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Abstract

A large number of mutations in genes that encode RNA binding proteins cause human disease. 

Many of these RNA binding proteins mediate key steps in post-transcriptional regulation of gene 

expression from mRNA processing to eventual decay in the cytoplasm. Surprisingly, these RNA 

binding proteins, which are ubiquitously expressed and play fundamental roles in gene expression, 

are often altered in tissue-specific disease. Mutations linked to disease impact nearly every post-

transcriptional processing step and cause diverse disease phenotypes in a variety of specific 

tissues. This review summarizes steps in post-transcriptional regulation of gene expression that 

have been linked to disease providing specific examples of some of the many genes affected. 

Finally, recent advances that hold promise for treatment of some of these diseases are presented.
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Introduction

While all cells in the human body contain the same DNA blueprint, the differential 

expression of those genes confers distinct functional properties to each cell type. While 

much of this differential gene expression is achieved at the level of gene-specific 

transcription, there are numerous post-transcriptional events that also contribute to the cell-

specific expression patterns, which dictate function. Much of this post-transcriptional 

regulation of gene expression occurs through the action of RNA binding proteins and 

processing factors that associate with RNAs from the initiation of transcription to the 

eventual death of the RNA in the cytoplasm [1]. Here we focus on RNA binding proteins/

Mailing Addresses for Corresponding Author: Anita H. Corbett, acorbe2@emory.edu, Department of Biology, RRC 1021, 1510 
Clifton Road., NE, Atlanta, GA 30322. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of interest
The author declares that there are no conflicts of interest.

HHS Public Access
Author manuscript
Curr Opin Cell Biol. Author manuscript; available in PMC 2019 June 01.

Published in final edited form as:
Curr Opin Cell Biol. 2018 June ; 52: 96–104. doi:10.1016/j.ceb.2018.02.011.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



processing factors that mediate post-transcriptional regulation of gene expression and thus 

primarily interact with mRNA.

Given that the various steps in the production and eventual translation of mRNAs are critical 

in all cells types, the identification of a large number of mutations encoding these proteins 

that confer tissue-specific disease phenotypes and pathology is surprising [2]. In fact, 

analysis of gene expression data suggests that only 6% of RNA binding proteins are 

expressed in a tissue-specific manner [3] meaning that the vast majority of RNA binding 

proteins are ubiquitously expressed. As the majority of RNA binding proteins are not 

expressed in a tissue-specific manner, tissue-specific disease phenotypes that arise when 

RNA binding protein function is altered must reflect some critical function of that particular 

protein or process within that tissue [2]. Alternatively, there could be properties of that tissue 

that make it susceptible to altered RNA binding protein function.

Post-transcriptional steps in gene expression

Following transcription within the nucleus, a series of conserved processing steps is required 

to produce mature mRNA competent for translation in the cytoplasm (Figure 1). These 

nuclear processing steps include 5′-end capping to generate a 7-methylguanosine cap, 

splicing out of introns, and 3′-end cleavage/polyadenylation to create a mature, 

polyadenylated mRNA. Nuclear processing events are mediated by a myriad of RNA 

binding proteins that associate with the nascent mRNA as soon as the 5′-end emerges from 

RNA polymerase II [4]. These RNA binding proteins contribute to packaging the RNA into 

an mRNP complex competent for export to the cytoplasm [4]. Export is achieved through 

the action of specific mRNA export receptors that mediate interactions with the nuclear pore 

complex [5]. Remodeling of the mRNP complex at the cytoplasmic face of the nuclear pore 

provides directionality to this movement through the pore [6,7]. Once in the cytoplasm, the 

mRNA can be translated to protein, stored in cytoplasmic bodies for future translation, 

localized to specific regions of the cell, or targeted for decay [8–11]. All these steps are 

fundamental to achieve gene expression and support diverse cellular functions.

RNA binding proteins/processing factors linked to human disease

5′-end capping

The machinery required to produce the 7-methylguanosine cap and append this cap to the 

5′-end of a nascent mRNA transcript is essential and highly conserved through evolution 

[12]. Thus far, mutations in genes that encode components of this machinery have not been 

linked to disease. However, mutation of the DCPS gene, which encodes a scavenger 

decapping enzyme that plays a critical role in turnover of the free m7GpppN cap produced 

when mRNAs are degraded in the cytoplasm [13] have been reported [14].

The mutation identified in the DCPS gene, which is described in a single family (OMIM 

610534), alters the first splice donor site in exon 1 of the DCPS gene resulting in the absence 

of the major DCPS isoform [14]. The affected individuals are homozygous for this mutation 

and show no detectable DCPS enzymatic activity [14]. Clinical symptoms include 

congenital muscle hypotonia, craniofacial abnormalities, and developmental delays. Thus, 
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this autosomal recessive disorder may represent a case where there is rather broad tissue 

involvement typical of what might be expected for the loss of critical post-transcriptional 

regulatory factors.

As DCPS functions at the step of mRNA turnover [15], the nuclear production of the 5′-end 

of a mature mRNA is one-step in post-transcriptional regulation of gene expression for 

which no mutations that directly impair critical steps in the pathway have been defined. 

Perhaps any perturbation of this initial step in the production of mRNA is incompatible with 

life or, alternatively, mutations that directly affect this process have simply not yet been 

identified.

Pre-mRNA splicing

The removal of introns to produce mature mRNA transcripts is mediated by a large 

macromolecular complex termed the spliceosome in cooperation with a number of 

additional factors required for alternative splicing and regulation [16]. The spliceosome 

coordinates a series of steps that are mediated by small nuclear ribonucleoprotein complexes 

termed the U1, U2, U4, U5, and U6 snRNPs [17]. Mutations in a number of genes that 

encode splicing machinery have been linked to human disease [2]. Some of these mutations 

occur in components of the primary splicing machinery while others impact alternative 

splicing factors.

Recently, mutations in the SF3B1 gene, which encodes subunit 1 of the splicing factor 3b 

protein complex [18,19], have been linked to a cancer syndrome termed myelodysplastic 

syndrome [20](OMIM 605590) as well as some other solid tumors [21,22]. Splicing factor 

3b, together with splicing factor 3a and a 12S RNA unit, form the U2 snRNP [23]. Splicing 

factor 3b is also a component of the minor U12-type spliceosome [24]. In addition to 

mutations in SF3B1, mutations in other splicing factor genes including SRSF2, U2AF1 and 

ZRSR2 have also been identified in myelodysplastic syndrome [25] and some other cancers 

[22].

Myelodysplastic syndromes (OMIM # 614286) are a group of cancers in which immature 

blood cells in the bone marrow do not mature into healthy blood cells [26]. Studies have 

been performed to identify target RNAs that are aberrantly spliced that could explain the 

pathophysiology of these syndromes [22]. Recently resolved structures of the spliceosome 

complex bound to target RNAs [27,28] allow speculation that the mutational hot spots 

associated with disease could be in regions critical for interactions with target RNA [29]. An 

emerging model for disease suggests that some of the altered splicing factors could favor use 

of alternative splice sites generating aberrant transcripts that contribute to pathology [22]. 

Why these changes would preferentially impact a subset of cell types and tissues is not yet 

clear.

In addition to mutations within core splicing components, there are additional disease 

mechanisms that can contribute to alterations in splicing or alternative splicing. One such 

example is the case of myotonic dystrophy [30]. While myotonic dystrophy is a multi-

system disease, the primary symptom is muscle atrophy with weakness of skeletal and 

respiratory muscles [31]. Myotonic dystrophy type 1 (DM1; OMIM #160900) arises from an 

Corbett Page 3

Curr Opin Cell Biol. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expansion of CTG repeats in the 3′UTR of the dystrophia myotonica protein kinase 

(DMPK) gene (Figure 2). The disease phenotypes arises not from an effect of these repeats 

on the function of DMPK but rather because the repeats encode a toxic RNA that forms a 

hairpin structure [31], which sequesters key splicing factors [32]. Among these splicing 

factors, is the muscleblind (MBNL) family of proteins [33]. Studies have defined a number 

of genes that are critical for proper muscle function that show aberrant splicing when 

muscleblind function is impaired including the skeletal muscle chloride channel CIC-1 [34], 

which could provide some insight into why muscle is preferentially affected in this disease.

As the toxic species in DM1 is the RNA produced, researchers have been creative in 

developing potential therapies to treat this disease [35]. There have been efforts to identify 

small molecule therapeutics to target the toxic RNA using a variety of approaches [36] 

including disrupting the RNA hairpin that forms and decreasing expression of the DMPK 
gene. Given that the expansion of the CTG repeats in DMPK occur in a region of the 

genome that does not appear to have a critical function, a number of studies have deployed 

CRISPR/Cas9 editing to eliminate the encoded toxic RNA [37–39] or even adapted Cas9 

(RCas9) to directly target and eliminate the toxic RNA [40]. As illustrated in Figure 2 

(Myotonic Dystrophy), the approach of targeting the toxic RNA directly has the advantage 

of not altering the genome thus eliminating some concerns about off target effects. 

Importantly, this study demonstrated that a variety of triplet repeat encoded RNAs could be 

targeted by RCas9 [40] opening the door to a general treatment strategy. With respect to 

treatment of DM1, how these methods, thus far validated in isolated patient cells as well as 

primary cells and cell lines, could be extended into the large, multinucleated muscle cells 

that comprise the effected tissue in DM1 patients remains to be determined. At this juncture, 

AAV-mediated delivery appears to be the most feasible option but challenges remain 

particularly for delivery into multinucleated muscle cells.

3′-end cleavage and polyadenylation

Generation of a mature eukaryotic mRNA includes a 3′-end cleavage event to generate the 

end of the RNA followed by coupled polyadenylation to produce a poly(A) tail that is 

critical for export, translation, and stability [41]. A number of mutations that cause disease 

have been mapped to genes that encode critical components of 3′-end cleavage/

polyadenylation [2,42,43]. As with other post-transcriptional processing factors, these 

diseases often present with tissue-specific pathology.

Mutations in the PABPN1 gene, which encodes a ubiquitously expressed, nuclear poly(A) 

RNA binding protein [42], cause a form of muscular dystrophy termed oculopharyngeal 

muscular dystrophy (OPMD) (OMIM # 164300) [44]. OPMD is a late onset disease where 

symptoms most commonly manifest in the 5th or 6th decade of life [45]. A subset of skeletal 

muscles including the pharyngeal and eyelid muscles are most impacted with weakness also 

noted in proximal limb muscles [46]. Thus, not only does the disease predominantly affect a 

single tissue type, muscle, a subset of muscles is affected.

The mutation in the PABPN1 gene that causes OPMD consists of a very modest expansion 

of a GCG triplet repeat in the first exon of the gene [44]. The most common disease-causing 

mutation is a 9-base expansion that increases an existing ten-alanine tract to 13 alanines 
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meaning that the addition of a mere three additional alanines to an existing stretch of ten 

alanines causes disease [42]. Furthermore, OPMD is typically inherited in an autosomal 

dominant pattern [45] so this expansion occurs within a single PABPN1 allele causing 

pathology in a dominant manner.

Several mechanisms by which alanine-expanded PABPN1 could confer pathology in skeletal 

muscle have been proposed [42,47,48]. As a hallmark of OPMD is the presence of nuclear 

aggregates of the alanine-expanded PABPN1, most models have suggested that toxic 

aggregates underlie pathology [47]. However, recent studies that show that PABPN1 levels 

are very low in skeletal muscle as compared to other unaffected tissues [49] would seem 

counter to this model. If toxic aggregates were the sole cause of disease, then tissues with 

higher levels of PABPN1 expression would seem to be most vulnerable to disease. 

Furthermore, there is a report that PABPN1 levels decline with age [50]. As OPMD is a late 

onset disease [45], this observation would be consistent with a model where low levels of 

PABPN1 confer disease susceptibility. Potentially, a complex mechanism where aggregation 

of PABPN1 leads to a functional depletion of PABPN1 could explain the tissue-specific 

nature of the disease. In fact, muscles most impacted in OPMD have even lower levels of 

PABPN1 than muscles that are not impacted in disease [49]. These studies emphasize the 

importance of studies in the tissue impacted in disease to develop models [51] that could 

explain the tissue-specific nature of disease.

Export of mRNA to the cytoplasm

Once mRNA processing is completed in the nucleus, the mature mRNP complex is targeted 

to the nuclear pore for export. While a number of conditions have been linked to mutations 

in the genes encoding the nuclear pore proteins that comprise the nuclear pore [52], there are 

less clear cases of genetic disease links specifically to the mRNA export machinery [53]. 

However, mutations in human GLE1 cause a very severe condition termed lethal congenital 

contracture syndrome 1 (LCCS1) (OMIM # 253310) that results in death of the fetus [54]. 

This condition causes lack of anterior horn motoneurons as well as severe atrophy of the 

ventral spinal cord [55,56]. The disease is inherited in an autosomal recessive manner and 

was identified in a Finnish population where the most common mutation is an A->G base 

change located in the 3rd intron of GLE1, which creates an aberrant splice acceptor site 

introducing an insertion of three amino acids (PFQ) within a coiled-coil region of the protein 

[54].

The GLE1 gene encodes an evolutionarily conserved mRNA export factor that was 

originally identified and characterized in budding yeast [57]. Studies in budding yeast have 

identified a key role for Gle1 in mediating a critical remodeling step at the cytoplasmic face 

of the nuclear pore to deliver mRNA to the cytoplasm [58]. Subsequent studies exploiting a 

zebrafish model to assess the tissues impacted by mutations in GLE1 suggest that the defects 

in mRNA export have broad affects across organs that manifest as the loss of motor neurons 

[59]. Mutations in GLE1 are highly pleotropic with effects observed in multiple tissues and 

organs [56]. Thus, mRNA export may be one of the steps in post-transcriptional regulation 

of gene expression that is most sensitive to alterations.
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mRNP assembly/mRNA localization

Once mRNA is exported from the nucleus to the cytoplasm, the mRNA can be translated, 

stored, targeted for decay, or localized to specific subcellular regions [9]. Which of these 

fates awaits an exported mRNA is dictated by the complement of associated RNA binding 

proteins starting from the moment of transcription in the nucleus until the mRNA reaches 

the cytoplasm. The composition of the mRNP complex is dynamic over the life of the 

mRNA facilitating distinct steps in the gene expression pathway [4]. Among the most 

critical steps to achieve proper cellular function is the localization of a subset of mRNAs. In 

particular, neurons require very precise spatial and temporal gene expression to support 

neuronal activity [60–62].

Among the proteins critical for the proper assembly and hence fate of mRNPs is the Survival 

of Motor Neuron (SMN) protein [63,64], which in humans is encoded by both SMN1 and 

SMN2 [65,66]. Mutations that lead to loss of function of the SMN1 gene cause Spinal 

Muscular Atrophy (SMA) (OMIM 253300) [66], which is inherited in an autosomal 

recessive manner. SMA is a neuromuscular disease where patients lose the function of motor 

neurons and suffer from muscle wasting that can result in early death. A single C->T 

transition within exon 7 of SMN2 compared to SMN1 leads to exclusion of exon 7 in the 

resulting SMN2 transcript, which results in a much lower steady-state level of SMN2 protein 

relative to SMN1 [67]. In normal individuals, the SMN1 gene provides sufficient function; 

however, in SMA, where SMN1 is lost, the level of functional SMN2 is not sufficient to 

support the survival of motor neurons [68].

The SMN protein localizes to sub-nuclear bodies called gems, which are proximal to coiled 

bodies that contain high concentrations of small ribonucleoproteins (snRNPs) [69]. Based on 

interactions with the gemin proteins that comprise gems as well as interactions with 

snRNPs, the SMN proteins were first implicated in assembly of spliceosome components 

[64]. However, why the defects in splicing that would seem likely to result from defective 

assembly of the spliceosome would cause pathology primarily in motor neurons was unclear 

[70]. Recent studies have uncovered more general roles for SMN in both mRNP assembly 

and mRNP localization that could explain the loss of motor neurons [63]. As the cells that 

may depend most on proper transport of mRNA transcripts to distal locations, this cell type 

could be most susceptible to loss of SMN function. While dissecting the possible 

contributions of defects in splicing and mRNP assembly/localization to SMA remains an 

area of intense focus [70], there have been major advances in using antisense 

oligonucleotide-based technology [71,72] to modulate splicing of the SMN2 gene in SMA 

patients (Figure 2) and thus raise the level of functional SMN protein. This treatment, called 

nusinersen or Spinraza®, relies on many years of important fundamental studies to define 

pathways for splicing and alternative splicing that have now been harnessed to improve the 

quality of life for those individuals living with SMA.

Translation—Once mRNAs are transported to the cytoplasm and properly localized, they 

interface with ribosomes to direct protein synthesis.
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While the process of translation is essential for all tissues, there are some cell types where 

spatial and temporal control of translation is particularly critical [62,73]. This control can be 

achieved by specific localization of RNAs and/or through regulated, local translation.

The Fragile X Mental Retardation Protein (FMRP), which is encoded by the FMR1 gene 

[74], is an RNA binding protein that regulates translation through multiple mechanisms [75]. 

Although FMRP is ubiquitously expressed [76], loss of expression of FMR1 causes Fragile 

X Syndrome (FXS) (OMIM # 300624), which is the most common form of inherited 

intellectual disability as well as the most prevalent single-gene cause of autism spectrum 

disorder (ASD). The most common mechanism leading to loss of FMRP expression is 

expansion of a CGG repeat in the promoter of FMR1, which causes DNA methylation and 

silencing [77]. FMRP typically functions as a translational repressor [78]; however, studies 

suggest that pathophysiology in FXS results from not from the modest increase in steady-

state levels of FMRP-regulated targets but rather from an inability of neurons to achieve 

regulated local translation particularly in response to stimuli [75]. This need for exquisite 

regulation of local translation for proper neuronal function likely explains why loss of 

FMRP causes neurological disease.

There is evidence to support several modes by which FMRP can regulate translation. The 

most heavily regulated step in translation is initiation where the mRNA cap is recognized by 

translation initiation factors that recruit the 40S ribosomal subunit [73]. Indeed, FMRP 

interacts with mRNA cap binding protein and other factors to regulate translation initiation 

[75]. However, recent studies mapped FMRP binding within gene bodies and identified 

interactions with translating ribosomes [79], consistent with studies that identified FMRP in 

polysome fractions [75]. These data support a model where FMRP functions as a negative 

regulator of elongation. This model was recently tested in elegant experiments that show that 

mouse forebrain lysates lacking FMRP show a 40–50% increase in the rate of elongation 

compared to control lysate [80]. To further complicate matters, FMRP can also regulate 

translation through interaction with miRNAs [75].

A major challenge for developing treatments for FXS is the identification of the mis-

regulated FMRP target RNAs that contribute to pathology [75]. A number of pathways have 

been identified that show altered function in FXS models [81]. However, various attempts to 

define the spectrum of FMRP-regulated RNAs have not yet yielded a consensus set of target 

transcripts or particular insight into what defines an FMRP target RNA. An in vitro RNA 

selection approach identified G-quartet-containing RNAs as potential FMRP targets [75], 

but attempts to validate these findings via UV-crosslinking approaches have not been 

successful. Thus, many questions persist about how FMRP recognizes and regulates the 

translation of key target mRNAs.

mRNA decay/processing

At the end of their useful lifespan, mRNAs are turned over through specific decay pathways 

[11]. These decay pathways can also play critical regulatory roles. Indeed, some of the RNA 

decay machinery also contributes to essential steps in precise RNA processing. Cells have a 

variety of evolutionarily conserved RNA decay pathways and mechanisms [11]. One of the 

RNA decay machines that contributes to much of cellular RNA decay is the RNA exosome 
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complex. The RNA exosome is a multi-subunit 3′-5′ exonuclease that both processes and 

destroys numerous classes of RNAs including mRNAs [82].

The RNA exosome complex consists of ten highly conserved subunits that were originally 

identified and have been studied most extensively in budding yeast [82]. The subunits are 

arranged into a three subunit cap (EXOSC1, EXOSC2, EXOSC3), a six subunit central core 

(EXOSC4, EXOSC5, EXOSC6, EXOSC7, EXOSC8, EXOSC9), and an active 3′-5′ 
exonuclease (DIS3) located at the base of the complex [82]. The corresponding genes in 

budding yeast, which are termed RRP genes based on their original identification in screens 

for ribosomal RNA processing mutants [83], are all essential for cell viability [84]. Given 

that these genes are all essential in yeast, it was surprising when the cause of an autosomal 

recessive, neurodevelopmental disorder, Pontocerebellar Hypoplasia Type 1b (PCH1b) 

(OMIM # 614678) was mapped to the EXOSC3 gene [85]. In fact, disease mutations have 

now been mapped to genes encoding four of the nine structural exosome subunits (EXOSC2, 

3, 8, and 9) [84].

While the structure and function of the RNA exosome have been defined in elegant studies 

of this large complex [82,86], there is little information about any tissue-specific functions 

of this machine, which plays critical roles in both RNA decay and RNA processing. Thus, 

why mutations in several RNA exosome subunit genes cause pathology in specific regions of 

the brain is not at all clear. While the number of patients with mutations in EXOSC genes 

remain relatively small [84], EXOSC3, EXOSC8 (OMIM # 616081), and EXOSC9 
mutations all cause cerebellar atrophy [85,87,88] suggesting that the cerebellum could be 

particularly vulnerable to altered RNA exosome function. Surprisingly, mutations in the 

EXOSC2 gene cause a distinct syndrome (OMIM # 617763) with pleiotropic effects in a 

variety of tissues where pathology includes retinitis pigmentosa, progressive hearing loss, 

premature ageing and mild intellectual disability [89]. How changes in specific subunits of 

the RNA exosome could lead to distinct consequences is not at all clear. Notably, the RNA 

exosome gene mutations that cause disease do not cause complete loss of function but rather 

single amino acid substitutions [84]. A combined approach of defining how these disease-

causing amino acid substitutions alter the function of the RNA exosome and exploring 

requirements for RNA exosome function in specific tissues will be required to define the 

mechanisms that underlie pathophysiology in RNA exosome-linked disease.

Conclusions

The specific examples described here represent a small fraction of the RNA binding proteins 

that mediate critical steps in post-transcriptional regulation of gene expression, which are 

implicated in human disease [3]. Defining the complex functions of such proteins is 

challenging because many play multiple roles within the post-transcriptional processing 

pathway. To understand the nature of tissue-specific pathology, studies are required both to 

define basic mechanisms and to understand the requirements to support normal function in 

different tissues and cell types. As with the development of nusinersen/Spinraza® to treat 

SMA [71,72], there are exciting examples where years of fundamental research have now 

culminated in treatment regimens that are transforming the lives of patients.
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Figure 1. 
Mutations in genes encoding components of post-transcriptional processing cause tissue-

specific human disease. A schematic (left) illustrating steps (center) in post-transcriptional 

regulation of gene expression is shown highlighting the post-transcriptional regulatory 

factors that are altered in disease and described in this review (center). The right side of the 

schematic shows the diverse tissues that are affected when genes encoding these factors are 

mutated in disease. Left, processing of the mRNA (red) begins co-transcriptionally with the 

addition of an mRNA cap (5′ capping), splicing to remove introns (Pre-mRNA splicing), 
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and 3′ end cleavage/polyadenylation. The simplified schematic shows a small number of 

RNA binding proteins that associate with the mRNA to form an export-competent mRNA 

ribonucleoprotein (mRNP) complex that is exported through the nuclear pore to the 

cytoplasm (mRNA export). In the cytoplasm, the mRNP can undergo remodeling but the 

RNA binding proteins assembled into the mRNA within the nucleus can also dictate the 

cytoplasmic fate of mRNA. The mRNA can undergo specific localization (Assembly/
localization), can be translated (Translation), or can undergo regulated decay (5′ cap 
turnover/RNA decay). Here, a small subset of diseases that result from altered function of 

post-transcriptional regulators of gene expression is illustrated: Muscleblind (MBNL) is one 

alternative splicing factor sequestered in Myotonic Dystrophy type 1; SF3B1 is one of 

several splicing factors that is mutated in myelodysplastic syndrome (MDS), a cancer 

syndrome of the blood; the nuclear poly(A) RNA binding protein PABPN1 is altered in 

oculopharyngeal muscular dystrophy (OPMD); the mRNA export factor, GLE1 is altered in 

lethal congenital contracture syndrome 1 (LCCS1) causing loss of motor neurons; the 

mRNA chaperone protein SMN1 is lost in spinal muscular atrophy (SMA); a key regulator 

of translation, the fragile X mental retardation protein (FMRP) is lost in fragile X syndrome 

(FXS); and components of mRNA decay and processing including: the DCPS protein, which 

mediates turnover of the 5′ cap linked to an inherited form of intellectual disability (ID); 

and the RNA exosome, which mediates both RNA decay and precise RNA processing, has 

been linked to multiple diseases including pontocerebellar hypoplasia (PCH). See the text 

for details and references.
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Figure 2. 
Targeting post-transcriptional processing for therapy. Myotonic Dystrophy (top). As 

described in the text, several approaches have been employed to target the triplet expansion 

that encodes a toxic mRNA species in myotonic dystrophy. In this Disease, the Normal 

3′UTR of the DMPK gene undergoes a CTG triplet expansion that produces a toxic RNA, 

which sequesters multiple alternative splicing factors including muscleblind (MBNL) 

causing Defective Splicing. In one of several recent approaches to restore function, Batra et 
al. [40] adapted Cas9 for cleavage of RNA to produce an RCas9 that could directly target the 

toxic RNA species and liberate the sequestered alternative splicing factors to allow 

Restoration of Splicing. This proof of principle result, together with others that involve 

genome editing described in more detail in the text, provides potential for future therapeutic 

approaches. However, muscle cells, which are very large and multi-nucleated, may represent 

a particularly challenging target tissue for delivery and implementation. Spinal Muscular 
Atrophy (bottom). Many years of important fundamental studies to define the function of 

alternative splicing factors together with more recent translational work have culminated in 

the development of and FDA approval of nusinersen/Spinraza® to treat SMA. As described 
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in the text, the human genome encodes two nearly identical SMN genes SMN1 and SMN2. 

In Normal individuals, the SMN1 gene is highly expressed providing the majority of the 

SMN protein, which is required to support proper motor neuron function. In the SMA 

Disease state, a mutation in the SMN1 gene leads to loss of expression of SMN1 and 

individuals who live with this disease depend on the pool of SMN2 protein, which is not 

sufficient to support proper motor neuron function (Spinal Muscular Atrophy). The 

nusinersen/Spinraza® treatment relies on the fact that the low levels of SMN2 result from an 

alternative splicing event that normally causes exclusion of exon 7 in SMN2 that underlies 

the low steady-state amount of SMN2 protein produced. An antisense oligonucleotide 

(ASO) was developed and weaponized [71] to block this alternative splicing event and 

increase the steady-state level of SMN2 protein. The increase in SMN2 protein allows a 

Restoration of Function and thus hope for individuals who live with SMA.

Corbett Page 17

Curr Opin Cell Biol. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Post-transcriptional steps in gene expression
	RNA binding proteins/processing factors linked to human disease
	5′-end capping
	Pre-mRNA splicing
	3′-end cleavage and polyadenylation
	Export of mRNA to the cytoplasm
	mRNP assembly/mRNA localization
	Translation

	mRNA decay/processing

	Conclusions
	References
	Figure 1
	Figure 2

