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Abstract. Fragile X mental retardation 1 gene (FMR1) 
expression is associated with fragile X syndrome (FXS) 
and exhibits several splicing products. However, the propor-
tion of spliced isoforms that are expressed in different 
tissues remains unclear. In the present study, long-chain 
reverse transcription-polymerase chain reaction with a 
T cloning-sequencing method was conducted in order to 
analyze the entire coding region of the FMR1 gene in human 
tissues. In particular, FXS-associated tissues were analyzed, 
including the brain and testis. Twenty alternatively spliced 
isoforms were observed among 271 recombinants, including 
six novel ones. The isoform that consisted of the entire FMR1 
coding region (ISO1) accounted for a small proportion of all 
isoforms. Isoforms lacking exon 12 were the most abundant. 
In particular, spliced isoforms ISO7 and ISO17 were the most 
abundant. However, their relative abundance varied between 
the peripheral blood cells, and the testis and brain tissues. 
Bioinformatic analyses suggested that exon 12 may be the 
sole exon undergoing positive selection. The results of the 
present study suggested that the mechanisms underlying 
alternative splicing (AS) of the FMR1 gene may be more 
complex. Furthermore, the functions of alternatively spliced 
products lacking exon 12 require further investigation. The 
results of the present study provide novel insights into the 
association between AS and the structure and function of the 
FMR1 gene.

Introduction

Alternative splicing (AS) increases the complexity of eukary-
otic gene expression and causes the diversification of protein 
function. Furthermore, 92-94% of human multi-exon genes 
undergo alternative splicing (1,2). Fragile X mental retarda-
tion 1 gene (FMR1) is associated with fragile X syndrome 
(FXS). The gene is located on chromosome Xq27.3, is 38 kb 
long, and consists of 17 exons and 16 introns. FMR1 AS gene 
expression has been observed in a number of different human 
and mouse tissues (3-6). Previous research has suggested that 
AS of the FMR1 gene involves the inclusion or exclusion of 
exons 12 and 14, and the selection of 3' splice sites in exons 15 
and 17, which may generate up to 24 different mature tran-
scripts. To date, 20 spliced isoforms (ISO; 1-20) have been 
reported (3,4,6,7).

Spliced isoforms that are abundantly expressed are more 
likely to affect gene activity and patient physiology, compared 
with those that are expressed in low abundance (8). Analysis 
of the primary splice variant(s) that are expressed in different 
tissues and cell types is required, in order to understand the 
functions of alternatively spliced genes. Using reverse tran-
scription-polymerase chain reaction (RT-PCR) and western 
blotting, a number of different alternatively spliced products 
have been observed in FMR1 gene expression, in numerous 
types of tissue and cell lines. However, to the best of our knowl-
edge, the proportion of spliced isoforms, expressed in different 
types of tissues and cells (3-7), has not been investigated. ISO7 
(lacking exon 12) was found to be the predominant isoform 
expressed in COS cells and in lymphoblasts. By contrast, 
ISO1 (containing all exons) was not detected in any cell types, 
suggesting that ISO1 expression is very rare or absent in COS 
cells (7). Studies have demonstrated that ISO13 (containing 
the first splicing acceptor site in exon 17) is the dominant 
isoform in human heart, spleen, liver, kidney and fetal cerebral 
cortex tissues. ISO13 accounted for approximately 40% of all 
spliced isoforms in human fetal brain neurons, whereas other 
isoforms, including ISO1, were relatively rare (9,10). ISO8 
(lacking exon 12 and containing the second splicing acceptor 
site in exon 15) is dominant in human adult cerebral cortex 
tissue, in contrast with that of human fetal cerebral cortex 
tissue (10). These data suggest that the predominant splice 
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variants vary between different types of tissues and cells. 
Therefore, analyses of FMR1 gene AS profiles are required in 
order to further understand FXS pathogenesis, in particular in 
FXS-affected tissues, such as the brain and testis.

The FMR1 gene AS site is located at ~700 bp. The differ-
ence in size between alternatively spliced products is small. It 
is, therefore, difficult to distinguished AS sites using routine 
RT-PCR or northern blotting (10). A combined method, using 
RT-PCR and cloning, has been developed in order to detect 
alternatively spliced mRNA, and to analyze the splicing 
pattern of transcripts and the proportion of different alterna-
tively spliced products (9,11,12). In the present study, in order 
to analyze the AS expression of FMR1 gene, a combined 
method, cloning and sequencing of the entire coding sequence 
of the FMR1 gene by means of TA cloning, was conducted in 
human peripheral blood, and brain and testis tissues.

Materials and methods

RT‑PCR of the FMR1 gene from human peripheral blood. 
The present study was approved by the ethics committee of 
Fuzhou General Hospital (Fuzhou, China). Peripheral blood 
was collected from four healthy individuals following attain-
ment of written informed consent and total RNA was extracted 
using an RNA isolation kit (Qiagen, Hilden, Germany). Total 
RNA (800 ng) was reverse transcribed using reverse tran-
scriptase (Invitrogen, Life Technologies, Carlsbad, CA, USA). 
A 2070 bp fragment consisting of the entire coding region of 
the FMR1 cDNA was amplified using the following primers: 
Forward: 5'-TCGAGCGCCCGCAGCCCACCTCT-3', and 
reverse: 5'-TGCCCTGTGCCATCTTGCCTACTATTT-3'. 
The PCR mixture (50 µl) consisted of cDNA (2 µl) and Taq 
DNA polymerase (5 U). PCR conditions were as follows: 
Initial denaturation at 94˚C for 5 min, 30 cycles of denatur-
ation at 94˚C for 30 sec, annealing at 72˚C for 3 min and 
extension at 72˚C for 7 min. All RT‑PCR products were elec-
trophoresed on 1% agarose gels (Sangon Biotech, Shanghai, 
China) and extracted using a QIAquick gel extraction 
kit (Qiagen).

RT‑PCR of the FMR1 gene from human brain and testis 
cDNA. Human brain and testis QUICK-Clone cDNA was 
purchased from Clontech Laboratories, Inc. (Mountainview, 
CA, USA). Human whole brain and testis RNA was pooled 
from 8 and 39 healthy male Caucasians, respectively, who had 
died unexpectedly. The cDNA was used in order to amplify 
the entire coding region of the FMR1 gene, as described for 
the human peripheral blood.

T cloning‑sequencing of RT‑PCR products. Purified long 
chain RT-PCR products were ligated to pGEM-T Easy 
vector using an pGEM-T Easy vector system (Promega 
Corporation, Madison, WI, USA), according to the manu-
facturer’s instructions. Subsequently, XL1-blue cells 
were transformed and the recombinants were selected on 
Luria-Bertani broth/ampicillin/isopropyl β‑D‑1‑thiogalactop
yranoside/X-Gal plates (all Sangon Biotech). Recombinants 
were identified using restrictive digestion with EcoRI and sent 
to a Shanghai-based company (Sangon Biotech), in order to 
sequence the inserts with Sanger sequencing.

Evolutionary selection pressure analysis of the FMR1 exons. 
Vertebrate genome sequences (total 46, including human) were 
used for selection pressure analysis of the FMR1 gene exons. 
Genome alignment information used in the present study was 
obtained from the UCSC ( http://genome.ucsc.edu/). Vertebrate 
genome alignments (total 45) with human for coding DNA 
sequence (CDS) regions were obtained from ftp://hgdownload.
cse.ucsc.edu/ (13). The aligned exon sequences (45 vertebrate 
genome alignments with human for CDS regions) were 
downloaded from the UCSC genome browser. Aligned exon 
sequences were then manually corrected according to the 
protein alignment (exon lengths were in multiples of three) and 
multiple sequence alignment analysis was then performed using 
MEGA 5.0 (14). Subsequently, the ratio of nonsynonymous 
substitutions per nonsynonymous site (dN) to synonymous 
substitutions per synonymous site (dS; dN/dS) was estimated 
using the on-line DataMonkey package with likelihood-based 
methods (http://www.datamonkey.org), in order to measure 
selection pressure on amino acid sequences (15). A conserva-
tive single-likelihood ancestor-counting (SLAC) method was 
then conducted (16).

Results

Profiles of alternatively spliced products of the FMR1 gene 
in human tissues. Recombinant products were randomly 
selected, with 71, 100 and 100 from RT-PCR products of 
human peripheral blood, brain and testis, respectively. 
Sequencing results indicated that 20 different spliced 
products of the FMR1 gene were identified among the 
271 recombinants (Fig. 1); 20 isoforms were identified 
that were not entirely consistent with those previously 
reported (3-6). Nomenclature in Fig. 1 is derived from that 
of Sittler et al (7). Six spliced products, ISO2, ISO4, ISO5, 
ISO6, ISO11 and ISO16, were not observed in the present 
study, suggesting that these six isoforms may be expressed 
in low levels in human peripheral blood, and brain and testis 
tissues.

ISO21‑23 and ISO26 were only identified in peripheral 
blood sequences, whereas ISO24 and ISO25 were only 
observed in testis and brain sequences. ISO21 and ISO22 
adopt different combinations to those splicing patterns in 
previous studies (7,9). Furthermore, they may be included in 
the predicted 24 products (Fig. 1). ISO21, skipping exon 14, 
with the first splicing acceptor site in exon 15 and the second 
splicing acceptor site in selected exon 17, may encode a 
truncated polypeptide consisting of 439 amino acid residues 
with a different carboxyl terminus, as compared with the 
reference protein sequence of human FMR1 (GenBank ID: 
AAB28395.2). ISO22, skipping exon 12, may encode a trun-
cated polypeptide of 428 amino acid residues with a different 
carboxyl terminus. ISO23-26 were the result of the four novel 
splicing sites, whose sequences have been deposited in the 
GenBank database. ISO23 (GenBank ID: KC774029), skip-
ping exons 11 and 12, with the second splicing acceptor site 
of selected exon 17, may encode a truncated polypeptide of 
544 amino acid residues with a different carboxyl terminus. 
ISO24 (GenBank ID: KF856234), with the second splicing 
acceptor site of selected exon 15, may encode a truncated 
polypeptide of 554 amino acid residues without changing 
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the open reading frame. ISO25 (GenBank ID: KC774027), 
with the novel splicing acceptor site of exon 15 and the 
selected third downstream site, may encode a polypeptide of 
566 amino acid residues without changing the open reading 
frame. ISO26 (GenBank ID: KC774028), skipping exons 12 
and 15, with a novel splicing donor site of exon 14 and a novel 
splicing acceptor site of selected exon 16, may encode a trun-
cated polypeptide of 418 amino acid residues with a different 
carboxyl terminus (Fig. 2).

The results of the present study suggested that ~50% of 
spliced isoforms are expressed at low levels, including those 
that have previously been reported. For example, only one 
spliced product of the following were observed: ISO9, 10 and 
12, and the novel isoforms, ISO21-23, 25 and 26.

Spliced products containing the full-length coding 
sequence (ISO1) accounted for a low proportion of isoforms 
(7.38%; 20/271). In particular, in sequences derived from brain 
tissue samples, ISO1 was detected once (1%; Fig. 3).

Alternatively spliced products lacking exon 12 were predomi‑
nant. The results of the analyses suggested that the following 
isoforms were the most abundantly expressed: ISO7, lacking 
exon 12, and ISO17, lacking exon 12, with the second splicing 
acceptor site of exon 17 selected. However, the relative abun-
dance of the these spliced products varied between tissues. In 
the brain, ISO17 was the predominant isoform (54%), whilst 
in the testis, ISO7 was the predominant isoform (Fig. 3). In 
the brain, 99% of the isoforms lacked exon 12, and ISO1, 

Figure 1. Alternatively spliced products of the FMR1 gene in human peripheral blood cells, and brain and testis tissues. Black boxes represent non-coding 
regions. In brackets the numerator represents the detected spliced products of the corresponding ISO, and the denominator represents the total number of ISO. 
The dotted lines represent the different selected splicing sites. Novel splicing products are marked with an asterisk. ISO, isoform.
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which consists of the entire coding sequence was detected 
only once.

Exon 12 may be under strong positive selection. According 
to the splicing pattern observed in the human FMR1 gene, 

exons were classified into AS exons (exons 11‑12, 14‑17) and 
constitutive exons (exons 1-10,13). The results of an SLAC 
analysis of 17 pre-aligned exon sequences suggested that the 
mean dN/dS value for AS exons was 0.410, which was signifi-
cantly higher than that for the constitutive exons (0.067). The 
results demonstrated that the dN/dS ratio of exon 12 was >1 
(dN/dS=1.735), whilst that of all other exons was <1 (Table Ⅰ).

Discussion

In the present study, 20 types of alternatively spliced 
products were detected, six of which were previously unre-
ported (4-6,9,17,18). Among these six alternatively spliced 
products, four novel splicing patterns were identified, including 
an alternative 5' splice site, two alternative 3' splice sites and an 
exon skipping site. In addition, six previously reported spliced 
products were not observed in the present study. These results 
indicate that the AS of the FMR1 gene may be more complex 
than previously understood.

In accordance with previous reports (7,9), ISO1 was not 
the most abundant isoform observed in the peripheral blood 
cells, and brain and testis tissues (7.38%; 20/271). Skipping 
of exon 14 has been found to affect the subcellular localiza-
tion of the FMR protein (7). This suggests that AS may be 
involved in the functioning and regulation of the FMR1 gene. 
More abundant splice variants are more likely to be associ-
ated with important gene functions, compared with those 

Table I. Analysis of dN/dS ratios for 17 exons in FMR1 gene.

Exon dN/dS

Constitutive exons 0.067
  Exon 1 0.153
  Exon 2 0.058
  Exon 3 0.081
  Exon 4 0.031
  Exon 5 0.041
  Exon 6 0.112
  Exon 7 0.079
  Exon 8 0.018
  Exon 9 0.061
  Exon 10 0.066
  Exon 13 0.054
Alternative splicing exons 0.410
  Exon 11 0.257
  Exon 12 1.735
  Exon 14 0.115
  Exon 15 0.092
  Exon 16 0.097
  Exon 17 0.165

Exon sequences were analyzed using a single-likelihood 
ancestor-counting method using the DataMonkey package. dN/dS, 
ratio of nonsynonymous substitutions per nonsynonymous site (dN) 
to synonymous substitutions per synonymous site (dS) at each 
pre-aligned exon sequences; FMR1, Fragile X mental retardation 1.

Figure 2. Predicted coding products of ISO1 and six novel splicing transcripts 
(ISO21-ISO26). ISO1 represents the FMR1 gene coding product with the 
full-length coding sequence, comprising NLS, KH1, KH2, NES and RGG. 
Numbers represent the location of amino acids. The black bar represents the 
carboxyl terminus of the premature termination codon. ISO, isoform; FMR1, 
fragile X mental retardation 1; NLS, nuclear localization signal; NES, nuclear 
export signal; KH, K homology domain; RGG, arginine-glycine-rich region.

Figure 3. Expression of alternatively spliced products. Fractions in paren-
theses represent the approximate abundance of spliced products, in which 
the numerator represents the number of a particular spliced product and the 
denominator represents the total spliced transcripts. Novel splicing products 
are marked with an asterisk. ISO, isoform.
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which are less abundant (8). In the present study, ISO7 and 
ISO17, lacking exon 12, were the dominant splicing products. 
In the brain, these isoforms together accounted for 80% of all 
isoforms (Fig. 3). Therefore, a lack of exon 12 may be involved 
in the physiological functioning of the FMR1 gene.

FMR protein is an RNA-binding protein, abundant in the 
brain and testis, which selectively binds to its own mRNA and 
to ~4% of brain mRNA, which is associated with neurodevelop-
ment and synaptic plasticity (19,20). It has been demonstrated 
that the discrepancy in FMR1 transcripts between fetal and 
adult cerebral cortex tissue is associated with the presence of 
exon 12, which is present in the fetal tissue but not in that of 
adults (10). Exon 12 lengthens the second K homology (KH) 
domain, an FMR1 RNA binding domain, which may influence 
the specificity or affinity of FMR protein RNA‑binding (21). 
Exon 12 variants differentially interact with kissing complex 
RNA and exhibit a distinct RNA‑binding specificity (22,23). 
Furthermore, it has been reported that the I304N mutation 
located on the KH2 domain may lead to the expression of a 
serious FXS phenotype (24). Studies have shown that FMR1 
with a I304N mutation exhibited a tenfold average decrease 
in AUCK-containing RNA expression compared with that in 
wild-type FMR1 (21). Therefore, AS products lacking exon 12 
may shorten the second KH2 domain, which may influence 
the specificity and affinity of FMR protein RNA‑binding and 
eventually target specific mRNA to regulate the corresponding 
protein expression. The results of the present study suggested 
that AS spliced products lacking exon 12 may be associated 
with the physiological functioning of FMR1 gene.

Different types of selection pressure analyses have been 
conducted in order to predict the function of AS, such as 
dN/dS (or Ka/Ks) against amino acid mutations, and dS (or 
Ks) against mutations at synonymous sites, with the former 
being the most common (25,26). A genome-wide selection 
pressure analysis in humans, chimpanzees, mice and rats has 
demonstrated that Ka/Ks values were higher for AS exons 
compared with those for constitutive exons, implying that AS 
events may accelerate protein sequence evolution (27). In the 
present study, dN/dS values for FMR1 exons demonstrated 
a similar pattern. Furthermore, exon 12 exhibited markedly 
high (≥1) dN/dS values compared with that for other exons. 
This is in accordance with the results of a previous study that 
demonstrated higher dN/dS values for CD45 gene AS exons 
compared with those for constitutive exons, which suggests 
that the AS exons may be under positive selection (28). 
Therefore, exon 12, coding for part of the KH2 domain, may 
be under strong positive selection and associated with verte-
brate evolution. Exon 12 consists of 63 nucleotides and, as this 
is a multiple of three, it is a 'modular' exon that may be inserted 
or removed from the transcripts without affecting the rest of 
the protein, which may facilitate AS functioning (29).

ISO24 is a novel spliced product that was detected in testis. 
It exhibited exon 11 skipping, which was also detected in 
ISO23 (Fig. 1). Exon 11 encodes part of the KH2 domain and 
consists of 135 nucleotides, and, therefore, like exon 12, may 
represent a 'modular' exon. The dN/dS ratio analysis suggested 
that exon 11 exhibited higher value in AS exons, as compared 
with the other exons, except for exon 12 (Table Ⅰ). The results 
of the present study indicated that the skipping of exon 11 may 
represent a functional AS event.

In conclusion, the results of the present study implied that 
AS spliced products lacking exon 12 may be associated with 
the physiological functioning the FMR1 gene. Further investi-
gation of the expression of isoforms ISO7 and ISO17 may help 
to improve the understanding of the structure and function of 
the FMR1 gene and the pathogenesis of FXS.
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