthyroidism subsequendy decreases TR expression whereas an 

excess of thyroid hormones not always shows an effect on TR expression. Ercan-Fang 

et al. reported no changes in TRa in the pituitary after administration of T, (47). Hodin 

et al on the other hand reported a large increase in TRpi expression in the pituitary after 

administration of T3 which correlated to an increase in the T3 nuclear binding capacity 

(43). Furthermore, Zandieh Doulabi et al. observed a decrease in TRa expression in liver 

when T was given to euthyroid animals although this effect was significant only at 13:30 

but not at 19:30 suggesting that this effect on TRa is subject to diurnal changes (45). 

When TRa and TRP indeed serve different functions, such as interacting with different 

target genes, then the decrease in TRa could have consequences for thyroid hormone 

action. 

Table 1. The effect of thyroidal status on T R a mRNA expression 

Tissue 

Liver 
13:30 
19:30 

Heart 

Pituitary 

GH cells 

HepG2 cells 

Hypothyroidism 

TRal 

T 
T 

T 

TRa2 

t 
t 
t* 
T 

Hyperthyroidism 

TRal 

1 
i* 

i* 

TRa2 

i 
i* 

I 
T* 

TRal 
TRa2 

i 

Reference 

(32) 
(44) 
(44) 

(32) 

(47) 

(82) 

(5) 

| : increased, =: no change and [: decreased relative to euthyroidism. * not significant 
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Table 1 also shows the effect of high levels of T3 on TRa mRNA levels in cell lines. In 

our T3-treated cells we found a significant decrease in the TRal:TRa2 ratio which could 

result in a lower sensitivity to thyroid hormone action (5). Indeed La2ar and co-authors 

have observed a decrease in T3 nuclear binding capacity in GH cells after stimulation 

with T3 which was accompanied by a decrease in TR(3l and TRa2 (49). There are no 

other studies except our study (5) that describe a direct measurement of the TRal:TRa2 

ratio. In the report of Hodin et al. (43) the expression level of TRa2 in heart is more 

decreased after T3 treatment than the TRal expression and therefore the TRal:TRa2 

ratio is probably increased. However one should determine the TRal:TRa2 ratio in 

each animal first before any definitive conclusions can be drawn. Taken together these 

results fit with a model of receptor autoregulation by thyroid hormone both at the tran

scription as well as the processing level of TRa. 

Thyroid hormone receptors during nonthyroidal illness 

Nonthyroidal illness (NTT) refers to changes in thyroid hormone parameters in 

patients with a wide variety of illnesses. Serum T, concentrations decrease and serum 

reverse triiodothyonine (rTj) concentrations increase whereas TSH levels usually remain 

in the normal range (50). Similar changes in serum thyroid hormone levels are observed 

during fasting. Several in vitro and in vivo studies have shown that transport of T into 

tissues is inhibited during NTI (51-54). The recent discovery of a very specific thyroid 

hormone transporter monocarboxylate transporter 8 (MCT8) further underlines the role 

of thyroid hormone transport in the cellular availability of thyroid hormones (55). Iodo-

thyronine deiodinases Dl and D3 also contribute to the low serum thyroid hormone 

levels that are found during NTI. Critically ill patients who died in the ICU had lower 

hepatic D l activity correlating to a lower T3/rT3 ratio and they also showed an induction 

in D3 activity (56). Moreover in chronically ill patients the low serum levels of thyroid 

hormone are related to the loss of TSH pulse amplitude and a reduced hypothalamic 

TRH expression (57;58). 

The altered thyroid status during NTI can also change the expression of thyroid 

hormone receptors. In humans with chronic liver disease, reduced serum thyroid 

hormones were found to associate with an increase in TRa and TRP mRNA in liver 

biopsies providing support for the maintenance of euthyroidism in tissues in the light 

of decreased serum thyroid hormone levels (59). In our studies we found an association 

between the TRal :TRa2 ratio in liver biopsies of patients who had died on the ICU 
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and severity of disease and age, indicating that in older and more severe ill patients the 

TRal:TRa2 ratio was upregulated (Chapter 2). Moreover the TRal:TRa2 ratio was also 

higher in patients who had needed renal replacement therapy as well as inotrope treat

ment. In line with the study of Williams etal.(59), these results indicate a possible up-

regulation in the sensitivity to T3. A shortcoming of our study was our inability to compare 

the TR mRNA expression data with a control group of patients that had overcome 

their illness or simply healthy controls. Only one other study has been performed using 

human liver biopsies to measure TR expression. Chamba et al have compared TRa and 

TR[3 mRNA expression in normal human liver and liver affected by primary biliary 

cirrhosis, sclerosing cholangitis, cryptogenic cirrhosis and alcoholic cirrhosis (60). They 

were not able to detect TRal and TR|3l mRNA expression and only a weak signal for 

TRa2 mRNA. Using polyclonal antibodies against TRs they could however detect TR 

protein expression but found no differences between normal and diseased liver. 

An animal model for NTI is LPS-induced sickness. Administration of LPS results 

within two hours in systemic illness including hypothermia, which is a characteristic 

response in small rodents, and a release of pro-inflammatory cytokines such as IL-6, 

TNF-a and IL-1 in the liver (61). Serum thyroid hormones start to decrease 8 hours 

after injection whereas no changes in TSH are seen. Simultaneous changes in the TRP 

mRNA expression and deiodinase activity in the hypothalamus, pituitary, thyroid and 

liver suggest that the whole HPT-axis is involved in the downregulation of thyroid 

hormone metabolism (Boelen, personal communications). TRa mRNA expression is 

also altered during NTI and precedes the changes in serum thyroid hormone levels. 

Table 2 summarizes the changes in TRa mRNA expression in the HPT-axis after 

LPS administration. Beigneux el al. reported a decrease in TR protein levels in liver 

after administration of LPS which was however not until 16 hours after LPS (62). A 

decrease in TR DNA binding was observed 4 hours after LPS and therefore preceded 

the decrease in TR protein levels. They suggested that the limited availability of the TR 

heterodimerization partner RXR might play a role in the decrease in TR DNA binding 

since all three RXR isoforms are downregulated at the protein level as early as 4 hours 

after LPS administration in hamster liver (63). We observed a decrease in both TRa 

mRNA and protein levels after 4 hours. However we have not measured the TRP protein 

level which is the predominant TR isoform in liver. T3 target genes such as Spot 14, malic 

enzyme and Dl mRNA levels in liver and/or pituitary also decrease after LPS treatment 

but are preceded by the decrease in TR expression (62). From these studies it can be 
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Table 2. The effect of acute illness on T R a mRNA expression 

Tissue 

Liver 

Heart 

Pituitary 

Hypothalamus 

TRal 

I 

Ï 

Ï 

= 

TRa2 

1 
i 
i 
= 

= 

TRal 
TRa2 

1 
I 

I 
= 

Reference 

(62) 
Chapter 4 

(83) 

Chapter 4 

Chapter 4 

concluded that a rapid LPS-induced decrease in TR mRNA expression in the pituitary 

and liver is probably involved in the downregulation of thyroid hormone metabolism 

during NTI. 

In addition to the decrease in TR expression the TRal:TRa2 balance also changes 

during acute illness induced by LPS. Both in our study and in the study of Beigneux 

(62) the TRal:TRa2 mRNA ratio in liver is decreased 4 hours after LPS administration 

and in both cases this is due to a faster decrease of TRal compared to TRa2. In the 

pituitary the decrease in the TRal :TRa2 ratio is the result of a decrease in TRal only. A 

change in the TRal :TRa2 ratio towards the dominant negative TRa2 may therefore add 

another level to the downregulation of thyroid hormone responsiveness during NTI. 

Splicing in pathological conditions 

Differences in splicing patterns that cause disease can be the result of mutations in 

splicing motifs or changes in the levels of splicing factors. Mutations that affect pre-

mRNA splicing include mutations in the invariant splice site sequences (subclass I), 

mutations in variant motifs leading to changes in the strength of exon recognition motifs 

(subclass II) or intronic mutations which can generate cryptic donor or acceptor sites 

and can lead to partial inclusion of intronic sequences (subclass III) (64). One example 

of class I and class II mutations is found in patients with mutations in the ATP7A gene 

leading to a lethal disorder of copper metabolism (Menke disease, MD) or a milder form 

characterized by connective tissue abnormalities (occipital horn syndrome, OHS) (65). In 

MD the donor splice site of exon 6 of the ATP7A gene is disrupted leading to complete 

skipping of exon 6 and severe MD. In the same ATP7A gene a 3-bp deletion affecting 

the same donor site can also lead to incomplete exon skipping and the milder form OHS. 
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Mutations which cause cryptic splice sites in introns are found in the gene encoding 

the cystic fibrosis transmembrane conductance regulator and are associated with a wide 

variability in disease severity in patients suffering from cystic fibrosis (66;67). 

There are also cases in which changes in the ratios of authentic protein isoforms 

cause disease due to a change in the levels of splicing proteins in certain tissues. A good 

example is the insulin receptor (IR) which is alternatively spliced into two isoforms: IR-

A and IR-B. The IR-B isoform is predominantly found in the insulin-responsive tissues 

that are responsible for glucose homeostasis (adipose tissue, liver and skeletal muscle) 

and IR-A is found in brain, lymphocytes and spleen (68;69). Whereas IR-A has a higher 

affinity for insulin, IR-B has an overall faster signalling capacity (70). Dexamethasone can 

induce a switch from IR-A to IR-B in a hepatoma cell line which correlates to an increase 

in insulin sensitivity (71). Interestingly in patients with myotonic dystrophy type 1 (MD1) 

an unusual form of insulin resistance is found which is caused by aberrant regulation 

of the alternative splicing of the insulin receptor in skeletal muscle. Instead of the 

predominant IR-B isoform the nonmuscular IR-A isoform was found to predominate in 

skeletal muscle tissues of MD1 patients (72). This switch could be explained by increased 

levels of the splicing regulator CUG-BP that were also found in the skeletal muscle 

tissues. Overexpression of splicing factors from the SR family of splicing proteins is also 

associated with disease. In a mouse model of mammary gland tumorigenesis a profound 

change in the repertoire and levels of several SR proteins was found which was related 

to the relative levels of transmembrane glycoprotein CD44 transcripts (73). CD44 is 

normally involved in cell migration and attachment to extracellular matrix and surfaces 

of other cells but alternatively spliced isoforms of CD44 have been detected in many 

malignant tumors and correlated to poor patient survival (74). 

In liver biopsies of critically ill patients we did not find an association between the 

expression of the SF2 and hnRNPAl splicing factors and type or severity of disease. 

Similarly, in mice that were treated with LPS, SF2 levels did not significantly change in 

hypothalamus, pituitary and liver. We can however not exclude the possibility that other 

members of the SR family may be affected by LPS treatment. It would be nice to study 

protein expression levels of several splicing factors in livers treated with LPS to find out 

which factors are altered by LPS treatment and are possibly related to the alternative 

splicing of TRa pre-mRNA 
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7.3 Future perspectives 

The importance of a balance in TRa transcripts 

Although the role of thyroid hormone in health and disease is well known, the physi

ological roles and specific functions of the individual thyroid hormone receptor iso-

forms remain largely unidentified. The generation of genetically modified mice has 

provided us with a new understanding of the complexity of TH action in vivo and 

the roles of the TR isoforms. TRa2 is only a weak antagonist of TRal but when the 

balance between TRal and TRa2 is disrupted, as in TRa2 A mice which lack TRa2 

and overexpress TRa l , the phenotype shows features of both hypothyroidism and 

hyperthyroidism suggesting disturbed homeostasis (75). TRa2 is thus regarded as a 

receptor that could adjust the activity of the functional receptor TRal to metabolic 

needs, possibly regulating thyroid hormone sensitivity. Mice that completely lack TRa 

also have an increased sensitivity to thyroid hormone in heart and liver whereas no 

compensatory increase in TRfil was observed (76). However in the pituitary of these 

mice a compensatory increase in the mRNA levels of the steroid receptor coactivator-1 

(SRC-1) was found (77). Since SRC-1 mediates TR-dependent thyroid hormone action 

this increase could also be responsible for the increased sensitivity to thyroid hormone 

which is observed in TRa0/0 mice at least in the pituitary. If SRC-1 is increased in other 

tissues of TRall/0 mice as well remains to be established. Therefore, although the lack 

of a competing TRal aporeceptor cannot be ruled out, it is more likely that the lack 

of a constitutive silencing effect of TRa2 enhances the responsiveness to TH in liver 

and heart of TRa0/0 mice. In this light decreasing the TRal:TRa2 ratio represents a 

mechanism to lower thyroid hormone sensitivity which may be useful to save energy 

during illness or to dampen the T response during hyperthyroid conditions (5). On the 

other hand an increase in the TRal:TRa2 ratio may enhance T3 responsiveness during 

hypothyroid like conditions which is indeed observed in the heart of hypothyroid mice 

(77) and in liver tissue of critically ill patients (chapter III). To further explore the role 

of a balance in TRal:TRa2 several experiments could be undertaken. In the first place 

the exact role of TRa2 must be studied during pathological conditions. To this end mice 

lacking TRa2 could be treated with LPS to see if they become more sensitive to LPS 

due to the lack of TRa2. Similarly the lack of TRa2 would probably lead to an earlier 

death in TRa2 A mice than in WT mice during fasting. Since the TRa2"/" mice show 

growth retardation and signs of a dysfunctional thyroid, generation of a conditional 
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TRa2"/_ knock-out mouse for these experiments might circumvent a possible bias in 

these experiments due to abnormal development. 

Modulation of the splicing process 

An elegant way to further study the splicing process of TRa would be to do a 

comparison of the expression of splicing proteins between tissues with a high or low 

ratio of TRal to TRa2. For example in the hypothalamus a very low (0.02) TRccl :TRa2 

ratio is found whereas in liver and heart the levels of TRal and TRa2 are similar. 

It would be interesting to know if expression levels of specific splicing proteins are 

associated with a high or low TRal:TRct2 ratio. This could for instance be achieved 

by proteomics. When these splicing factors are known we could then further analyze 

the TRcd:TRot2 ratio in mice which lack these splicing factors or in our in vitro HepG2 

system by overexpressing these splicing factors. 

In the case of PGC-1, further experiments could focus on how PGC-1 regulates 

the TRal:TRa2 ratio, for example in response to metabolic signals. PGC-1 is induced 

by metabolic signals such as cold in brown adipose tissue, fasting in liver and heart 

and exercise in skeletal muscle (78) and several studies have shown that PGC-1 then 

activates gene expression in response to these metabolic stimuli (79;80). Notably no 

studies have yet been performed on how metabolic signals might influence the splicing 

process via splicing factors, including PGC-1. In livers of rats that were fasted for 48 

hours for example, the TRal:TRa2 ratio was significantly decreased (81). Since PGC-

1 is induced by fasting, taken together with the fact that PGC-1 can cause a decrease 

in the TRal:TRct2 ratio in HepG2 cells, a model could be envisaged in which PGC-1 

affects the splicing of TRa in response to fasting via binding to the promoter of the 

TRa gene (for example as a coactivator of ERRa which is known to activate the TRa 

promoter (10)). It could be directly involved by binding to the RNA transcript via its 

RNA recognition motif or PGC-1 could attract splicing proteins via its SR domain. This 

is still very speculative and further studies are needed to determine if PGC-1 is indeed 

directly involved in the processing of TRa transcripts. 
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Appendix I 

Introduction 

Gene expression studies that aim at precision require normalization to an internal con

trol or "housekeeping" gene. The greatest challenge in choosing an appropriate house

keeping gene is maintaining expression consistency during treatment. Many genes can, 

in principle, be used as housekeeping genes (1); however, the two most commonly used 

are glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and (3-actin. Unfortunately, 

these genes are not as constant in their expression as one would think (or hope) and this 

particular problem has resulted in many recent publications (2-10). P-actin shows a diur

nal rhythm and the expression level changes when treating with certain hormones (4). In 

addition, the presence of pseudogenes can be confounding when there is, even a little, 

DNA contamination in the RNA preparation (11). Similar difficulties can occur with 

the well-known housekeeping genes GAPDH, elongation factor 1 alpha (EFla), and 

cyclophilin (11). Usually, an adequate housekeeping gene can be found in a controlled 

system (e.g., cell culture) using a commercial kit or the "trial and error" method. How

ever, more challenges arise when working with samples from patients who undergo a 

variety of treatments (12), because it is impossible to manipulate conditions or repeat the 

experiment. Similar difficulties arise when the expression of a specific gene is studied in 

animals throughout the day. Therefore, this chapter focuses on two specific experimental 

designs: 1. the expression of four different housekeeping genes studied in patient tissue 

samples, and 2. the expression of three housekeeping genes studied during a 12-h light 

and a 12-h dark cycle in rat liver. 

Materials 

equipment 

RNase-free glassware and disposables; MagNA Pure LC instrument (Roche Diagnostics, 

Mannheim, Germany); LightCycler® instrument (Roche Diagnostics, Mannheim. 

Germany) 

Reagents 

Amplification primers (BioLegio, Nijmegen, The Netherlands); High Pure Tissue mRNA 

kit ; MagNA Pure LC RNA Isolation Kit II (tissue); First Strand cDNA Synthesis Kit; 

LightCycler-FastStart DNA Master SYBR Green I; LightCycler-DNA Master SYBR 
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Green I (all Roche Molecular Biochemicals, Germany) 

Primer design 

The primers are listed in Table 1 and have been previously published. Primer specificity 

was checked by comparison to the Genbank database. 

Table 1. Primer sequences used to detect different housekeeping gene mRNAs. A. Human primer 
sequences 

GAPDH (GenBank Accession # BC02592S) 

Forward 

Reverse 

TGA ACG GGA AGC TCA CTG G (728-746) 

TCC ACC ACC CTG T T G CTG TA (1015-1034) 

MgCl2: 4 mM Length: 306 bp 

E F - l a (GenBank Accession # BC057391) 

Forward 

Reverse 

GAA CCA TCC AGG CCA AAT AA (1059-1078) 

CCG TTC TTC CAC CAC TGA T T (1440-1459) 

MgCl?: 4 mM Length: 400 bp 

P-actin (GenBank Accession # BC004251) 

Forward 

Reverse 

G G G TCA GAA GGA TTC CTA TG (202-221) 

GGT CTC AAA CAT GAT CTG G G (420-439) 

MgCl2: 5 mM Length: 237 bp 

cyclophilin B (GenBank Accession # M60857) 

Forward 

Reverse 

GAG ACT TCA CCA G G G G (302-317) 

CTG TCT GTC T T G GTG CTC TCC (534-554) 

MgCl?: 4 mM Length: 252 bp 

Table IB. Rat primer sequences 

GAPDH (GenBank Accession # XM214287) 

Forward 

Reverse 

AAC CAC GAG AAA TAT GAC AAC (406-426) 

CAT CCT G G G CTA CAC TGA G (810-828) 

MgCl?: 4 mM Length: 422 bp 

(3-actin (GenBank Accession # NM031144) 

Forward 

Reverse 

G G G TCA GAA GGA CTC CTA CG (141-160) 

G G G TCT AGT ACA AAC TCT G G (359-378) 

MgCl2: 5 mM Length: 237 bp 

cyclophilin B (GenBank Accession # NM022536) 

Forward 

Reverse 

GAG ACT TCA CCA G G G G (312-327) 

CTG TCC GTC T T G GTG TTC TCC (544-564) 

MgCl,: 4 mM Length: 252 bp 
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Sample preparation 

Total RNA was purified from 58 human liver biopsies using the TriPure reagent. 

From this, cDNA was prepared using the First Strand cDNA Synthesis Kit with ran

dom primers (AMV reverse transcriptase) according to the manufacturer's protocol. The 

cDNA samples were a kind gift of Drs R. Peeters, T Visser and G. van den Berghe (Rot

terdam & Leuven; see reference 12). 

PolyA+-RNA was purified from rat liver using the MagNA Pure instrument and the 

mRNA tissue II kit. From this, cDNA was prepared using the First Strand cDNA Syn

thesis Kit with random primers (AMV reverse transcriptase). 

PCR with the Ughtcycler 

Table 2. Mastermix for a 20 ul 1 reaction (both human and rat) 

G A P D H / E F l a / p - a c t i n 

DNA Master SYBR Green I 

Forward primer 

Reverse primer 

MgCl, (25 mM) 

H 2 0 (sterile, PCR grade) 

Volume (ul) 

2.0 

0.5 

0.5 

2.4 or 3.2 

12.6 or 11.8 

[Final] 

0.2 fiM 

0.2 |iM 

4 or 5 mM 

The mix was prepared for (n+1) samples. 18 ul was added to each capillary. For each sample, 2 ul of 

cDNA was added to each capillary. 

Cyclophilin B 

FastStart DNA Master SYBR Green I 

H ? 0 (sterile, PCR grade) 

Forward primer 

Reverse primer 

MgCl, (25 mM) 

Volume (ul) 

2.0 

12.6 

0.5 

0.5 

2.4 

[Final] 

0.2 |iM 

0.2 [iM 

4 mM 

The mix was prepared for (n+1) samples. 18 |il was added to each capillary. For each sample, 2 ul of 

cDNA was added to each capillary. 
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Sealed capillaries were spun in the LC Carousel centrifuge and placed into the Light-

Cycler. The LightCycler was programmed as follows: 

Table 3A. LightCycler parameters for GAPDH and EFloc 

Program: Pre-incubation 

Segment Number 

1 

Temperature target (°C) 

95 

Program: Amplification 

Segment Number 

1 

2 

3 

Temperature target (°C) 

95 

55 

72 

Program: Melting 

Segment Number 

1 

2 

3 

Temperature target (°C) 

95 

70 

95 

Type: quantification 

Hold Time (s) 

10 

Slope (°C/s) 

20 

Type: quantification 

Hold Time (s) 

0 

5 

10 

Slope (°C/s) 

20 

20 

20 

Type: melting curve 

Hold Time (s) 

0 

15 

0 

Slope (°C/s) 

20 

20 

0.1 

Cycles: 1 

Acquisition Mode 

None 

Cycles: 45 

Acquisition Mode 

None 

None 

Single 

Cycles: 1 

Acquisition Mode 

None 

None 

Continuous 

Table 3B. LightCycler parameters for cyclophilin B 

Program: Pre-incubation 

Segment Number 

1 

Temperature target (°C) 

95 

Program: Amplification 

Segment Number 

1 

2 

3 

Temperature target (°C) 

95 

50 

72 

Program: Melting 

Segment Number 

1 

2 

3 

Temperature target (°C) 

95 

70 

95 

Type: quantification 

Hold Time (s) 

600 

Slope (°C/s) 

20 

Type: quantification 

Hold Time (s) 

0 

10 

14 

Slope (°C/s) 

20 

20 

20 

Type: melting curve 

Hold Time (s) 

0 

15 

0 

Slope (°C/s) 

20 

20 

0.1 

Cycles: 1 

Acquisition Mode 

None 

Cycles: 45 

Acquisition Mode 

None 

None 

Single 

Cycles: 1 

Acquisition Mode 

None 

None 

Continuous 
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Table 3C. LightCycler parameters for (3-actin 

Program: Pre-incubation 

Segment Number 

1 

Temperature target (°C) 

95 

Program: Amplification 

Segment Number 

1 

2 

3 

Temperature target (°C) 

95 

50 

72 

Program: Melting 

Segment Number 

1 

2 

3 

Temperature target (°C) 

95 

70 

95 

Type: quantification 

Hold Time (s) 

10 

Slope (°C/s) 

20 

Type: quantification 

Hold Time (s) 

0 

5 

10 

Slope (°C/s) 

20 

20 

20 

Type: melting curve 

Hold Time (s) 

0 

15 

0 

Slope (°C/s) 

20 

20 

0.1 

Cycles: 1 

Acquisition Mode 

None 

Cycles: 45 

Acquisition Mode 

None 

None 

Single 

Cycles: 1 

Acquisition Mode 

None 

None 

Continuous 

Results and Discussion 

In our first study, the expression of four commonly used housekeeping genes — P-

actin, GAPDH, cyclophilin, and E F l a — was measured in liver biopsies of 58 patients. 

The mRNAs for the four genes tested were detected in all samples. The standard curve 

parameters were within acceptable ranges (R2 > 0.98 and -3.1<slope<-3.6). By using 

controls without reverse transcriptase, the absence of DNA was verified. 

As shown in Table 4, housekeeping gene expression levels vary between patients 

according to the different treatments received. For example, (3-actin expression levels 

are reduced due to insulin treatment while cyclophilin expression levels were modi

fied after thyroid hormone treatment. Although of the four housekeeping genes tested, 

EF la appears to be better choice than GAPDH because the higher p-values suggest less 

influence of hormone therapy on expression levels there were problems with this PCR 

which precluded its use (see chapter by Ramakers et al). Our second study measured the 

expression of three different housekeeping genes in rat liver during a 12-h light and a 12-

h dark cycle (circadian experiment). Many genes, including those involved in metabolic 

processes and common housekeeping genes, may be expressed in a cyclic fashion in 

different tissues (13). Throughout the day, the expression of (3-actin and cyclophilin 

varied up to five-fold (Figure 1). The expression of GAPDH was the least affected and 

would be the most appropriate housekeeping gene to use for this experimental design. 
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Table 4. p-value of Mann-Whitney U test comparing treated versus non-treated subjects. 

Hormone Therapy (# treated of 58) 

Insulin (20) 

Thyroid Hormone (21) 

Glucocorticoids (29) 

(3-actin 

0.01 

0.18 

0.40 

cyclophilin 

0.84 

0.05 

0.10 

E F l a 

0.95 

0.65 

0.21 

GAPDH 

0.11 

0.07 

0.45 

p<0.05 is considered a significant change. 

In both experimental designs studied here, it was essential to choose the correct 

housekeeping gene to obtain a constant expression level. If a housekeeping gene is cho

sen that varies with the protocol, the results of the experiment are compromised. 

Instead of housekeeping genes, total RNA can be used to standardize samples by 

measuring them with a spectrophotometer. Unfortunately small samples (e.g., biopsies) 

cannot be easily quantified. Furthermore, because only 2% of total RNA is mRNA, a 

two-fold change in mRNA expression may not be detectable (16). Another complica

tion is that automated purification methods yield variable proportions of mRNA and 
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Figure 1: The expression of three different housekeeping genes (3-actin (white circles), GAPDH (white 
triangles), and cyclophilin (black circles), in rat liver during a 12-h light, 12-h dark cycle. Hour 0 is lights 
on (07:00 am). The points represent the mean of five individual samples; error bars indicate SEM. The [3-
actin and cyclophilin expression levels changed significantly throughout the day (*, p<0.05, ANOVA). 
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total RNA. RNA can also be quantified with RiboGreen® dye on a fluorometer (14) or 

LightCycler (15). A further option is both quantitation and quality assessment using Lab-

on-a-chip™ technology (Agilent Technologies). Vandersompele et al. (17) have recently 

published an algorithm to increase the precision of housekeeping gene expression levels. 

They describe a "strategy to identify the most stably expressed control genes in a given 

set of tissues, and to determine the minimum number of genes required to calculate a 

reliable normalization factor." 

Concluding remarks 

W h e n gene expression must be normalized to compare data, it is essential to choose 

the appropriate housekeeping gene. Quantification of the housekeeping gene must be 

reproducible and validated for the particular experimental protocol. As Bustin said (2), 

"Today's challenge is no longer the need to develop ever more sensitive and specific 

quantification assays but to advance experimental protocols and designs that are rigor

ously controlled and allow meaningful global comparisons." 
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Summary 

Thyroid hormone receptors (TRs) mediate the effects of thyroid hormone on gene 

expression. TRs are transcribed from two different genes and this thesis deals with the 

receptors that are derived from the c-erbAa (thyroid hormone receptor alpha) gene. The 

thyroid hormone receptor alpha gene is transcribed into a pre-mRJMA transcript that is 

alternatively spliced and gives rise to TRal and TRa2. TRal is a functional receptor 

that binds T3 whereas TRa2 cannot bind T3 and has a dominant negative activity over 

the other TRs. The splicing process of TRa transcripts may be regulated during physi

ological or pathological conditions which might change the balance in TRal to TRa2 

thereby possibly influencing thyroid hormone sensitivity. 

Chapter 1 describes the gene structure and function of the different TRa isoforms. 

Furthermore this chapter reviews the general and alternative splicing of pre-mRNA 

transcripts. Splicing proteins such as SF2 and hnRNP Al play opposite roles in the 

selection of alternative 5'splice sites. Furthermore Rev-erbA mRNA transcripts, which 

are derived from the opposite strand of the c-erbAa gene are partly complementary to 

TRa2 mRNA transcripts and could interfere with the splicing process of TRa. 

In chapter 2 the effects of thyroid hormone on the alternative splicing of TRa tran

scripts in HepG2 cells is studied. The endogenous TRa transcription in HepG2 cells is 

not affected by thyroid hormone but the balance between TRal and TRa2 is altered. 

High concentrations of thyroid hormone in the medium of HepG2 cells (either by 

supplementation of T3 or incubation with sera from hyperthyroid patients) results in a 

shift of the splicing direction towards TRa2. A low TRal : TRa2 ratio may indicate a 

lower sensitivity to thyroid hormone which would help cells to maintain euthyroidism in 

a hyperthyroid environment. The mechanism of this effect of thyroid hormone on the 

splicing is unknown and no relationship with the expression of well-known splicing fac

tors such as SF2 and hnRNP Al was found. The expression of Rev-ErbA was also not 

associated to the TRa l : TRa2 ratio. 

In chapter 3 the TRa mRNA expression was studied in human liver biopsies of criti

cally ill patients who had died at the ICU. A change in the balance in TRal to TRa2 

was associated with age and severity of disease. Patients with a higher age, more severe 

illness (as measured by APACHE II) or who had needed more interventions (as mea

sured by the TISS score) had a higher TRal: TRa2 ratio. Moreover patients who had 

needed renal replacement therapy or inotrope treatment also had an increased TRal : 

152 



Summary 

TRa2 ratio. In the light of low serum thyroid hormone levels a compensatory increase 

in the TRal : TRa2 ratio might help to increase the thyroid hormone sensitivity in liver. 

Treatment with thyroid hormones or glucocorticoids did not alter TRa expression or 

the balance between TRal and TRa2. Strict glycemic control of patients by intensive 

insulin treatment also had no effect on TRa expression or the TRal : TRa2 ratio. No 

relationship between the TRal : TRa2 ratio with the splicing factors SF2 and hnRNP 

Al was found. 

Chapter 4 describes the changes in TRa mRNA expression in the hypothalamus-

pituitary-thyroid axis (HPT-axis) during acute illness in a mouse model of LPS induced 

illness. LPS induces nonthyroidal illness as was confirmed by low serum T levels. In 

addition LPS induces a decrease in both TRa mRNA levels in liver, thyroid and pituitary 

(in the latter only TRal) . Moreover the TRal :TRa2 ratio decreases in the liver and pitu

itary indicating that in addition to decreased transcription, the regulation of the splicing 

direction towards TRa2 might help to decrease thyroid hormone sensitivity in tissues. 

Rev-ErbA mRNA expression showed a concomitant decrease with the TRs indicating 

that the TRa locus may have a concordant transcriptional regulation but that Rev-ErbA 

is not associated with changes in the splicing of the TRa transcripts. In the hypothala

mus no changes in the TRa mRNA expression were observed. The absolute levels of 

the splicing factor SF2 could be related to the TRal:TRa2 ratio in tissues but changes 

in the TRal : TRa2 ratio were not preceded by changes in SF2 excluding a role for SF2 

in the splicing direction of TRa transcripts. 

Chapter 5 deals with the effect of the PPARy co-activator 1 (PGC-1) on the alternative 

splicing of TRa transcripts. PGC-1 was discovered as a transcriptional co-activator but 

also has certain motifs characteristic of splicing factors which enable PGC-1 to associate 

with splicing factors and alter RNA processing of a minigene. We demonstrate that 

PGC-1 can alter the splicing direction of endogenously expressed TRa transcripts in 

HepG2 cells towards TRa2. PGC-1 showed a similar effect on the splicing direction of 

a TRa minigene containing only the last 4 exons and introns of the TRa gene. Deletion 

of the RNA processing domain attenuated the effect of PGC-1 on the endogenously 

expressed TRa transcripts whereas expression of only the RNA processing domain had 

an opposite effect on the splicing direction favouring TRal . These data suggest that 

PGC-1 is involved in the RNA processing of TRa transcripts probably via its RNA 

processing domain. 
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From this thesis it can be concluded that the alternative splicing of TRa transcripts 

is a regulated process and that the direction of the splicing can change as a result of 

pathological conditions. 
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Samenvatting 

Schildklierhormoon receptoren (TRs) zijn transcriptiefactoren die het effect van het 

schildklierhormoon T3 op de genexpressie mediëren. TRs worden gecodeerd door 2 ver

schillende genen en dit proefschrift gaat over de receptoren die afgeschreven worden van 

het c-erbAa (TRa) gen. Het TRa gen wordt vertaald naar een pre-mRNA transcript dat 

vervolgens alternatief gesplitst wordt in TRal and TRa2. Splitsing (splicing) houdt in 

dat er stukken uit het RNA geknipt worden waarna het resterende RNA weer aan elkaar 

gelijmd wordt. Alternatieve splicing betekent dat er niet altijd hetzelfde stuk wordt uit

geknipt. In het geval van TRa2 wordt er een groter stuk uitgeknipt wardoor de TRct2 

een belangrijk deel van het hormoonbindende domein mist. TRal is een functionele 

receptor die T bindt terwijl TRa2 geen T3 kan binden en een dominant negatief effect 

heeft over de TRal en TR(3l. In dit poefschrift wordt onderzocht of het splicing proces 

van TRa transcripten wellicht gereguleerd wordt tijdens fysiologische en pathologische 

condities waardoor de balans tussen TRal en TRa2 verstoord raakt. Deze verstoorde 

balans kan dan mogelijk leiden tot veranderingen in de gevoeligheid van bepaalde weef

sels voor schildklierhormoon. 

Hoofdstuk 1 beschrijft de genstructuur en de functie van de verschillende TRa iso-

vormen. Verder wordt uitgelegd hoe constitutieve splicing en alternatieve splicing van 

pre-mRNA transcripten in zijn werk gaat. Factoren die van invloed zijn op de keuze van 

alternatieve 5'splice sites zijn splicing factoren zoals SF2 (lid van de familie van serine/ 

arginine-rijke eiwitten) en haar tegenpool hnRNP Al (lid van de familie van hetero

gene nucleaire ribonucleo-eiwitten) die de richting van de splicing kunnen beïnvloeden. 

Bovendien is het Rev-erbA mRNA transcript, afkomstig van de anti-sense strand van 

het c-erbAa gen, gedeeltelijk complementair aan het TRa2 mRNA transcript waardoor 

Rev-erbA ook invloed kan hebben op het splicing proces van TRa. 

In hoofdstuk 2 wordt het effect van schildklierhormoon op de alternatieve splicing 

van TRa transcripten in HepG2 cellen bestudeerd. De endogene TRa transcriptie in 

HepG2 cellen wordt niet beïnvloed door schildklierhormoon maar de balans tussen 

T R a l en TRa2 verandert. Een hoge concentratie schildklierhormoon in het medium 

van HepG2 cellen (door toevoeging van T3 of sera van patiënten met hyperthyreoïdie) 

deed de splicing veranderen in de richting van TRa2. Een lage TRal:TRa2 ratio kan 

een lage gevoeligheid voor schildklierhormoon aangeven wat cellen wellicht helpt om 

euthyreood te blijven in een omgeving rijk aan schildklierhormoon. Het mechanisme 

158 



Samenvatting 

van dit effect van schildklierhormoon op de splicing is onbekend en er is geen verband 

gevonden met de expressie van bekende splicing factoren zoals SF2 en hnRNP Al. De 

expressie van Rev-erbA is ook niet geassocieerd met de TRal :TRa2 ratio. 

In hoofdstuk 3 wordt de TRa expressie bestudeerd in humane lever biopten van 

ernstig zieke patiënten die zijn overleden op de intensive care (IC). Als gevolg van hun 

ziekte was het schildklierhormoon metabolisme in deze patiënten verstoord geraakt. 

Dit syndroom, ook wel nonthyroidal illness genoemd wordt gekenmerkt door lage 

concentraties schildklierhormoon in het bloed. Een verandering in de balans tussen 

TRal en TRa2 in de leverbiopten was geassocieerd met leeftijd en ernst van de ziekte. 

Patiënten met een hogere leeftijd, ernstigere ziekte (gemeten met de APACHE II test) of 

met een hoger aantal aan therapeutische interventies (gemeten met de TISS score) hadden 

een hogere TRal:TRct2 ratio. Tevens werd een hogere TRal:TRa2 ratio gevonden bij 

patiënten die een niertransplantatie hadden gehad of die behandeld waren geweest met 

inotropen (een middel dat gegeven wordt bij hartfalen). In het licht van de lage serum 

schildklierhormoon waardes zou een compensatoire verhoging in de TRal:TRa2 ratio 

de schildklierhormoon gevoeligheid in de lever kunnen verhogen. Behandeling met 

schildklierhormoon of glucocorticoïden van deze IC-patiënten had geen verandering 

in de TRa expressie of de balans tussen TRal en TRa2 tot gevolg. Strikte glycemische 

controle van patiënten door intensieve behandeling met insuline had ook geen effect op 

de TRa expressie of de TRal :TRa2 ratio in de lever. Er werd geen relatie gevonden 

tussen de TRal:TRa2 ratio en de splicing factoren SF2 en hnRNP Al. 

Hoofdstuk 4 beschrijft de veranderingen in TRa expressie in de hypothalamus-

hypofyse-schildklier as tijdens acute ziekte in een muizenmodel van nonthyoidal illness. 

Een subletale dosis van het bacteriële endotoxine LPS resulteerde in verlaagde serum 

T waardes. Daarbij daalde de TRa mRNA expressie in de lever, schildklier en hypofyse 

(in de laatste alleen TRal) . Bovendien daalde de TRal:TRa2 ratio in de lever en 

hypofyse wat aangeeft dat naast een daling in transcriptie ook regulatie van de splicing 

in de richting van TRa2 mogelijk bijdraagt aan de verlaging van de gevoeligheid voor 

schildklierhormoon in weefsels. Rev-erbA mRNA expressie daalde gelijktijdig met de 

TRa expressie wat betekent dat Rev-erbA waarschijnlijk niet geassocieerd is met de 

splicing van TRa transcripten. In de hypothalamus werden geen veranderingen in de 

TRa mRNA expressie gevonden. De absolute waardes van de splicing factor SF2 zouden 

geassocieerd kunnen zijn met de TRal:TRa2 ratio in weefsels maar de veranderingen in 
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de TRal :TRa2 ratio werden niet vooraf gegaan door veranderingen in SF2; dit sluit een 

rol voor SF2 in de splicing van TRa transcripten uit. 

Hoofdstuk 5 gaat over het effect van de PPARy coactivator 1 (PGC-1) op de alter

natieve splicing van TRa transcripten. PGC-1 is beschreven als een co-activator maar 

heeft ook bepaalde motieven die kenmerkend zijn voor splicing factoren. Hierdoor kan 

PGC-1 een interactie aangaan met splicing factoren en de RNA processing van een mini

gen beïnvloeden. We laten zien dat PGC-1 de splicing van endogene TRa transcripten 

in HepG2 cellen in de richting van TRa2 kan beïnvloeden. PGC-1 heeft hetzelfde effect 

op de richting van de splicing van een TRa minigen dat alleen de laatste 4 exons en 

introns van het TRa gen bevat. Deletie van het RNA processing domein verzwakt het 

effect van PGC-1 op de endogene TRa transcripten terwijl expressie van enkel het RNA 

processing domein een tegengesteld effect heeft op de richting van de splicing namelijk 

richting TRa l . Deze data suggereren dat PGC-1 betrokken is bij de RNA processing 

van TRa transcripten, waarschijnlijk via het RNA processing domein. 

Uit dit proefschrift kan geconcludeerd worden dat de alternatieve splicing van TRa 

transcripten een gereguleerd proces is en dat de richting van de splicing kan veranderen 

als gevolg van pathologische condities. 

160 







Dankwoord 



Dankwoord 

Aan het einde van dit boekje wil ik graag de mogelijkheid benutten om een aantal 

mensen te bedanken zonder wiens steun dit boekje niet tot stand was gekomen of wiens 

aanwezigheid mijn AIO periode heeft opgefleurd. 

Allereerst mijn promotor Wilmar Wiersinga die mij heeft geleerd kritisch te zijn om zo 

geloofwaardig mogelijk over te komen. Vervolgens mijn co-promotor Onno Bakker, van 

wiens nuchtere kijk op zaken en creativiteit in het lab, ik veel geleerd heb. De leden van 

de promotiecommissie en in het bijzonder Jan de Vijlder wil ik graag hartelijk bedanken 

voor het zitting nemen in de leescommissie en het beoordelen van het manuscript. 

Het begon allemaal met z'n achten in de AIO kamer. Iris, jij was al snel weg al bleef 

de stapel op jouw bureau nog lang herinneren aan je aanwezigheid. Gelukkig hadden we 

toen al genoeg basis voor een goede vriendschap. Wij vormden dan ook een juist even

wicht met Leon en Behrouz die ons graag wegwijs maakten in de onderzoekswereld en 

o.a. leerden dat je op een hotelkamer bij voorkeur een kimono draagt (hoewel dat in de 

congreshal ook best bleek te kunnen). Erwin, jij was altijd attent en het was echt een 

gemis toen je weg was. Hanneke, dank voor de warmte en gezelligheid toen we alleen 

met "de mannen" overbleven. Nog nooit zag ik iemand zo snel Nederlands leren als Ivo. 

Samen met José zorgden jij voor wat temperament op onze kamer. Sebastiaan en Hen-

rike, het was kort maar krachtig en dankzij jullie komst is het in de AIO kamer nu echt 

goed toeven. 

Het laboratorium heeft zich tijdens mijn onderzoeksperiode ontwikkeld van klein

ste opslagruimte van dure apparaten en talrijke medewerkers tot een complex van ge

scheiden labruimtes met werkplekken te over en oneindige mogelijkheden tot opslag. 

De bevolking van het lab bestond uiteindelijk hoofdzakelijk nog uit vrouwen. Joan, fijn 

dat jij mijn paranimf wil zijn want met jouw hulp is het voorheen ook altijd goed geko

men. Ik heb er alle vertrouwen in dat jij zelf een prachtig poefschrift zal schrijven. Mijn 

onderzoek kwam pas echt op stoom na de komst van Anita wiens daadkracht voor mij 

aanstekelijk heeft gewerkt. Daarnaast was zij de ideale uitlaatklep en altijd boordevol 

adviezen die ik erg zal gaan missen. Mieke en Marianne vormen het warm kloppend hart 

van het lab. Dank voor jullie ondersteuning, zowel de opvang in het begin als de hulp 

in de uitvoering aan het eind. Adriano, you came all the way from Brazil to our lab for a 

practical training and you did amazingly well. It was fun to be your teacher. Masja, Marit, 

Lodewijk en Xander, het was altijd gezellig met studenten op het lab. Erik, Mariëtte, 

Ilonka, Els, Marja en alle anderen van het Endo-lab wil ik hartelijk bedanken voor alle 

hulp die ik heb gekregen, net als Joost, voor de hulp met de muizen. 
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Natuurlijk wil ik ook alle anderen van de afdeling Endocrinologie hartelijk bedanken 

voor alle samenwerking. Mark, Eric, Jantien, Bente, Thea, Nathalie en Anneke, voor de 

discussies tijdens de research besprekingen. Marga, Martine, Renee en Julie voor aller

hande hulp. 

De mensen van de "Kinderendo" hebben mij vaak geholpen met bruikbare tips of 

het uitlenen van spullen. Jullie waren altijd dichtbij, ondanks het feit dat wij mijlen ver 

moesten lopen om onze printjes op te halen in jullie kamer. 

Voor het verstrekken van bijzonder materiaal en het meewerken aan dit proefschrift 

wil ik Theo Visser, Robin Peeters en Greet van den Berghe hartelijk bedanken 

I'd like to thank Natasha Kralli for our talk in Snowbird which initiated our collabo

ration on PGC-1 and the thyroid hormone receptor. Thanks for your support and it's a 

pity that I will not finish the experiments in your lab. 

Tenslotte al mijn vrienden en familie die mij het leven aangenaam maakten: Marjolein, 

jij voelt als geen ander aan hoe je iemand moet supporten. Ik ben er trots op dat je 

m'n paranimf wil zijn. De etentjes met jou en Tatjana zijn inmiddels uitgegroeid tot 

een waardevolle uitwisseling van co-assistent/ promotie frustraties en bijbehorende le-

vensproblematiek en hopelijk gaan we hier nog lang mee door. Florine, Femke, Nicolien, 

Milet en Sabine, jullie stonden altijd garant voor de gezelligheid en broodnodige afleiding 

van de wetenschap. Fem, jij vooral bedankt voor het ontwerp van mijn boekje en alles 

wat daar bij kwam kijken. Jaap-Willem bedankt voor de uitleen en uitleg van het lay

out programma. Een speciaal verzoek tenslotte aan de Heeren van DA om mij nu als 

buitengewoon gepromoveerd lid toe te laten tot dit illustere gezelschap. 

Jo & Marion, jullie hadden altijd een luisterend oor en dachten graag mee. Bovendien 

heeft jullie begrip (of het met mij gedeelde onbegrip) voor bepaalde situaties mij bij

zonder gesteund gedurende de periode van mijn onderzoek. 

Papa, mama, Fleur, Gwen, Joost en Frank de hechte band in ons gezin is de pijler van 

mijn bestaan. Dankzij jullie sta ik onbezorgd en positief in het leven en daar ben ik jul

lie zeer dankbaar voor. De vakanties in Chatel waren altijd hét moment op weer even op 

te laden. 

Igor, met jouw scherpe geest, liefde en trouw ben je in alle opzichten de man van mijn 

leven. Ondanks het feit dat ik je nooit een compleet bevredigende uitleg van mijn onder

zoek kon geven, wist jij gelukkig direct hoe je mijn onderzoek beter kon omschrijven. 

Net als dat jij vond dat support op allerlei manieren gegeven kan worden. Inderdaad, 

daar kan geen bloemetje tegenop 
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