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1. ABSTRACT 
 

Peroxisome proliferator-activated receptor 
gamma (PPAR gamma) plays an important role in the 
control of energy balance and lipid and glucose 
homeostasis. Different transcript variants were investigated 
not only in human but also in other vertebrates. To look 
into the evolutionary changes of these variants, we 
analyzed the genomic sequences of PPAR gamma genes 
from several vertebrate species, as well as their mRNA and 
EST data. Several potential alternative splicing exons at the 
5’-end of the PPAR gamma gene were identified. The 5’-
end of the PPAR gamma gene is discovered to be 
evolutionarily active and recruits new exons via different 
strategies. Moreover, it is shown that the only coding 
alternative exon (exon B) processes much higher Ka/Ks 
compared with its constitutive counterparts. In addition, its 
Ka/Ks is greater than 1 in the rat, mouse, and rabbit, 
indicating adaptive evolution and possible energy storage 
related gain-of-function for the exon.  
 

 
 
 
 
 
 
 
 
 
 
2 INTRODUCTION 
 

Peroxisome proliferator-activated receptors 
(PPARs) comprise an ancient subfamily of the nuclear 
hormone receptor, and likely appeared before the 
arthropod/vertebrate divergence (1). PPARs regulate 
important physiological processes related to lipid 
homeostasis, inflammation, adipogenesis, reproduction, 
wound healing, and carcinogenesis (2-6). Gene duplication 
events in vertebrates may contribute to the diversification 
of subfamily, resulting in three distinct members, PPAR 
alpha, PPAR beta and PPAR gamma [1], with distinct 
expression patterns and functions (Table 1) (7-13). 

 
Like many other nuclear receptors, PPAR 

gamma is characterized by four major domains: an N-
terminal A/B domain, a DNA-binding domain with two 
zinc fingers (C domain), a D domain, and a C-terminal 
ligand-binding domain (LBD, E/F domain) (14). PPAR 
gamma is thought to be critical in the control of energy 
balance and lipid and glucose homeostasis. Previous studies
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Table 1. The expression patterns and functions of PPAR family members 
PPAR member PPAR alpha PPAR beta PPAR gamma 
Expression Highly expressed in livers,  

cardiac myocytes and kidneys 
Less studied, believed to be widely expressed in 
various organs 

Highly expressed in spleen, adrenal, 
heart, and adipose tissues 

Functions Peroxisome proliferation, lipid catabolism, 
inflammatory responses, 
skin wound healing, 
inhibition of arachidonic acid  

Cell proliferation, myelination, embryonic 
implantation, adipocyte differentiation,  
skeletal muscle fatty acid catabolism,  
glucose metabolism,  
inflammation, and skin wound healing 

Lipid storage, 
macrophage maturation, 
embryonic implantation, 
adipocyte differentiation and 
inflammation control 

 
have indicated that PPAR gamma (coupled to RXR) 
involved in the process of cell growth arrest and 
progression into the fully differentiated adipocyte 
phenotype. (15, 16). Recently, the relationships between 
PPAR gamma and a series of metabolic diseases such as 
obesity and type 2 diabetes, especially insulin resistance, 
have also been investigated (17-19). Meanwhile, mutations 
and single nucleotide polymorphisms (SNPs) in PPAR 
gamma have become a hot topic for research, and the 
replacement of proline with alanine in codon 12 (Pro12Ala) 
in the human PPAR gamma gene is associated with 
reduced body mass index (BMI) and insulin sensitivity 
(20). Studies also indicate that polymorphisms of PPAR 
gamma can often be associated with cognitive impairment 
(21) and thyroid-associated orbitopathy (22)  
 

Other than physiological studies, some 
researches have investigated the alternative splicing of 
PPAR gamma.  So far, four human PPAR gamma isoforms 
of mRNA have been identified, namely PPAR gamma 1, 
PPAR gamma 2, PPAR gamma 3 and PPAR gamma 4. The 
protein translated from PPAR gamma 2 contains an 
additional NH2-terminal region, composed of 28 amino 
acids, while proteins derived from PPAR gamma 1, gamma 
2, and gamma 3 mRNA are identical, with a peptide 
comprising 477 amino acids (23). 

 
In all four isoforms, six constitutive exons and 

four alternative splicing exons (exon A1, A’, A2 and B) 
have been identified. Exons A1 and A2 are reported in PPAR 
gamma 1; exon B is seen in PPAR gamma 2; exon A’ and A2 
are part of PPAR gamma 3; and PPAR gamma 4 has exon A1 
as the only alternative exon. These four isoforms have different 
expression levels. RT-competitive PCR assays have 
demonstrated that hPPAR gamma 1 is expressed at 
significantly higher levels compared with hPPAR gamma 2, 
whereas the other isoforms expressed at even lower levels are 
found in adipose tissue (PPAR gamma 4) and white adipose 
tissue/large intestine/macrophages (PPAR gamma 3). In terms 
of the expression of two protein isoforms, one study has 
indicated that hPPAR gamma 2 is predominantly expressed in 
adipose tissues, whereas hPPAR gamma 1 is more widely 
expressed (13).  

 
In addition to the human genome, PPAR gamma 

has been reported among other vertebrates, including 
mouse (24, 25), hamster (26), human (27-29), cattle (30), 
rat (31), monkey (32) and pig (33-35). Alternative splicing 
has also been observed in some species such as the cow and 
domestic pig. In some species (e.g. domestic pig), these 
alternative splicing variants resemble the four 
corresponding human variants, whereas others have their 
own species-specific exons.  

 
Although alternative splicing events of PPAR 

gamma have been reported in various species, most studies 
have focused on the biological functions and their 
relationship with clinical diseases (such as type 2 diabetes). 
The evolutionary story of these variants, in particular the 
four alternative exons, the species-specific exons remains 
unknown. Therefore, a study analyzing the alternative 
splicing of PPAR gamma from a comparative genomic 
perspective is needed to determine the expression 
characteristics of PPAR gamma and their evolutionary 
implications. 
 
3 MATERIAL AND METHODS 
 
3.1. Sequence collection 

Genomic, mRNA and EST sequences were 
downloaded from the Genbank and Ensembl databases. 
(Genbank Release No. 167, 
http://www.ncbi.nlm.nih.gov/Genbank/index.html and 
Ensembl, release No.50 
http://www.ensembl.org/index.html) Nine vertebrate 
species were studied: human, chimpanzee, cow, domestic 
pig, mouse, rat, sheep, chicken and dog.  
The mRNA sequences collected are shown in Table 2. 
 
3.2. Isoform identification  

EST/cDNA sequences were aligned to 
corresponding genome sequences by BLAST analysis 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) with parameters 
adjusted for short and gapped alignments. All exon 
boundaries were confirmed by consensus acceptor and 
donor sites. Splicing isoforms were predicted by various 
EST/cDNA-to-genome alignments. Predicted splicing 
isoforms were verified by BLAST analysis against the EST 
database. Multiple sequence alignments were performed 
using ClustalX. Repeat sequences of human and mouse 
genomes were compared uisng Repeatmarsker 
(http://repeatmasker.org) (36).  
 
3.3. Ka/Ks 

The Ka/Ks ratio was calculated using K-
Estimator 6.1 developed by Josep M. Comeron (free 
software download available at 
http://www.biology.uiowa.edu/comeron/index_files/Page43
2.htm), and confirmed using PAML4 (free software 
download available at 
http://abacus.gene.ucl.ac.uk/software/paml.html) (37).  
 
3.4. SNP 

All SNPs within the genome region of hPPAR 
gamma were collected from dbSNP (build 129, 
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?chooseRs=a
ll&go=Go&locusId=5468). As the SNP database only 
provides SNP information for this isoform, the SNPs in
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Table 2. The PPAR gamma mRNA sequences used in the analysis 
AS Name Genbank ID AS Name Genbank ID 
hPPAR1 NM_138712 mPPAR1 NM_001127330 
hPPAR2 NM_015869 mPPAR2 NM_011146 
hPPAR3 NM_138711 bPPAR1 Y12419 
hPPAR4 NM_005037 bPPAR2 NM_181024 
sPPAR1a AB097926 rPPAR2 NM_013124 
sPPAR1b AB097927 gPPAR NM_001001460 
sPPAR1c AB097928 cPPAR2 NM_001024632 
sPPAR1d AB097929 oPPAR1 U84893   
sPPAR2 NM_214379 oPPAR3 NM_001082148 

 
Table 3.  The exons combination of different PPAR gamma transcript variants in respective species 

Human A1+A2+Latter1 B+Latter1 A2+Latter1 A1+Latter1 A’+A2+Latter1 
Chimpanzee A1+A2+Latter2 B+Latter2 A2+Latter2 A1+Latter2 A’+A2+Latter2 
Dog --- B+Latter1 A2+Latter2 ------ A’+A2+Latter2 
Cow A1+A2+Latter2 B+Latter1 A2+Latter2 A1+Latter2 A’+A2+Latter1 
Pig A1+A2+Latter1 B+Latter1 A’+A2+Latter1 A1+Latter1 A’+Latter1 
Rabbit ----- B+Latter2 A2+Latter2 ----- OS1+OS2+Latter1; 

A’+A2+Latter1 
Mouse ----- B+Latter1 ------ ----- RS1+RS2+Latter1; 

A’+RS3+RS2+Latter3; 
A’+Latter3 
A’+ RS2+Latter2 

Rat ----- B+Latter1 ------ ----- RS1+RS2+Latter1; 
A’+ RS2+Latter1 
A’+Latter2 

Chicken ------ ------- ------- ------ Latter 
1 Report mRNA sequence support, 2 Prediction by genomics analysis, 3 EST sequence support 
 
other isoforms were determined by manual sequence 
comparison. 
 
4 RESULTS 
 
4.1. Genomic Comparison 

The neighboring genes of PPAR gamma on the 
chromosome are the same in various vertebrates. However, 
the intergenic region of PPAR gamma and the 5’-upstream 
gene SYN2 in mammals was nearly twice as long as that in 
birds (Figure 1). Repeatmarsker (36) analysis shows that 
insertion of repeat sequences make important contributions 
to this phenomenon; 50% of this region comprises repeat 
sequences in humans, 25% in mice, but only 2% in 
chickens.  
 
4.2. Exon Profile 

Exon Profile results show that various AS forms 
of PPAR gamma are present. In chickens, there is only one 
transcription product that contains constitutive exons 
(Figure 2). However, in mammals,  various numbers of 
alternative splicing forms are observed (Table3 and Figure 
2).  

 
In total, four common alternative splice exons, 

namely A1, A’, A2 and the coding exon B, together with 
some specific alternative splicing exons in respective 
species, have been identified (Figure 2). Different 
alternative splicing forms of these exons are listed in 
Table3. Figure2 shows the distribution of alternative 
splicing exons in different species, all of which are located 
at the 5’ end of the gene. Exon A’ (or its genomic 
homolog) exists in virtually all species examined. 
Moreover, some species-specific exons or mRNA 
fragments are also identified through inter-species sequence 
alignments. 
 

4.3. SNP frequency 
We recorded a total number of 737 SNPs in the 

human PPAR gamma gene region with 7 found in 
alternative splice exons, 9 in constitutive exons, and 721 in 
introns. Correspondingly, the SNP frequencies for 
alternative splicing exons, constitutive exons, and introns 
are 11.4, 5.5 and 4.9 SNP/1,000bp respectively. 
 
4.4. Ka/Ks in coding alternative splicing exon (exon B) 

After determining the evolutionary features of 
alternative exons in PPAR gamma at the nucleotide level, 
we further investigated the evolutionary characteristics of 
its open reading frame (ORF). In fact, the alternative 
splicing exon (exon B, encoding 28 amono acids) carries 
some interesting characteristics in terms of the Ka/Ks ratio, 
a crucial indicator of selective pressure acting on a protein-
coding gene, which shows a significant difference 
compared with the peptide coded by constitutive exons 
(Table 4a, 4b).  

 
The average value for the Ka/Ks ratio in exon B 

is 0.960, significantly higher than the average Ka/Ks ratio 
for the constitutive exons, which is 0.0214 (P value = 
4.09*10-6). 

 
To illustrate that the Ka/Ks difference is more possibly due 
to alternative splicing, we performed a sliding window 
based Ka/Ks analysis of the human and mouse PPAR 
gamma sequences. The full-length mRNA PPAR gamma 
sequence is divided into 14 segments, each of about 100 
base pairs (about the same size as exon B), and the ratio is 
calculated respectively with the same method. Results 
demonstrate that the ratio of all 14 segments are 
significantly lower than that of the coding alternative splice 
exon B, and the lowest ratios are seen for the segments that 
encode conserved functional domains of PPAR gamma
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Figure 1. Genome structure of the PPAR gamma gene in human, chimpanzee, dog, cow, rabbit, mouse, rat and chicken. Nearby 
genes located in the 5’- and 3’-region of PPAR gamma are highlighted by boxes with different colors. Black arrow shows the 
transcript direction. Data were based on NCBI genomic viewer and Ensembl genomic data. 
 
Table 4. The Ka/Ks ratios for PPAR gammas in different species 

A. The Ka/Ks ratios for coding alternative splice exon B of PPAR gamma in six species 
 Human Mouse Rat Pig Dog Cow 
Human       
Mouse 1.32      
Rat 1.484 n/a (Ks=0)     
Pig 0.218 1.149 1.291    
Dog 0.288 0.752 0.852 0.225   
Cow 0.727 2.076 2.076 0.689 0.294  
B. The Ka/Ks ratios for other constitutive coding exons 
 Human Mouse Rat Pig Dog Cow 
Homo       
Mouse 0.0198      
Rat 0.0214 0.00746     
Pig 0.0206 0.0213 0.0187    
Dog 0.0151 0.0174 0.0146 0.0172   
Cow 0.0348 0.0282 0.0252 0.0259 0.0336  
C. The Ka/Ks ratios for coding alternative splice exon B of PPAR gamma in rabbit 
 Human Mouse Rat Pig Dog Cow 
Rabbit 1.484 n/a (Ks=0) n/a (Ks=0) 1.291 0.852 2.076 

 
 (Figure 3). Therefore, we can see a clear Ka/Ks change – 
the alternative splice PPAR gamma exons have higher 
Ka/Ks ratios. This is in agreement with the results of 
previous studies indicating that alternative splicing 
exons have a higher Ka/Ks ratio compared with 
constitutive exons, and show more rapid functional 
evolution due to weaker selective constraints. (38-43) 

 
In addition, analysis of the Ka/Ks in certain 

species has shown interesting results. The average Ka/Ks 
ratio for the mouse is 1.32425 and for the rat is 1.4275 
(Table 4a). Both values are greater than 1, significantly 
higher than those for other species (P value = 0.000871).  

 
To confirm our assumption that the high ratio 

is not an accidental event but an evolutionary 
phenomenon related to rodents, we investigated whether 
similar high Ka/Ks values are seen in specie

 
 phylogenetically close to rodents. We chose rabbit for 
Ka/Ks analysis and found that the average ratio is also 
greater than 1 (Table 4c). The extremely high Ka/Ks 
ratio in rodents and rabbit indicates that exon B has a 
stronger adaptive (rather than pro-selective) 
evolutionary trend in these species. 
 
5 DISCUSSION 
 
5.1. Evolutionary history of the alternative splicing 
exons 

PPAR gamma is an antique gene, which can be 
traced back to ancient vertebrates (zebrafish). Its existence 
and basic gene structure remain stable in all higher 
vertebrates (mammals), possibly owing to its metabolic 
importance. Genomic comparison shows that all the PPAR 
5’-alternative splicing exons are involved in corresponding 
transcripts after divergence of mammals and birds. Among
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Figure 2. Alternative spliced and constituted exon distribution in PPAR gamma in different species. Phylogenetic tree of 
analyzed species was based on tree-of-life data. PPAR gamma exon distribution and genome location order in human, 
chimpanzee, dog, cow, pig, rabbit, mouse, rat and chicken were shown as lines and boxes. Boxes of the same color represent 
corresponding exons among species. Exons with mRNA, ESTs or high genomic similarity results are shown in direct edge boxes. 
Putative exon fragments or ruins are shown in boxes with question marks.  
 

 
 
Figure 3. The Ka/Ks ratios for different segments of PPAR gamma between mouse and human. Y axis represents Ka/Ks ratio 
and X axis represents different segments. 
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all alternative splicing exons, only the similar fragment of 
exon A’ is found in both bird’s (gallus) and mammalian 
genomes. As the others are all absent from chickens, it can 
be assumed that the sequence structure of exon A’ appeared 
before the bird–mammal divergence, and that the other 
three exons, together with other species-specific exons, 
were introduced into the genome during mammalian 
evolution.  

 
Previous genome studies have indicated that 

repeat sequences could have important roles in the 
appearance of new exons in mammals (44-46). In our study, 
we believe that the rise of exon A1 may relate to the GC-
repeats ( (CGGGGG)n or (CCGGG)n), because they 
coexist in all examined mammal genomes However, the 
evolutionary details of exon A2 seem more complicated. 
Comparison of phylogenetic trees of different species 
indicates that exon A2 may have been introduced early in 
mammalian evolution, and undergone exon loss in certain 
species, because A2 is not detected in rodents but is present 
in all other species studied (Figure 2). Inter-species 
sequence alignment shows that exon B exists in all 
mammalian genomes (the existence of exon B in rabbit and 
chimpanzee is supported by Ensembl genomic data) and is 
the only coding alternative splicing exon in the PPAR 
gamma family. In addition, exon B has a higher Ka/Ks 
value compared with constitutive exons, indicating a 
possible adaptive evolution and gain of function.  

 
Apart from the alternative splicing exons 

mentioned above (A1, A’, A2, and B), certain exons like 
rabbit specific exon1 may evolve from the orginal intron 
sequences since similar intron region sequences are found 
in other species(Fig.2). However, BLAST search did not 
detect any fragments similar to rodent-specific exon1, 2 or 
rabbit specific exon2 in genomic regions of other species 
analyzed (From the last exon of SYN2 to the first 
constitutive exon of PPAR-gamma). And the evolutionary 
details of these species specific exons remain uncovered. 
By combining genomic comparison and EST analyses, we 
predicted some possible new alternative splicing forms in 
corresponding species (Table 3).  

 
All the abovementioned alternative splicing 

exons or their similar fragments are located in the 5’-region 
of the PPAR gamma gene. Similar results were found in 
previous study, as novel exons are usually developed in the 
5’-UTR region, later they will become incorporated into 
protein-coding region and may gain new biological 
functions (38). Two different alternative splicing exons 
obtaining strategies of PPAR gamma gene could be 
observed. One is the ‘exonization’ of intron region, such as 
the appearance of certain alternative splicing exons (for 
example, rabbit-specific exon 1 and exon A’) as these 
exons (or intronic sequences similar to these exons) are 
present in most genomes studied. The other strategy is the 
‘de-novo’ approach. Certain species-specific exons (such as 
rodent-specific exons 1, 2 and rabbit specific exon2) have 
no similar genomic fragments in the genomes of other 
species. This strategy is more common in smaller mammals 
(such as rodents). These mammals might experience greater 
evolutionary pressure than their larger counterparts owing 

to their diverse and rapidly changing environment and may 
therefore require more diversified functions and gene 
expression patterns.  
 
5.2. Implication of high SNP frequency 

Recent research has shown that evolutionary 
rates can also be represented by SNP frequency which 
measures the intraspecies polymorphism.SNP density is 2-
fold greater in recently acquired exons than in ancient ones. 
Therefore, a newly acquired alternative splicing exon is 
likely to have higher SNP frequency compared with their 
constitutive counterparts, making SNP a useful tool to 
measure the evolution rate of an exon (47).  

 
Our data show that alternative exons in PPAR 

gamma have much higher SNP frequencies (11.4 SNPs/kb), 
whereas the frequencies for constitutive exons (5.5 
SNPs/kb) and introns (4.9 SNPs/kb) are similar, indicating 
increased nucleotide polymorphisms and more rapid 
evolution rate for alternative spliced exons compared with 
constitutive ones in PPAR gamma. 
 
5.3. The Ka/Ks story 

In most cases, functional exons, especially 
conserved domains are under selective pressure. Previous 
studies have indicated that alternative splicing can reduce 
the Ka/Ks selective pressure by up to 7-fold. In addition, 
this effect is localized to the alternatively spliced exons, 
which may help to create evolutionary ‘hotspots’ within a 
protein sequence, particularly for evolution of higher 
vertebrates(47). By alternative splicing, new exons with 
evolutionary potential can be introduced into the gene without 
disturbing its original bio-function. Thus, alternative splicing 
substantially reduces negative selection pressure and 
contributes to the creation of new gene functions (48-52).  

 
In our Ka/Ks analysis, the high Ka/Ks value of exon 

B demonstrates the evolutionary potential of alternative 
splicing exons, particularly at the 5’-end (N-terminal of PPAR 
gamma). The high Ka/Ks ratio indicates that exon B is still 
evolutionarily active and has the potential to obtain biological 
functions. Although no previous research has precisely 
determined the function of exon B, previous studies have 
suggested that it may increase the DNA-binding activity of the 
receptor and thereby contribute to white adipose tissue (WAT) 
differentiation (2, 53). 

 
As the rodent and rabbit Ka/Ks ratios are greater 

than 1, it can be assumed that exon B has a particularly 
important biological function in these small mammals and 
has probably undergone adaptive evolution and gain-of-
function during evolutionary process. Previous experiments 
have shown that knockout of the exon in the mouse can 
result in decreased levels of long-chain triacylglycerol in 
WAT and insensitivity to insulin. The phenomenon 
indicates that the new function of this exon may contribute 
to energy conservation. Furthermore, compared with other 
mammals, small mammals have different evolutionary 
characteristics such as more rapid reproduction, larger 
offspring number and higher basal metabolic rate. These all 
require increased intake of energy and efficient 
conservation. Thus, exon B may benefit fat storage and 
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energy metabolism in small mammals, resulting in an 
extremely rapid mutation rate. And to discover the exact 
function of exon B in small mammals (such as rodents and 
rabbits) would be an interesting topic, particularly in terms 
of its functions in PPAR gamma expression and regulation. 
 
6. CONCLUSION 
 

In this study on the alternative splicing of 
PPAR gamma, we analyzed the distribution of alternative 
splicing exons among various species and investigated 
the possible evolutionary process of exons A’, A1, A2 
and B. Inter-species genomic sequence comparison and 
SNP frequency analyses indicate that PPAR gamma has 
an evolutionarily active 5’-end, which recruits new 
alternative splicing exons during evolutionary process 
via two different strategies (changing intron sequences 
into exons or de-novo exon recruitment. This 
evolutionary potential can also be seen at both nucleotide 
and amino acid levels, as the coding AS exon (exon B) 
has greater Ka/Ks than constitutive exons. Exon B also 
showed adaptive evolution in small mammals because 
the average Ka/Ks, compared with other mammals, was 
greater than 1 in rat, mouse and rabbit. Considering with 
previous results, this might be due to the need for various 
biological functions and different evolutionary strategies. 
One possibility is that exon B may have more important 
biological functions in energy conservation and 
metabolism, in rodents than in other species. Moreover, 
we believe that, with the increasing amount of genomic 
data and gene expression data, comparative genomic 
approaches, as used in this study, would provide more 
detailed expressional, functional and evolutionary clues 
for our understanding of the human and mammalian 
genome. 
 
7. ACKNOWLEDGMENTS 
 

Drs Tonghai Dou, and Jiaxi Xu contributed 
equally to this research. Drs Yan Zhou and Drs Yi Xie 
contributed equally to this article as co-supervisors of the 
research program. This work was done at Department of 
Microbiology, School of Life Sciences, Fudan University 
and was supported by National Natural Science Foundation 
of China (Project: 30700465), Shanghai Rising-Star 
Program (Project:10QA1400600) and MOST of 
P.R.C.(Key Technologies R&D Program, 
Project:2008BAI64B02). We thank Fuli He and Qinzheng 
Song for their expert assistance. 
 
8 REFERENCE 
 
1. Escariva H, Delaunay F, Landet V: Ligand binding and 
nuclear receptor evolution. Bioessays 22:717-727 (2000) 
2. Auwerx J.: PPARgamma, the ultimate thrifty gene. 
Diabetologia 42 (9):1033-49 (1999) 
 
3. Kilgore KS, Billin AN.: PPARbeta/delta ligands as 
modulators of the inflammatory response. Curr Opin 
Investig Drugs 9 (5):463–9 (2008) 
 

4. Escher P, Wahli W: Peroxisome proliferator-activated 
receptors: insight into multiple cellular functions. Mutat 
Res 448 (2):121–38 (2000) 
 
5. Michalik L, Desvergne B, Dreyer C, Gavillet M, Laurini 
RN, Wahli W.:PPAR expression and function during 
vertebrate development. Int J Dev Biol 46 (1):105–14 
(2002) 
 
6. Mandard S, Muller M, Kersten S.: Peroxisome proliferator-
activated receptor alpha target genes. Cell Mol Life Sci 61 
(4):393–416 (2004) 
 
7. Barger PM, Kelly DP: PPAR signaling in the control of 
cardiac energy metabolism. Trends Cardiovasc Med 10, 238–
245 (2000) 
 
8. Auboeuf D, Rieusset J, Fajas L, Vallier P, Frering V, Riou 
JP, Staels B, Auwerx J, Laville M, Vidal H: Tissue distribution 
and quantification of the expression of mRNAs of peroxisome 
proliferator-activated receptors and liver X receptor-alpha in 
humans: no alteration in adipose tissue of obese and NIDDM 
patients. Diabetes 46, 1319–1327 (1997) 
 
9. Mukherjee R, Jow L, Croston GE, Paternity JR: 
Identification, characterization, and tissue distribution of 
human peroxisome proliferator-activated receptor (PPAR) 
isoforms PPAR-gamma2 versus PPAR-gamma1 and 
activation with retinoid X receptor agonists and antagonists. J 
Biol Chem 272, 8071–8076 (1997) 
 
10. Kahn BB, Flier JS.: Obesity and insulin resistance. J Clin 
Invest 106, 473–481 (2000). 
 
11. Lemberger T, Desvergne B, Wahli W: Peroxisome 
proliferator-activated receptors: a nuclear receptor signaling 
pathway in lipid physiology. Annu. Rev. Cell Dev  Biol 12, 
335–363 (1996) 
 
12. Spiegelman BM: PPAR-gamma: Adipogenic regulator and 
thiazolidinedione receptor. Diabetes 47, 507–514 (1998) 
 
13. Abbott BD:Review of the expression of peroxisome 
proliferators-activated receptors alpha (PPAR alpha), beta 
(PPAR beta), and gamma (PPAR gamma) in rodent and 
human development. Reproductive Toxicology 27 (3-4):246-57 
(2009) 
 
14. Owen GI, Zelent A: Origins and evolutionary 
diversification of nuclear receptor superfamily.  Cell Mol Life 
Sci 57, 809–827 (2000) 
 
15. IJpenberg A, Jeannin E, Wahli W, Desvergne B: 
Polarity and specific sequence requirements of peroxisome 
proliferator-activated receptor (PPAR)/retinoid X receptor 
heterodimer binding to DNA. J Biol Chem 272, 20108–
20117 (1997) 
 
16. Schaiff WT, Knapp Jr FF, Barak Y, Biron-Shental T, 
Nelson DM, Sadovsky Y: Ligand-activated peroxisome 
proliferator activated receptor gamma alters placental 



Evolution of PPAR gamma alternative splicing in vertebrates 
 

1341 

morphology and placental fatty acid uptake in mice. 
Endocrinology 148 (8):3625–34 (2007) 
 
17. Kallen CB, Lazar MA: Antidiabetic thiazolidinediones 
inhibit leptin (ob) gene expression in 3T3-L1 adipocytes. 
Proc Natl Acad Sci USA, 93, 5793–5796 (1996) 
 
18. Dong CP, He L, Li JN, Ye F, He M, Wang Y: 
Association of the Pro12Ala and C1431T polymorphism of 
the PPAR gamma2 gene and their haplotypes with obesity 
and type 2 diabetes  Zhonghua Yi Xue Yi Chuan Xue Za Zhi 
Aug;25 (4):447-51 (2008) 
 
19. Johansson LE, Danielsson P, Norgren S, Marcus C, 
Ridderstrale M: Interaction between PPARG Pro12Ala and 
ADIPOQ G276T concerning cholesterol levels in 
childhood obesity. Int J Pediatr Obes 2008 Jul 21:1-7 
(2008) 
 
20. Tavares V, Hirata RD, Rodrigues AC, Monte O, Salles 
JE, Scalissi N, Speranza AC, Hirata MH: Association 
between Pro12Ala polymorphism of the PPAR-gamma2 
gene and insulin sensitivity in Brazilian patients with type-
2 diabetes mellitus. Diabetes Obes Metab 7 (5):605-11 
(2005) 
 
21. Yaffe K, Kanaya AM, Lindquist K, Hsueh WC, 
Cummings SR, Beamer B, Newman A, Rosano C, Li R, 
Harris T: The PPAR-gamma Pro12Ala polymorphism and 
risk of cognitive impairment in a longitudinal study. 
Neurobiol Aging 29 (1):78-83. (2008) 
 
22. Alevizaki M, Mantzou E, Cimponeriu A, Saltiki K, 
Philippou G, Wiersinga W: The Pro (12)Ala PPARgamma 
gene polymorphism: possible modifier of the activity and 
severity of thyroid associated orbitopathy (TAO). Clin 
Endocrinol (Oxf) 70 (3):464-468 (2008) 
 
23. Knouff C, Auwerx J: Peroxisome proliferator-activated 
receptor-gamma calls for activation in moderation: lessons 
from genetics and pharmacology. J Endocr Rev 25 (6):899-
918 (2004) 
 
24. Tontonoz P, Hu E, Spiegelman BM: Stimulation of 
adipogenesis in fibroblasts by PPAR gamma 2, a lipid-
activated transcription factor. Cell 79 (7):1147-56 (1994) 
 
25. Zhu Y, Qi C, Korenberg JR, Chen XN, Noya D, Rao 
MS, Reddy JK: Structural organization of mouse 
peroxisome proliferator-activated receptor gamma (mPPAR 
gamma) gene: alternative promoter use and different 
splicing yield two mPPAR gamma isoforms. Proc Natl 
Acad Sci U S A 92 (17):7921-5 (1995) 
 
26. Aperlo C, Pognonec P, Saladin R, Auwerx J, Boulukos 
KE: cDNA cloning and characterization of the 
transcriptional activities of the hamster peroxisome 
proliferator-activated receptor haPPAR gamma. Gene 162 
(2):297-302 (1995) 
 
27. Beamer BA, Negri C, Yen CJ, Gavrilova O, Rumberger 
JM, Durcan MJ, Yarnall DP, Hawkins AL, Griffin CA, 

Burns DK, Roth J, Reitman M, Shuldiner AR: 
Chromosomal localization and partial genomic structure 
of the human peroxisome proliferator activated receptor-
gamma (hPPAR gamma) gene. Biochem Biophys Res 
Commun 28;233 (3):756-9 (1997) 
 
28. Fajas L, Auboeuf D, Raspe E, Schoonjans K, 
Lefebvre AM, Saladin R, Najib J, Laville M, Fruchart 
JC, Deeb S, Vidal-Puig A, Flier J, Briggs MR, Staels B, 
Vidal H, Auwerx J: The organization, promoter analysis, 
and expression of the human PPARgamma gene. J Biol 
Chem 272 (30):18779-89 (1997) 
 
29. Fajas L, Fruchart JC, Auwerx J: PPARgamma3 
mRNA: a distinct PPARgamma mRNA subtype 
transcribed from an independent promoter. FEBS Lett 
30;438 (1-2):55-60 (1998) 
 
30. Sundvold H, Brzozowska A, Lien S: 
Characterisation of Bovine Peroxisome Proliferator-
Activated Receptors gamma1 and gamma2: Genetic 
Mapping and Differential Expression of the Two 
Isoforms, Biochem Biophys Res Commun 239 (3): 857-
861 (1997) 
 
31. Guardiola-Diaz HM, Rehnmark S, Usuda N, 
Albrektsen T, Feltkamp D, Gustafsson JA, Alexson SE: 
Rat peroxisome proliferator-activated receptors and 
brown adipose tissue function during cold 
acclimatization. J Biol Chem 274 (33):23368-77 (1999). 
 
32. Zhou J, Wilson KM, Medh JD: Genetic analysis of 
four novel peroxisome proliferator activated receptor-
gamma splice variants in monkey macrophages. 
Biochem Biophys Res Commun 293 (1):274-83 (2002) 
 
33. Grindflek E, Sundvold H, Klungland H, Lien S: 
Characterisation of porcine peroxisome proliferator-
activated receptors gamma 1 and gamma 2: detection of 
breed and age differences in gene expression. Biochem 
Biophys Res Commun 249 (3):713-8 (1998) 
 
34. Ding ST, McNeel RL, Mersmann HJ.: Expression of 
porcine adipocyte transcripts: tissue distribution and 
differentiation in vitro and in vivo. Comp Biochem 
Physiol B Biochem Mol Biol 123 (3):307-18 (1999) 
 
35. Houseknecht KL, Bidwell CA, Portocarrero CP, 
Spurlock ME: Expression and cDNA cloning of porcine 
peroxisome proliferator-activated receptor gamma 
(PPARgamma). Gene 225 (1-2):89-96 (1998) 
 
36. Saha S, Bridges S, Magbanua ZV, Peterson DG: 
Empirical comparison of ab initio repeat finding 
programs. Nucleic Acids Res 36 (7):2284-94 (2008) 
37. Yang Z: PAML 4: a program package for phylogenetic 
analysis by maximum likelihood. Mol Biol Evol 24: 1586-
1591 (2007) 
 
38. Zhang XH, Chasin LA: Comparison of multiple 
vertebrate genomes reveals the birth and evolution of 



Evolution of PPAR gamma alternative splicing in vertebrates 
 

1342 

human exons.  Proc Natl Acad Sci U S A 103;13427-13432 
(2006) 
 
39. Chen FC, Wang SS, Chen CJ, Li WH, Chuang TJ: 
Alternatively and Constitutively Spliced Exons Are Subject 
to Different  Evolutionary Forces. Mol Biol Evol 23 
(3):675–682 (2006) 
 
40. Iida K, Akashi H: A test of translational selection at 
'silent' sites in the human genome: base composition 
comparisons in alternatively spliced genes. Gene 261:93–
105 (2000) 
 
41. Hurst LD, Pal C: Evidence for purifying selection 
acting on silent sites in BRCA1. Trends Genet 17:62–65 
(2001) 
 
42. Filip LC, Mundy NI: Rapid evolution by positive 
Darwinian selection in the extracellular domain of the 
abundant lymphocyte protein CD45 in primates. Mol Biol 
Evol 21:1504–1511 (2004) 
 
43. Xing Y, Lee C: Evidence of functional selection 
pressure for alternative splicing events that accelerate 
evolution Different Evolutionary Forces Between ASE and 
CSE 681 of protein subsequences. Proc Natl Acad Sci USA 
102:13526–13531 (2005) 
 
44. Hillier LW, W Miller, E Birney, W Warren, RC. 
Hardison, CP. Ponting, P Bork, DW. Burt, MA. M. 
Groenen, ME. Delany, JB. Dodgson, AT. Chinwalla, PF. 
Cliften, SW. Clifton, KD. Delehaunty, C Fronick, RS. 
Fulton, TA. Graves, C Kremitzki, D Layman, V Magrini, 
JD. McPherson, TL. Miner, P Minx, WE. Nash, MN. Nhan, 
JO. Nelson, LG. Oddy, CS. Pohl, J Randall-Maher, SM. 
Smith, JW. Wallis, SP Yang, MN. Romanov, CM. Rondelli, 
B Paton, J Smith, D Morrice, L Daniels, HG. Tempest, L 
Robertson, JS. Masabanda, DK. Griffin, A Vignal, V Fillon, 
L Jacobbson, S Kerje, L Andersson, RP. M. Crooijmans, J 
Aerts, J J. van der Poe, H Ellegren, RB. Caldwe, SJ. 
Hubbard, DV. Grafham, AM. Kierzek, SR. McLaren, IM. 
Overton, H Arakawa, KJ. Beattie, Y Bezzubov, PE. 
Boardman, JK. Bonfield, MD. R. Croning, RM. Davies, 
MD. Francis, SJ. Humphray, CE. Scott, RG. Taylor, C 
Tickle, WR. A. Brown, J Rogers, JM Buerstedde, SA. 
Wilson, L Stubbs, I Ovcharenko, L Gordon, S Lucas, 
Marcia M. Miller, H Inoko, T Shiina, J Kaufman, J 
Salomonsen, K Skjoedt, G KS Wong, J Wang, B Liu, J 
Wang, J Yu, H Yang, M Nefedov, M Koriabine, PJ. deJong, 
L Goodstadt, C Webber, NJ. Dickens, I Letunic, M Suyama, 
D Torrents, CV Mering, EM. Zdobnov, K Makova, A 
Nekrutenko, L Elnitski, P Eswara, DC. King, S Yang, S 
Tyekucheva, A Radakrishnan, RS. Harris, F Chiaromonte, J 
Taylor, J He, M Rijnkels, SG Jones, AU Vida, MM. 
Hoffman, J Severin, SM. J. Searle, AS. Law, D Speed, D 
Waddington, Z Cheng, E Tuzun, E Eichler, Z Bao, P Flicek, 
DD. Shteynberg, MR. Brent, JM. Bye, EJ. Huckle, S 
Chatterji, C Dewey, L Pachter, A Kouranov, Z Mourelatos, 
A G. Hatzigeorgiou, AH. Paterson, R Ivarie, M Brandstrom, 
E Axelsson, N Backstrom, S Berlin, MT. Webster, O 
Pourquie, A Reymond, C Ucla, SE. Antonarakis, M Long, 
JJ. Emerson, E Betran, I Dupanloup, H Kaessmann, AS. 

Hinrichs, G Bejerano, TS. Furey, RA. Harte, B Raney, A 
Siepel, WJ Kent, D Haussler, E Eyras, R Castelo, JF. Abril, 
S Castellano, F Camara, G Parra, R Guigo, G Bourque, G 
Tesler, PA. Pevzner, A Smit, LA. Fulton, ER. Mardis, RK. 
Wilson, International Chicken Genome Sequencing 
Consortium: Sequence and comparative analysis of the 
chicken genome provide unique perspectives on vertebrate 
evolution. Nature 432: 695-716 (2004) 
 
45. Waterston RH, Lindblad-Toh K, Birney E, Rogers J, 
Abril JF, Agarwal P, Agarwala R, Ainscough R, 
Alexandersson M, An P, Antonarakis SE, Attwood J, 
Baertsch R, Bailey J, Barlow K, Beck S, Berry E, Birren B, 
Bloom T, Bork P, Botcherby M, Bray N, Brent MR, Brown 
DG, Brown SD, Bult C, Burton J, Butler J, Campbell RD, 
Carninci P, Cawley S, Chiaromonte F, Chinwalla AT, 
Church DM, Clamp M, Clee C, Collins FS, Cook LL, 
Copley RR, Coulson A, Couronne O, Cuff J, Curwen V, 
Cutts T, Daly M, David R, Davies J, Delehaunty KD, Deri 
J, Dermitzakis ET, Dewey C, Dickens NJ, Diekhans M, 
Dodge S, Dubchak I, Dunn DM, Eddy SR, Elnitski L, 
Emes RD, Eswara P, Eyras E, Felsenfeld A, Fewell GA, 
Flicek P, Foley K, Frankel WN, Fulton LA, Fulton RS, 
Furey TS, Gage D, Gibbs RA, Glusman G, Gnerre S, 
Goldman N, Goodstadt L, Grafham D, Graves TA, Green 
ED, Gregory S, Guigó R, Guyer M, Hardison RC, Haussler 
D, Hayashizaki Y, Hillier LW, Hinrichs A, Hlavina W, 
Holzer T, Hsu F, Hua A, Hubbard T, Hunt A, Jackson I, 
Jaffe DB, Johnson LS, Jones M, Jones TA, Joy A, Kamal 
M, Karlsson EK, Karolchik D, Kasprzyk A, Kawai J, 
Keibler E, Kells C, Kent WJ, Kirby A, Kolbe DL, Korf I, 
Kucherlapati RS, Kulbokas EJ, Kulp D, Landers T, Leger 
JP, Leonard S, Letunic I, Levine R, Li J, Li M, Lloyd C, 
Lucas S, Ma B, Maglott DR, Mardis ER, Matthews L, 
Mauceli E, Mayer JH, McCarthy M, McCombie WR, 
McLaren S, McLay K, McPherson JD, Meldrim J, 
Meredith B, Mesirov JP, Miller W, Miner TL, Mongin E, 
Montgomery KT, Morgan M, Mott R, Mullikin JC, Muzny 
DM, Nash WE, Nelson JO, Nhan MN, Nicol R, Ning Z, 
Nusbaum C, O'Connor MJ, Okazaki Y, Oliver K, Overton-
Larty E, Pachter L, Parra G, Pepin KH, Peterson J, Pevzner 
P, Plumb R, Pohl CS, Poliakov A, Ponce TC, Ponting CP, 
Potter S, Quail M, Reymond A, Roe BA, Roskin KM, 
Rubin EM, Rust AG, Santos R, Sapojnikov V, Schultz B, 
Schultz J, Schwartz MS, Schwartz S, Scott C, Seaman S, 
Searle S, Sharpe T, Sheridan A, Shownkeen R, Sims S, 
Singer JB, Slater G, Smit A, Smith DR, Spencer B, 
Stabenau A, Stange-Thomann N, Sugnet C, Suyama M, 
Tesler G, Thompson J, Torrents D, Trevaskis E, Tromp J, 
Ucla C, Ureta-Vidal A, Vinson JP, Von Niederhausern AC, 
Wade CM, Wall M, Weber RJ, Weiss RB, Wendl MC, 
West AP, Wetterstrand K, Wheeler R, Whelan S, 
Wierzbowski J, Willey D, Williams S, Wilson RK, Winter 
E, Worley KC, Wyman D, Yang S, Yang SP, Zdobnov EM, 
Zody MC, Lander ES Mouse Genome Sequencing 
Consortium: Initial sequencing and comparative analysis of 
the mouse genome, Nature 420 (6915):5 20-62 (2002) 
 
46.Lander ES, Linton LM, Birren B, Nusbaum C, Zody 
MC, Baldwin J, Devon K, Dewar K, Doyle M, FitzHugh 
W, Funke R, Gage D, Harris K, Heaford A, Howland J, 
Kann L, Lehoczky J, LeVine R, McEwan P, McKernan K, 



Evolution of PPAR gamma alternative splicing in vertebrates 
 

1343 

Meldrim J, Mesirov JP, Miranda C, Morris W, Naylor J, 
Raymond C, Rosetti M, Santos R, Sheridan A, Sougnez C, 
Stange-Thomann N, Stojanovic N, Subramanian A, 
Wyman D, Rogers J, Sulston J, Ainscough R, Beck S, 
Bentley D, Burton J, Clee C, Carter N, Coulson A, 
Deadman R, Deloukas P, Dunham A, Dunham I, Durbin R, 
French L, Grafham D, Gregory S, Hubbard T, Humphray S, 
Hunt A, Jones M, Lloyd C, McMurray A, Matthews L, 
Mercer S, Milne S, Mullikin JC, Mungall A, Plumb R, 
Ross M, Shownkeen R, Sims S, Waterston RH, Wilson 
RK, Hillier LW, McPherson JD, Marra MA, Mardis ER, 
Fulton LA, Chinwalla AT, Pepin KH, Gish WR, Chissoe 
SL, Wendl MC, Delehaunty KD, Miner TL, Delehaunty A, 
Kramer JB, Cook LL, Fulton RS, Johnson DL, Minx PJ, 
Clifton SW, Hawkins T, Branscomb E, Predki P, 
Richardson P, Wenning S, Slezak T, Doggett N, Cheng JF, 
Olsen A, Lucas S, Elkin C, Uberbacher E, Frazier M, Gibbs 
RA, Muzny DM, Scherer SE, Bouck JB, Sodergren EJ, 
Worley KC, Rives CM, Gorrell JH, Metzker ML, Naylor 
SL, Kucherlapati RS, Nelson DL, Weinstock GM, 
Sakaki Y, Fujiyama A, Hattori M, Yada T, Toyoda A, 
Itoh T, Kawagoe C, Watanabe H, Totoki Y, Taylor T, 
Weissenbach J, Heilig R, Saurin W, Artiguenave F, 
Brottier P, Bruls T, Pelletier E, Robert C, Wincker P, 
Smith DR, Doucette-Stamm L, Rubenfield M, 
Weinstock K, Lee HM, Dubois J, Rosenthal A, Platzer 
M, Nyakatura G, Taudien S, Rump A, Yang H, Yu J, 
Wang J, Huang G, Gu J, Hood L, Rowen L, Madan A, 
Qin S, Davis RW, Federspiel NA, Abola AP, Proctor 
MJ, Myers RM, Schmutz J, Dickson M, Grimwood J, 
Cox DR, Olson MV, Kaul R, Raymond C, Shimizu N, 
Kawasaki K, Minoshima S, Evans GA, Athanasiou M, 
Schultz R, Roe BA, Chen F, Pan H, Ramser J, Lehrach 
H, Reinhardt R, McCombie WR, de la Bastide M, 
Dedhia N, Blöcker H, Hornischer K, Nordsiek G, 
Agarwala R, Aravind L, Bailey JA, Bateman A, 
Batzoglou S, Birney E, Bork P, Brown DG, Burge CB, 
Cerutti L, Chen HC, Church D, Clamp M, Copley RR, 
Doerks T, Eddy SR, Eichler EE, Furey TS, Galagan J, 
Gilbert JG, Harmon C, Hayashizaki Y, Haussler D, 
Hermjakob H, Hokamp K, Jang W, Johnson LS, Jones 
TA, Kasif S, Kaspryzk A, Kennedy S, Kent WJ, Kitts P, 
Koonin EV, Korf I, Kulp D, Lancet D, Lowe TM, 
McLysaght A, Mikkelsen T, Moran JV, Mulder N, 
Pollara VJ, Ponting CP, Schuler G, Schultz J, Slater G, 
Smit AF, Stupka E, Szustakowski J, Thierry-Mieg D, 
Thierry-Mieg J, Wagner L, Wallis J, Wheeler R, 
Williams A, Wolf YI, Wolfe KH, Yang SP, Yeh RF, 
Collins F, Guyer MS, Peterson J, Felsenfeld A, 
Wetterstrand KA, Patrinos A, Morgan MJ, de Jong P, 
Catanese JJ, Osoegawa K, Shizuya H, Choi S, Chen YJ 
International Human Genome Sequencing Consortium.: 
Initial sequencing and analysis of the human genome, 
Nature 409 (6822): 860-921 (2001) 
 
47. Xing Yi and Christopher L.: Alternative splicing and 
RNA selection pressure -evolutionary consequences for 
eukaryotic genomes, Nat. Rev. Genet. 7 (7):499-509 (2006) 
 
48. Pan Q, Shai O, Misquitta C, Zhang W, Saltzman AL, 
Mohammad N, Babak T, Siu H, Hughes TR, Morris QD, 
Frey BJ, Blencowe BJ., Misquitta C., et al.: Revealing 

global regulatory features of mammalian alternative 
splicing using a quantitative microarray platform. Mol Cell 
16, 929–941 (2004) 
 
49. Modrek B and Lee CJ: Alternative splicing in the 
human, mouse and rat genomes is associated with an 
increased rate of exon creation/loss. Nature Genet 34, 177–
180 (2003) 
 
50. Cusack, BP, Wolfe KH: Changes in alternative splicing 
of human and mouse genes are accompanied by faster 
evolution of constitutive exons. Mol Biol Evol 22, 2198–
2208 (2005) 
 
51. Lareau LF, Green RE, Bhatnagar RS, Brenner SE: The 
evolving roles of alternative splicing. Curr Opin Struct Biol 
14, 273–282 (2004) 
 
52. Boue S, Letunic I, Bork P: Alternative splicing and 
evolution. Bioessays 25, 1031–1034 (2003) 
 
53. Werman A, Hollenberg A, Solanes G, Bjorbaek C, 
Vidal-Puig AJ, Flier JS: Ligand-independent activation 
domain in the N terminus of peroxisome proliferator-
activated receptor gamma (PPARgamma). J Biol Chem 
272, 20230–20235 (1997) 
 
Abbreviation: PPAR: Peroxisome Proliferator-Activated 
Receptor 
 
Key Words: PPAR-gamma, Alternative Splicing, 
Evolution, Review 
 
Send correspondence to: Yan Zhou, Department of 
Microbiology, School of Life Sciences, Fudan 
University, Shanghai 200433, People’s Republic of 
China, Tel:86-21-55665487, Fax:86-21-55665487, E-
mail: zhouy@chgc.sh.cn 
 
http://www.bioscience.org/current/vol2E.htm 
 
 


