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Abstract—We analyzed Fox proteins in neuronal differentiation 

of P19 cells. Fox-1 was specifically observed in the neural cell stage 

(Day 7). We found Fox-1 was able to regulate alternative splicing of a 

transcription factor, Mef2c. It was suggested that neural-specific 

inclusion of Mef2c exon was promoted by Fox-1. Fox-2 

showed similar function in promoting Mef2c exon inclusion. 

However, Fox-2 expression was observed in undifferentiated cells and 

increase slightly in the differentiation. Our result of Exon Array 

analysis suggested Fox-2 has one of alternative exons, which changed 

in neuronal differentiation. Essentially, long isoform of Fox-2, 

expressing in undifferentiated P19 cells, was replaced into short 

isoforms of Fox-2 in the differentiation. Our preliminary result 

suggested short isoforms strongly affected alternative splicing in one 

of known targets of Fox-1, compared with long isoform of Fox-2. 

Taken together, Fox-1 and alternative isoforms of Fox-2 were 

expressed during neuronal differentiation of P19 cells, and 

contributed to regulate neural splicing event. 

 

Index Terms— Alternative Splicing, Neural Differentiation, P19 

Cells, Splicing Regulator 

I. INTRODUCTION 

Alternative splicing is one of the common ways for 

regulation of eucaryotic gene expression [1-4]. It is known as a 

major contributor towards proteomic diversity because of its 

mechanism which allows generation of multiple proteins from 

one single gene [5,6].  It is known that 90% of human genes 

undergo alternative splicing [7]. One of the most famous 

examples is the Dscam gene of Drosophila which has the 

potential to encode more than 38,000 proteins from one single 

gene [8]. 

There are several types of alternative splicing and the most 

common one is exon skipping (also known as cassette exon). 

Besides that, the other known alternative splicing events are 

alternative 5' splice sites, alternative 3' splice sites, intron 

retention and mutually exclusive exons (reviewed in 8,9). Since 

combinations of exons are changed in alternative splicing 

events, it may be possible that the isoforms have different 

functions or activities. 

P19 cells are frequently used in differentiation of cells into 

specific tissues such as neurons. This is because P19 cells, 
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which are a line of pluripotent embryonal carcinoma, can grow 

continuosly in media that is supplemented with serum [10]. 

P19 cells are used widely to understand the mechanism of 

differentiation, and the development of cells into neurons. By 

treatment with retinoic acid, we can observe neuronal 

differentiation. 

The determination in changes of splicing pattern is 

influenced by regulatory proteins which bind to the pre-mRNA 

and enhance or silence particular splicing choices (reviewed in 

2,9,11). There are two kinds of splicing regulators which are 

known as positive and negative factors. The best described 

positive factors are the serine-arginine-rich proteins (SR 

proteins) and their relatives. On the other hand, negative 

factors include the hnRNP group, for instance, hnRNP A1 and 

PTB (reviewed in 2, 9,11).  

 Originally identified in Caenorhabditis elegans, Fox-1 

gene (feminizing locus on X) functions as numerator element 

in counting the number of X chromosomes relative to ploidity. 

Besides that, Fox-1 gene also plays a role in the determination 

of male or hermaphrodite development [13-15]. Fox -1 is an 

RNA – binding protein which contains an RNA recognition 

motif (RRM). It has been reported that Fox -1 is expressed in 

brain, heart and skeletal muscle in mouse [16]. Furthermore, 

Jin Y. et al. showed that zebrafish Fox -1 protein binds 

specifically to the pentanucleotide GCAUG from their SELEX 

experiments [17]. 

It has been reported that in mammals, Fox-1 has three family 

members, which are Fox-1, Fox-2 and Fox-3. Both the Fox-1 

and Fox-2 are closely related since they have an identical RNA 

recognition motif (RRM) domain. [18]. Moreover, Fox-1 is 

also well known as ataxin-2 binding protein 1 or in short, 

A2BP1 and another name for Fox-2 is RNA-binding motif 

protein 9, RBM9. Furthermore, the latest addition to the 

family, Fox-3, still not very well understood and characterized. 

II. EXPERIMENTAL PROCEDURES 

A. Cell Culture and Cell Differentiation 

P19 cells were grown in α-MEM (Minimum Essential 

Medium, α, Wako) supplemented with 10% FBS (fetal bovine 

serum, Hyclone). Meanwhile, induction for neural cell 

differentiation of P19 cells was performed essentially as 

previously described [19]. P19 cells (1x105 cells/ml) were 

treated with 1μM of retinoic acid for 4 days in the 10 cm petri 

dish (Falcon). HEK293 cells were grown in DMEM 
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(Dullbecco's Modified Eagle's Medium) supplemented with 

10% FBS (fetal bovine serum, Hyclone).  

B. RNA isolation and Reverse Transcriptase Polymerase 

Chain Reaction   (RT-PCR) 

Total RNAs were collected from cells and tissues by Trizol 

reagent (Invitrogen). cDNAs were synthesized from 2 µg of 

total RNAs using SuperScript III (Invitrogen) and 0.5 µg of 

oligo dT primer in 20 µl reaction.  These cDNAs are used as 

template for the PCR. The PCRs were performed by GoTaq 

polymerase (Promega) and specific primers. The sequence of 

DNA primers, number of cycles, and annealing temperature 

are as follows. Detection of -actin as a general control: 

-actin fw (CAACGAGCGGTTCCGATG) & -actin rv 

(GCCACAGGATTCCATACCCA), 28 or 22 cycles, and 56°C. 

Detection of glutamate receptor 1 as a neural marker: gluR1 fw 

(CTCTGAGCCTGAGCAATGTG) & rv 

(GATGGATTGCTGTGGAATCA), 30 or 25 cycles, and 56°C. 

Detection of alternative splicing regulators; Fox-1: fox-1 fw 

(CCTTCTGAAAACACAGAAAGCA) & rv 

(TGGTGTAGGGGTTGACAGTCT), 25 cycles, and 58°C, 

Fox-2: fox-2 fw (AATCTACGCCCAACCGACTA) & rv 

(CGTGACCATCTTCTTGTTGG). Detection of Fox-2 

alternative promoters; Fox-2 m1:  fox-2 m1 fw 

(GGGAGTCGGAGGTGGAGT), Fox-2 m2: fox-2 m2 fw 

(TTCCAGGAAGGAAGAGAGAGTG), Fox-2 m3: fox-2 m3 

fw (TTCCAACTGGTTATCATCTGCTT), & reverse primer 

for all alternative promoters; rv 

(CTGTGGGAATTCCATTTTGTG), 25 cycles, and 60°C.  

PCR products were analyzed in 6% polyacrylamide gel or 

2% agarose gel.  The gels were stained with EtBr or Sybr Green 

I (Takara) and the images were analyzed in UV-trans 

illuminator (Vilber Lourmat) or LAS-3000 (Fuji film).  

III. RESULTS AND DISCUSSION 

A. Screening For Other Alternative Exons 

In our previous work, we analyzed Fox proteins in neuronal 

differentiation of P19 cells. Fox-1 was specifically observed in 

the neural cell stage which is Day 7. We found Fox-1 was able 

to regulate alternative splicing of a transcription factor, Mef2c. 

Our result suggested that neural-specific inclusion of Mef2c 

exon was promoted by Fox-1 [20]. Fox-2 showed similar 

function in promoting Mef2c exon inclusion. However, 

Fox-2 expression was observed in undifferentiated cells and 

increased slightly in the differentiation. Fox-1 promoted exon 

inclusion via the GCAUG sequence located in the 

adjacent intron of Mef2c exon [20] In this regulation, 

GCAUG sequence act as cis element [20]. Nevertheless, 

regulation by Fox-1 alone seems not enough. We hypothesized 

that some other factor may co-regulate this splicing regulation. 

B. Fox-2 alternative isoforms during neural differentiation 

It has been reported that the three Fox homologues genes are 

very complex in mammals since they have alternative exons, 

alternative splice sites as well as multiple promoters. They are 

able to produce complex sets of proteins which have different 

N- and C-terminus domains and also differing in their 

subcellular distributions [21]. 

In order to clarify the expression patterns of Fox-2 isoforms, 

we carried out expression analysis of Fox-2 isoforms during 

neural differentiation of P19 cells by semi-quantitative 

RT-PCR. From our experiments, remarkably, short isoforms of 

Fox-2 (m2 and m3) were highly expressed on day 7, which is 

the neural cell stage. On the other hand, long isoform of Fox-2 

(m1) expression was observed in undifferentiated P19 cells.  

In the study by Guang et. al. (2008), they detected changes 

from short isofrom, Fox-2 F (m3) to the long isoform, Fox-2 A 

(m1) which promoted inclusion of exon 16 of Epb4.1R gene 

during erythroid differentiation [22]. 
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Fig. 1 (A) Schematic representation of Fox-2 isoforms. (B) Schematic 

representation of Fox-2 gene structure.  It has at least three alternative 

splicing promoters which expressed in P19 cells. 
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Fig. 2 RT-PCR of Fox-2 alternative splicing isoforms during neuronal 

differentiation. PCR products were analyzed in 6% polyacrylamide 

gel. The gels were stained with SYBR Green I and the images were 

analyzed in LAS 3000 (Fujifilm). The short isoforms (m2 & m3) were 

highly expressed on Day 7 (neuronal cell stage), compared to the long 

isoform (m1). 
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