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Abstract

In eukaryotes, gene expression is achieved by four steps: transcription, processing, nuclear export,
and translation. Each step requires multiple factors, and frequently two or more pathways are
used by a single gene, enabling strictly regulated gene expression. Importantly, eukaryotes, taking
advantage of the separated structures of the nucleus and the cytoplasm, have evolved complex and
organized mRNA processing mechanisms that permit sophisticated biological activity. The pro-
cesses are much more complicated than those found in prokaryotes, in which transcription and
translation occur linearly in time and place. Here, we review gene expression, focusing on mRNA
processing in the nucleus and the gene regulatory systems found at each step. Combination of gene
regulation shows the typical phenotype in each cell. Further understanding of the uncertain me-
chanisms will uncover the gene regulation through mRNA expression.
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1. Introduction

Gene expression in eukaryotes is characterized by the spatially separated processes of transcription and transla-
tion. Despite having an identical genome, varying levels of gene expression within differing types of cells per-
mit different biological activities in response to both the internal (developmental, cell cycle-related) and external
environments. This provides the range of functions necessary for higher eukaryotes.

Gene regulation is found at each of the six steps of gene expression: 1) transcriptional regulation; 2) mRNA
processing control; 3) mRNA transport and localization; 4) translational regulation; 5) protein activity; and (6)
MRNA half-life. In the last two decades, it has been shown that mMRNA metabolism plays important roles in
gene regulation.

In the first section, we provide an overview of gene expression, mostly in higher eukaryotes, focusing on
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mRNA processing: capping, splicing, polyadenylation, and mMRNA export. In the second section, we summarize
gene regulation, focusing on mMRNA processing control, mMRNA transport, and mRNA half-life.

2. Gene Expression in Eukaryotes
2.1. Capping

Nascent mMRNA, when about 20 bases have been synthesized by RNA polymerase Il (polll), is first modified by
“capping” [1]. Capping is a hallmark of transcription initiation that functions to protect MRNA from degradation
by 5’-3’ exonuclease activity (Figure 1). Three enzymatic reactions are required for capping: hydrolysis of the 5’
terminal phosphate by RNA triphosphatase, addition of a guanine residue to the trimmed diphosphate terminus
by RNA guanyltransferase, and methylation of the guanine residue by RNA methyltransferase. After capping,
nascent mMRNA contains an N7-guanosine cap “m7GpppN” at its 5’ terminus via an unusual 5’-5” phosphodiest-
er linkage. The cap structure is required not only for mMRNA nuclear export but also for translation: the cap-
binding complex (CBC) formed by CBP80 and CBP20 binds to the cap in the nucleus, whereas eukaryotic
elongation factor (elF) 4E binds to the cap in the cytoplasm.

2.2. Splicing

In eukaryotes, most genes consist of protein-coding regions called exons, which are interspersed by untranslated
regions called introns. The removal of introns by splicing is required to generate contiguous coding regions in
the nucleus. The exact position of the 5’splice site (at the 5’ terminus of the intron) and the 3’ splice site (at the 3’
terminus of the intron) is determined by the RNA sequence as well as by trans-acting factors and uridine-rich
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Figure 1. mRNA biogenesis. Pol Il transcribes the protein
coding genes in the nucleus. Transcribed pre-mRNA under-
goes the various processing steps, capping, splicing and po-
lyadenylation. The properly-processed mRNA is exported
from the nucleus to the cytoplasm. In the cytoplasm, mRNA
serves as a template for protein synthesis.
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small nuclear ribonucleoprotein particles (U snRNPs). Typically, the 5° splice site has a consensus “GU” dinuc-
leotide, and the 3" splice site has “AG”. In addition, a branch point site and polypyrimidine (Py) tract are also
required. The branch point site is an adenine residue that attacks the 5’ splice site and dissociates the exon from
the intron; it is usually found several tens of bases upstream of the 3’ splice site. Py is a sequence rich in adenine
and uracil found between the branch point site and the 3’ splice site.

Splicing is an energy-consuming process that is catalyzed by the spliceosome [2] [3]. The spliceosome is a
large complex of about 150 proteins and five U snRNAs. Intriguingly, uridine-rich small nuclear ribonucleic
acids (U snRNAs), which are small RNAs with complementarity to pre-mRNA, form the active site of the spli-
ceosome. As indicated in Figure 2, the 5° splice site is first recognized by U1 snRNP via base-pairing. However,
the Py and 3 splice site are recognized by U2AF, which results in the recruitment of branch point-binding pro-
tein (BBP). BBP is then replaced by U2 snRNP, which makes the branch point site protrude from the RNA
chain. Next, U4, U5, and U6 snRNPs undergo complex interactions with each other. U1 snRNP then dissociates
from the RNA, to be replaced by U6 snRNP. After U4 snRNP dissociates, U2 snRNP and U6 snRNP bind each
other via base-pairing. Importantly, U2 snRNP positions itself at the branch point site while U6 sSnRNP is posi-
tioned at the 5” splice site at this point, thus enclosing 5’ splice site and branch point site in proximal region. As
a result, the branch point site attacks the 5’ splice site phosphate and the intron is spliced out. Finally, the 3’
terminus of the upstream exon attacks the downstream exon 5’ terminus that is dissociated from the 3” splice site,
connecting them together. This complex procedure for splicing, in which the components of the spliceosome are
sequentially replaced to ultimately generate a catalytically active site, enables cells to avoid aberrant splicing.

2.3. Polyadenylation

Most mRNA has a poly-A tail at its 3 terminus, which is not encoded by the genome. When RNA polll reaches
the end of a gene, two polyadenylation factors, cleavage and polyadenylation specificity factor (CPSF) and
cleavage stimulation factor (CstF), are recruited onto its C-terminal domain (CTD). CPSF, which recognizes the
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Figure 2. Dynamics of mRNA splicing. Formation of spli-
ceosome is a stepwise event, starting from E complex fol-
lowed by forming A, B, B” and C complexes in this order. In
E complex, Ul snRNP is associated at 5’ splice site, and
Branch point binding protein (BBP) and U2AF are associated
at brunch site and 3’ splice site, respectively. In A complex,
U2 snRNP is recruited to 3’ splice site. In B complex, U4/U6
and U5 snRNPs are recruited to U2 snRNP. In B* complex,
U1 and U4 snRNPs are dissociated from pre-mRNA, and U2
and U6 snRNP form duplex to enable 5’ and 3’ splice sites in
a proximal region. In C complex, splicing occurs in two-step
reaction and intron is removed from mRNA.
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poly-A signal “AAUAAA”, and CstF, which recognizes a GU-rich element downstream of “AAUAAA”, are
translocated onto the mRNA when RNA polll transcribes these sequences. The cleavage factors | and Il cleave
nascent MRNA with the support of CPSF and CstF, followed by the recruitment of poly-A polymerase (PAP) to
the end of the transcript. PAP then adds approximately 200 adenines to the 3’ terminus of the nascent mRNA
[4].

The poly-A tail plays important roles in two phases. First, it is recognized by poly-A-binding protein (PABP)
[5]. In the cytoplasm, PABP interacts with the 5° cap via interaction with elF4G, a protein bound to elF4E. Inte-
raction between the poly-A tail and the 5’ cap results in circularization of the mRNA, enabling efficient ribo-
somal cycling and translation. Second, PABP bound on the poly-A tail protects the mRNA from 3’-5" nuclease
attack, extending its half-life. The poly-A tail is gradually shortened over time. When it becomes too short to
bind PABP, the exosome recognizes and degrades mRNA in the 3’ to 5” direction.

2.4. Nuclear Export

Macromolecules usually require receptors for their nuclear trafficking through the nuclear pore complex (NPC);
this also applies to mMRNA export. Two proteins, TAP (also called NXF1) and CRM1 (also called XPO1) have
been identified as nuclear export receptors for different classes of mMRNA export.

TAP is responsible for bulk mMRNA export [6] [7]. This export pathway is highly coupled to splicing in hu-
mans. In contrast, Mex67, its homolog in Saccharomyces cerevisiae, is recruited onto primary transcripts be-
cause only approximately 5% of genes in this species contain introns [8] [9]. Intron-containing nascent tran-
scripts are recognized and bound by the spliceosome via their introns, which results in the recruitment of TREX
during splicing [10]-[13]. TREX ultimately recruits TAP—the recruitment of TAP to mRNA therefore depends
on splicing. So, how does TAP export mMRNA from the nucleus to the cytoplasm? TAP is known to bind the FG-
repeat in nucleoporins, the major components of the NPC. This binding ability promotes mRNA export to the
cytoplasm [14]-[17]. In addition, on the cytoplasmic side of the NPC, DBP5, a DEAD-box helicase connected to
NPC fibrils, remodels mMRNPs in concert with Glel and IP6 and releases mMRNPs into the cytoplasm by disso-
ciating several proteins including TAP [18]-[20]. It is considered that the TAP-mediated mRNA export pathway,
by virtue of its splicing dependence, prevents the export of incompletely spliced mRNA.

However, several kinds of mRNA use CRM1 as their export receptor [21]. The CRM1-mediated export
pathway seems to be independent of splicing. While TAP is recruited onto mRNAs via splicing in humans,
CRML is recruited onto mRNAs via specific adapter proteins that bind to a cis-RNA element in the 3” untran-
slated region (UTR). Moreover, the CRM1-mediated pathway is different from the TAP-mediated pathway in
the way it remodels the exported mRNPs at the cytoplasmic face of the NPC. When an mRNP is released into
the cytoplasm, Ran plays a key role in the CRM1-mediated pathway (the equivalent of DBP5 in the TAP path-
way) [22] [23]. Ran is a small GTPase that is present as Ran-GTP in the nucleus, where GTP exists at a high
concentration by the catalytic activity of the chromatin-bound guanine nucleotide exchange factor RCC1 [24]. In
contrast, Ran exists in a GDP-bound form in the cytoplasm, where GTP is hydrolyzed by the catalytic activity of
the Ran GTPase-activating protein RanGAP. Ran works like a switch: CRM1 bound to Ran-GTP in the nucleus
binds to the adapter protein with specific RNA elements including mRNA, while CRM1 dissociates from Ran-
GDP in the cytoplasm to release the adapter protein.

3. Gene Regulation
3.1. Gene Regulation via Capping

Historically, it was considered that capping did not actively affect gene regulation because it was a universal
process. However, this view has now been challenged. The complete cap structure is required for recognition by
CBC, and thus an accelerated capping reaction may enhance gene expression. Several mechanisms have been
identified that enhance methylation, the final step in cap generation (Figure 3). In yeast, S-adenosylmethionine
(SAM), which serves as a methyl donor in capping, and its related factors, have been shown to affect cap me-
thylation. SAM synthase activates Abdl, a yeast RNA (guanine-7-) methyltransferase (RNMT) that catalyzes
SAM to produce a methylated cap and S-adenosyl-L-homocystein (SAH) [25]. SAH, in turn, inhibits the activity
of Abd1 until it is hydrolyzed by S-adenosyl-L-homocysteine hydrolase (SAHH) [26].

In humans, importin « has been identified as a binding partner of CBC that improves the efficiency of cap
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Figure 3. Regulation of cap methylation. (a) Feedback regula-
tion of the cap methylation. Abd1 is activated by SAM fol-
lowed by catalyzing cap methylation. SAH, by-product of cap
methylation, inhibits Abdl; (b) Regulation of the cap methy-
lation by importin  and g, and Ran-GTP.

methylation. In yeast, importin a is normally bound to CBC, which means that CBC in complex with importin o,
not CBC alone, recognizes capped U snRNA [27]. However, the binding of importin f to importin « triggers the
dissociation of the importin a-CBC complex from capped U snRNA [27]-[29]. Thus, in the nucleus, where im-
portin S is bound to Ran-GTP, the importin a-CBC complex binds to capped U snRNA, while in the cytoplasm,
where importin £ is free from Ran, the importin a-CBC complex dissociates from capped U snRNA. Importantly,
the activity of Ran is known to be enhanced by growth factors, suggesting that external signals promote the for-
mation of the importin a-CBC-cap complex, resulting in the promotion of cap methylation [29].

m7GpppN is not the only nucleotide to be methylated in the capping reaction. The ribose adjacent to the cap,
namely, the first transcribed ribose, and following riboses are often methylated to produce methylated-ribosel
(capl), cap2, and so on. Cap0, the GpppN that is added to the 5’ terminus of mMRNA, and capl, are found in all
human mRNA, while mcap2 is found in only half of human mRNA [30]. The observation that the 5 mMRNA
terminus can have different methylation levels implies the existence of something similar to the *“histone code”
to regulate gene expression. Cap4, a hypermethylated structure found in Trypanosoma brucei mRNA, supports
this idea by the fact that the cap4 structure is required for maximum translation [31]. It is as yet unknown how a
difference in methylation levels can affect gene expression, and similarly what determines the methylation levels,
although recent studies have attempted to identify the consensus sequence for capl and cap2, and investigate the
structure of h(MTR1 and hMTR2, which are the human methylases for capl and cap2, respectively [32]-[34].

Emerging data have shown that decapping also functions as a gene regulatory step. DCP2 is a canonical de-
capping enzyme in humans [35] [36]. When the poly-A tail becomes too short to bind PABP, the circular forma-
tion between the 5’ cap and the poly-A tail is no longer maintained, and DCP2 hydrolyzes the cap structure, re-
sulting in rapid degradation of MRNA by Xrnl, a 5’-3" exonuclease that recognizes the 5 monophosphate ter-
minus. Decapping is upregulated in conditions of environmental stress such as starvation or heat shock. Impor-
tantly, long non-coding (Inc) RNA, as well as mRNA, is a target of decapping by DCP2. Some IncRNAs repress
the transcription of stress-inducible genes by forming an R-loop (DNA:RNA hybrid) with the corresponding
genomic region. The reduction in the amount of relevant IncRNA is followed by increased expression of stress-
inducible genes. Thus, cells can modulate their metabolism by reducing canonical mMRNA, meanwhile enabling
the expression of stress-inducible genes.

In addition, a non-canonical decapping enzyme has also been identified, which is suggested to function in the
capping quality control mechanism. In yeast, Rail (DOM3Z in humans) has been shown to degrade mRNA with
a methylation-defective cap [37]. In Rail-deficient yeast, the accumulation of MRNA with an aberrantly methy-



H. Inose et al.

lated cap can be observed under glucose or amino acid starvation, which indicates that Rail controls mMRNA
translation by degrading aberrantly capped mRNA.

3.2. Alternative Splicing

Most exons are constitutively spliced so as to be retained in the mature mRNA. Meanwhile, some exons are
spliced in different patterns; this process is called “alternative splicing”. Alternative splicing plays important
roles in the versatility of proteins derived from a single gene in different cell types or developmental stages.
When alternative splicing is disrupted, it impairs a wide range of developmental and physiological functions,
often with pathological consequences. Here, we describe the classification and mechanisms of alternative splic-
ing, although the details of the so-called “splicing code” remain to be understood.

The major forms of alternative splicing are categorized by five patterns [38]. They are: 1) exon skipping; 2)
alternative 3’ splice site usage; 3) alternative 5’ splice site usage; 4) intron retention; and 5) mutually exclusive
exons. Exon skipping is the most common form. Complicated patterns of splicing arising from combinations of
two mechanisms are also observed.

Alternative splicing is typically controlled by cis-acting splicing regulatory elements (SRE), which can be
observed in both exons and introns, and function as either splicing enhancers or silencers [39] [40]. Splice site
selection is regulated by SREs and trans-acting splicing factors bound to SREs. According to their locations and
activities, SREs are classified into four types: exonic splicing enhancers and intronic splicing enhancers (that
stimulate splicing), and exonic splicing silencers and intronic splicing silencers (that inhibit splicing). Accessi-
bility to splice sites or SREs is determined by the structures of the pre-mRNA and RNA-binding proteins [3]
[41]. Serine/arginine-rich (SR) protein and heterogeneous nuclear ribonucleoprotein (hnRNP) are important
trans-acting factors. SR protein promotes splicing when it is bound to exons, whereas it inhibits splicing when it
is bound to introns [42] [43]. hnRNP also controls splicing positively and/or negatively according to the partic-
ular pre-mRNA it is associated with [43] [44].

SRSF1 (also celled SF2/ASF), a member of the SR family, affects the alternative splicing of various targets,
including the proto-oncogene RON. SRSF1 promotes the skipping of RON exon 11, which results in cell motili-
ty and invasion [45]. SRSF1 promotes the expression of anti-apoptotic isoforms which cannot interact with pro-
apoptotic factors or inhibit the action of pro-apoptotic factors such as MYC [46]. BIM belongs to the BCL2
family and promotes apoptosis by inhibiting anti-apoptotic BCL2 family members [47]. BIN1 interacts with
MYC and promotes apoptosis. Overexpression of SRSF1 promotes the expression of two BIM isoforms, called
y1 and y2, lacking exon 2 and 3, and BIN1 lacking exon 13 [46]. An increase in BIM y1, which lacks pro-apop-
totic activity, and a decrease in exon 13-containing BIN1, which has lost its interaction with MY C, contribute to
the SRSF1-induced phenotype. In short, SRSF1 regulates apoptosis by promoting the expression of BIN1 and
BIM isoforms lacking pro-apoptotic activity.

hnRNP L, a member of the hnRNP family, regulates splicing in a position-dependent manner. hnRNP L was
initially discovered as a splicing activator of the human eNOS. It binds to the CA-repeat region of the intron up-
stream of exon 13 [48]. However, two reports have shown that hnRNP L represses alternative splicing by com-
peting with U2AF for intron binding close to the 3’ splice site, as demonstrated for the TIP1 [49] [50]. Thus,
hnRNP L represses the splicing of alternative exons when it is bound to intronic regions upstream of these exons,
and activates splicing when it is bound to intronic regions downstream of alternative exons [51].

In the forskolin/protein kinase A pathway, hnRNP K binds to the KARRE element upstream of the 3’ splice
site. This binding functions to repress exon 5a of Snap25 and competes with the binding of U2AF to the 3’
splice site. hnRNP K also controls splicing of genes related to neurological diseases, such as Runx1 [52].

In humans, more than 90% of transcripts undergo alternative splicing. It is precisely controlled, according to
the required tissue and organ function. Mutations in SREs affecting alternative splicing cause human genetic
diseases and cancers [53]. Overall, 15% - 50% of genetic diseases are caused by aberrant splicing [54]. One
example is Alzheimer’s disease. HMGALla, originally described as an oncogene product, has a high affinity for
presenilin2 (PS2) pre-mRNA, but its binding results in aberrant splicing that produces mRNA lacking exon 5
(PS2V). PS2V, the protein product of this aberrant splicing, accumulates in the brain of people with Alzheimer’s
disease, and can cause cell death [55] [56].

In addition to cis- and trans-acting factors, chromatin modification and transcription rate have also been sug-
gested to regulate alternative splicing [53]. The precise regulation of alternative splicing is still not fully unders-
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tood; advances in our understanding will inform on the mechanisms of gene regulation and help to develop the-
rapeutic strategies for human disease.

3.3. Alternative Polyadenylation

Alternative polyadenylation (APA) is a phenomenon that produces multiple isoforms of MRNA because of the
existence of multiple polyadenylation sites in one gene. APA often controls the fate of mRNA by diversifying
the length of the mMRNA 3” UTR. A longer 3° UTR is considered to have more cis-elements and therefore have a
chance for regulating the mRNA stability (see chapter 3-5 in detail).

Recent genome-wide analyses have revealed that APA is observed widely throughout the genome, and that its
pattern varies according to developmental stage and tissue organization [57] [58]. In Drosophila, mMRNAs in the
central nervous system tend to have longer 3’ UTRs, whereas those in the testis have shorter 3° UTRs [59]. An
extended 3° UTR is common among transcription factors and RNA-binding proteins, suggesting a relationship
with auto- and post-transcriptional regulation. Ongoing studies are attempting to identify consensus sequences
for APA and reveal the mechanistic details.

3.4. Gene Regulation via mRNA Export

Gene regulation by mRNA export is frequently observed in retroviruses such as human immunodeficiency virus
type 1 (HIV-1). HIV-1 possesses a single promoter in its genome and produces just one primary transcript. How-
ever, it produces more than 40 multiple MRNA isoforms by alternative splicing. In the early phase, the HIV-1
primary transcript, encoding the Rev protein, is exported into the cytoplasm in a splicing-dependent manner
(Figure 4). The Rev protein is translocated into the nucleus, where it is translated in the early phase [60] [61].
The Rev protein binds to the Rev response element (RRE) in the primary transcript [62]. Then, CRM1, an RNA
export receptor, recognizes the nuclear export signal in Rev and binds to the primary transcript via Rev proteins
[63]. This results in the export of the HIV-1 primary transcript to the cytoplasm via the CRM1-dependent
mRNA export pathway. When Rev is bound to the RRE, Rev also interacts with CBP, thus suppressing the re-
cruitment of the TREX components and the TAP-dependent mRNA export pathway [64].
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Figure 4. Strategy to export alternatively spliced mRNAs of
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in an intron of primary transcript of HIV-1. The nuclear ex-
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TAP controls its expression level by regulating its own mRNA export by a process similar to the “CTE sys-
tem” in Mason-Pfizer Monkey Virus (MPMV) [65]. MPMV is a retrovirus whose gene expression is regulated
by its RNA element, the constitutive transport element (CTE). The CTE is directly recognized and bound by
TAP, so mRNA containing a CTE is efficiently exported into the cytoplasm [66], even in an intron-containing
form [67]-[70]. Li et al. found that intron 10 of TAP contained an element similar to the CTE found in MPMV
and its relatives, which was directly recognized by TAP [65]. When excessive TAP is expressed by chance, sa-
turated TAP directly recognizes and binds the CTE, which results in export of TAP mRNA in an intron-con-
taining form. TAP mRNA in an intron-containing form is likely to be degraded by nonsense-mediated decay,
providing a mechanism for auto-regulation.

Recent research has revealed that gene regulation via mMRNA export may be more important than previously
recognized. GANP is known to promote TAP-dependent mRNA export [71]. Now it has been shown that GANP
promotes mRNAs that are highly expressed, short-lived, and highly enriched in central components of the gene
expression machineries [72]. It is suggested that GANP enables rapid changes in gene expression by facilitating
nuclear export of specific classes of MRNA, by bridging target genes and the nuclear pore.

3.5. Half-Life of mRNA

Some genes regulate their expression level by controlling their mMRNA half-life. mMRNA with a shorter half-life
results in lower protein expression level because of reduced translation; this system is frequently found in fac-
tors related to the cell cycle, development, and immune responses. Such mRNAs usually have cis-elements in
their 3’ UTR, including an AU-rich element (ARE) and/or target sites for micro RNAs (miRNAS).

mRNAs containing an ARE tend to be rapidly degraded because the poly-A tail is quickly shortened. AREs
are classified into three types according to their sequence, which determines the degradation pathway taken [73]
[74]: class | has one to three repeats of “AUUUA”; class 1l has multiple repeats of “AUUUA”, and class Il has
an A-and-U cluster without any repeats of “AUUUA”. ARE-binding proteins (AUBPs) also determine mRNA
fate. There are many AUBPSs, such as tristetraprolin (TTP), BRF1, AUF1, the Hu protein family, and ataxin 2.
TTP, BRF1, and AUF1 destabilize ARE-containing mRNAs, while the Hu protein family and ataxin 2 stabilize
them [75]-[80].

Class Il AREs are recognized and bound by TTP. Mice deficient in TTP develop complicated immunological
disease soon after birth because stabilization of MRNAs containing class 1l ARES results in excess expression of
TNFa, a major regulator of the immune system, whose mRNA contains a class Il ARE [76]. TTP is known to be
required for deadenylation, and details of its destabilization mechanism are now emerging. TTP contains a zinc
finger CCCH domain and directly binds to mMRNAs via their ARE [81] [82]. However, TTP also binds to the
CCR4-NOT multi-functional complex via its subunit, NOT1 [83]. NOT1 recruits the deadenylases Cafl and
CCR4, which results in deadenylation of mMRNA containing a class Il ARE [84].

miRNAs are small RNAs approximately 22 nt long that regulate gene expression post-transcriptionally via
RNA silencing. Most of miRNAs are transcribed as primary miRNA (pri-miRNA) by polll in the nucleus, and
has a 5’ cap, poly-A tail, and local hairpin structure [85]-[87]. The nuclear RNAse Ill Drosha and its essential
cofactor DGCRS8 crop unnecessary stem-loops and single-stranded RNA to form pre-miRNA. After processing,
the pre-miRNA is exported to the cytoplasm by exportin 5 with RanGTP, where it is processed by Dicer, and
loaded onto Argonaute (AGO) protein to form the RNA-induced silencing complex (RISC). miRNA induces
translational repression and/or mRNA degradation by the binding to 3 UTRs. The RISC recognizes the target
mRNA by being guided by a mostly complementary miRNA sequence. More than 1000 miRNAs have been
identified, implying that the expression of more than 5% of mRNAs is affected by miRNAs [88]. In fact, micro-
array data have suggested that almost one third of mRNAs are potential targets for miRNAs, suggesting that this
represents a global function rather than a “fine-tuning” mechanism. There appear to be at least two mechanisms
for miRNA-mediated gene regulation—initiation-dependent and initiation-independent [87]—but the exact me-
chanisms are still to be elucidated.

It has also been reported that miRNAs participate in the degradation of ARE-containing mRNAs. Qing et al.
showed that components of the RISC such as AGO and miR16 are required for destabilization of ARE-con-
taining mRNA [89]. Interestingly, TTP is also required for this pathway. Because of its apparent importance,
uncovering these mechanisms will lead to advances in the understanding of human diseases and developmental
processes.

O,
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4. Conclusion

Gene regulation is a complex process. The regulation steps include transcription, mMRNA processing, mMRNA
transport and translocation, translation, protein activation and mRNA half-life control. In capping, methylation
step is regulated by feedback loop. The meaning of methylation at first and second nucleotide, however, is un-
clear. In splicing, the selection of each exon is an important step for the different types of protein expression. SR
proteins and hnRNPs play important roles for the splice site selection. In APA, selection of APA site determines
the MRNA half-life. Specific sequence located mostly at 3° UTR is the target site for AUBPs as well as miRNAs
and regulates the stability of mRNA. Output of multiple gene regulations results in specific expression pattern
and determines the cell specific phenotype.
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