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Abstract:    The majority of eukaryotic genes produce multiple mRNA isoforms with distinct 3' ends through a process 
called mRNA alternative polyadenylation (APA). Recent studies have demonstrated that APA is dynamically regulated 
during development and in response to environmental stimuli. A number of mechanisms have been described for APA 
regulation. In this review, we attempt to integrate all the known mechanisms into a unified model. This model not only 
explains most of previous results, but also provides testable predictions that will improve our understanding of the 
mechanistic details of APA regulation. Finally, we briefly discuss the known and putative functions of APA regulation. 
 
Key words:  mRNA, Alternative polyadenylation (APA), Polyadenylation site (PAS) 
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1  Introduction 
 

For the majority of eukaryotic messenger RNAs 
(mRNAs), their 3' ends are formed co-transcriptionally 
through an endonucleolytic cleavage and polyad-
enylation (Colgan and Manley, 1997; Zhao et al., 
1999; Chan et al., 2011). The polyadenylation site 
(PAS) is defined by a number of key cis-elements, 
including the AAUAAA element and the U/GU-rich 
downstream sequence element (DSE) (Fig. 1) (Tian 
and Graber, 2012). Several auxiliary elements have 
been identified that stimulate the PAS recognition, 
including the U-rich upstream sequence element 
(USE) and G-rich element (GRE) near DSE (Tian and 
Graber, 2012). These sequence elements are specifi-
cally recognized by a number of protein factors  
(Fig. 1). For example, the cleavage and polyadenyla-
tion specificity factor (CPSF) binds to the AAUAAA 
hexamer, cleavage stimulatory factor (CstF) binds to 
the DSE, and cleavage factor Im (CFIm) recognizes 

UGUA-containing USE (Colgan and Manley, 1997; 
Zhao et al., 1999; Chan et al., 2011). These factors 
bind to the PAS RNA sequence to form the core 
mRNA 3' processing complex and they in turn recruit 
cleavage factor IIm (CFIIm) and poly(A) polymerase 
(PAP) to initiate cleavage and polyadenylation (Shi  
et al., 2009). The assembly of these factors on RNAs 
is facilitated by the C-terminal domain of the RNA 
polymerase II (RNAP II) (Hirose and Manley, 2000; 
Proudfoot et al., 2002; Bentley, 2005).  

The majority of eukaryotic genes have the ca-
pacity to generate multiple alternative 3' ends (Shi, 
2012; Elkon et al., 2013; Tian and Manley, 2013). 
This is due to the presence of multiple alternative 
PAS within the pre-mRNAs. Alternative polyad-
enylation (APA) isoforms of the same gene could 
encode different proteins and/or bear different 3' un-
translated regions (UTRs). As 3' UTRs are rich in 
regulatory sequences, APA isoforms may have dif-
ferent stabilities, translation efficiencies, or sub- 
cellular localizations. Recent studies using high 
throughput tools have revealed that APA is highly 
regulated in development (Flavell et al., 2008; 
Sandberg et al., 2008; Ji et al., 2009; Jan et al., 2010; 
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Shepard et al., 2011; Smibert et al., 2012), and aber-
rant APA profiles have been detected in a number of 
human diseases (Mayr and Bartel, 2009; Park et al., 
2011; de Klerk et al., 2012; Jenal et al., 2012). 
Therefore, it is important to understand the “polyad-
enylation code”, the rules that govern PAS selection 
and its regulation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2  APA regulation: a unified mechanism 
 

Studies of individual APA events and global 
analyses have revealed a number of mechanisms for 
APA regulation, which have been described in detail 
in a number of recent reviews (Shi, 2012; Elkon et al., 
2013; Mueller et al., 2013; Tian and Manley, 2013). 
Instead of discussing these individual models, here 
we will attempt to integrate them into a unified 
mechanism for APA regulation and begin to put to-
gether a blueprint for the “polyadenylation code”.  

In the most simplistic view, the outcome of  
APA of a pre-mRNA is determined by the timing  
of cleavage/polyadenylation at competing PAS. As 
shown in Fig. 2, three key variables dictate the APA 
pattern in this tandem PAS-containing RNA substrate. 
Tp1 and Tp2 are the time that it takes for cleavage/ 
polyadenylation (C/P) to occur at PAS1 and PAS2, 
respectively. Tt is the time it takes for the transcrip-
tion machinery to traverse the region between the two 
PASs. Theoretically, if Tp1<(Tt+Tp2), then C/P will 
finish first at PAS1 to produce a shorter APA isoform. 
On the other hand, if Tp1>(Tt+Tp2), C/P will occur at 
PAS2, generating a longer APA isoform. These three 

key parameters are subject to regulation by many 
factors, including the sequences of the alternative 
PASs, the distance between them, transcription 
elongation rate, and the concentrations of mRNA 3' 
processing factors and regulators. Below we will 
discuss the known mechanisms for APA regulation 
within the framework proposed in Fig. 2. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

2.1  “First come, first served” model 

Based on our model, it is clear that the proximal 
PAS has an intrinsic advantage over the distal PAS, 
which has been described as “first come, first served” 
(Danckwardt et al., 2008; Shi, 2012). This is because 
even if PAS1 and PAS2 have exactly the same se-
quence (i.e., Tp1=Tp2), it must be true that Tp1< 
(Tt+Tp2) and thus PAS1 will be preferentially used. 
The magnitude of the intrinsic advantage for the 
proximal PAS is determined by Tt. As Tt=distance/ 
(elongation rate), our model predicts that the distance 
between the alternative PASs and the elongation rate 
of the transcription machinery in this region should 
play important roles in APA regulation. This conclu-
sion is indeed supported by numerous previous stud-
ies as discussed below.  

According to our model, a slower transcription 
elongation rate should result in higher Tt, thus giving 
greater advantage to the proximal PAS. This has in-
deed been shown to be the case by several studies. For 
example, a Drosophila melanogaster strain that har-
bors a mutated RNAP II with slower elongation rate 
displayed a significant shift in the PAS selection to-
wards the proximal site in the polo gene (Pinto et al., 
2011). The mRNAs of the yeast RPB2 gene show 
APA changes following UV-induced DNA damage 

Fig. 1  A model for the mammalian mRNA 3' processing 
complex 
The key cis-element in the RNA and trans-activing protein 
factors in the mammalian mRNA 3' processing complex are 
depicted in this schematic model 

Fig. 2  A unified model for APA regulation 
A pre-mRNA containing two alternative polyadenylation 
sites (PASs) is used as a template for APA regulation. Tt: 
the time it takes to transcrible the region between PAS1 and 
PAS2; Tp1: the time it takes for cleavage/polyadenylation at 
PAS1; Tp2: the time it takes for cleavage/polyadenylation at 
PAS2 
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such that the mRNA isoforms using the distal PAS are 
preferentially produced during the recovery phase. 
However, addition of mycophenolic acid (MPA), a 
drug that reduces the transcription elongation rate by 
inhibiting GTP and UTP syntheses, led to a shift of 
polyadenylation to the proximal PAS (Yu and Volkert, 
2013). UV-induced DNA damage has been suggested 
to inhibit global RNAP II elongation through hyper-
phosphorylation of its C-terminal domain (Muñoz et 
al., 2009). However, the impact of UV-induced DNA 
damage on the global APA profile has not been 
characterized. In these two studies, the transcription 
elongation rates were modulated using artificial 
means. Under physiological conditions, the tran-
scription elongation rate is influenced by the DNA 
and chromatin modifications, providing a potential 
mechanism for epigenetic regulation of APA (Brown 
et al., 2012). For example, the mouse imprinted H13 
gene contains a CpG island between its alternative 
PASs and this CpG island is methylated in an allele- 
specific manner (Wood et al., 2008). mRNAs pro-
duced by the unmethylated allele are mainly poly-
adenylated at the proximal PAS while those produced 
by the methylated allele preferentially use the distal 
PAS. It was proposed that the unmethylated CpG 
island functions as an internal promoter and binding 
of transcription factors may block or slow down the 
transcription from the upstream normal promoter. 
Such a slow-down of the transcription machinery 
leads to high usage of the proximal PAS. Similar 
regulation of APA by DNA methylation was later 
reported for the Herc3 gene (Cowley et al., 2012). For 
future studies, it will be important to measure the 
transcription elongation rate at the transcriptome level 
and to understand how it can be regulated under 
physiological and pathological conditions. 

According to our model, a longer distance be-
tween the alternative PASs should lead to preferential 
usage of the proximal PAS. The first evidence for this 
was reported over twenty years ago. Using reporter 
assays, Denome and Cole (1988) demonstrated that 
insertion of additional sequences between two alter-
native PASs resulted in higher usage of the upstream 
PAS and a concomitant decrease in the usage of the 
downstream PAS. Lackford et al. (2014) provided 
evidence that this is also true for endogenous mRNAs. 
Fip1 is a subunit of the CPSF complex and has re-
cently been identified as an APA regulator. Fip1 de-

pletion in embryonic stem cells (ESCs) leads to a shift 
of polyadenylation to distal PAS (proximal-to-distal 
shift or PtoD) in the majority of affected mRNAs. A 
comparison of these mRNAs and those that displayed 
the opposite APA changes (distal-to-proximal or DtoP) 
revealed that the distance between the alternative 
PASs in PtoD genes is 4–5 times greater than that in 
DtoP genes (Lackford et al., 2014), providing evi-
dence that the distance between alterative PASs is an 
important determinant of APA regulation for endog-
enous mRNAs. 

2.2  Survival of the fittest model 

If the proximal PASs have an intrinsic advantage 
over the distal sites, how could distal PASs ever be 
selected? It turns out that the distal PASs in APA 
genes are often stronger than the proximal sites. 
Studies in fly, mouse, and human suggest that the 
distal PASs tend to have more canonical PAS features, 
including the AAUAAA hexamer and the U/GU-rich 
DSEs (Martin et al., 2012; Smibert et al., 2012; Tian 
and Graber, 2012; Lackford et al., 2014). Reporter 
assays and in vitro assays provided evidence that the 
distal PASs are generally stronger than the proximal 
PASs (Yao et al., 2012; Lackford et al., 2014). 
Therefore, Tp2<Tp1 in many APA genes. Importantly, 
similar to Tt, Tp is subject to regulation by a number 
of factors, including the concentrations of the core 
mRNA 3' processing factors and other regulatory 
factors. In this section, we will focus on the APA 
regulation by the concentrations of the core mRNA  
3' processing factors, which was first reported by 
Takagaki et al. (1996) and Takagaki and Manley (1998). 
They showed that at high concentrations of CstF64, 
the lower-affinity proximal PAS in IgM pre-mRNA is 
preferentially used while a decrease in CstF64 levels 
leads to a shift to the stronger distal PAS. Several 
recent studies provided further support for this model. 
For example, depletion of CstF64/CstF64τ or the 
CPSF subunit Fip1 led to a shift of polyadenylation  
to the stronger distal PAS (Yao et al., 2012; 2013; 
Lackford et al., 2014). Interestingly, however, knock-
down of the CFIm subunits, CFIm25 and CFIm68, 
resulted in the opposite APA changes, i.e., a shift to 
proximal PAS (Martin et al., 2012). Although the 
underlying mechanism for CFIm-mediated APA 
regulation remains unclear, these observations sug-
gest that the “survival of the fittest” model requires 
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further characterization. In addition, it should be 
pointed out that the concentrations of the mRNA 3' 
processing factors that are available for participating 
in the 3' processing reactions as discussed above may 
not be the same as the total concentration of these 
factors as they may be sequestered by other factors. 
For example, following UV-induced DNA damage, 
CstF seems to be bound and sequestered by the Brca1/ 
Bard1 complexes (Kleiman and Manley, 2001). 

The concentrations of mRNA 3' processing 
factors are regulated in development and in response 
to environmental stimuli. For example, activation of 
T cells or B cells induces the upregulation of CstF64, 
which in turn leads to APA changes (Takagaki et al., 
1996; Chuvpilo et al., 1999). CstF64 levels are also 
regulated during the cell cycle (Martincic et al., 1998; 
Sandberg et al., 2008). In addition, the protein levels 
of Fip1 and other CPSF subunits decrease during ESC 
differentiation while the opposite was observed dur-
ing somatic cell reprogramming to induced pluripo-
tent stem cells (Ji and Tian, 2009; Lackford et al., 
2014). It remains poorly understood how the levels of 
mRNA 3' processing factors are regulated in devel-
opment. Elkon et al. (2012) provided evidence that 
the transcription factor E2F plays a role in controlling 
the transcription of many mRNA 3' processing factors. 
In addition to transcription, the mRNA 3' processing 
factors can be regulated at the post-transcriptional and 
post-translational levels. For example, the CstF77 
gene contains an intronic PAS that is conserved from 
fly to human (Juge et al., 2000; Pan et al., 2006). The 
usage of this PAS gives rise to a short mRNA isoform, 
for which no protein product has been detected (Juge 
et al., 2000; Luo et al., 2013). Interestingly, CstF77 
promotes the usage of this intronic PAS, thus turning 
off its own expression post-transcriptionally (Luo et 
al., 2013). CstF64 and its paralog CstF64τ have also 
been shown to inhibit the expression of each other 
(Yao et al., 2012; 2013). These mechanisms may 
function in maintaining the homeostasis of mRNA 3' 
processing activities. 

2.3  Agonist/antagonist model 

In addition to the concentrations of mRNA 3' 
processing factors as discussed above, the Tp values 
of alternative PASs can be individually modulated 
either positively or negatively by protein-RNA in-
teractions of regulatory factors. Such regulatory fac-

tors can directly bind to the PAS sequence or to 
nearby cis-elements. This mode of APA regulation is 
referred to as the agonist/antagonist model (Shi, 2012). 

Regulatory factors could directly bind to the 
sequences within or overlapping with the core PAS 
sequence, thereby competing with the mRNA 3' 
processing factors for binding to RNA. Several fac-
tors can compete with CstF for RNA binding. For 
example, hnRNP F and H2 bind to the G-rich element 
downstream of the cleavage site and these interac-
tions may inhibit CstF64-RNA interaction and PAS 
recognition (Arhin et al., 2002; Alkan et al., 2006).  
In addition, the polypyrimidine tract binding (PTB) 
protein and Sexlethal, the master regulator of sex 
differentiation in flies, also compete with CstF64 for 
binding to the DSEs in many PASs (Castelo-Branco 
et al., 2004; Gawande et al., 2006). These studies 
suggest that CstF64-RNA interaction is a hot spot for 
regulation. Additionally CPSF-RNA interactions are 
also subject to regulation. Jenal et al. (2012) suggests 
that polyadenylate-binding nuclear protein 1 (PABPN1) 
may compete with CPSF for RNA binding. As 
proximal PASs are generally weaker and contain less 
canonical PAS features including the AAUAAA 
hexamer, PABPN1 binding to the A-rich sequences 
interferes with CPSF-AAUAAA interactions and 
thereby inhibits the recognition of proximal PAS.  

Other regulatory factors bind to RNA sequences 
outside of the AAUAAA and DSE to modulate PAS 
selection. For example, the poly(C)-binding protein/ 
α-complex protein (PCBP/αCP) proteins, previously 
shown to control the stability of hα-globin mRNAs, 
have recently been shown to regulate APA (Ji et al., 
2013). By directly binding to C-rich motifs located 
upstream of many PASs, PCBP/αCP stimulates the 
recognition of the nearby PAS by the core 3' pro-
cessing machinery (Ji et al., 2013). Similarly, the 
CPEB1, a protein known to stimulate cytoplasmic 
polyadenylation, binds to a specific cis-element called 
the cytoplasmic polyadenylation element (CPE) in the 
pre-mRNA and helps to recruit CPSF to suboptimal 
proximal PAS in many CPE-containing mRNAs 
(Bava et al., 2013). Several mRNA 3' processing 
repressors have also been reported. For example, the 
RNA binding proteins floral binding protein 2 (FBP2) 
and FBP3 bind to the USE of the PAS in the pro-
thrombin gene and inhibit cleavage (Danckwardt et 
al., 2011). In response to stress, the p38 MAP kinase 
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pathway is activated and FBP2/3 becomes hyper- 
phosphorylated. The hyper-phosphorylation inhibits 
the FBP2/3-RNA interactions and activates the 3' 
processing of the prothrombin mRNAs. Additionally, 
the U1A protein binds to a cis-element located near 
the PAS of its own mRNAs and inhibits the polyad-
enylation step (Boelens et al., 1993; Vagner et al., 
2000). This negative feed-back loop provides a mecha-
nism for maintaining U1A protein levels (Boelens et 
al., 1993). Finally, in addition to the aforementioned 
activators and suppressors, the RNA-binding proteins 
ESRP1/2 can both activate or inhibit PAS recognition 
in a position-dependent manner (Dittmar et al., 2012). 
 
 
3  APA regulation: biological functions 
 

High throughput analyses using microarrays and 
deep sequencing have revealed widespread APA in 
the transcriptomes of yeast, nematode, fly, fish, 
mouse, and human (Jan et al., 2010; Ozsolak et al., 
2010; Derti et al., 2012; Ulitsky et al., 2012). Addi-
tionally dynamic APA changes have been detected in 
development, in response to stress, and in a variety of 
human diseases (Shi, 2012; Elkon et al., 2013; Tian 
and Manley, 2013). Despite our ever-increasing 
knowledge of APA regulation, the biological func-
tions of APA remain poorly understood. Here we 
summarize the known and putative functions of APA 
regulation. 

3.1  APA regulation in development 

The Burge and Sharp groups carried out the first 
global analysis of APA regulation and their study 
revealed a correlation between cellular proliferation 
status and the global APA profile: proliferating cells 
tend to use proximal PAS and produce mRNAs with 
short 3' UTRs while quiescent/differentiated cells 
favor distal PAS and produce mRNAs with longer  
3' UTRs (Sandberg et al., 2008). The same trend was 
observed by the Tian group for the mouse develop-
ment and by our group for the differentiation of ESCs 
into neurons (Ji et al., 2009; Shepard et al., 2011). 
The Tian group also detected 3' UTR shortening 
during somatic cell reprogramming (Ji and Tian, 
2009). Finally, similar to somatic reprogramming, the 
Bartel group showed that polyadenylation of the 
mRNAs of a number of oncogenes shifts to proximal 

PAS, leading to 3' UTR shortening (Mayr and Bartel, 
2009). Although the correlation between the APA 
profile and the cellular proliferation/differentiation 
status is quite strong, the cause-effect relationship 
remains unclear. We have recently provided experi-
mental evidence that APA regulation may play a 
direct role in determining cell fate (Lackford et al., 
2014). This conclusion is based on the following 
observations: (1) high levels of the mRNA 3' pro-
cessing factor Fip1 are required for ESC self-renewal; 
(2) Fip1 depletion has relatively little effect on tran-
scription, but leads to significant APA changes in 
many genes that result in 3' UTR lengthening; (3) 3' UTR 
lengthening in Fip1 APA target mRNAs suppresses 
their expression; (4) many Fip1 APA target mRNAs 
encode essential self-renewal factors; (5) Fip1 levels 
and Fip1-regulated APA events are developmentally 
regulated and are restored to an ESC-like state during 
somatic reprogramming. Together, these observations 
strongly suggest that Fip1-mediated APA regulation 
plays a direct role in cell fate specification. Further 
studies are needed to identify the key Fip1 APA tar-
get(s) that are required for ESC self-renewal and to 
understand how 3' UTR changes modulate the ex-
pression of these genes. 

The impact of APA on the expression and func-
tion of individual genes is better understood. Based 
on reporter assays as well as studies on endogenous 
genes, the current consensus view is that the APA 
isoforms with shorter 3' UTRs tend to be more stable 
and produce more proteins (Mayr and Bartel, 2009; 
Sandberg et al., 2008). This is because the extended 
UTR region found only in the longer APA isoforms 
may contain additional microRNA target sites and/or 
binding sites for protein factors that negatively regu-
late mRNA stability and translation. For example, 
Pax3 expression is important for the proliferation of 
muscle stem cells, but it is regulated tightly by 
miR206 (Boutet et al., 2012). The expression of the 
shorter Pax3 APA isoforms that contain no miR206 
target sites allows Pax3 to evade miRNA-mediated 
gene silencing (Boutet et al., 2012). However, the 
advantage of shorter APA isoforms cannot be gener-
alized. For example, only the longer APA isoform of 
the fly polo gene is efficiently translated (Pinto et al., 
2011). Transgenic flies, in which the distal PAS is 
deleted, cannot produce the longer isoform and die at 
the pupa stage due to a failure in the proliferation of 
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the precursor cells of the abdomen (Pinto et al., 2011). 
The brain-derived neurotrophic factor (BDNF) gene 
provides one of the best studied examples of the 
functional difference between the APA isoforms. 
BDNF produces two APA isoforms that differ only in 
the 3' UTRs (An et al., 2008). While the short isoform 
is restricted to the neuronal cell body, the long iso-
form is also found in the dentrites. Truncation of the 
extended 3' UTR leads to impaired dendritic targeting 
of BDNF mRNA. The compromised BDNF transla-
tion in dentrites causes defects in neurodevelopment 
and long-term potentiation (An et al., 2008). Inter-
estingly, insulin and leptin specifically stimulate the 
translation of the longer BDNF mRNA isoform and 
the truncation of the extended UTR prevents the hy-
pothalamic neurons from responding to insulin and 
leptin signaling and in turn leads to energy imbalance 
and obesity (Liao et al., 2012).  

These studies suggest that the extended APA 
isoforms may have different stabilities, sub-cellular 
localizations, and translation efficiencies. Intriguingly 
however, a recent global study failed to detect sig-
nificant differences in the stability and translation 
efficiency (measured by the association with the 
polysomes) of APA isoforms in mouse fibroblasts 
(Spies et al., 2013). Further studies are needed to test 
this in other cell types under different conditions. 

3.2  APA in human disease 

Aberrant mRNA 3' processing and APA changes 
have been detected in several human diseases. Mayr 
and Bartel (2009) provided evidence for APA changes 
during cancer development that lead to 3' UTR 
shortening in the mRNAs of many genes, including 
proto-oncogenes. The shorter APA isoforms of proto- 
oncogenes seem more stable and produce higher lev-
els of proteins, therefore more oncogenic. However, 
high throughput sequencing analyses of cancer and 
non-cancer cells derived from the same tissues failed 
to detect a consistent correlation between APA profile 
and the cancer state (Fu et al., 2011; Elkon et al., 2012; 
Lianoglou et al., 2013). Therefore, further studies are 
necessary to determine whether and how APA regu-
lation may contribute to cancer development. 

Oculopharyngeal muscular dystrophy (OPMD) 
is an autosomal dominant disease caused by trinu-
cleotide repeat expansion mutations in the PABPN1 
gene that leads to a mutant PABPN1 protein 

(trePABPN1) with a longer polyalanine tract (Brais, 
2009). Jenal et al. (2012) provided evidence that 
trePABPN1 binds to the PABPN1 protein and se-
questers it in many sub-cellular foci. The depletion of 
PABPN1 leads to APA changes and 3' UTR short-
ening in many genes through a mechanism described 
earlier (de Klerk et al., 2012; Jenal et al., 2012). 
These aberrant APA events have been suggested to 
contribute to the pathogenesis of OPMD. However, 
direct evidence is lacking and the key APA targets of 
PABPN1 in OPMD remain to be identified. 
 
 
4  Conclusions and future perspectives 
 

Despite the recent progress, the mechanisms and 
biological significance for APA regulation remain 
poorly understood. Our simple model provides a 
general framework that may be used to guide future 
studies. For example, our model predicts that the 
distance between alternative PASs and the transcrip-
tion elongation rate play important roles in regulating 
APA as they determine Tt. Future studies are needed 
to measure the transcription elongation rate globally 
and gene-specifically and to determine its relationship 
with APA outcomes. In addition, it will be important 
to understand how Tp is regulated by the core mRNA 
3' processing factors and regulatory factors. Ulti-
mately, the integration of this information in a quan-
titative manner will be critical for deciphering the 
“polyadenylation code”.  
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中文概要： 
 

本文题目：多腺苷酸化之密码：调解 mRNA 可变聚腺苷酸化的统一模型 

The polyadenylation code: a unified model for the regulation of mRNA alternative polyadenylation 

本文概要：真核生物的大部分基因都通过可变聚腺苷酸化（APA）而产生多种不同的 mRNA 3'端。近期

的研究表明，可变聚腺苷酸化在组织发展中被动态调节，并且会受环境刺激而自动调节。现

有文献中表述了多种调节机制。本文整合所有现有的调节机制模型，进而提出一个综合的统

一模型。这个模型不仅概括了已知的研究结果，而且为未来的研究提供了一个预测可变聚腺

苷酸化的方法。最后，我们讨论已知和假设的可变聚腺苷酸化带来的功能。 

关键词组：基因表达；可变聚腺苷酸化；预测模型；mRNA 




