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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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Endogenous TRa 
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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. 

101 



Chapter 5 

Transfected T R a 

o 
re 
i_ 

CM 
Ö 

0£ 

ö 

1-

p<0.01 

p<0 

ns 

01 

p<0 01 

p<0.01 

^ «/" ^ ^ 

*° J/ # ** 
^ ; , ; : i . : : 

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) 
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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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