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ABSTRACT: The Mechanisms by Which MBNL1 and MBNL2 Separate their 

Alternative-Splicing Functions.

Rebecca Roha

Alternative  splicing  factors  regulate  alternative  exon  repression  or 

activation  which  allows  one  pre-mRNA to  code  for  multiple  protein  isoforms. 

MBNL is a family of alternative splicing factors that is sequestered in myotonic 

dystrophy patients. MBNL1 and MBNL2 are highly similar proteins in the MBNL 

family, but knock-out of each protein in mouse has a different phenotype. The 

goal of this work is to study how MBNL1 and MBNL2 separate their alternative 

splicing  functions.  MBNL1  and  MBNL2-dependent  splicing  was  studied  using 

splicing sensitive microarrays and RT-PCR of MBNL1 KO and MBNL2 KO mouse 

embryonic fibroblasts. Examples are shown of splicing events where MBNL1 and 

MBNL2 have unique contributions to alternative splicing are identified, as well as 

splicing  events  where  MBNL1 and  MBNL2 are  dually-required.  An  example  of 

threshold-dependent  alternative  splicing  was  discovered.  Preliminary  evidence 

suggests  that  auto-regulated  exon  5  of  MBNL2 could  have  a  role  in  splicing 

regulation. 
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INTRODUCTION

Alternative Splicing Creates Protein Diversity

Human genes typically  contain  many long segments of  DNA which are 

transcribed and included in  the pre-mRNA but are removed from the mature 

mRNA in a process called splicing. The majority  of genes undergo alternative 

splicing,  a  process  that  forms  multiple  splicing  isoforms  containing  a  unique 

combination of protein-coding nucleotide segments, exons, in the mature mRNA. 

Recent sequencing data shows that alternative splicing is very common, possibly 

occurring in mRNA from up to 90% of human genes1. Alternative splicing's effect 

on protein product can be dramatic- different isoforms of the same gene can 

have  different  functions,  localizations,  solubility,  etc.  In  addition,  alternative 

splicing acts  as  a  molecular  switch  during development  in  processes  like  sex 

determination, apoptosis and muscle contraction2. 

Constitutive exons are by definition always included in the mature mRNA; 

the  inclusion  of  alternative  exons  in  the  mature  mRNA is  regulated  through 

alternative splicing so they can be either included or skipped. There are several 

modes  of  alternative  splicing  that  can  differ  in  alternative  exon  composition. 

These include: cassette exons, intron retention, alternative 3' splice site usage, 

alternative 5' splice site usage, mutually exclusive exons, alternative initial exons 

and alternative terminal exons2. 

The first evidence of alternative splicing was observed in 1977 when Chow 

et al., noticed that the transcripts produced by the adenovirus are different in the 

early  infection  versus  the  late  infection3.  This  lead  the  way  for  many  more 
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discoveries  of  transcript  variance  including  the  thyroid  hormone  calcitonin  in 

mammalian cells4 and T-cell receptor beta-chain in mouse5 among many others. 

When the first draft of the human genome was sequenced6,7, it was revealed that 

only approximately 23,000 genes were predicted, which was many fewer genes 

than what was originally believed8. This drew attention to the alternative splicing 

field,  because  alternative  splicing  provided  a  way  for  flexible  and  regulated 

transcript diversity. Initial estimates suggested that between 10% and 30% of 

the human genome was alternatively spliced9.10. Now, with the advent of RNA-

Sequencing, it  is  known that alternative splicing is very common and 90% of 

multi-exon genes produce more than one protein isoform1. 

The type of alternative splicing performed is regulated by the interaction 

of cis elements encoded in the pre-mRNA that are binding sites for trans factors 

which are known as alternative splicing factors. Some alternative splicing events 

can be enhanced by exonic or intronic splicing enhancers (ESEs or ISEs) whereas 

others can be repressed by exonic splicing silencers (ESSs) or intronic splicing 

silencers (ISS). When a splicing factor recognizes and binds to a cis-element, the 

spliceosomal complexes are either recruited (if the cis element is an ESE or ISE) 

or inhibited (if the cis element is an ESS or ISS). 

A  major  goal  in  the  field  of  alternative  splicing  is  to  establish  how a 

particular alternative splicing factor regulates splicing on a genome-wide scale. 

These splicing patterns are unique to each alternative splicing factor (or family of 

alternative splicing factors) and show important information on how the position 

of the cis-element relative to the alternative exon regulates splicing. Defining 

splicing  enhancers  and  splicing  silencers  is  a  challenge  because  alternative 

2



splicing factors either enhance or suppress splicing based on the cis-elements 

position relative to the regulated exon. The same motif can act as an ISE or an 

ESE depending on where it occurs relative to the alternative exon. In addition, 

the expression of alternative splicing factors is developmentally controlled and 

tissue-specific.  RNA-sequencing  and  splicing  sensitive  microarrays  have  made 

genome-wide  identification  of  alternative-splicing  dependent  exons  possible. 

Cross-linking immunoprecipitation (CLIP) followed by RNA-sequencing has made 

it possible to identify the RNA sequences associated with an RNA binding protein 

(RNABP). 

The first alternative splicing factor to have a genome-wide splicing map 

elucidated was Nova. Nova is a neuronal-specific alternative splicing factor that 

recognizes YCAY clusters. An RNA regulatory map shows all of the roles in which 

Nova regulates alternative splicing of its target-mRNAs11.12.13. The position of the 

cis-element  determines  the  outcome  of  Nova-dependent  regulation:  a  cis-

element in the alternative exon or immediately downstream of the 5'-exon acts 

as  a  splicing  silencer,  but  cis-elements  at  both  ends  of  the  intronic  region 

downstream of the alternative exon function as splicing enhancers. There is no 

difference  in  cis-element  sequence  between  splicing  enhancers  and  splicing 

silencers12. CLIP  of  Fox1/2,  an  alternative  splicing  factor  that  recognizes  a 

UGCAUG motif, shows a positional effect on alternative splicing regulation similar 

to Nova14. Many more studies have used CLIP to create a RNA regulatory map of 

an  alternative  splicing  factor  including  hnRNP  C15,  muscleblind-like  1  and 

muscleblind-like 2 (MBNL1 and MBNL2)16,17, Polypyriminide tract binding protein 

(PTB) 18,19, TDP-4320, and HuR21,22. Together, these works have created the general 
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rule that when an alternative splicing factor binds to an alternative exon or the 

intronic  region directly upstream, the alternative exon is  repressed and when 

alternative splicing factors bind in the intron downstream of the alternative exon, 

the alternative exon is activated (Figure 1).  

These alternative splicing networks create a very complicated mechanism 

of alternative splicing regulation. The combination of alternative splicing factors 

in one tissue at one point in development might be completely different from 

another  tissue in  another  point  in  development,  and the result  of  alternative 

splicing  depends  on  the  combination  and  ratio  of  alternative  splicing  factors 

interacting with one pre-mRNA. There are several examples of alternative splicing 

acting cooperatively or antagonistically.  Additionally, alternative splicing factors 

can regulate either the alternative splicing or the mRNA stability and therefore 

protein abundance of other alternative splicing factors, thus creating a complex 

network of self-regulatory and cross-regulatory loops.

Many splicing factors are organized into families, where there are groups 

of  paralogous  proteins.  This  includes  the Fox-1  and  Fox-2  proteins,  PTB and 

nPTB,  Nova-1  and  Nova-2,  Tia1/TiaR,  and  MBNL1  and  MBNL2.  Most  of  the 

members of these alternative splicing factor families have very high sequence-

identity to their family-members, have highly similar or identical RNA-recognition 

motifs, and recognize the same cis-elements. Fox-1 and Fox-2 have very similar 

sequence  identity,  a  100% identical  RRM domain  and  bind to  the same RNA 

element23,24. So far, the relationship between Fox-1 and Fox-2 splicing function 

seems to be completely redundant and the Fox proteins can compensate for each 

other.  For  example,  in  the  alternative  splicing  regulation  of  Fmnl3(115) and 
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Mbnl1(36), over-expression of Fox-1 and knockout of Fox-2 or over-expression 

Fox-2 and knock-out of Fox-1 had the same effect as over-expression of both 

proteins.24. The  alternative  splicing  of  ten  Fox-dependent  exons  showed  no 

difference between Fox1 and Fox2 knock-out24.

The family of polypyrimidine tract-binding protein (PTB) consists of PTB 

and nPTB (neural PTB). nPTB is a close paralog of PTB, but their expression is 

mutually  exclusive in brain-nPTB expression is  limited to post-mitotic neurons 

and  PTB is  expressed  in  non-neuronal  and  neuronal  precursor  cells25.  During 

neuron differentiation a genetic switch occurs in which PTB is replaced by nPTB 

which then causes a neuronal-specific splicing program25. In order to study the 

functional relationship between PTB and nPTB in neuronal cells, RNAi was used to 

knock-down PTB or nPTB or both in N2A cells and splicing sensitive microarrays 

identified splicing profiles25.  PTB and  nPTB regulate  different  targets  and also 

regulate the same targets25. While the combinatorial relationship of PTB and nPTB 

is interesting in N2A cells, it is important to note that PTB and nPTB abundance is 

mutually exclusive in the majority of cell-types. It is not clear how PTB and nPTB 

are able to execute unique splicing functions, but one likely possibility is that 

nPTB  and  PTB  have  different  protein-protein  interactions  that  will  allow  the 

proteins to respond to different co-factors26. 

Unlike PTB and nPTB, the MBNL family of alternative splicing factors are 

expressed in the same tissue and at overlapping points in development27. Many 

MBNL-dependent exons have been identified. Splicing-sensitive microarrays have 

been  performed  of  MBNL1  knock-out  mice  in  quadricep  tissue28 and  MBNL2 

knock-out mice in hippocampus tissue29. RNA-sequencing has been performed in 
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myoblast (C2C12) cells with MBNL1 KD and a MBNL2 KD17. However, it is not 

known how MBNL1 and MBNL2 separate their splicing functions when they are 

both abundant in  the cell.  This  work will  focus on establishing the functional 

relationship of MBNL1 and MBNL2 and if any cross-regulation occurs between the 

two proteins. If MBNL1 and MBNL2 are functionally redundant, MBNL2 would be 

able  to  compensate  for  loss  of  MBNL1.  This  work  will  identify  the  functional 

relationship between MBNL1 and MBNL2 in mouse embryonic fibroblasts (MEFs) 

by  studying  the  effect  of  MBNL1  or  MBNL2  KO  and  over-expression  on  the 

alternative  splicing  of  previously  identified  MBNL-dependent  exons.  Because 

MBNL1  and  MBNL2  recognize  the  same  RNA-motif,  the  functional  division  of 

MBNL1 and MBNL2 alternative splicing regulation provides a useful way to study 

what causes an alternative splicing factor to recognize its target pre-mRNA. 

Myotonic Dystrophy results from misregulated alternative splicing

Myotonic  dystrophy  (DM)  is  a  multi-systemetic  disease  that  has  many 

symptoms including  skeletal  muscle  myotonia  and  wasting,  heart  arrhythmia, 

disturbances  in  cognitive  ability,  excessive  daytime  sleepiness,  cataracts  and 

infertility30. Myotonic dystrophy is the most common type of muscular dystrophy 

and appears in two forms- Myotonic dystrophy I (DM1) and myotonic dystrophy 

II (DM2)30. The vast majority (98%) of myotonic dystrophy cases are DM130, so 

this work will focus on DM1. DM1 is usually an adult-onset disease30. The first 

phenotype of the disease is myotonia in the hands, which usually appears in the 

twenties and the thirties. Myotonia occurs when a muscle relaxes too slowly after 

a  contraction31.  Symptoms  of  DM1  worsen  with  age.  Patients  in  their  fifties 

usually  have  severe  muscle  wasting  and  pain,  atrophy  of  the  jaw and  facial 
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musculature,  diabetes,  difficulty  walking,  difficulty  sitting  upright,  difficulty 

breathing and ultimately a reduced life expectancy31. There is large variation in 

the severity and progression of symptoms. Severe cases of DM1 will  begin to 

show manifestation of symptoms in childhood30,31.

The genetic cause of myotonic  dystrophy I is  an expansion of  a  short 

region  of  CTG  trinucleotide  repeats  in  the  3'  UTR  region  of  the  dystrophia 

myotonia  kinase  gene  (Dmpk)32.  The  number  of  expanded  repeats  is  highly 

variable  and  more  repeats  correlates  to  more  severe  disease  symptoms. 

Unaffected people have approximately 5-34 CTG repeats, people with the so-

called pre-mutation have no symptoms but have approximately 38-50 repeats 

and individuals with the disease have between 50 to 4000 repeats33. The disease 

is  autosomal  dominant.  Because  CTG  repeats  form  during  meiosis,  a 

phenomenon called anticipation frequently occurs; a child will frequently have a 

higher number of repeats and therefore a more severe disease than his or her 

parent30.  Anticipation  is  observed to  be  more  frequent  in  more severe if  the 

female  parent has the disease then if  the male parent does30.  The expanded 

repeats  tend to  be  unstable32,33.  Therefore  the disease is  highly  variable  and 

shows patterns of somatic mosaicism where some cells  or tissues have more 

repeats than others33. The number of CTG repeats can be variable among tissue 

types and change over time.  Generally, the number of CTG repeats in a diseased 

patient increases by approximately 50-80 repeats per year34.

Originally it was believed the cause of myotonic dystrophy was a lack of 

function of Dmpk protein35. However, a Dmpk knock-out transgenic mouse did not 

show many of the myotonic dystrophy phenotypes and showed no myotonia36. In 
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addition, myotonic dystrophy symptoms did not correlate exclusively with cells 

that expressed the dmpk gene. Some cells produced mutated Dmpk and showed 

nuclear foci but had no disease37. Since myotonic dystrophy was not caused by 

loss of Dmpk, it was proposed that the disease was caused by an RNA gain-of-

function38.  Transgenic  mice  with  250  CUG  repeats  in  the  3'  UTR  of  a  gene 

transcribed  in  skeletal  muscle  (human  skeleton  actin)  showed  most  major 

features of myotonic dystrophy41. Similarly, transgenic mice with  over 300 CUG 

repeats  in  the 3'UTR of  the Dmpk gene also  showed symptoms of  myotonic 

dystrophy42.

The sequestration model of myotonic dystrophy states that MBNL proteins 

bind to the CUG repeats and are sequestered into nuclear foci and not able to 

perform their splicing functions41. Thus myotonic dystrophy is caused by loss of 

MBNL functions. The first evidence for this model was that the MBNL proteins 

colocalize to the nuclear foci  containing the CUG repeats  40,41,43,44.  Specifically, 

myotonia was found to be caused by inclusion of a fetal exon in the chloride 

channel (clcn1) mRNA that is normally skipped in adult muscle tissue through 

repression by MBNL1. 45. Further support for the sequestration model was found in 

2004  when  it  was  discovered  that  the  muscleblind  family  of  proteins  were 

involved in the regulation of alternative splicing46. Loss of MBNL1 splicing activity 

caused  misregulation  in  the cardiac  troponin  T  (cTNT)  mRNA and  the insulin 

resistance gene (IR) which are two hallmarks of misrelated splicing in myotonic 

dystrophy46. Cells that express both Dmpk and MBNL proteins showed perturbed 

alternative  splicing.  Additionally  it  was  found  that  when  MBNL1  was  stably 

overexpressed in skeletal muscle, the majority of splicing patterns were restored 
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to  normal  adult  patterns47.  Frequently,  MBNL1  and  MBNL2  participate  in  the 

removal  of  neonatal  exons  during  muscle  differentiation  and  in  myotonic 

dystrophy the presence of these neonatal isoforms cause protein defects 47,48, 49,27. 

Comparison of skeletal muscle from mice expressing CUG repeats and mice with 

a  functional  MBNL1  KO  showed  that  loss  of  MBNL1  function  is  sufficient  to 

produce  the majority  of  splicing  defects  seen  in  CUG-RNA expressing muscle 

tissue28. To understand the molecular basis of myotonic dystrophy, the functions 

of the MBNL protein family must be well understood.

The MBNL proteins regulate alternative splicing

Muscleblind like proteins are a protein family  named after  a drosophila 

phenotype of disorganized muscle physiology. All members of the MBNL protein-

family are alternative splicing factors46. This family of alternative splicing factors 

includes three paralogous proteins: MBNL1, MBNL2 and MBNL3. The MBNL family 

is  well  conserved;  invertebrates  contain  a  single  MBNL  gene,  while  most 

vertebrate genomes have all three paralogs50. Each of these proteins binds RNA 

through two tandem pairs of CCCH-type Zinc Fingers located near the N-terminus 

and middle of the polypeptide. There is high protein homology between MBNL1 

and  MBNL2,  and  their  Zinc-finger  regions  are  nearly  identical  (Figure  2). 

Additionally, the ZnF regions of vertebrate  MBNL proteins are 99% identical  51. 

The crystal structures of  MBNL1 and  MBNL2 have both been solved- while the 

crystal structures of the ZnF regions are nearly identical, there are significant 

structural differences in the linker region and the C-terminus 51,52.    

Both MBNL1 and MBNL2 have cytoplasmic functionsIn addition to being 

alternative splicing factors, MBNL1 and MBNL2 both have cytoplasmic functions. 
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CLIP of  MBNL1 and MBNL2 shows that  both  proteins  bind to  3'  untranslated 

regions  (UTRs)  16,17.  MBNL2  potentially  influences  the  localization  of  integrin 

alpha-3 to focal-adhesions in HeLa cells 53. Additionally, it was suggested by Du et 

al., loss of MBNL2 when it is sequestered to CUG-repeated RNA in quadriceps 

leads  to  mis-expression  of  many  mRNA  transcripts  28.  MBNL2  could  have  a 

general role in promoting proper expression of extra-cellular matrix proteins  28 

Dual-luciferase assays of MBNL1 affected mRNAs shows that MBNL1 destabilizes 

mature mRNA and has a function in regulating targeted mRNA decay16 .  Mouse 

myoblasts with depleted MBNL1 and MBNL2 followed by RNA-sequencing of the 

cytoplasmic, nuclear and insoluble cellular compartments shows that MBNL1 and 

MBNL2  both  localize  mRNAs  from  the  nuclear  compartment  to  the  insoluble 

compartment, suggesting a potential role for MBNL in mRNA trafficking17.

MBNL1 and MBNL2 bind RNAs with the same consensus sequence

The first evidence that YGCY was the consensus sequence of the Mbnl 

proteins  was from Ho et  al.,  in  200446.  It  was  shown that  the chicken cTNT 

alternative exon was affected by Mbnl1. A UV-crosslinking assay showed that 

Mbnl1 directly binds to the target-pre-mRNA46. Then, scanning mutagenesis was 

performed  to  identify  two  Mbnl1-binding  sites  upstream  of  the  alternatively 

spliced exon. This was repeated for the human cTNT pre-mRNA. When all binding 

regions were aligned a common motif of YGCU(U/G)Y46. 

A doped SELEX experiment was performed with the Mbnl1 Binding site. 

The Mbnl1 binding region selected pyrimidine-rich RNAs containing multiple YGCY 

motifs.  Insertion  of  multiple  YGCY  motifs  into  a  normal  Mbnl1-independent 

splicing reporter was sufficient for Mbnl1 to promote splicing47. 
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Du et al., 2010 took a high-throughput approach to identify the Mbnl1 

binding site. Splicing-sensitive microarrays of mouse quadricep muscle lacking 

Mbnl1 showed splicing events that were misrelated when Mbnl1 was knocked-out 

compared to WT muscle28. Then, the exons were divided into three groups: exons 

showing no significant regulation by Mbnl1, repressed-exons and activated exons. 

The sequences around the exons were searched for common sequence elements. 

The Mbnl1-repressed and Mbnl1-activated eons both showed enrichment o the 

CUGCY motif, but the background sequences did not28. Furthermore, introns that 

were upstream of the Mbnl1-repressed exon showed enrichment for CUGCY but 

introns  that  were  upstream  of  Mbnl1-activated  exons  did  not  show  CUGCY 

enrichment28. This points to a mechanism of splicing regulation where generally, 

splicing factors bind upstream to exons that are repressed and downstream of 

eons that are activated. To further prove that YGCY is the Mbnl1 motif, a splicing 

reporter assay was performed where multiple YGCY motifs were mutated in the 

native intronic region of a Mbnl1-repressed exon in the Nfix pre-mRNA. Mutation 

of three YGCY motifs upstream of the Nfix alternative exon caused a complete 

loss of Mbnl1-repression28. 

To identify the consensus motif of Mbnl2, Charizanis et al 2012 took a 

similar  approach  to  Du  et  al.,  2010.  Splicing-sensitive  microarrays  were 

performed on mouse hippocampus cells  with a Mbnl2 knock-out.  The intronic 

regions upstream of Mbnl2-repressed exons showed enrichment for YGCY motifs29 

. Both Mbnl2-repressed and Mbnl2-activated exons showed enrichment for YGCY 

motifs downstream of the activated exon29. This showed that Mbnl1 and Mbnl2 

have the same recognition motif of YGCY, as expected from both crystal structure 
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analysis and Mbnl1 and Mbnl2 sequestration by the CUG repeats.

MBNL1 and MBNL2 are abundant in the same tissues

The expression profiles of the  MBNL proteins are tissue specific but also 

overlapping.  MBNL1 and MBNL2 are both expressed in heart, brain and skeletal 

muscle however MBNL1 has higher expression in muscle and MBNL2 has higher 

expression in brain56,29. Both  MBNL1 and  MBNL2 are highly expressed in heart 

tissue56 but  MBNL3 is  mostly  expressed in  the placenta56.  MBNL proteins are 

differentially  expressed  during  development.  In  general,  MBNL1  is  is  best 

characterized in its roles in muscle cell  differentiation27 and the importance of 

MBNL2  in  the  brain  is  recently  being  understood29.  During  myogenesis,  the 

localization  of  MBNL1  and  MBNL2  changes:  MBNL2  is  expressed  in  both  the 

nucleus and the cytoplasm but reaches peak nuclear expression approximately 2-

3 days into myogenesis of C2C12 cells; MBNL1 is always localized in the nucleus 

and begins to show cytoplasmic nuclear localization late into myogenesis. This 

expression pattern during differentiation is logical because MBNL1 and MBNL2 are 

frequently involved in removal of fetal-exons from the mature mRNAs in adult 

tissue.  For example  MBNL1 represses a fetal  isoform of the calcium chloride 

channel  gene  (Clcn1)  in  adult  muscle50,57.  Additionally,  MBNL1  is  involved  in 

cardiac muscle: overexpression of MBNL1 in mature cardiomyocytes results in a 

embryonic splicing pattern50.  

MBNL1 is the predominant splicing factor in muscle and MBNL2 is the 

predominant splicing factor in brain

Further evidence of the differences between  MBNL1 and  MBNL2 function 

are seen from mouse knock-out models. MBNL1 KO mice57 and MBNL2 KO mice 29 
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show different phenotypes. In both knock-out models, the exon containing the 

start codon of MBNL was deleted, so the mice express Mbnl mRNA but there is no 

functional protein production. MBNL1 KO mice show severe muscle phenotypes 

such as myotonia and disorganized muscle fibers with abnormal nuclear positions 

and  muscle  fiber  splitting.  MBNL2  KO  mice  do  not  show  severe  muscle 

phenotypes:  there  was  no  disorganization  of  the  muscle  fibers  or  myotonia. 

Additionally,  MBNL1 dependent  muscle splicing events such as  Clcn1,  Serca1, 

Tnnt2 and Sorbs1 showed wild-type splicing in MBNL1 KO heart and quadricep 

tissue29. However, MBNL2 knock-out mice showed brain related phenotypes that 

were not  seen in  MBNL1 KO mice such as  defects  with  REM sleep,  impaired 

spacial memory and increased susceptibility to seizures29. 

Previously, our lab used splicing sensitive microarrays to compare mouse 

quadricep of a MBNL1 KO 57and CUG-RNA expressing mice that had sequestration 

of MBNL1 and MBNL2  28. Loss of MBNL1 was the major contributor to splicing 

defects in mouse muscle, accounting for 80-90% of aberrant splicing events28. On 

the other hand, splicing sensitive microarrays performed on hippocampus cells of 

MBNL1 KO mice showed only 14 mis-spliced exons58. However, splicing sensitive 

microarrays  showed  that  123  splicing  events  were  MBNL2  dependent  in 

hippocampus29.  Taken  together,  these  data  suggest  that  MBNL1  is  the 

predominant  splicing  factor  in  muscle  tissue,  but  MBNL2  is  the  predominant 

splicing factor in brain tissue.

This  type  of  tissue-specific  splicing  factor  regulation  is  seen  in  many 

splicing factor families. Through RNA-sequencing of alternatively spliced mRNA 

isoforms  across  eight  tissues,  over  22,000  tissue-specific  alternative  splicing 
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patterns were identified1. It is estimated that over 50% of alternative splicing 

events are regulated between tissues1.

MBNL1 participates in auto-regulation of its own nuclear localization signal

The  pre-mRNAs  of  Mbnl1 and  Mbnl2 are  both  alternatively  spliced 

themselves. Specifically, a 54 nucleotide exon that has relatively high homology 

between  Mbnl1 and  Mbnl2  that  is  located  outside  of  the  ZnF  regions  is 

alternatively spliced (Figure 2); this exon will be referred to as exon 5. Another 

alternatively  spliced is  a  nearly  identical  36 nucleotide exon closer  to  the C-

terminus of the protein which will  be referred to as exon 7.  Mbnl1 exon 5 is 

repressed by Mbnl160. The inclusion of Mbnl1 exon 5 and Mbnl2 exon 5 decreases 

during heart  development59.  MBNL1 represses cTNT exon 4; when  MBNL1 is 

overexpressed in cardiomyocytes, MBNL1 with out exon 5 (MBNL1-e5) is  less 

efficient at promoting cTNT exon 4 skipping than the MBNL1 isoform containing 

exon 5 (MBNL1+e5)59. Additionally, Mbnl1 and Mbnl2 exon 5 might be involved in 

the  cellular  localization  of  the protein.  MBNL1  and  MBNL2  both  show diffuse 

localization in chicken cardiomyocytes, but when MBNL1e5- or MBNL2e5- is over-

expressed, both MBNL1 and MBNL2 localization is strictly nuclear. MBNL1 is able 

to repress its own exon 5: when MBNL1 is knocked-out, Mbnl1 exon 5 is included 

in 100% of the transcripts. However, when MBNL1 is over-expressed, the vast 

majority  of  transcript  skips  exon  560.  Taken  together,  these data  point  to  an 

interesting self-regulatory model by which the cytoplasmic function of MBNL1 is 

minimized and the nuclear splicing function of MBNL1 is promoted when MBNL1 

availability decreases. The model suggests that when MBNL1 is depleted it can 

not repress exon 5, which causes the majority of Mbnl1 transcript to include exon 
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5 and the remaining protein is  shuttled  into  the nucleus to  preserve splicing 

function.  Mbnl1 exon 5 and Mbnl2 exon 5  are  both  present  in  patients  with 

myotonic dystrophy 61.

While  MBNL1  and  MBNL2  have  tissue-specific  roles,  they  are 

simultaneously expressed in both brain and muscle cells. A large question in the 

field of alternative splicing regulations is how highly similar alternative splicing 

factors with identical RNA-binding motifs can have separate splicing functions. 

This work will take advantage of RT-PCR from MBNL1 and MBNL2 KO MEFs to 

show that it is possible for MBNL1 and MBNL2 to have different splicing targets. 

Additionally,  splicing events will  be identified where over-expression of MBNL2 

can compensate for loss of MBNL1. 

This work will heavily discuss both MBNL1 and MBNL2 proteins, and the 

mRNAs that encode these proteins. For clarity, MBNL1 and MBNL2 proteins will 

always be written in capital letters and the mRNAs will always be italicized. The 

54 nucleotide exon that encodes the nuclear localization signal will be referred to 

as  Mbnl(54)  when the exon is being discussed, and the isoform of MBNL1 or 

MBNL2 that includes (or does not include) the protein region encoded by the 54 

base-pair exon will  be referred to as MBNL+e5 or MBNL-e5. Other alternative 

splicing events will be notated as Pphln1(57),  where Pphln1 is the gene name 

and the alternative exon is 57 base pairs. 
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MATERIALS AND METHODS

Microarray Analysis

Microarray  analysis  was  performed  by  Hong  Du as  described  previously62,28 . 

Arrays were scanned and data was processed by Lily Shiue.  MBNL1 KO mouse 

quadricep and MBNL2 KO mouse quadricep were a gift from Maury Swanson.

Cell Culture

MBNL1 KO, MBNL2KO, MBNL1 WT and MBNL2 WT MEF cells were a gift 

from Maury  Swanson.  MBNL1 KO MEFs were immortalized by Megan Hall,  as 

described  28,29.  MEF cells were maintained in 15% heat inactivate fetal  bovine 

serum, Dulbecco's Modified Eagle Media (DMEM) and 2.5 mM L-glutamine, 10 

units  penicillin  and 0.1 mg streptomycin  per  mL and  cultured at  37 degrees 

Celsius and 5% CO2.  Cells were passaged by performing 2 minute incubations at 

37  degrees  Celsius  with  0.25%  trypsin  until  cells  were  detached.  Following 

detachment, trypsin was inactivated by addition of 10 volumes of DMEM+15% 

FBS and the mixture was reseeded as necessary. Experiments were performed on 

cells  of  passage  number  30  or  less.  The  cells  were  not  centrifigued  after 

trypsonization. Experiments were performed on cells of passage number 30 or 

less.

Transfection of plasmid DNA

pEGFP-MBNL2.1  (MBNL2e5+)  and  pEGFP-MBNL2.2  (MBNL2e5-)  were 

generated by amplification of MBNL2.1 and MBNL2.2 from total mouse cDNA  and 

insertion into the pEGFP-C1 plasmid63  gifts of Sam Fagg and Hong Du). Plasmid 

DNA  was  generated  by  transformation  into  chemically  competent  E.coli,  and 
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selection with Kanamycin, and DNA was extracted by a maxed-out mini-prep. 

DNA was cleaned of endotoxins by a Qiagen plasmid-preparation column.  MEF 

cells  were transfected in a 6-well  plate (5x10^5 cells) at  approximately 80% 

confluency with 12.5 uL of lipofectamine 2000 (L2K) and 2.5 ug of plasmid. 2.5 

ug of DNA was mixed with 250 uL Opti-MEM and 12.5 uL of L2K was mixed with 

250 uL Opti-Mem and allowed to sit for 10 minutes. L2K/DNA complexes were 

incubated at room temperature for 20 minutes. Complexes were added to cells in 

fresh DMEM+15% FBS with out antibiotic. TD-tomato was used as a fluorescent 

transfection control. RNA was harvested 24-30 hours after transfection when the 

cells were at approximately 90% confluency.

RNA Isolation

Cells were grown to approximately 80-90% confluency on 100mm dishes 

in DMEM + FBS. Medium was aspirated and the plate was rinsed 2x in ice-cold 

PBS.  2MMl  of  Trizol  was  placed  on  the  plate  and  the  plate  was  rotated  to 

completely cover all  cells.  After  5 minutes, Trizol  was removed and 1mL was 

placed  into  a  1.5  mL  eppendorf  tube.  200  uL  of  chloroform was  added  and 

vortexed for 1 minute. The mixture was allowed to sit for 10 minutes at room 

temperature and then spun at 10,000 g for 15 minutes at room temperature. The 

upper-clear  phase  was  removed  and  400  uL  of  chloroform  was  added.  The 

mixture was vortexed, spun for 2 minutes at 12,000 x g and the aqueous layer 

was removed to a new tube.  300 uL of  isopropanol was added to approximately 

600 uL of aqueous layer. The mixture was vortexed and allowed to sit at room 

temperature for 15 minutes then spun at 12,000 x g for 20 minutes at 4 degrees 

Celsius. The liquid was removed from the pellet and the pellet was resuspended 
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in 400 uL 0.5% SDS, 1mM EDTA and 20mM Tris Hcl pH 7.5. If the pellet was 

difficult  to  resuspend,  it  was  left  at  4  degrees  overnight.  800  uL  of 

phenol:chloroform:isoamyl alcohol (25:24:1, pH 6.6) was added to each tube, 

vortexed for one minute and centrifuged at 12,000 x g for 2 minutes. The upper 

aqueous phase was transferred to a new tube and 35-40 uL of 3M NaOAc (pH 

5.2) was added to make the solution 0.3 M NaOAc. 600 uL of chloroform was 

added  to  each  tube,  vortexed,  and  spun  for  2  minutes  at  12,000 x  g.  The 

aqueous  phase was transferred to  a new tube and the chloroform wash was 

repeated. The final aqueous layer was placed in a new tube, the volume was 

measured, and 2.5 volumes of 100% ethanol was added. The tube was vortexed 

and RNA was precipitated at -80 degrees celsius for  30 minutes and spun at 

12,000 x g for 20 minutes at 4 degrees. The liquid was aspirated and the pellet 

was briefly dried in a vacufuge for 2-3 minutes. The RNA was dissolved in 64 uL 

of  nano-pure  water.  The  concentration  and  260/280 was  determined  using  a 

nanodrop. Only RNA that had a 260/280 of over 2.0 was used. The sample was 

stored at -20 degrees C for further use.

Following RNA isolation, samples were treated for DNA contamination with 

RQ1 Dnase. 10UUG of RNA was diluted into 60 uL H2O, and RQ1 Buffer, 2mM DTT 

and 2.5 uL Rnase-OUT Rnase inhibitor (or Rnase-In), and 10uL RQ1 Dnase was 

added for a total volume of 100uL. The samples were gently mixed and incubated 

at  37  degrees  Celsius  for  30  minutes.  The  mixture  was  phenol  chloroform 

extracted  and  ethanol  precipitated  as  described  above.  The  RNA  pellet  was 

resuspended in 64uL of Rnase-free water and the concentration and A260/A280 

was determined with a nanodrop. RNA was only used if the A260/280 was over 
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2.0.

cDNA synthesis

Reverse transcription was performed with 10 uG of total RNA. 10UUG of 

total RNA in a volume of 20 uL was incubated with 3 uL of 2.5 ug/uL anchored 

oligo dT, 0.5 ug/uL of random hexamers, and 2.5mM dNTP at 65 degrees celsius 

for 10 minutes. The primed RNA was put on ice for at least one minute. The 

following  components  were  added  to  each  reaction:  8uL  First-strand  buffer 

(Invitrogen), Rnase-free H2O, 4 uL 0.1M DTT, 0.8 uL of 10mM dNTP, 1 uL of 

RnaseOUT (or Murine Rnase-Inhibitor) and 1uL of Superscript III. The mixture 

was allowed to sit at room temperature for 5 minutes. Then, it was gently mixed 

and placed at 50 degrees Celsius for 45 minutes. RNA was hydrolyzed by addition 

of 1uL RnaseA and incubation at room temperature for 5 minutes.  CCDNA was 

cleaned up using Zymo-5  DNA columns following manufacturers  protocol  and 

elution  with  60uL  H2O.  The  concentration  of  the  single  stranded  cDNA  was 

determined on a nanodrop.

Reverse Transcriptase-Polymerase Chain Reaction

In each Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR), 60 nG 

of cDNA was used in a total volume of 100uL. Primer sequences are found in 

Table XX. 60 nG of cDNA was added to a 200uL multi-strip thin-walled PCR tube. 

The following was added: 10uL of 10X ThermoPol Buffer, 2uL of 5mM of each 

dATP,  dCTP,  dGTP  and  dTTP,  forward  primer,  reverse  primer,  2uL  of  200mM 

MgSO4, 0.25 of Taq polymerase, and water to 100uL. Thermocycling conditions 

follow: 95 degrees C for 5 minutes, followed by 32 cycles of 95 degrees C for 30 

seconds, annealing for 30 seconds at the temperature listed in Table XX, and 
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extension at 70 degrees C for 30 seconds and a final extension of 70 degrees 

Celsius for 5 minutes. PCR products were analyzed on a 2% agarose gel in 1X 

TBE and 5 ug/mL ethidium bromide. PCR reactions were clean and concentrated 

using Zymo clean and concentrate-5 kit and elution with 20uL of DI H2O. DNA 

was  either  concentrated  or  diluted  with  H2O  as  necessary  for  a  final 

concentration between 10 and 500 ng/uL. 1UUL of the PCR reaction was analyzed 

using DNA-2000 chips and a Bioanalyzer. The bioanalyzer determined molarity of 

each DNA size fragment.

Table One: Primer Sequences, Annealing Temperature (in degrees Celsius) and 

cycle number are shown for all RT-PCR reactions.

Confocal Microscopy

MBNL1 KO MEF cells were transfected with either pEGFP or pEGFP-Mbnl2.1 or tD-

tomato as a mock transfection. After 24 hours, 90% confluent cells in a 6-well 

plate  were  rinsed 3X with  ice-cold  PBS and detached with 250 uL of  0.25% 

trypsin for 2 minutes at 37 degrees Celsius. Trypsin was inactivated with 1 mL of 
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EVENT EXON FORWARD PRIMER REVERSE PRIMER ANNEALING TEMP Cycle #

Pphln1 57 AGCAGGACTCACTCCTTCCA TTAGCCTGCTGGGTTTGTCT 50 32

Lef1 84 CCACCTTCTACCCCCTGTCT ATGAGGGATGCCAGTTGTGT 53 32
Fn1 270 GAATCCTGGCCTGGAGTACA  CGATATTGGTGAATCGCAGA  55 32

Mbnl1 E4-E8 AAGATCAAGGCTGCCCAATA TTGTGGCAGATGTTGTTGCT 52 32

Mbnl2 E4-E8 ATTTTCACCCTCCTGCACAC CATGCAGTTTGTGGCAATTC 52 32
Mbnl1 E7 CCACCGCAGTCTTTAACACT TTGTGGCAGATGTTGTTGCT 50 32
Mbnl2 E7 TCTTCAACCCCAGCGTCTT GAAGGGGACACTTGTTGCAG 52 34
Mbnl1 E5 AAGATCAAGGCTGCCCAATA AGTGTTAAAGACTGCGGTGG 49 32
Mbnl2 E5 GCCAGATGTTCTTGGGGTTA GGTCAGAGCCTGCTGGTAGT 49 34
Mbnl1 E3 GAGTCGCGATCCCACAAT GCAAGATCTCTGCTGGAACC 55 30
Mbnl2 E2 GCCAGATGTTCTTGGGGTTA GGCGTTCCTGGAAACATAAA 55 30
transfection control ACTTCAAGATCCGCCACAAC GGTCAGAGCCTGCTGGTAGT 55 30



DMEM+15% FBS and cells were spun at 1000 x g for 2 minutes. The media was 

aspirated  and  the  cell  pellet  was  gently  resuspended  into  200uL  of  4% 

paraformaldehyde plus 0.5 uG/uL DAPI in PBS pH 7.4. The cells were fixed at 

room temperature for 30 minutes and then pelleted by centrifugation at 1000 x g 

for 2 minutes. The supernatant was properly discarded and the cells were rinsed 

2X in 1X PBS pH 7.4. The cells were resuspended in 100uL of 1X PBS pH 7.4 and 

placed at 4 degrees Celsius. The cells were imaged using a Leica SP5 confocal 

microscope.
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RESULTS

Part One: Can MBNL1 and MBNL2 have unique splicing functions? 

Similar  to  the  PTB  and  nPTB,  the  MBNL  family  of  alternative  splicing 

factors can regulate the same alternative exons.   Evidence of this kind of splicing 

regulation has previously been reported in mouse hippocampus, for example the 

calcium chloride channel gene (clcn1) exon 7a29  is regulated by both MBNL1 and 

not  MBNL2.  Additionally,  splicing  events  that  are  perturbed  when  MBNL2  is 

functionally  knocked  out  in  mouse  quadricep  were  identified29.  To  look  for 

substrates that are differently regulated by the two proteins, RNA from mouse 

quadriceps were analyzed with splicing sensitive microarrays. Splicing events that 

show perturbed splicing in quadricep tissue from a MBNL1 functional-knock out 

mouse were identified28,57. These two categories of mis-regulated splicing events 

were then compared to each other (Figure 3A). It was found that 1076 splicing 

events were perturbed in the MBNL1 knock-out that showed normal splicing when 

MBNL2 was knocked-out. Conversely, 178 events showed aberrant splicing when 

MBNL2 is knocked-out and MBNL1 is WT. This corroborates the finding that MBNL 

is  responsible  for  the  majority  of  splicing  regulation  by  the  MBNL  family  in 

quadricep28.

One event predicted by splicing sensitive microarrays in MEF cells to be 

only repressed by MBNL1 was an 84 nucleotide exon in the pre-mRNA of the 

lymphoid-enhancer binding factor  (Lef1). There were no significant MBNL1 CLIP 

hits in the Lef1 pre-mRNA 16,17(Supplemental Figure 2C) in mouse myoblasts. RT-

PCR from a WT MEF cell  line compared to a MBNL1 KO MEF cell  line57 and a 

MBNL2 KO MEF cell  line29 show that  MBNL1 weakly represses  Lef1(84) (Figure 
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3C). Lef1(84) is included in 4.9%± 1.1% of WT MEF, 7.8 ± 0.3% of MBNL1 KO 

cells and 4.2 ± 0.5% of MBNL2 KO cells (Figure 3C). MBNL2 has little effect on 

the repression of Lef1(84). 

Another event that MBNL1 has a role in splicing and MBNL2 does not is the 

splicing of the 36 nucleotide exon (exon 7) in  Mbnl1's own pre-mRNA. CLIP of 

MBNL1 in myoblasts shows a CLIP hit in the intronic region both upstream and 

downstream of  Mbnl1(36)17 (Supplementary  Figure  1C).  RT-PCR  of  Mbnl1(36) 

shows  an  average  of  46.1%±  0.4% inclusion  in  WT  MEFs,  29.1%  ±  1.6% 

inclusion in  MBNL1 KO MEFs and 44.1%± 1.2% inclusion in  MBNL2 KO MEFs 

(Figure 3B). This provides examples of exons that can be regulated by MBNL1 but 

not by MBNL2. 

Can MBNL2 compensate for loss of MBNL1 in an MBNL1 specific splicing event?

If MBNL1 regulates alternative splicing of an event, and MBNL2 has no 

effect, there are two possible mechanisms for this regulation. The first is that 

MBNL1 is only able to regulate alternative splicing of a particular pre-mRNA and 

MBNL2, regardless of how much MBNL2 is present, will not be able to regulate 

splicing. The other mechanism is that MBNL1 is able to regulate splicing of this 

event at endogenous levels of protein abundance, but MBNL2 is not abundant 

enough  to  regulate  alternative  splicing.  To  determine  if  MBNL2  is  unable  to 

regulate alternative splicing of Lef1 and Mbnl1(36), or if it is capable of regulating 

alternative splicing only if it is highly abundant, MBNL2 was over-expressed in 

MBNL1 KO MEF cells. The isoform of MBNL2 that is endogenous to MBNL1 KO MEF 

cells  (MBNL2  including  the  region  coded  by  exon  5)  was  over-expressed. 

MBNL2+e5 was expressed as a trans-gene with  GFP and the expression was 
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confirmed using confocal microscopy (Supplementary Figure 1). 

The repression of Mbnl1(36) was shown to only require MBNL1 and not 

require MBNL2. When MBNL1 is absent, over-expression of MBNL2 can not rescue 

WT  splicing  repression:  MBNL1  KO  MEFs  show  inclusion  in  29.2% ±  1.6  of 

transcripts, MBNL1 KO MEFs with over-expression of MBNL2+e5 show inclusion in 

27.2% ± 0.4 of transcripts (Figure 4A). Similarly, over-expression of MBNL2+e5 

was not able to activate splicing of Lef1(84). WT MEF cells showed 4.86% ± 1.11 

inclusion of Lef1(84), MBNL1 KO cells showed 7.79% ± 0.32 and MBNL1 KO cells 

with an overexpression of MBNL2+e5 showed 13.3% ± 0.89. Addition of MBNL2 

did not return Lef1(84) closer to WT, instead it actually caused further loss of 

repression of Lef1(84) (Figure 4B). Lef1(84) and Mbnl1(36) are both example of 

alternative  splicing  events  that  are  only  regulated  by  MBNL1,  and  over-

expression of MBNL2 is unable to compensate for loss of MBNL1. Further work 

should show that transfection of the MBNL1-GFP transgene is sufficient to recover 

MBNL1-dependent splicing. Further proof of MBNL1-specific splicing would be if 

MBNL1 was over-expressed in WT MEF cells and Mbnl1(36) repression or Lef1(84) 

activation increased. 

Part Two: Can MBNL1 and MBNL2 have the same splicing function?

Microarray  evidence  shows  that  MBNL1 and  MBNL2 can  also  have  the 

same  contribution  to  alternative  splicing  regulation.  A  comparison  of  splicing 

sensitive microarrays from a MBNL1 KO mouse quadricep tissue and MBNL2 KO 

mouse quadricep tissue shows that out of 1399 total events that are perturbed 

when MBNL1 is knocked-out or when MBNL2 is knocked-out, 145 of these events 

are perturbed when either MBNL1 or MBNL2 are knocked-out (Figure 3A).   This 
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provides evidence that MBNL1 and MBNL2 could both be required for alternative 

splicing  regulation.  To  test  if  pre-mRNAs  exist  that  require  both  MBNL1  and 

MBNL2  for  alternative  splicing,  candidates  were  chosen  from the  145  events 

identified by the splicing sensitive microarrays to have perturbed splicing when 

either MBNL1 or MBNL2 was knocked-out and examined by RT-PCR in MBNL1 and 

MBNL2 KO MEFs. Several examples of splicing regulation were found that had 

perturbed splicing  when either  MBNL1 was  knocked-out  or  when MBNL2 was 

knocked-out including Pphln1(57), Mbnl1(54) and Fn1(270).

Microarray  analysis  predicted  that  the  inclusion  of  Pphln1(57)  would 

strongly  decrease  when  MBNL1  is  knocked-out,  and  weakly  decrease  when 

MBNL2 is knocked-out (Du 2010). CLIP analysis of MBNL1 in mouse myoblasts 

shows  that  MBNL1  interacts  with  the  intronic  region  directly  downstream of 

Pphln1(57). RT-PCR from MEF cells confirms that MBNL1 activates  Pphln1(57): 

the alternative exon is included in 22.32%± 0.3% of WT MEFs, 2.53 ± 0.05% of 

MBNL1 KO cells and 8.06 ± 0.24% of MBNL2 KO cells (Figure 5B). 

Similarly, microarray analysis predicted that the skipping of Fn1(270) was 

strongly decreased when MBNL1 was knocked-out and weakly decreased when 

MBNL2 was knocked-out28. CLIP of MBNL1 in mouse myoblasts shows that MBNL1 

interacts  with  the  Fn1  pre-mRNA  upstream  of  the  270  base-pair  exon16,17 

(Supplementary  Figure  2F).  RT-PCR  analysis  confirmed that  MBNL1  represses 

Fn1(270): WT cells showed 7.35% ± 0.11 inclusion, 22.14% ± 0.45 in MBNL1 KO 

cells and 16.62%±0.34 in MBNL2 KO cells (Figure 5A). So far, it has been shown 

that  for  some splicing events,  MBNL1 activity  is  sufficient  to  cause wild-type 

splicing, but in some other splicing events, both MBNL1 and MBNL2 are required. 
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It would be informative to study the splicing of Fn1 and Pphln1 in MEF cells with a  

double knock-out of MBNL1 and MBNL2. Further evidence of a dual-requirement 

for  MBNL1  and  MBNL2-dependent  splicing  would  be  if  the  double-knockout 

showed the same splicing phenotype as a MBNL1 or MBNL2 knock-out alone. 

Do MBNL1 and MBNL2 have redundant functions because they act in dual-

requirement or because they act in a dosage-threshold manner?

When both  MBNL1 and MBNL2 are required for  WT splicing,  the dual-

requirement could be taking place through two possible mechanisms. The first 

mechanism is called a dual-requirement in which MBNL1 and MBNL2 are both 

required in a cooperative manner and each protein has a unique contribution to 

splicing regulation (Figure 6C). Another possibility is  that the total  amount of 

MBNL protein is what drives alternative splicing and knock-out of either factor 

leads to an overall MBNL deficiency. This mechanism will be called the threshold-

mechanism (Figure 6B). 

To  distinguish  between  a  threshold-mechanism  or  a  dual-requirement 

mechanism, we analyzed two splicing sensitive microarrays: MBNL1 KO compared 

to WT mouse quadricep and mouse quadricep with MBNL1 KO and heterozygous 

MBNL2 compared to a MBNL1 KO mouse. 892 splicing events existed that showed 

significant changes in splicing when MBNL1 is knocked-out (Figure 6A). There are 

1538  splicing  events  exist  that  showed  a  significant  change  when  MBNL1  is 

knocked-out  and  MBNL2  is  heterozygous  compared  to  when  MBNL1  alone  is 

knocked-out. These 1538 events are either exclusively responsive to MBNL1, or 

are  responsive  to  the total  dosage  of  MBNL proteins.  In  1195 these  splicing 

events, there was a significant change in splicing when  mbnl2 is heterozygous 
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and mbnl1 is depleted that show WT splicing when MBNL1 alone is knocked-out. 

These events either respond to MBNL2 exclusively or require either MBNL1 or 

MBNL2  to  regulate  splicing  and  MBNL2  must  be  required  at  high  dosages  if 

MBNL1 is missing. In 549 events there was aberrant splicing when MBNL1 was 

knocked out and MBNL2 was WT and there was no changes in splicing when the 

dosage of MBNL2 decreased- pointing to MBNL1 exclusively regulating splicing of 

these events. There were 343 splicing events that showed aberrant splicing when 

MBNL1 is knocked-out and also showed an effect when MBNL1 was knocked-out 

and MBNL2 was heterozygous. In these events, the dosage of MBNL2 does not 

affect splicing: MBNL1 is exclusively responsible for splicing (Figure 6A).

To examine if MBNL2 can compensate for loss of MBNL1 in a threshold-

mechanism in MEF cells, MBNL2 was over-expressed in MBNL1 KO MEF cells. If 

MBNL1  and  MBNL2 interact  in  a  threshold-mechanism,  an  over-expression of 

MBNL2 would be able to compensate for loss of MBNL1 in the splicing of Fn1(270) 

and Pphln1(57) which were previously shown to be mis-regulated by knock-out of 

either MBNL1 or MBNL2 (Figure 5). If over-expression of MBNL2 does not change 

alternative splicing compared to MBNL1KO, then MBNL1 and MBNL2 are both 

required for alternative splicing regulation. Once again, the endogenous form of 

MBNL2 in  a  MBNL1 KO MEF cell  includes  the region encoded  by exon  5,  so 

MBNL2+e5 was over-expressed. 

MBNL1 and MBNL2 are dually-required to regulate the splicing of Pphln1(57) and  

Fn1(270)

When MBNL2+e5 is over-expressed, there is a slight change in splicing of 

Pphln1(57) compared to a MBNL1 KO MEF: Pphln1 (57) is included in 22.32%± 
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0.3% of WT MEF, 2.53% ± 0.3 of MBNL1 KO MEFs and 4.34% ± 0.20 of MBNL1 

KO MEFs with an over-expression of MBNL2+e5.  However, this inclusion increase 

of 1.8% does recover splicing to WT. A MBNL1 KO cell with over-expression of 

MBNL2+e5 shows a splicing pattern that is much more similar to a MBNL1 KO cell 

than a  WT cell  (Figure 6E).  This  shows that  MBNL2 can not  compensate for 

activation of Pphln1(57) when MBNL1 is lost. 

The repression of Fn1(270) was previously shown to require both MBNL1 

and MBNL2 (Figure 4B). To examine if increasing the dosage of MBNL2 (with and 

with out exon 5) could compensate for loss of MBNL1, inclusion of the Fn1(270) 

exon  was  measured  by  RT-PCR  in  MBNL1  KO  MEFs  with  over-expression  of 

MBNL2. Over-expression of MBNL2 with exon 5 showed no change in inclusion 

compared to MBNL1 KO alone: WT cells showed 7.35% ± 0.11 inclusion, MBNL1 

KO  MEFs  showed  22.1%  ±  0.45  inclusion  and  MBNL1  KO  MEFs  with  over-

expression  of  MBNL2+e5  showed  22.6%  ±  0.57  (Figure  6D).  Similar  to 

Pphln1(57), the alternative splicing of Fn1(270) requires both MBNL1 and MBNL2 

and the over-expression of MBNL2+e5 can not compensate for loss of MBNL1. 

Therefore, for these particular splicing events, MBNL1 and MBNL2 do not act in a 

threshold-mechanism but rather a dual-requirement mechanism.

The splicing of Mbnl1(54) is partially MBNL threshold-dependent

Previously, it was shown that Mbnl1 exon 5, a 54 base-pair exon encoding 

a  nuclear-localization  signal,  was  alternatively  spliced  by  the  MBNL1  splicing 

factor (Gates et al., 2011).  CLIP of MBNL1 in mouse myoblasts shows a very 

strong CLIP hit in the intron downstream of Mbnl1(54)16,17(Supplemental Figure 

2).  This  would  usually  correspond  to  an  activation  of  Mbnl1(54)  instead  of 
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repression. There is also a CLIP hit immediately upstream of the alternative exon 

with many YGCY motifs present (Supplementary Figure 2B). This intronic region 

upstream  of  Mbnl1(54)  was  shown  to  be  required  for  auto-repression  of 

Mbnl1(54) by MBNL160. Over-expression of MBNL1 in HeLa cells decreased the 

inclusion  of  Mbnl1(54)60.  In  MEF  cells,  both  MBNL1  and  MBNL2  promote 

repression of Mbnl1(54) (Supplementary Figure 3).  In WT MEFs, fewer than 10% 

of Mbnl1 transcripts contain exon 5. When MBNL1 is absent, almost half of Mbnl1 

transcripts contain exon 5. When MBNL2 is absent, roughly 25% of transcripts 

include exon 5 (Supplementary Figure 3). 

To  examine  if  MBNL1  and  MBNL2  act  in  a  threshold-dependent  or 

independent  manner  for  the  splicing  of  Mbnl1(54),  MBNL2+e5  was  over-

expressed in MBNL1 KO MEF cells and  Mbnl1(54) inclusion was measured with 

RT-PCR.  WT  MEFs  show  inclusion  in  8.8%±  0.59  of  Mbnl1(54) transcripts), 

MBNL1 KO MEFs show inclusion in 46.7% ± 6.13, MBNL1 KO MEFs with over-

expression of MBNL2+e5 show inclusion in 27.8% ± 6.2 of transcripts (Figure 

6F). While over-expression of MBNL2+e5 was not able to completely compensate 

for the loss of MBNL1, there is significantly more repression of Mbnl1(54) when 

MBNL2+e5 is over-expressed compared to a MBNL1 KO cell. This suggests that 

the splicing of Mbnl1(54) is partially regulated by the overall  amount of MBNL 

protein available, and that MBNL2 can partially compensate for loss of MBNL1. 

Further  experiments  should  show  that  the  repression  of  Mbnl1(54)  can  be 

recovered in a MBNL1 or MBNL2 KO MEF by addition of MBNL1 or MBNL2 and that 

this  recovery  of  exon repression is  dependent  on the amount of  MBNL over-

expressed. 
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Part Three: Does the region encoded by MBNL2 exon 5 contribute 

to alternative splicing regulation?

Similar to the splicing of Mbnl1(54), The splicing of Mbnl2 exon 5 is also 

regulated  by  both  MBNL1 and  MBNL2.  In  WT  cells,  approximately  a  quarter 

transcripts contain exon 5. When either MBNL1 or MBNL2 is knocked-out, there 

are no detectable transcripts that do not contain  Mbnl2 exon 5 (Supplementary 

Figure 3). MBNL1 CLIP shows a strong MBNL1 interaction with the intronic region 

upstream  of  Mbnl2(54) in  C2C12  cells16,17(Supplemental  Figure  3).  Splicing 

sensitive microarrays predict that MBNL1 and MBNL2 both repress Mbnl2(54) in 

mouse quadriceps. 

To  examine  if  MBNL2  exon  5  has  any  role  in  alternative  splicing, 

MBNL2+e5 and  MBNL2-e5  were  over-expressed  in  MBNL1  KO MEF cells.  The 

change in percent inclusion of several MBNL1 or MBNL2 dependent alternative 

splicing events was then determined with RT-PCR for both treatments (Figure 

7A). Several events showed little or no change in splicing when MBNL2 was over-

expressed  with  exon  5  versus  MBNL2  over-expression  with  out  exon  5: 

Pphln1(57) had a 0.22% change in inclusion, Mbnl1(54) had a 3.17% change in 

inclusion and Mbnl1(36) showed a 1.13% change in inclusion (Figure 7A). 

However,  the  splicing  of  Fn1(270)  and  Lef1(84)  both  showed  a  large 

change  in  splicing  when  MBNL2-e5  was  over-expressed  compared  to  when 

MBNL2+e5 was over-expressed (Figure 7A). In a WT MEF cell, Lef1(84) showed 

4.86% ± 1.11 inclusion of Lef1(84),  MBNL1 KO cells  showed 7.79% ± 0.32, 

MBNL1 KO cells with an over-expression of MBNL2+e5 showed 13.3% ± 0.89 and 

MBNL1  KO  cells  with  over-expression  of  MBNL2-e5  showed  45.95% ±  4.63. 
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MBNL1 represses Lef1(84). Addition of MBNL2-e5 did not compensate for loss of 

repression by MBNL1, rather it resulted in further loss of repression of Lef1(84) 

(Figure 7C).

The splicing of  Fn1(270) also shows a change in percent inclusion when 

MBNL2+e5 is over-expressed compared to MBNL2-e5 is over-expressed. MBNL1 

KO  MEFs  showed  22.1%  ±  0.45  inclusion  and  MBNL1  KO  MEFs  with  over-

expression of MBNL2 with exon showed 22.6% ± 0.57 (Figure 7B).  However, 

when MBNL2-e5 was over-expressed in MBNL1 KO MEFs, repression of Fn1(270) 

was partially recovered: WT MEF cells showed 7.4% ± 0.11 inclusion and MBNL1 

KO MEFs with MBNL2 with out exon 5 showed 11.4% ± 0.36 (Figure 7B). The 

endogenous  form of  MBNL2  in  a  MBNL1  KO can  not  compensate  for  loss  of 

MBNL1, but exogenous MBNL2 can compensate for loss of MBNL1, provided the 

MBNL2 lacks the region coded by exon 5. When the protein coded by exon 5 is  

included in  MBNL2, MBNL2 has a different role  in  the regulation of  Fn1(270) 

splicing. Taken together, these results show that the protein coded by exon 5 in 

MBNL2 could play a role in splicing regulation. 

Further  experiments  are  necessary  to  study  the  role  of  Mbnl2(54) in 

alternative splicing. First, it is necessary to over-express MBNL2 with and with 

out the area encoded by exon 5 in a WT MEF cell to see if  Mbnl2(54) has the 

same  role  in  splicing  regulation  when  MBNL1  is  present.  Additionally,  it  is 

necessary to see if the over-expressed MBNL2 is directly involved in splicing and 

not altering the role of MBNL2 in RNA-stability. Additionally, it is necessary to 

identify more alternative splicing events that are regulated by MBNL2 with exon 5 

differently from MBNL2 with out exon 5. 
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DISCUSSION

The goal of this work is to establish the relationship between MBNL1 and 

MBNL2 functions in alternative splicing and to see if the proteins are able to act 

as completely unique splicing factors, or if they have redundant functions. The 

first goal was to prove that MBNL1 and MBNL2 have unique splicing functions in 

MEF cells. Examples of alternative splicing were found where MBNL1 can regulate 

alternative splicing and even high levels of MBNL2 protein have no contribution to 

this regulation. On the other hand, pre-mRNAs were discovered that require both 

MBNL1 and MBNL2 to regulate splicing. These events require both MBNL1 and 

MBNL2 rather than an overall amount of non-specific MBNL protein. The role of 

MBNL2 exon  5  in  alternative  splicing  was  considered.  It  was  discovered that 

MBNL1 and MBNL2 both promote repression of Mbnl2(54), and that MBNL2 exon 

5 does have a role in alternative splicing. 

MBNL1 and MBNL2 have distinct splicing functions

MBNL1  and  MBNL2  are  co-expressed  in  many  tissues,  therefore  it  is 

necessary to study how they separate functions with-in a tissue 56, 27. There is no 

evidence showing that MBNL1 and MBNL2 recognize different cis-elements on the 

RNA, and there is no evidence that MBNL1 and MBNL2 use different mechanisms 

to regulate alternative splicing. Yet,  it  is  known that MBNL1 and MBNL2 have 

unique functions in alternative splicing. Knock-out of MBNL1 and knock-out of 

MBNL2  lead  to  very  different  phenotypes  in  mouse56,29.  Splicing  sensitive 

microarrays reveal that MBNL1 and MBNL2 regulate the alternative splicing of 

different  pre-mRNAs  in  mouse  quadricep  tissue28.  MBNL1  and  MBNL2  could 

separate their functions in several ways as previously discussed: they can have 
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completely different splicing functions, have dual functions where both proteins 

are  required  or  they  could  have  completely  redundant  function.  Microarray 

analysis of MBNL1 KO mouse quadricep to MBNL2 KO mouse quadricep show 

several important findings about how MBNL1 and MBNL2 parse out their unique 

regulatory  functions.  First,  there  are  many  splicing  events  that  show 

misregulation when either MBNL1 or MBNL2 is knocked-out but they show normal 

splicing regulation when the other splicing factor is knocked-out. These events 

show  a  similar  regulation  pattern  to  Clcn1(E7a)  and  Serca1(e22)  in  mouse 

skeletal muscle and Tnnt2(e5) and Sorbs1(e25) in mouse cardiac muscle where 

MBNL1 regulates splicing and MBNL2 has no effect29. Similarly, this work found 

that in MEF cells,  Mbnl1(36) and  Lef1(84) are solely regulated by MBNL1 and 

MBNL2 has no effect. This work was limited to MEF cells, but it is likely that 

MBNL1 and MBNL2 divide their functions differently in different tissue 29, 56, 58. 

This work did not show an example of alternative splicing regulation in 

which  MBNL2  is  required  but  MBNL1  is  not  required.  However,  this  type  of 

regulation  was  seen  by  splicing  sensitive  microarrays  performed  in  mouse 

hippocampus. Additionally, eight events were previously observed that showed 

non-WT splicing when MBNL2 was knocked-out in mouse hippocampus and no 

splicing effect when MBNL1 is knocked-out 29.  Therefore, it is likely that MBNL2 

specific events exist in MEF cells even though this work did not identify any. 

A valuable line of questioning would be to study how MBNL1 and MBNL2 

can mediate different splicing functions in the same tissue. It is unlikely that this 

separation of function is happening from the zinc-finger domains recognizing a 

unique RNA sequence since the Zinc-finger domains of MBNL1 and MBNL2 are 
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highly similar47,53 and MBNL1 and MBNL2 recognize very similar (or identical) cis-

elements 28,29,46,60. Nothing is known about proteins that bind to MBNL1 or MBNL2, 

but  it  is  likely  that  co-factor  interaction  provides  MBNL1  and  MBNL2  unique 

functions.  The  C-terminus  of  both  proteins  is  divergent  and  likely  is  able  to 

interact  with  unique  co-factors.  A  tissue-specific  analysis  of  the  proteins 

physically associated with MBNL1 and MBNL2 would be informative in elucidating 

the  mechanism  by  which  MBNL1  and  MBNL2  separate  alternative  splicing 

function. 

MBNL1 and MBNL2 can both be required for splicing activation or repression

Another way in which MBNL1 and MBNL2 can regulate splicing is  by a 

dual-requirement. In this category, both MBNL1 and MBNL2 are required for WT 

splicing.  Splicing  sensitive  microarrays  comparing  MBNL1  KO  quadricep  and 

MBNL2 KO quadricep show that there are many events that display mis-regulated 

splicing when either one of the splicing factors are missing.  Examples of this 

category of splicing regulation is  seen in MEFs by both  Pphln1(57), Fn1(270) 

Mbnl1(54) and Mbnl2(54).

When knock-out of MBNL1 or MBNL2 leads to misrelated splicing, there 

are two possible mechanisms that could be at play. One explanation is that both 

MBNL1 and MBNL2 must bind the pre-mRNA for the correct splicing regulation to 

occur  and MBNL1 and MBNL2 must both  be present for  regulated splicing to 

occur. This is called a dual requirement. The other possible mechanism is that the 

overall  dosage of MBNL protein determines splicing, and that either MBNL1 or 

MBNL2 can regulate splicing if there is enough protein present. These events are 

more sensitive to the overall dosage of MBNL compared to MBNL1 or MBNL2 in 
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particular and are called threshold-dependent events. Both the dual-requirement 

and  the  threshold-dependent  mechanisms  were  tested  by  addition  of  the 

endogenous form of MBNL2 to an MBNL1 knock-out cell. If over-expression of 

MBNL2  resulted  in  recovery  of  WT  splicing,  then  the  event  would  be  more 

sensitive to the overall  levels of MBNL compared to specifically MBNL1 and or 

MBNL2.

A possible mechanism in which MBNL1 and MBNL2 could both be required 

for alternative splicing regulation is that MBNL1 could be affecting the protein 

abundance of MBNL2 (or vise versa). For instance, it is possible that MBNL2 has 

no direct role in regulating an alternative splicing event, but that it influences the 

nuclear of MBNL1, and that MBNL1 is the only protein required for alternative 

splicing. This mechanism is possible because MBNL1 and MBNL2 both promote 

the  repression  of  Mbnl1(54)  which  contains  the  protein's  nuclear-localization 

signal59. Therefore, a possible mechanism of alternative splicing that appears to 

be a dual-requirement is that MBNL2 KO results in further inclusion of Mbnl1(54), 

MBNL1 abundance in the nucleus increases, and that alters splicing. However, it 

is hard to imagine a mechanism that would cause aberrant splicing in the same 

way when either MBNL1 is knocked-out verses and when MBNL1 abundance is 

increased. MBNL2 could be having other roles on the splicing of MBNL1 (such as 

Mbnl1(36)) and this change in MBNL1 could be required for splicing. Therefore, 

the  dual-requirement  definition  of  alternative  splicing  regulation  does  not 

stipulate that MBNL2 (or, in converse, MBNL1) is directly required in splicing, but 

rather that it could be required its regulation of the other MBNL protein. 

MBNL can regulate splicing in a threshold-dependent manner
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Splicing sensitive microarrays were used to examine the impact of loss of 

one-copy of MBNL2 in mouse quadricep lacking. There were many events that 

showed wild-type splicing when MBNL2 was present and MBNL1 was knocked-out 

that showed aberrant splicing when MBNL2 dosage was decreased and MBNL1 

was  knocked-out.  These  splicing  events  show  splicing  regulation  that  is 

dependent  on the total  levels  of  MBNL protein  rather  than MBNL1 or MBNL2 

specifically; a threshold-dependent mechanism is in effect.

A  threshold-dependent  mechanism  guides  the  alternative  splicing  of 

Mbnl1(54).  Both MBNL proteins are required for repression of  Mbnl1(54),  but 

when MBNL2 was over-expressed in an MBNL1 KO cell,  the percent inclusion 

more closely  resembled  a WT cell  than a MBNL1 KO cell.  This  was  the only 

alternative splicing event that  this  work identified to  be threshold-dependent. 

However, splicing-sensitive microarrays predict many splicing-sensitive events in 

mouse quadricep. It would be of interest to study threshold-dependent events in 

a cell that naturally has low levels of MBNL expression to study if more events are 

sensitive to loss of either MBNL1 or MBNL2 compared to loss of either MBNL1 or 

MBNL2 in a cell-type that has high abundance of MBNL. 

The  threshold-dependent  mechanism  has  interesting  implication  to 

development.  Since MBNL1 and MBNL2 abundance changes during myogenesis 

of  C2C12  cells  from  a  myoblast  to  a  myotube27,  the  threshold-dependent 

mechanism could influence many alternative splicing events. MBNL1 abundance is  

high  at  the  onset  of  C2C12  differentiation  and  remains  high  through-out 

myogensis.  However,  MBNL2  is  not  abundant  at  the  beginning  of  C2C12 

differentation, it peaks around 48 hours into myogensis, and then the abundance 
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gradually decreases27. Differential abundance of MBNL could set-up a mechanism 

where  threshold-dependent  events  with  a  low  threshold  of  required  MBNL 

proteins could be spliced at an earlier time in development than pre-mRNAs with 

a higher necessary threshold of MBNL proteins. 

There is previous evidence of a dosage-dependency in MBNL1 regulated 

splicing 28. Vldlr and Nfix pre-mRNAs were identified as splicing targets of MBNL1 

in  MEF cells28.  Vldlr  is  activated  by  MBNL1 and  contains  YGCY motifs  in  the 

downstream intron; Nfix is repressed by MBNL1 and contains YGCY motifs in up 

upstream intron and the alternative exon. When one cluster of YGCY motifs was 

deleted in a mini-gene more MBNL1 was required for a WT splicing pattern in 

both  Vldlr  and  Nfix  alternative  splicing28.  This  was  attributed  to  a  dosage-

dependent mechanism where pre-mRNAs with more YGCY motifs are able to bind 

more MBNL1 than pre-mRNAs with fewer YGCY motifs. YGCY motifs were inserted 

into a non-specific RNA intronic sequence and binding to recombinant MBNL1-

GST was analyzed using co-immunoprecipitation  28. As predicted, more MBNL1-

GST was bound to the pre-mRNAs that contained a larger number of YGCY motifs 

28. These experiments provide some mechanistic explanations for the threshold-

dependent  class  of  MBNL  regulated  alternative  splicing.  Further  work  should 

identify  more  threshold-dependent  events  and  compare  the  number  of  YGCY 

motifs in events that require a large amount of MBNL versus events that require 

a smaller amount of MBNL. 

MBNL proteins are expressed in both the nucleus and the cytoplasm, and 

the  amount  of  protein  in  the  nucleus  versus  the  cytoplasm  changes  during 

myogenesis27.  Therefore,  the  amount  of  total  MBNL  protein  available  for 
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alternative splicing is just the nuclear fraction.

MBNL does not activate Pphln1(57) in a dosage-dependent manner

Unlike the repression of  Mbnl1(54),  the activation of  Pphln1(57) is  not 

dependent on the overall dosage of MBNL2 protein when MBNL1 is not present. 

When MBNL2+e5 was over-expressed in MBNL1 KO MEFs, there was no recovery 

of  Pphln1(57) activation.  In  this  splicing-event,  MBNL1  is  an  absolute 

requirement  for  alternative  splicing.  MBNL2  can  not  compensate  for  loss  of 

MBNL1.  This  is  likely  because  MBNL1  provides  a  unique  function  (such  as 

recruiting a necessary co-factor) to alternative splicing in MEFs that MBNL2 does 

not. It would be interesting to study the effect of MBNL2 over-expression when 

MBNL1 is lost in other tissue types to see if the requirement of MBNL1 can be 

waived in other cell-types. 

The Threshold-dependent and Dual-Requirement mechanisms are not necessarily  

mutually exclusive 

The two mechanisms that mis-regulated splicing when either MBNL1 or 

MBNL2 is knocked-out  are not necessarily mutually exclusive. A major goal of 

this work was to provide evidence of MBNL2 compensation for loss of MBNL1, 

therefore  MBNL2  was  over-expressed  in  cells  lacking  MBNL1.  However,  it  is 

possible  that  alternative  splicing  could  be  regulated  by  both  a  threshold-

dependent mechanism and a dual-requirement. For instance, if a small amount of 

MBNL1 is present and bound to the pre-mRNA, the dosage of MBNL2 could then 

influence whether the alternative splicing happens or not. 

MBNL1 and MBNL2 both auto-regulate the repression of Mbnl2(54)

MBNL1  and  MBNL2  both  participate  in  auto  and  cross-regulation  by 
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regulating the splicing of their own pre-mRNAs and the pre-mRNA of the other 

splicing factor. It has previously been observed in human HeLa cells that MBNL1 

represses  Mbnl1(54)60. This was corroborated in MEF cells- MBNL1 KO leads to 

increased inclusion of Mbnl1(54). This work expands on previous work and shows 

that MBNL2 also contributes to the repression of Mbnl1(54) It  was  also 

observed that MBNL1 and MBNL2 both strongly repress  Mbnl2(54) in MEF cels. 

This result was predicted because the intronic region of Mbnl1 responsible for 

repression of  Mbnl1(54)  is  nearly  identical  to the intronic region of Mbnl2  60. 

There is also strong MBNL1 CLIP hits in this region for both Mbnl1 and Mbnl2. 

The auto-regulation and cross-regulation of the Mbnl proteins is medically 

relevant.  As  MBNL1  and  MBNL2  are  both  depleted  in  myotonic  dystrophy 

patients, it is important to note that the majority of the protein contains exon 5. 

This  could  cause  a  secondary  effect  of  MBNL  sequestration,  because  the 

remaining un-sequestered MBNL protein contains the region encoded by exon 5. 

MBNL2+e5 is localized in the nucleus

MBNL  proteins  have  both  cytoplasmic  and  nuclear  functions  and  are 

localized diffusely.  The protein encoded by exon 5 of MBNL1 contains a nuclear 

localization signal (NLS)59. When MBNL1 is present, it represses its own exon 5 

causes  MBNL1  protein  to  gain  a  nuclear-localization  signal  and  the  protein 

localization changes to become more nuclear59. Therefore, the protein can auto-

regulate to prioritize splicing function in the nucleus over MBNL1's cytoplasmic 

functions: when MBNL1 is depleted in the nucleus, it is not able to repress  exon 

5 and therefore more protein is made with a nuclear localization signal and the 

remaining MBNL1 is shuttled into the nucleus.
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The protein coded by Mbnl2 exon 5 is nearly identical to the protein coded 

by Mbnl1 exon 5 (Figure 2) therefore we examined whether MBNL2+e5 protein is 

nuclear. A EGFP-Mbnl2+e5 fusion protein was over-expressed in MBNL1 KO MEF 

cells.  The  localization  of  the EGFP-Mbnl2+e5 fusion  protein  was  compared to 

over-expression  of  EGFP  alone  (Figure  XX).  EGFP  localization  was  generally 

diffuse in MBNL1 KO MEF cells, however, when  MBNL2+e5 was fused to EGFP, 

localization of EGFP was strictly nuclear. There are two possible explanations for 

this  change in  localization.  The first  is  that  MBNL2 is  always  localized in  the 

nucleus, regardless of if it expresses the region encoded by exon 5. However, this 

is unlikely because previous research has shown that MBNL2 is expressed in the 

cytoplasm and has cytoplasmic functions27,54. Another explanation is that MBNL2 

exon  5  could  have  the  same  function  as  MBNL1  exon  5  and  cause  nuclear 

localization of the protein. This is likely because MBNL1 and MBNL2 have high 

exon  5  homology  (Figure  2)  and  the  nuclear  localization  signal  is  mostly 

preserved. If the inclusion of MBNL2 exon 5 contributes to nuclear localization, 

there  would  be  evidence  that  MBNL2  participates  in  an  auto-regulation  loop 

similar to MBNL1. In this proposed model, if either MBNL1 or MBNL2 is depleted, 

Mbnl2(54) is not repressed and the protein has nuclear localization. Since it is 

likely  that  the  presence  or  absence  of  MBNL1e5  and  MBNL2e5  changes  the 

nuclear abundance of the protein, the inclusion of MBNL1e5 and MBNL2e5 could 

influence splicing regulation of threshold-dependent splicing events. 

MBNL2e5 could have a role in alternative splicing regulation

The over-expression of MBNL2-e5 did not change the alternative splicing 

of  Pphln1(57),  Mbnl1(36)  and  Mbnl1(54)  compared  to  over-expression  of 
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MBNL2+e5.  In  Mbnl1(36)  and  Pphln1(57),  over-expression  of  MBNL2  had  no 

effect  on  splicing,  regardless  of  which  isoform  was  over-expressed.  The 

repression of Mbnl1(54) was increased with over-expression of MBNL2, but both 

isoforms  of  MBNL2  equally  contributed  to  repressing  Mbnl1(54).  In  these 

examples,  since  Mbnl2 exon  5  did  not  affect  splicing,  the  localization  and 

potential  other  functions  of  Mbnl2 exon  5  is  inconsequential  for  splicing 

regulation.

On the other hand,  when MBNL2-e5 was over-expressed in MBNL1 KO 

cells, splicing of Fn1(270) was more similar to WT cells than to MBNL1 KO cells or 

MBNL1 KO cells with an over-expression of the native form of MBNL2. MBNL2-e5 

was able to compensate for lack of MBNL1. The splicing of Fn1(270) happens in a 

threshold-mechanism: when either MBNL1 or MBNL2 is knocked-out, the total 

levels of MBNL is not enough to promote WT splicing, however, when MBNL2-e5 

is over-expressed there is enough MBNL to promote splicing, even if MBNL1 is 

knocked-out. MBNL2-e5 is able to compensate for loss of MBNL1 but MBNL2e5+ 

is not. The repression of Lef1(84) also shows a change in regulation between 

over-expression of MBNL2+e5 and MBNL2-e5. In this example, over-expression 

of  either  isoform of  MBNL2 results  in  a  decrease  in  Lef1(84) repression-  the 

consequence to splicing is more severe than loss of MBNL1 alone. However, over-

expression of MBNL2e5- causes a loss of Lef1(84) repression that is much more 

significant than loss of MBNL1 or loss of MBNL1 and over-expression of native 

MBNL2. Taken together, these findings suggest that MBNL2e5 could have a role in 

the regulation of alternative splicing of some target pre-mRNAs.

This theory points to an interesting question: does exon 5 simply function 
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in nuclear localization or does the inclusion of exon 5 in some way change MBNL1 

or MBNL2s splicing regulation activity? In three out of five studied events, when 

both MBNL2-e5 and MBNL2+e5 were over-expressed, there was no difference in 

splicing  of  Pphln1(57),  Mbnl1(36) and  Mbnl1(54).  However,  MBNL2-e5  can 

partially  compensate for  the loss of  MBNL1 and MBNL2 with exon 5 can not 

similarly  compensate for  the loss  of  MBNL1 in  the splicing  of  Fn1(270).  This 

points to a model by which MBNL2e5 is in some way involved in the regulation of 

splicing activity of some, but not all, splicing events.
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FIGURES

Figure One: Alternative Splicing Factors have a common RNA regulatory 
map.

The RNA regulatory map is shown for Fox1/2, MBNL1/2, PTB/nPTB, 
hnRNP-C, TDP-43 and HuR. Interaction with the area downstream of the 
alternative exon promotes exon inclusion, interaction with the RNA upstream of 
the alternative exon promotes exon skipping.
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Figure Two: MBNL1 and MBNL2 protein sequences are highly similar. 
A  protein  alignment  of  mouse  MBNL1  and  MBNL2  proteins  sequence  was 
performed with  ClustalW. The sequences include  all  alternative  spliced exonic 
regions. The two pairs of zinc Fingers are shown in blue and yellow. The protein 
region coded by exon 5 (54 nucleotide exon) is shown in green. The predicted 
nuclear localization signal (NLS) is shaded in green. 
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Figure Three: MBNL1 and MBNL2 can have independent splicing 
functions.

A.) Splicing-sensitive microarrays were performed on mouse quadricep with a 
MBNL1 KO (green circle) or a MBNL2 KO (yellow circle), the events that showed a 
significant splicing change compared to WT were counted. 145 of splicing events 
with significant splicing perturbations were observed in both the MBNL1 KO and 
the MBNL2 KO quadricep tissue. 
B.) RT-PCR was performed on the Mbnl1(36) (B) and Lef1(84) (C) splicing event 
with cDNA from WT MEFs (WT, bar graph left column), MBNL1KO MEFs (1KO, bar 
graph center column) and MBNL2 KO MEFs (2KO, bar graph right column), all 
with  an  over-expression  of  EGFP.  The  start  codon  of  MBNL1 is  deleted  from 
MBNL1 KO MEFs and the pre-mRNA of Mbnl1 is transcribed and spliced, it is not 
translated. The PCR was analyzed on a Bioanalyzer and the percent inclusion was 
calculated from molarities of the include and skip bands. The experiment was 
repeated  in  triplicate  and  error  bars  represent  standard  deviation  from  the 
average percent inclusion. 
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Figure Four: MBNL2 can not compensate for the loss of MBNL1 in the 
regulation of Lef1(84) and Mbnl1(36).

MBNL2-EGFP  (sequence  included  the  exon  5  region)  was  over-expressed  in 
MBNL1 KO MEF cells, and EGFP alone was over-expressed in WT and MBNL1 KO 
MEF cells (in triplicate). RT-PCR of cDNA from each treatment was performed for 
the Mbnl1(36) (A) and Lef1(84) (B) splicing event. The percent inclusion was 
calculated from the include and skip molarities determined by a Bioanalyzer. Error 
bars represent standard deviation from the average percent inclusion. 

46



Figure Five: MBNL1 and MBNL2 can have redundant splicing functions.
RT-PCR was performed on the Fn1(270) (A) and Pphln1(54) (B) splicing events 
with cDNA from WT MEFs, MBNL1KO MEFs (1KO) and MBNL2 KO (2KO) MEFs with 
an over-expression of EGFP. The start codon of MBNL1 is deleted from MBNL1 KO 
MEFs and the pre-mRNA of Mbnl1 is transcribed and spliced, it is not translated. 
The PCR was analyzed on a Bioanalyzer and the percent inclusion was calculated 
from molarities of the include and skip bands. The experiment was repeated in 
triplicate and error bars represent standard deviation from the average percent 
inclusion. 
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Figure Six: MBNL1 and MBNL2 regulate splicing using a dual-requirement 
or threshold-mechanism

A.) Splicing-sensitive microarrays were performed on mouse quadricep with a 
MBNL1 KO and MBNL2 WT (green circle) or a MBNL1 KO and one copy of MBNL2 
deleted  (yellow  circle),  the  events  that  showed  a  significant  splicing  change 
compared to WT were counted. 549 events were aberrantly spliced when MBNL1 
was knocked-out but were not aberrantly spliced when MBNL1 was knocked out 
and MBNL2 was heterozygous. 343 events were aberrantly spliced when MBNL1 
was  knocked  out  when  MBNL2  was  WT  or  when  MBNL2  was  heterozygous. 
Additionally, 1195 events were perturbed when both MBNL1 was knocked out and 
MBNL2  was  heterozygous.  B.)  A  description  of  the  threshold-dependent 
mechanism is  shown for a theoretical  example splicing event.  The amount of 
MBNL1 and MBNL2 is hypothetical. Event A is spliced if the total MBNL protein is 
above the threshold as shown. This theoretical splicing event would be correctly 
spliced if a WT cell and a MBNL1 KO and Mbnl2 Over-expressed (OE) cell. Event B 
has a lower threshold, so is correctly spliced in a WT cell, a MBNL1 KO cell (1-/-), 
a MBNL2 KO cell (2-/-) and a MBNL1 KO cell with an over-expression of MBNL2 
(1-/- 2OE). This shows an example of alternative splicing where the total amount 
of  MBNL  protein  that  is  available  determines  if  regulated  alternative  splicing 
occurs. There is no specificity for MBNL1 or MBNL2. C.) A hypothetical example of 
Dual-Requirement mechanism of alternative splicing is shown. MBNL1 and MBNL2 
must both be present and interact with the pre-mRNA to activate the alternative 
exon. If either MBNL1 or MBNL2 is missing, then the theoretical alternative exon 
will not be activated. MBNL2-EGFP (sequence included the exon 5 region) was 
over-expressed in MBNL1 KO MEF cells, and EGFP alone was over-expressed in 
WT and MBNL1 KO MEF cells (in triplicate). RT-PCR of cDNA from each treatment 
was  performed for  the  Fn1(270)  (D),  the  Pphln1(54)  and  the  Mbnl1(54)  (E) 
splicing event.  The start codon of MBNL1 is deleted from MBNL1 KO MEFs and 
the  pre-mRNA  of  Mbnl1  is  transcribed  and  spliced,  it  is  not  translated.  The 
percent inclusion was calculated from the include and skip molarities determined 
by  a  Bioanalyzer.  Error  bars  represent  standard  deviation  from  the  average 
percent inclusion. 
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Figure Seven: MBNL1 exon 5 has a role in alternative splicing regulation.
A.) MBNL2 with exon 5-EGFP and MBNL2 with out exon 5-EGFP fusion proteins 
were over-expressed in MBNL1KO MEF cells (in triplicate). RT-PCR was performed 
on cDNA from each treatment. The percent inclusion of the Pphln1(57), Lef1(84), 
Mbnl1(36),  Fn1(270)  and  Mbnl1(54)  splicing  events  was  calculated  using  a 
Bioanalyzer of the PCR products. The change in the percent inclusion of MBNL1 
KO cells with over-expression of MBNL2 with exon 5 compared to MBNL1 KO cells 
with  over-expression of  MBNL2 with  out  exon  5 is  shown on the bar  graph. 
Pphln1(57), Mbnl1(36) and Mbnl1(54) show little or no difference in the percent 
inclusion when MBNL2 with exon 5 is over-expressed compared to MBNL2 with 
out  exon  5.  Lef1(84)  and  Fn1(270)  both  show  a  larger  change  in  percent 
inclusion.  B.)  MBNL2-EGFP  (sequence  included  the exon  5  region)  was  over-
expressed in MBNL1 KO MEF cells (1KO+2+e5), MBNL2-EGFP (sequence did not 
include the exon 5 region) was over-expressed in MBNL1 KO MEF cells (1KO+2-
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e5), and EGFP alone was over-expressed in WT, MBNL2 KO and MBNL1 KO MEF 
cells (in triplicate). RT-PCR of cDNA from each treatment was performed for the 
Fn1(270)  (B),  the  Lef1(84)  (C  )  splicing  event.    The  percent  inclusion  was 
calculated from the include and skip molarities determined by a Bioanalyzer. Error 
bars represent standard deviation from the average percent inclusion. 

Supplementary Figure One: MBNL2 with exon 5 is located in the nucleus 
of MBNL1 KO MEF cells. 

EGFP was over-expressed in MBNL1 KO MEF cells. Cells were stained with DAPI 
and imaged using confocal fluorescence microscopy. EGFP was seen both in the 
cytoplasm and  the nucleus  of  transfected cells  (A).  MBNL2 (with the exon 5 
region)-EGFP fusion protein was over-expressed in MBNL1 KO MEF cells. Cells 
were stained with DAPI and imaged using confocal fluorescence microscopy (B). 
EGFP was seen in the nucleus and not the cytoplasm.
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Supplementary Figure Two: MBNL1 CLIP of selected MBNL1 responsive 
exons in C2C12 cells. 
A UCSC genome browser screen-shot is shown of an alternative splicing event 
and MBNL1 CLIP hits (Masuda 2012) are shown in blue.
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Supplementary  Figure  3:  MBNL1  and  MBNL2  promote  skipping  of 
Mbnl2(54) and Mbnl1(54) in MEFs
 RT-PCR was performed on the Mbnl1(54) (B) and Mbnl2(54) (A) splicing event 
with cDNA from WT MEFs (WT, bar graph left column), MBNL1KO MEFs (1KO, bar 
graph center column) and MBNL2 KO MEFs (2KO, bar graph right column), all 
with  an  over-expression  of  EGFP.  The  start  codon  of  MBNL1 is  deleted  from 
MBNL1 KO MEFs and the pre-mRNA of Mbnl1 is transcribed and spliced, it is not 
translated. The start codon of MBNL2 is deleted from MBNL2 KO MEFs and the 
pre-mRNA of Mbnl2 is transcribed and spliced, it is not translated.  The PCR was 
analyzed  on  a  Bioanalyzer  and  the  percent  inclusion  was  calculated  from 
molarities  of  the  include  and  skip  bands.  The  experiment  was  repeated  in 
triplicate and error bars represent standard deviation from the average percent 
inclusion. 
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