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Abstract 
 

A novel gene entitled Muscle-enriched A-type Lamin-Interacting Protein, or MLIP 

was identified through a yeast-two hybrid screen using Lamin A as bait, in an attempt to shed 

light on the intricate nature of laminopathies.  The objective of this study was to identify 

MLIP’s isoforms.  Immunoblotting experiments revealed that MLIP is expressed 

differentially in both mouse and human tissues. A cloning strategy was performed which 

demonstrated extensive tissue-dependant alternative splicing, however not all protein bands 

observed by immunoblotting could be accounted for by the splice variants identified. Hence 

5’ and 3’ Rapid Amplification of Complementary DNA Ends was performed, however only 

a single 5’ and 3’ untranslated region was uncovered.  MLIP contains five highly conserved 

regions of homology, one of which contains a consensus SUMOylation site.  MLIP was 

investigated as a substrate for SUMO through in vitro and in vivo assays, however it was not 

modified by SUMO. It remains to be determined whether MLIP undergoes other post-

translational modification.  MLIP’s function has yet to be defined; however preliminary 

experiments in our laboratory and MLIP’s association with lamin suggest that it may play a 

role in tissue differentiation. 
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General Introduction 

A-type laminopathies describe an ensemble of diseases that affect a variety of tissues 

as a result of mutations in the LMNA gene (Worman et al., 2009).  The mechanism that 

links the mutations in the LMNA gene to the disease remains unknown.  One of the 

hypotheses stipulates that mutations in the LMNA gene could result in the loss of 

interactions between lamins and lamin-interacting proteins (Hübner et al., 2006).  In 

pursuing this hypothesis, a novel protein, entitled MLIP (Muscle-enriched A-type Lamin-

Interacting Protein) was identified by Patrick G. Burgon in 2005. 

Lamins 

Lamin gene family and expression 

In mammals, lamins are divided into two classes.  The first class, known as A-type 

lamins includes both lamin A and C, while the second class consists of B-type lamins.  Both 

classes are constituents of the nuclear lamina, which is a network of intermediate filaments.  

The nuclear lamina itself is an element of the nuclear envelope, which can be found in all 

somatic cells (Genschel and Schmidt, 2000; Worman et al., 2009).  

The LMNA gene in humans contains 12 exons, and alternative splicing at exon 10 

allows for the generation of lamin A and C (Machiels et al., 1996).  Lamin A and C share 

the first 566 amino acids, Lamin A has an additional 98 amino acids and Lamin C has an 

additional 6 amino acids (Machiels et al., 1996). 

Lamins B1 and B2 are expressed in most cell types (Stuurman et al., 1998; Wilson, 

2000), whereas A-type lamins are expressed in differentiated cells.  The absence of Lamin 
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A/C expression is as a marker of undifferentiated embryonic stem cells (Krohne and 

Benavente, 1986; Constantinescu et al., 2006). 

Lamin structure and maturation process  

Nuclear lamins contain a globular amino-terminal end, followed by a central alpha-

helical coiled-coil rod domain, and finally a carboxy terminal domain that contains a nuclear 

localization signal (NLS) (Genschel and Schmidt, 2000; Lin and Worman, 1993).  Lamins 

undergo polymerization, initially forming dimers, which then assemble into polymers, 

although this process still remains obscure (Worman et al., 2009).  

In order to obtain the mature form, lamin A must undergo farnesylation, a post-

translational modification that occurs at the cysteine residue in CaaX box (C for cysteine, A 

for aliphatic amino acid and X for any amino acid) (Clarke, 1992).  This modification is 

however not required for the incorporation of lamin C in the nuclear lamina (Beck et al., 

1990).  Following farnesylation, Lamin A is cleaved, releasing the aaX amino acids, which 

then allows for methylation at the farnesylcysteine residue.  Lamin A is then subjected to 

another cleavage, liberating the last 15 amino acids, which also includes the methylated 

farnesylcysteine (Weber et al., 1989).  This final cleavage yields the mature form of lamin A 

(Sinensky et al., 1994). 

Lamins are also subjected to other post-translational modifications, including 

phosphorylation, which leads to their depolymerization, a process that is necessary for 

mitosis to occur (Gerace and Blobel, 1980). 
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Functional Role of Lamin  

The nuclear lamina predominantly resides under the inner nuclear membrane.  Its 

leading role is to provide structural support for the nucleus (Aebi, U., et al., 1986).  The 

lamina also plays a role in a variety of cellular processes, such as chromatin organization, 

transcription and mitosis; therefore the nuclear lamina interacts with DNA, chromatin, 

transcription factors and proteins from the inner nuclear membrane (Burke, 1990; Dreuillet 

et al., 2002; Moir et al., 2000). 

Lamins and disease 

Mutations within the LMNA gene give rise to a variety of diseases, affecting a 

diversity of tissues, however the mechanism remains unknown.  These diseases can be 

divided into four main categories (Worman et al., 2009).  Within the first category are the 

diseases that cause progeria, also known as premature ageing; in the second category are the 

diseases that cause peripheral neuropathy; the third category includes diseases that result in 

partial lipodystrophy; and the forth category comprises the diseases in which striated muscle 

is affected (Emery, 1989; Eriksson et al., 2003; Genschel and Schmidt, 2000).  The 

phenotypes of these diseases are summarized in Table 1. 
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Table 1: Diseases associated with mutations in A-type lamins. 

Disease Category Phenotype 
Emery-Dreifuss Muscular 

Dystrophy (EDMD) 

Striated Muscle Skeletal muscle wasting and 

weakness in addition to 

cardiomyopathy (Emery 1989) 

Dilated Cardiomyopathy 

(DCM) 

Striated Muscle Enlarged and weakened heart that 

is unable to pump an adequate 

amount of blood (Fatkin et al., 

1999) 

Hutchinson-Gilford progeria 

syndrome (HGPS) 

Progeria Premature ageing, development 

of atherosclerosis during 

childhood, impaired growth, 

osteoporosis, hair loss and joint 

abnormalities (Eriksson et al., 

2003) 

Limb Girdle Muscular 

Dystrophy (LGMD) 

Striated muscle Affects the voluntary muscles 

that are found around the pelvic 

and shoulder area (Genschel and 

Schmidt, 2000) 

Familial partial lipodystrophy-

Dunnigan variety (FPLD) 

Partial lipodystrophy Hypertriglyceridemia, insulin 

resistance, atrophy of the muscles 

and a decline in subcutaneous fat 

from the extremities (Garg, 2000)   

Charcot-Marie-Tooth disorder 

type 2B1 (CMT) 

Peripheral neuropathy Lower limbs suffer a loss of deep 

tendon reflexes as well as 

weakness and atrophy (De 

Sandre-Giovannoli et al., 2002) 

Atypical Werner Syndrome Progeria Aged appearance, cataracts, 

osteoporosis, vascular disease 

(Worman et al., 2009) 
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Mutations in the LMNA gene that give rise to these disorders include nonsense and 

missense mutations (Emery, 1989), intron retention and in-frame deletion of a codon 

(Genschel and Schmidt, 2000). A complete lack of A-type lamins in humans results in 

perinatal lethality, for which there has only been one case reported (Van Engelen et al., 

2005).  The infant was born pre-maturely and succumbed to the disease promptly after birth 

due to respiratory failure. 

Mutations in LMNA that give rise to muscle-specific diseases are dispersed 

throughout the LMNA gene as illustrated in Figure 1, while nearly 90% of mutations that 

lead to FPLD2 are found within exon 8, a globular domain (Speckman et al., 2000). It has 

been reported that DCM and EDMD can both arise from the same mutation within the 

LMNA gene (Bonne et al., 2000). 

Diseases also arise due to abnormalities in the maturation process of lamin A.  The 

depletion of ZMPSTE24, the enzyme responsible for the final cleavage of prelamin A, leads 

to a perinatal-lethal progeroid syndrome.  The loss of this enzyme results in a build-up of 

farnesylated prelamin A (Navarro et al., 2004). 
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Figure 1: Laminopathy-linked LMNA mutations.  

Exons (top) are coloured according to the lamin protein domains (bottom) that they encode. 

Lamin A-specific exons are green. Exons that correspond to the 3′ untranslated region are 

yellow. This figure presents ~50% of the known LMNA disease-linked mutations. CaaX 

represents a carboxy-terminal farnesylation sequence that is present in lamin A but not lamin 

C. Reprinted by permission from Macmillan Publishers Ltd: [Nature Reviews Molecular 

Cell Biology] (Burke, B., Stewart, C.L. Life at the edge: The nuclear envelope and human 

disease. 8, 575-585), copyright (2002). 
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Breaking new ground: Discovery of MLIP 

 

MLIP or Muscle-enriched A-type Lamin-Interacting Protein (C6orf142) is a novel 

gene, found exclusively in amniotes. In human, MLIP is located on chromosome 6p12.1 and 

is 247kilobases (Ahmady et al., 2011)
1
.  Our lab discovered MLIP through a yeast-two 

hybrid screen using the rod 1 domain of human Lamin A/C, amino acids 1 through 230, as 

bait against a human heart cDNA library.  Of the 232 positive interacting clones, 6 were 

MLIP. Further investigation demonstrated that MLIP interacts between amino acids 1 and 

130 of LMNA (Ahmady et al., 2011)
1
.  

MLIP tissue expression  

Northern blotting demonstrated that MLIP is predominantly found in the heart and 

skeletal muscle in both mouse and human (Figure 2).  Both species also contain two 

principal transcripts.   In mouse, one was observed at 3.5kbp and the second between 1 to 2 

kbp, while in human one was at 3.8kb and the second between 1.35 and 2.4kb (Ahmady et 

al., 2011)
1
. 

By means of quantitative PCR on several adult mouse tissues, with the values 

normalized to that of heart, the highest level of expression was observed in smooth muscle, 

followed by skeletal muscle, then heart, kidney and finally brain (Ahmady et al., 2011)
1
. 
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Figure 2: MLP tissue expression profile 

Expression of MLIP mRNA in A) mouse and B) human tissue by Northern analysis revealed 

two transcripts. 10 µg of poly-A enriched RNA was loaded per lane. C) Normalized tissue 

distribution of MLIP expression in adult mouse tissue (n=3, mean ± Std.Dev.) as determined 

by quantitative PCR.  Reprinted with permission from authors (Ahmady et al., 2011)
2
. 
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Through indirect immunohistochemistry, MLIP has been shown to be present in the 

mouse brain (hippocampus, cortex, dentate gyrus), skeletal muscle and heart (Ahmady et al., 

2011)
1
. 

MLIP unmatched sequence and subcellular localization  

Comparison of the MLIP sequence against the GenBank database did not exhibit any 

considerable likeness to any other gene (Ahmady et al., 2011)
1
.  Thus far, there have not 

been any homologues of MLIP observed in invertebrates or in anamniotes, which may 

attribute to the complexity of amniotes (Ahmady et al., 2011)
1
.  The alignment of the full-

length sequence of MLIP in human, mouse and chicken exhibits five highly conserved 

regions of homology (Figure 3) (Ahmady et al., 2011)
1
.  The first highly conserved region 

of homology, which spans amino acids 123 to 129 contains a putative type I SUMOylation 

site.  The second and third highly conserved regions of homology are of unknown function 

and span amino acids 380-397 and amino acids 448-467, respectively.  The fourth region 

contains a putative nuclear localization sequence, PENKKSYQ in human, amino acids 721 

through 728 and in mouse the NLS sequence consists of PENKKPKQ and spans amino 

acids 689 to 696.  The fifth highly conserved region of homology contains a putative 

tyrosine-phosphorylation site (Ahmady et al., 2011)
1
. 
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Figure 3: Alignment by Clustal W algorithm of MLIP amino acid sequence of human, 

mouse and chicken. 

Yellow lines represent peptide sequences used for the synthesis of the MLIP polyclonal 

antibodies.  The purple line indicates the putative type I SUMOylation site, the green line 

denotes the putative nuclear localization sequence, while the orange line highlights the 

putative Tyrosine-phosphorylation site. Asterisks (*) demonstrate identical amino acids, 

double points (:) represent semi-conservative substitutions, while single points (.) denote 

conserved substitutions. Numbers indicate the position of the last amino acid for each line.  

Reprinted with permission from authors (Ahmady et al., 2011)
1
. 
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Subcellularly MLIP can be found in both the nucleus and cytosol, and has also been 

shown to co-localize with lamin A/C within the nuclear envelope and also with PML bodies 

(Figure 4). 
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Figure 4: MLIP co-localizes with Lamin A/C and PML bodies in mouse C2C12 

myoblasts.  

A-D) Mouse C2C12 myoblasts were analysed by indirect immunofluorescence microscopy 

(Carl Zeiss AxioImager Z1 Microscope) with antibodies against MLIP and Lamin A/C. A) 

DNA was stained with DAPI, B) Lamin A/C and C) MLIP. D) Merged images of DAPI 

(blue), Lamin A/C (red) and MLIP (green) staining from panels A-C. Arrow indicates 

nuclear envelope and co-localization of MLIP with Lamin A/C. E-H) C2C12 myoblasts 

were analysed by indirect immunofluorescence and sequential scanning confocal 

microscopy with antibodies against MLIP and PML. E) DNA was stained with DAPI, F) 

PML and G) MLIP. The arrows indicate co-localization of MLIP with PML. H) Merged 

images of DAPI (blue), PML (red) and MLIP (green) staining from panels E-G. Scale bar = 

10μm.  Reprinted with permission from authors (Ahmady et al., 2011)
3
. 
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Splicing  

Preliminary experiments suggested that MLIP may be subjected to alternative 

splicing.  At the 5’ splice site of all putative introns, a GU can be found, and at the 3’ splice 

site an AG can be found, which are the splice signals for the major spliceosome (Ahmady et 

al., 2011)
1
. 

Splicing is defined as the removal of introns from a precursor mRNA, followed by 

the ligation of the exons (Black, 2003).  Alternative splicing allows for more than one 

mRNA to be produced from a single pre-mRNA (Chabot, 1996). This process allows the 

genome to increase its coding capacity (Tazi et al., 2009).   

It has been proposed by Wang et al., that alternative splicing occurs in greater than 

90% of human genes.  Alternative splicing is thought to be an important contributor to the 

complexity of higher eukaryotes (Kim et al., 2008). 

Introns account for more than 90% of the pre-mRNA.  The average size of an intron 

consists of 1000-2000 base pairs, which is approximately 10 times larger than the average 

exon (Lander et al., 2001).  Introns can be present in both coding and untranslated regions 

(Roy and Irimia, 2009).  A mRNA’s stability, localization and translational efficiency can be 

modified based on alternative splicing of the untranslated region (Kim et al., 2008). 
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Splicing Event  

The most frequent and simplest splicing in eukaryotes occurs via a two-step reaction.  

A specific internal adenine mediates the first step (Roy and Irimia, 2009).  The 2’-OH of this 

“branch point” nucleophilically attacks the first nucleotide of the intron.  In the second step 

the last nucleotide of the upstream exon nucleophilically attacks the downstream exon (Roy 

and Irimia, 2009). These two reactions are catalysed by the spliceosome (Kramer, 1996).  

The splicesome consists of five small nuclear RNA proteins (snRNPs) U1, U2, U4, U5 and 

U6.  Each one of these snRNPs has their own RNA and interacting proteins (Ritchie et al., 

2009).  Within the splice site, as well as proximal to the splice site, there are conserved 

sequences that direct the assembly of the subunits that give rise to the spliceosome (Ritchie 

et al., 2009).  For the stepwise assembly model, it is thought that the splicesome is 

assembled de novo for each splicing event (Rino and Carmo-Fonseca, 2009). U1 snRBNP is 

the first to bind to the pre-mRNA at the 5’ splice site, followed by U2 which associates at 

the branchpoint and finally U4, U5 and U6 bind to the complex pre-assembled (Rino and 

Carmo-Fonseca, 2009).  Several conformational as well as content changes occur, giving 

rise to the detachment of U1 and U4 which leads to the activated complex (Rino and Carmo-

Fonseca, 2009).  Once splicing is complete the subunits of the spliceosome separate and can 

be reassembled on a different pre-mRNA and execute other splicing events (Rino and 

Carmo-Fonseca, 2009).  Another model proposed is that of the pre-formed spliceosome, or 

“holospliceosome model” which would allow for a greater splicing efficiency (Azybel et al., 

2006).  Once the introns have been excised, the pre-mRNA undergoes 5’capping as well as 

3’polyadenylation, which allows it to be transported into the cytoplasm (Pistoni et al., 2010). 
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Main splicing signals  

The four principal splice signals are; (1) the 5’ splice site which is located upstream 

of the exon-intron boundary; (2) the 3’ splice site which is located downstream of the exon-

intron boundary; (3) the branch site; and (4) the polypyrimidine tract which is found 

between the branch site and the 3’ splice site (Kim et al., 2008).  These main splice signals 

have however been estimated to provide only half of the signals necessary for the exon-

intron boundary to be recognized by the splicing machinery (Lim and Burge, 2001).  

Types of alternative splicing 

There are four principal groups of alternative splicing (Figure 5).  The first group 

consiste of exon skipping, which is the most common type of alternative splicing in 

vertebrates and invertebrates accounting for approximately thirty to fourty percent (Kim et 

al., 2007; Sugnet et al., 2004).   The second group is the alternative 5’ splice site, also 

known as the alternative acceptor site, in which there is at least two splice sites at the 5’ end 

of an exon.  The third is the alternative 3’ splice site, also known as the alternative donor 

site, in which there is a least two splice sites at the 3’end of the exon.  The last type of 

alternative splicing is intron retention (Kim et al., 2008). 
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Figure 5: Schematic representation of alternative splicing.   

The four main types of alternative splicing are ;1)exon skipping; 2)alternative 5’ splice site; 

3) 3’alternative splice site; and 4)intron retention. Green and blue lines represent alternative 

splicing, while the black line represents introns and purple boxes denote exons.  Adapted by 

permission from Macmillan Publishers Ltd: [Nature  Reviews Genetics] (Cartegni, L., 

Chew, S. L., & Krainer, A. R.  Listening to silence and understanding nonsense: exonic 

mutations that affect splicing. 3, 947-956.), copyright (2002). 
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5’ Untranslated Region 

 

It had not yet been established whether MLIP contained a single or alternative 5’ 

untranslated region (UTR).  The translation rate of a mRNA is influenced by many 

characteristics of the 5’ untranslated region (UTR).  The length, stability, secondary 

structures, presence of internal ribosome entry sites (IRES), upstream Open Reading Frames 

(uORF) as well as binding sites for repressor or promoter proteins found within the 5’UTR 

all affect the translational efficiency (Pickering and Willis, 2004).  In humans, 210 

nucleotides has been shown to be the average length of the 5’ UTR, and the minimum length 

to be no less than 18 nucleotides (Chatterjee and Pal, 2009).  Mutation within the 5’UTR can 

hinder protein synthesis and lead to various types of disease.  For example, hereditary 

thrombocythaemia is a condition in which there is an overproduction of thrombopoeintin 

(TPO) which leads to an elevation in platelet counts and can result in abnormal blood 

clotting or bleeding (Chatterjee and Pal, 2009).  This disease can be caused by mutations in 

the 5’ UTR which disrupt one of thrombopoeintin’s uORF.  In a normal individual, the TPO 

mRNA contains seven uORFs, which inhibits its translation, uORF7 exhibiting the strongest 

inhibition on TPO’s translation.  If uORF7 is shortened, eliminated or frame-shifted to 

become in-frame with the TPO ORF, the repression is lost and gives rise to the disease 

(Chatterjee and Pal, 2009). 

5’ Untranslated Region and protein translation 

 

An important level of control for gene expression occurs at the level of translation 

for which the 5’ untranslated region plays an important role (Gray and Wickens, 1998).  

Translation initiation occurs through two main mechanisms in eukaryotes.  The first 
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mechanism is by means of cap-dependent initiation and the second through internal 

ribosome entry (Pickering and Willis, 2004).  Cap-dependent initiation involves many 

eukaryotic initiation factors that assemble to form a pre-initiation complex.  This pre-

initiation complex then interacts with the 5’ cap structure, which renders it able to scan for 

the initiation codon.  The 5’ cap is a guanine nucleotide, methylated at the seventh position, 

that is linked to the 5’ end of a mRNA through a 5' to 5' triphosphate linkage (Robins et al., 

1976).  Once the complex recognizes the initiation codon, the initiation factors are liberated 

and the 60S ribosomal subunit is recruited giving rise to the 80S ribosome which can begin 

the elongation step of protein translation (Pickering and Willis, 2004). 

 The second mechanism of translation initiation involves the internal ribosome entry 

site (IRES), which is a portion of secondary structure found within the 5’UTR (Pickering 

and Willis, 2004).  Many of the mRNAs that contain IRESs are implicated in processes that 

regulate cell fate, such as growth, differentiation, proliferation, apoptosis and response to 

heat shock and hypoxia. Some of the initiation factors required for IRES are also necessary 

for cap-dependent scanning (Pickering and Willis, 2004).  The first IRESs were identified in 

the poliovirus (Pelletier and Sonenberg, 1988) and the encephalomyocarditis virus (Jang et 

al., 1988) in 1988, however IRESs have also been shown to be present in cellular mRNAs 

(Macejak and Sarnow, 1991).  It has been possible to predict some IRESs in viruses based 

on sequence conservation of related viruses, however, cellular IRESs have almost nothing in 

common when examining parameters such as sequence or secondary structure and therefore 

cannot be predicted (Mokrejs et al., 2009). 
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3’UTR 

 

Whether MLIP contains a single or alternative 3’UTR remains to be determined.  

The stability, localization and translation of mRNA also relies on the 3’UTR.  If a mutation 

alters the secondary structure of the 3’UTR, the polyadenylation signal or the stop codon, 

translation can be impaired and thus lead to disease.  For example, the GATA4 gene in 

patients that suffer from congenital heart disease was analyzed and some of the mutations 

uncovered were present within the 3’UTR (Reamon-Buettner et al., 2007).  In mammals, the 

transcription factor GATA4 is essential for cardiac development, playing a role in heart tube 

formation and ventral morphology, with the complete loss of GATA4 causing lethality 

(Molkentin et al., 1997).  The mutations within the 3’UTR are thought to alter mRNA 

folding and thus modifying the secondary structure, which could potentially affect 

translation (Reamon-Buettner et al., 2007).  It has been previously shown that modest 

adjustments in the level of protein expression of GATA4 leads to a striking effect in cardiac 

development and fatality (Pu et al., 2004). 

Polyadenylation 

 

Polyadenylation occurs via a two-step reaction.  In the first step the nascent mRNA 

is subjected to cleavage and in the second step a polyadenine tail is added (Colgan and 

Manley, 1997).  The most common motif of polyadenylation signal (PAS) is AAUAAA 

(Chatterjee and Pal, 2009).  Polyadenylation signals are the binding location for the cleavage 

polyadenylation specificity factor (CPSF).  The PAS hexamer is normally located ten to 

thirty nucleotides upstream of the cleavage site, however it has been shown that there are 

eleven variants of this hexamer with a single nucleotide substitution that can also act as 

polyadenylation signal (Zhang et al., 2005; Beaudoing et al., 2000). 
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Post-translational modifications 

 

Post translational modification remains an explanation for a differing number of 

protein bands immunoblottted when compared to the number of splice variants.  Post-

translational modifications can modify a protein’s biochemical properties, binding partners, 

stability, conformation (Hicke et al., 2005; Wold, 1981), subcellular localization, while also 

allowing the regulation of a protein’s function without affecting its turn-over (Jürgen 

Dohmen, 2004).  There are an assortment of post-translational modifications, some of which 

are summarized in Table 2. 
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Table 2: Post-translational modifications 

Examples of post-translational modifications, along with their molecular weight, modified 

residue, known substrates and processes associated with. 

 

 

Post-

translational 

modification 

Molecule  

added 

Molecular 

weight of 

modification 

(Daltons) 

Modified 

residue 

Known 

substrates 

Processes involved in 

Acetylation Acetyl 

group 

(CH3 CO) 

43Da Lysine Histones 

(Gershey et al., 

1968) 

Chromatin remodeling 

(Jenuwein and Allis, 

2001) 

Methylation Methyl 

group 

(CH3) 

15Da Lysine 

Arginine 

(Kakimoto, 

1971) 

Histones H3 

and H4 

(Allfrey and 

Mirsky,1964) 

 

p53 

(Kachirskaia et 

al., 2008) 

 

Chromatin remodeling 

(Flanagan et al., 2005) 

 

Stabilization 

(Kachirskaia et al., 

2008) 

 

Acceleration of 

proteolytic degradation 

(Esteve et al., 2009) 

Neddylation NEDD8 9,000Da  Lysine 

(Abida et 

al., 2007) 

p53 (Abida et 

al., 2007) 

 

Inhibits transcription 

(Abida et al., 2007) 

 

Accelerates the 

formation of the E2-E3 

complex, which 

stimulates protein 

polyubiquitylation 

(Kawakami et al., 

2001). 

Palmitoylation Fatty 

acids, such 

as palmitic 

acid 

CH3(CH2)1

4COOH 

(16) 

Palmitic acid 

256Da 

Cysteine  CD36/FAT 

(Thorne et al., 

2010) 

Protein Stabilization 

(Thorne et al., 2010) 

Sumoylation SUMO 11,500Da Lysine RanGAP1 

(Matunis et 

al.,1996) 

Target Proteins to the 

nucleus (Matunis et 

al.,1996) 

Ubiquitination Ubiquitin 8,600Da Lysine p105 

(Palombella et 

al., 1994) 

ATP-dependent 

proteolysis (Palombella 

et al., 1994). 

 

Stress-related response 
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(Bond and Schlesinger, 

1985). 

 

Cell cycle control 

(Glotzer et al., 1991). 

Phosphorylation Phosphate 

group 

94Da Serine, 

threonine, 

tyrosine, 

histidine 

aspartate 

(Schulze et 

al., 2010) 

p53 (Ashcroft 

et al., 1999; 

Meek, 1994) 

Protein stability (Meek, 

1994) 

 

SUMOylation 

SUMO (small ubiquitin-related modifier) from the SUMO gene (SMT3), is 

covalently and reversibly attached to specific lysine residues with most of the target proteins 

found within the nucleus (Johnson, 2004).  SUMO was originally identified in 

Saccharomyces cerevisae (Meluh and Koshland, 1995), but is also found in Caenorhabditis 

elegans, Drosophila melanogaster, plants and vertebrates (Geiss-Friedlander and Melchior, 

2007). SUMO has been shown to play a role in transcription, DNA repair, chromosome 

segregation and nuclear/cytoplasmic translocation among many other functions (Hay, 2005; 

Zhang and Sarge, 2008; Geiss-Friedlander and Melchior, 2007; Dou et al., 2010).  

In mammals, there are four SUMO isoforms: SUMO1, SUMO2, SUMO3 and 

SUMO4, the latter being tissue-specifc, found in the kidneys, lymph node and spleen 

(Ulrich, 2008, Bohren, 2004).  SUMO 1, 2 and 3 are ubiquitously expressed.  SUMO2 and 

SUMO3 are 97% identical but are only 50% identical to SUMO1 (Geiss-Friedlander and 

Melchior, 2007). 
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Similarities and distinctions between ubiquitin and SUMO 

Ubiquitin and SUMO have similar three-dimensional structures (Bayer et al., 1998) 

despite the fact that only 20% of their amino acid sequence is identical (Geiss-Friedlander 

and Melchior, 2007). The dispersion of the charges at the surface of ubiquitin and SUMO 

are very different (Bayer et al., 1998).  The enzymes involved in the sumoylation cascade 

are distinct from those of the ubiquitin cascade (Geiss-Friedlander and Melchior, 2007). 

SUMO maturation process 

The immature SUMO protein must undergo proteolysis at the C-terminal end to 

expose the glycine-glycine motif before it can be covalently attached to target proteins 

(Mahajan et al., 1998).  It remains unknown whether the maturation process is constitutive 

(Geiss-Friedlander and Melchior, 2007).  When SUMO is reversibly added to its target 

protein an isopeptide bond is formed between the glycine residue at the C-terminal end of 

SUMO and the lysine residue within the SUMO consensus sequence of the target protein 

(Mahajan et al., 1998). 

SUMO enzymatic cascade 

The enzymatic cascade which gives rise to sumoylation involves an E1 heterodimer, 

an E2 conjugating enzyme Ubc9 and finally an E3 ligase (Figure 6).  The E1 and E2 

enzymes are well conserved through yeast to human (Jürgen Dohmen, 2004).  The E1 

activating enzyme, Aos1-Uba2, and more specifically a cysteine in the active site of Uba2, 

forms a thioester bond with the C-terminal glycine of SUMO; this is an ATP dependent 

reaction (Desterro et al., 1997; Johnson, et al., 1997).  SUMO is then transferred to the E2 

enzyme Ubc9 via a transesterification reaction, which gives rise to a SUMO-Ubc9 thioester 

http://refworks.scholarsportal.info.proxy.bib.uottawa.ca/Refworks/~0~
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intermediate (Schwarz et al., 1998).  This SUMO-specific E2, binds to the following 

consensus sequence KXE/D (x can be any amino acid) and ( is a large hydrophobic 

residue), (Sampson et al., 2001) and transfers SUMO to the target protein.  An isopeptide 

bond involves the C-terminal glycine of SUMO and the lysine residue of the SUMO 

substrate (Mahajan et al., 1998).  The transfer of SUMO to the target protein is enhanced by 

an E3 ligase.  In order to be classified as a SUMO E3 ligase, three criteria must be fulfilled.  

Firstly it must be able to bind Ubc9, secondly it must have the capacity to bind SUMO1 and 

thirdly, as previously mentioned, enhance the transfer of SUMO to the substrate (Johnson 

and Gupta, 2001; Braschi et al., 2009).  The SUMO E3 ligases can have several different 

substrates, and therefore it is their cellular localization, which determines their interacting 

substrate (Braschi et al., 2009). 

Crystallography has shed light on the interaction that occurs between a SUMO-

acceptor site and the conjugating enzyme Ubc9.  A complex composed of Ubc9 and the C-

terminal domain of RanGAP1 demonstrated that the lysine residue enters the catalytic 

pocket of Ubc9, which is predominantly hydrophobic, and the large hydrophobic residue as 

well as the acidic residue interacts with the surface of Ubc9 (Bernier-Villamor, et al., 2002). 

Dissimilarities between SUMO-2/3 and SUMO-1  

When under stressful conditions, SUMO-2/3 seems to be mostly conjugated to 

proteins, while under normal conditions, the majority are modified by SUMO-1 (Saitoh and 

Hinckey, 2000).  In vivo, the pool of free SUMO-2/3 is more abundant than that of SUMO-1 

(Saitoh and Hinckey, 2000). 

In general, a single SUMO unit is added to a lysine residue, however sumoylation 

can also result in polySUMO chains (Tatham et al., 2001).  SUMO-2, SUMO-3, and 
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SUMO-4 contain a consensus site for the addition of another SUMO, and therefore these 

three isoforms have the ability to form SUMO chains, this site is however not present within 

SUMO-1 (Tatham et al., 2001).  The function of these SUMO chains has yet to be identified 

(Geiss-Friedlander and Melchior, 2007), although it has been shown that poly-SUMO chains 

can lead to ubiquitylation and subsequent degradation (Mullen and Brill, 2008). 
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Figure 6: SUMOylation Cascade.   

SUMO is synthesized as a precursor protein that must be cleaved at its C-terminal end 

before it can be conjugated to its target protein.  This cleavage exposes a Glycine-Glycine 

motif that interacts with a cysteine residue within the active site of Uba2, one of the 

members of the E1 activating enzyme.  This step requires the hydrolysis of an ATP 

molecule.  Through a transesterification reaction SUMO is transferred from the E1 

activating enzyme to the E2 conjugated enzyme Ubc9.  Ubc9 interacts with the 

SUMOylation consensus sequence KXE/D ( is a large hydrophobic residue and x can be 

any amino acid) on the target protein.  The E3 Ligase enhances the transfer of SUMO onto 

the target protein.  The SENP, sentrin-specific proteases, can cleave SUMO from its target 

protein, allowing for this post-translational modification to be reversible.  Adapted by 

permission from Macmillan Publishers Ltd: [Nature  Reviews | Molecular Cell Biology] 

(Geiss-Friedlander, R., F. Melchior. Concepts in sumoylation: a decade on. Nat. Rev. Mol. 

Cell Biol. 8:947-956.), copyright (2007). 
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Cell lines  

 

The HL-1 cardiac muscle cell line is derived from cancerous cardiomyocytes of AT-

1 mice.  This cell line retains the electrophysiological characteristics of cardiomyocytes, the 

morphology of differentiated cardiomyocytes as well as the capacity to contract (Claycomb 

et al., 2008).  The gene expression profile for HL-1 cells, as assessed by RT-PCR of specific 

transcripts, seems to be qualitatively similar to adult mouse atrial cardiomyocytes 

(Claycomb et al., 2008). 

 The C2C12 mouse myoblast cell line was originally isolated from C3H mice, whose 

thigh muscle was subjected to injury by crushing, and myoblast cells were cultured 70h after 

the injury was inflicted (Yaffe and Saxel, 1977).  These cells are able to proliferate and 

differentiate in culture (Yaffe and Saxel, 1977). 

Hypothesis, Rationale and Objective of proposed study 

 

An antibody to MLIP had been generated and immunoblotting experiments 

displayed several different isoforms.  My objective was to identify the different MLIP 

isoforms. 

 

HYPOTHESES:   

 

1) MLIP undergoes tissue-specific splicing. 

 

2) MLIP is post-translationally modified by SUMO. 

 

 

SPECIFIC AIMS: 

 

1. Identify the MLIP splice variants through cloning and two-dimensional 

electrophoresis.  
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2. Search for alternative 5’ and 3’ untranslated regions through means of 5’ and  3’ 

Rapid Amplification of Complementary DNA ends (RACE). 

 

3. Assess whether MLIP is post-translationally modified by SUMO through generation 

of a recombinant MLIP protein and subsequent in vitro sumoylation assays. 

Immunoprecipitation of HL-1 cell lysates to determine if endogenous MLIP is 

SUMOylated in vivo. 
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Chapter 2: 

Experimental Procedures 
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Experimental procedures 

Cell Culture 

The mouse C2C12 myoblast cell line was obtained from the American Type Culture 

Collection (ATCC no.CRL-1772) and were cultured at 37C in an atmosphere of 10% CO2 

in growth medium (GM) which consists of Dulbecco’s Modified Eagle’s Medium 

supplemented with 20% fetal bovine serum (FBS) (Fisher Scientific), 1% vol/vol penicillin-

streptomycin (Invitrogen) and 2mM L-glutamine (Invitrogen). In order to stimulate 

myogenesis, cells were grown in differentiation medium (DM), which consists of DMEM 

complemented with 2% horse serum (Fisher Scientific) and 1% vol/vol penicillin-

streptomycin. Cell culture dishes used were all cell culture treated and were purchased from 

Fisher Scientific.  Mouse HL1 cells line was cultured at 37C in an atmosphere of 5% CO2, 

in Claycomb medium supplemented with 10% fetal bovine serum, 1% v/v penicillin-

streptomycin and 2mM L-glutamine. 

Immunoblotting for MLIP in mouse and human tissues 

Male adult mouse brain, heart, lung, liver, kidney and skeletal muscle were harvested 

from 129SeVe mice.  The skeletal muscle included all muscles found in the leg. Tissues 

were lysed in 50mM Tris-HCl [pH= 8.0], 200mM NaCl, 20mM NaF, 20mM -

glycerolphosphate, 0.5% NP- 40, 0.1mM Na3Vo4, 1xProtease inhibitor cocktail (Roche, 1 

tablet/10mL), and 1X Phosphatase inhibitor tablet (Roche 1 tablet/10mL)  using a glass 

homogenizer. Lysates were incubated on ice for 20 minutes and then cleared by 

centrifugation at 10,000xg for 10 minutes at 4C. Supernatants were collected and protein 

concentrations were determined using Bio-Rad protein assay dye reagent concentrate kit 
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(Biorad) and values read using the Thermo Electron Corporation Helios UV-Visible 

Spectrophotometer. Human tissues were purchased from Clontech Laboratories (7800-1).   

Twenty micrograms of protein was resolved on a 12% 1.00mm thick SDS-

TrisGlycine polyacrylamide gel at 150V (Biorad Gel Apparatus) and transferred to PVDF 

membranes (Millipore) for 1 hour at 100V. Transfer buffer was composed of 190mM 

glycine, 25mM tris base and 20% cold methanol. Following protein transfer, membranes 

were blocked in 5% fat free milk (Carnation Instant skim milk powder) dissolved in Tris 

base-Tween-20 (TBS (500mM Tris, 1.5M NaCl), 0.1% Tween-20) for 1 hour.  Membranes 

were then incubated in an MLIP polyclonal antibody 1:20 000 in 5% fat free milk overnight 

with gentle shaking at 4oC. Polyclonal Antibodies to MLIP were raised in rabbit against two 

synthetic peptides N-MEFGKHEPGSSLKRNKKNL-C, which includes most of exon 1 and 

N-LRKDEEVYEPNPFSKYL-C, which is a portion of exon10 (21
st
 Century Biochemicals).  

The antibody used in all immunoblotting is a mix of both antibodies, to ensure that all 

isoforms can be detected.  Membranes were then incubated with Anti-rabbit IgG, HRP-

linked Antibody (Cell Signaling #7074) for 1 hour at room temperature with gentle shaking. 

Immunoblot signals were detected using a SuperSignal West Pico Chemiluminescent Kit 

(Thermo Scientific) and developed on X-ray film (Thermo Scientific). 

Isolation and growth of mouse primary myoblasts 

 

 Muscle from neonatal mouse leg was minced in PBS and subsequently incubated in a 

collagenase/dispase/CaCl2 solution (1.5 U/ml collagenase D, 2.4 U/ml dispase II, 2.5 mM 

CaCl2) for 1 hour at 37C.  The slurry was then filtered through a 80m nylon mesh.  The 

cells were centrifuged for 5 min at 350 X g and resuspended in growth media consisting of 

of Dulbecco’s Modified Eagle’s Medium supplemented with 20% fetal bovine serum (FBS) 
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(Fisher Scientific), 1% vol/vol penicillin-streptomycin (Invitrogen) and 2mM L-glutamine 

(Invitrogen).  Cells were preplated on 60mm collagen-coated tissue culture dishes for 15 

minutes.  The suspension was then moved to a new 60mm collagen-coated tissue culture 

dish. 

Cloning Strategy to identify MLIP splice variants 

Total RNA was extracted using Trizol (Invitrogen) as per manufacturer’s 

instructions.  1.0ug of RNA was reverse transcribed using AffinityScript Multiple 

Temperature Reverse Transcriptase (Stratagene). cDNA was amplified with primers (IDT) 

designed to the putative 5’ and 3’ UTR of MLIP. Primer sequences (3’UTR 5’-CAC TTC 

CAC TCC AGC TTC C-3’; 5’UTR 5’-ACC TCT CTC TCA TTC TTT CAC CAT G-3’). 

Gene amplification was carried out as follows: 98 °C for 30S, followed by 35 cycles in 3 

steps: 98°C for 10s, 55 °C for 10 s, and 72 °C for 90 s and 72 °C for 1 min using Taq DNA 

polymerase (NEB). PCR products were confirmed by analysis on a 1% agarose gel stained 

with ethidium bromide.  PCR products were inserted into the pCR®II-TOPO®vector 

according to manufacturer’s instructions.  Plasmids were transformed using One Shot® 

TOP10 Chemically Competent E. coli (Invitrogen) according to manufacturer’s instructions.  

Plasmids were sequenced using BigDye Terminator v3.1 cycle sequencing kit (Applied 

Biosystems) and using primers to T7 (TAATACGACTCACTATAGGG) and SP6 

(ATTTAGGTGACACTATAG). 

Rapid Amplification of 5’ Complementary DNA ends (5’RACE) 

Isolation of adult mouse heart mRNA was performed by Lara Kouri M.Sc. candidate, 

using the Qiagen miRNEasy kit, as per manufacturer’s instructions.  RNA integrity was 
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assessed by the Agilent 2100 Bioanalyzer. The RNA integrity number for the mRNA used 

was 9.10. A specific primer to MLIP (final concentration of 2.5uM), either 1)5’-GTC ACT 

CCC TCC TCT AAG TTC T-3’ or 2) 5-CTA GAA GAA ATA GCC AGA GAC-3’,  was 

combined with water and 1ug of total RNA from adult mouse heart , and subsequently 

incubated at 65C for 10 minutes.  Following the incubation, dNTPs (final concentration of 

1mM each), 1X Transcriptor RT reaction buffer, and 10 units of Transcriptor Reverse 

Transcriptase (Roche 03531317001) was added to the reaction mix and incubated for 30 

minutes at 55C, followed by 5 minutes at 85C to heat inactivate the Reverse Transcriptase.  

The cDNA was then purified using the NucleoSpin Extract II Kit (Macherey-Nagel 

#740609.10). Poly(A)tailing of cDNA was carried out as followed; cDNA, 10X Terminal 

Transferase Buffer and dATP (final concentration of 0.2mM) was incubated at 94C for 3 

minutes.  Following incubation, 20 units of Terminal Transferase (NEB #M0315S) was 

added to the reaction mix and incubated at 37C for 20 minutes followed by a 10 minute 

incubation at 70C to heat inactivate the Terminal Transferase. PCR amplification of dA-

tailed cDNA was completed as followed; the dA-tailed cDNA was combined with 10X 

Thermo Pol Buffer, dNTPs (final concentration of 0.2mM each), a specific primer to MLIP, 

either 1)5’-TCT TGT TCC TCT TTA GTG AGC-3’ or 2)5’-TCA CCT TGT CTG CAT 

GTA GCT-3’, an oligo dT-anchor primer 5’-GAC CAC GCG TAT CGA TGT CGA 

CT(16)-3’ and 2.5 units of Taq DNA Polymerase (NEB#M0267L).  Cycling parameters 

were as follows 94C for 2 minutes, 10 cycles in 3 steps 1)94C for 15s 2)54C for 30s 

3)72C for 40s, 25 cycles in 3 steps 1)94C for 15s 2)54C for 30s 3)72C for 40s, in this 

last step each successive cycle is elongated by an additional 20 seconds. For the nested PCR, 

the PCR product was combined with 10X Thermo Pol Buffer, dNTPs (final concentration of 
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0.2mM each), a specific primer to MLIP, either 1)5’-AGC TTC CTG GTT CAT GCT TTC-

3’ or 2)5’-TCA CCT TTC TGC ATT CCT TGA-3’, an anchor primer 5’-GAC CAC GCG 

TAT CGA TGT CGA C and 2.5 units of Taq DNA Polymerase (NEB#M0267L).  PCR 

cycling parameters are the same as mentioned above.  PCR products were TA-cloned, 

transformed and sequenced as described above. 

 

Rapid Amplification of 3’ Complementary DNA ends (3’RACE) 

Isolation of adult mouse heart mRNA was performed by Lara Kouri M.Sc. candidate, 

using the Qiagen miRNEasy kit, as per manufacturer’s instructions.  RNA integrity was 

assessed by the Agilent 2100 Bioanalyzer. The RNA integrity number for the mRNA used 

was 9.10.  One microgram of adult mouse heart RNA was DNase treated with 1 unit of RQ1 

RNase-Free DNase (Promega #M610A) in 1X RQ1 DNase Reaction Buffer (Promega 

M198A) for 30 minutes at 37C, then 1uL of Stop Solution (Promega #M199A) was added 

and incubated for 10 minutes at 65C.  For First Strand Synthesis 1ug of DNase treated 

RNA was incubated with an oligo dT-anchor primer 5’-GAC CAC GCG TAT CGA TGT 

CGA CT(16)-3’, 20 units of Protector RNase Inhibitor (Roche #03335399001), dNTPs 

(final concentration of 1mM each) and 10 units of Transcriptor Reverse Transcriptase 

(Roche 03531295001) for 1 hour at 55C followed by a 5 minute incubation at 85C. In 

order to amplify cDNA, 1ul of cDNA product was incubated with 10X Thermo Pol Buffer, 

dNTPs (final concentration of 0.2mM each), a specific primer to MLIP, either 1)5’-TTC 

ATC ATC CTC AAC AGC GT-3’  2)5’-CCA GGA AGC TCA CTA AAG AGG-3’ 3)5’-

ACA TGC AGA CAA GGT GAA CAA GGC, an anchor primer 5’-GAC CAC GCG TAT 

CGA TGT CGA C and 2.5 units of Taq DNA Polymerase (NEB#M0267L). Cycling 
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parameters were as followed 94C for 1 minute, 35 cycles in 3 steps 1)94C for 30s 2)56C 

for 30s 3)72C for 2 minutes. PCR products were TA-cloned, transformed and sequenced as 

described above. 

Two-dimensional electrophoresis  

Sample preparation  

C2C12 myoblasts or C2C12 myotubes were lysed in 7M urea, 2M thiourea, 0.5% 

CHAPS, 10mM DTT, 0.5% ampholyte pH range (~3.5–9.5) (BIO RAD Cat# 163-112), 1X 

Phosphatase Inhibitor cocktail (Roche), 1X Protease Inhibitor cocktail (Roche). Cells were 

scraped from dishes and lysates pipetted into 1.5mL centrifuge tubes.  Lysates were 

incubated on ice for 10 minutes then cleared by centrifugation at 16 000rcf for 30 minutes at 

4°C. Supernatants were collected and protein concentrations were determined using Bio-Rad 

protein assay dye reagent concentrate (BIORAD #500-0006) and values read using the 

Thermo Electron Corporation Helios UV-Visible Spectrophotometer. 

IPG strip rehydration 

The IPG strip (ReadyStrip IPG GE Healthcare #163-2000 7 cm, pH 3–10, 

immobilized pH gradient) was rehydrated using the passive in-gel rehydration with sample 

method.  The IPG strip was rehydrated overnight in a total volume of 125l, with 13ug of 

total protein from C2C12 cell lysates.  The IPG strip was overlayed with mineral oil, and 

rehydration was carried out using the Immobiline DryStrip Reswelling Tray (GE 

Healthcare). 
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Isoelectric Focusing  

 Isoelectric focusing was performed as per manufacturer’s instructions (GE 

Healthcare). IPG strips were transferred to the Manifold of the Ettan IPGphor3, immersed in 

Mineral oil. The Isoelectric focusing parameters were as followed: 1)Step voltage mode, 300 

volts for 30 minutes 2) Gradient voltage mode,1000 volts 30 minutes 3)Gradient voltage 

mode, 5000 volts1h20 4) Step voltage mode 5000 volts 25 minutes. 

Equilibration of IPG strips  

 Strips were equilibrated for 15 minutes in 3mL of reducing equilibration buffer 

consisting of 6M urea, 2% SDS, 20% Glycerol, 0.375M Tris pH8.8 with 0.1M DTT added 

fresh.  Reducing Buffer was poured off, and 3mL of alkylation equilibration buffer was 

added for 15 minutes, 6M urea, 2% SDS, 20% Glycerol, 0.375 Tris pH8.8 with 

Iodoacetamide added fresh. 

SDS-PAGE and Immunoblotting 

 Proteins were resolved on a 12% 1.00mm thick SDS-TrisGlycine polyacrylamide gel 

at 150V (Biorad Gel Apparatus) and transferred to PVDF membranes (Millipore) as 

described above 

Generating rMLIP 

Expression of His-tag rMLIP and mock control 

MLIP cDNA was subcloned into a His-tag fusion vector pET100D (Invitrogen) and 

transformed into the bacterial strain BL21 DE3.  During the exponential growth phase,  

isopropyl-1-thio-D-galactopyranoside (IPTG) was added for a final concentration of 1mM 
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and the culture was incubated for 3 hours at 37C with shaking (250rmp), followed by a 10 

minute 3000g centrifugation at 4C.  The pellet was stored at -80C. 

Bacterial cell lysis 

 Bacteria cells were lysed in (20mM sodium phosphate, 500mM NaCl, 20nM 

Imidazole, pH7.4), 5nM MgCl2 , 0.2mg/mL Lysozyme (Sigma #L-6876), 10 units of RQ1 

RNase-Free DNase and 1xProtease inhibitor cocktail (Roche, 1 tablet/10.0mL). The solution 

was stirred for 30 minutes at 4C, followed by 5 freeze thaw cycles using liquid nitrogen.  

The solution was then centrifuged at 12000g for 30 minutes at 4C and the pellet was 

discarded. 

Purification of His-tag rMLIP and mock control 

 The His-tag recombinant MLIP was purified using a 1mL HisTrap  FF column  

(Amercham Biosciences #1100458) as per manufacturer’s instructions.  The column was 

washed out with 5mL of distilled water and subsequently equilibrated with 5 mL of 

equilibration buffer (20 mM sodium phosphate, 500 mM NaCl, 20mM imidazole, pH 7.4) 

using a flow rate of 1mL/min.  The sample containing the His-tag rMLIP was applied to the 

column by means of a syringe with a flow rate of 0.2mL/min.  The column was washed with 

10mL of binding buffer using a flow rate of 1mL/min.  Elution was performed through a 

gradient of imidazole concentration; 2mLs of elution buffer (20 mM sodium phosphate, 0.5 

M NaCl, pH 7.4) containing a 50mM concentration of imidazole, followed by 2mL of 

elution buffer containing 100mM imidazole, 4mLs of elution buffer containing 250mM 

imidzole and finally 2mLs elution of elution buffer containing 500mM imidazole, using a 

flow rate of 1mL/min.  Elution sample 8, 9 and 10 were pooled and concentrated with an 
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Amicon Ultra Centrifugal Filter (Millipore #UFC801008).  The pooled sample was applied 

to the filter and centrifuged for 7 minutes for 3000g at 4C. The sample was then washed 

with 3mL of PBS. 

SDS-PAGE, Coomassie Staining and Immunoblotting of rMLIP and 

mock control   

 Proteins were resolved on a 4–15% precast polyacrylamide gel (BIORAD #456-1083) 

at 200V (Biorad Gel Apparatus).  The gel was either subjected to Coomassie staining (0.2% 

Coomassie Blue, 7.5% Acetic acid, 50% Ethanol) for 1h at room temperature followed by an 

overnight destaining (50% Methanol, 10% Acetic acid), or proteins were transferred to a 

PVDF membranes, blocked and probed as described above. 

In vitro SUMOylation 

In vitro SUMOylation of rMLIP was performed using a SUMOylation kit purchased 

from Enzo Life Sciences (#BML-UW8955).  200nM of rMLIP or the mock control was 

incubated for 60 minutes at 30C in 1X SUMOylation buffer, the SUMO Activating 

Enzyme Solution (SUMO E1), SUMO Conjugating Enzyme Solution (SUMO E2), SUMO1 

or SUMO2 and in the presence or absence of Mg-ATP Solution. The reaction was quenched 

by adding 2x SDS-PAGE Gel Loading Buffer. 

Immunoblotting of In vitro SUMOylation 

Ten microliters of the quench reaction was resolved on a 4–15% precast 

polyacrylamide gel (BIORAD #456-1083) at 200V (Biorad Gel Apparatus). Proteins were 

transferred to a PVDF membrane (Millipore) for 1h at 100 volts. Transfer buffer contained 
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190mM glycine, 25mM tris base and 20% cold methanol.  Blots that were incubated with 

SUMO antibodies were blocked overnight in 1%BSA-PBS-Tween (PBS (0.2M phosphate, 

1.5M NaCl), 0.1% Tween-20).  Membranes were incubated with either anti-SUMO1 (Enzo 

Life Sciences # PW9460) or anti-SUMO2/3 (Enzo Life Sciences #PW9465)1:1000 in 

1%BSA/PBS-T for 1 hour at room temperature. Membranes were washed 3 times for 10 

minutes each with PBS/T, then incubated with en Anti-rabbit IgG, HRP-linked antibody 

(Cell Signaling #7074) 1:2000 in 5% fat free milk for 1 hour at room temperature. 

Membranes were washed 6 times for 10 minutes each with PBS/T.  Blots incubated with the 

MLIP antibody were manipulated as described above. 

Immunoprecipitation 

HL-1 cells were lysed in 10mM HEPES (pH 7.4), 50mM NaCl, 0.5mM EDTA, 

2mM MgCl2, protease inhibitor cocktail (Roche) and 20mM N-ethylmaleimide added fresh.  

Cell lysates were incubated on ice for 20 minutes then cleared by centrifugation at 

10,000rpm at 4C for 10 minutes and the supernatant transferred to a fresh tube. Fifty micro 

liters (1.5 mg) of resuspended Dynabeads® Protein G (Invitrogen # 10003D) was used to 

bind 5ul of the MLIP antibody or 5ul of the Pre-Immune serum (negative control) in 200 µl 

PBS -Tween 20 and incubated for 10 minutes at room temperature. The beads-Ab complex 

was then washed in 200 µl PBS-Tween 20, using magnet for separation.  One hundred 

micro-grams of HL-1 cell lysates was added to the Dynabeads®-Ab complex and incubated 

with rotation for 1 hour at room temperature. The Dynabeads®-Ab-Ag complex was washed 

three times using 200 µl PBS for each wash, using the magnet for separation. The 

Dynabeads®-Ab-Ag complex was resuspended in 100 µl PBS and transferred to a clean 

tube to avoid co-elution of proteins bound to the tube wall.  Supernatant was removed by 
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means of the magnet and beads were boiled for 10 minutes at 70C in 1X SDS-PAGE 

loading buffer.  SDS-PAGE and immunoblotting was performed as described above. 
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Results 

MLIP protein expression profiles differ between tissues 

 

Male adult mouse brain, heart, lung, liver, kidney and skeletal muscle from WT 

129SeVe mice were immunoblotted for MLIP (Figure 7).  The polyclonal antibody was 

raised against two synthetic peptides, one recognizes a portion of exon 1 and the second 

recognizes a portion of exon 10.  MLIP is present in all tissues analyzed and its pattern of 

expression is tissue-dependent.  In mouse brain, MLIP has 3 major isoforms, their molecular 

weights were estimated at 45.1kDa, 42.0kDa and 25.0kDa.  In mouse lung MLIP has 3 

major isoforms, their molecular weight were estimated at 45.1kDa, 42.0kDa and 26.2kDa.  

In mouse heart, MLIP has 5 major isoforms, with estimated molecular weights of 42.7kDa, 

40.1kDa, 35.8kDa, 34.1kDa, 32.5kDa and 29.5kDa.  In mouse liver and kidney, there was a 

single MLIP isoform with an estimated molecular weight of 42.0kDa.  In mouse skeletal 

muscle there are 2 major isoforms with estimated molecular weights of 40.7kDa and 

34.1kDa.  Table 3 contains a summary of the major protein bands along with their estimated 

molecular weight. 

Human testis, pancreas, heart, brain and skeletal muscle were also probed for MLIP 

(Figure 7).  In human testis, there are 3 major MLIP isoforms with estimated molecular 

weight of 45.9kDa, 33.8kDa and 29.9kDa.  In human heart, there are 2 major MLIP 

isoforms with estimated molecular weights of 47.2kDa and 29.9kDa.  In human skeletal 

muscle there are 2 major MLIP isoforms with estimated molecular weights of 75.4kDa and 

49.1kDa.  MLIP was found to be absent from human pancreas and brain. 
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Figure 7: MLIP expression pattern differs between tissues 

A)Twenty micrograms of protein of male adult mouse brain, lung, heart, liver, kidney and 

skeletal muscle tissues and B) human skeletal muscle, brain, heart, pancreas and testes were 

probed with a polyclonal antibody to MLIP that was raised against two synthetic peptides. 

One recognizes a portion of exon 1 and the second recognizes a portion of exon 10.  

Numbers are in kiloDaltons.  Molecular weights of major MLIP protein bands are calculated 

in Table 3.  
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Table 3: Estimated molecular weight of MLIP protein bands in mouse and human 

tissues. 

 

Mouse Tissue  Estimated Molecular Weight of 

Major protein bands 

Brain 45.1kDa 

42.0kDa 

25.0kDa 

Lung 45.1kDa 

42.0kDa 

26.2kDa 

Heart 42.7kDa 

40.1kDa 

35.8kDa 

34.1kDa 

32.5kDa 

29.5kDa 

Liver 42.0kDa 

Kidney 42.0kDa 

Skeletal Muscle 40.7kDa 

34.1kDa 
 

Human Tissue Estimated Molecular Weight of 

Major protein bands 

Testis 45.9kDa 

33.8kDa 

29.9kDa 

Heart 47.2kDa 

29.9kDa 

Skeletal Muscle 75.4kDa 

49.1kDa 
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MLIP is subjected to alternative splicing 

 

The immunoblotting of MLIP in different mouse tissues displays several isoforms.  

In order to account for the bands observed, a cloning strategy using primers to the putative 

5’ and 3’ untranslated regions was performed to identify possible MLIP splice variants. 

Previous experiments suggested a functional role of MLIP in myogenesis. These preliminary 

results demonstrated that knocking down MLIP may have an inhibitory effect on 

myogenesis and that MLIP may be required for proper myotube formation (Ahmady, M.Sc. 

thesis).  Due to these findings, different sources of striated muscle were analyzed in the 

cloning strategy.  The putative full-length MLIP protein contains 13 exons as illustrated in 

Figure 8. Four splice variants, were identified in the HL-1 cardiac muscle cell line, whereas 

undifferentiated C2C12 mouse myoblast cells as well as C2C12 myotubes contained the 

same, single splice variant.  Myoblast isolated from a rodent’s hindlimb also contained a 

single MLIP splice variant, however there was a different MLIP splice variant identified in 

the rodent’s hindlimb myotubes.  The myoblast from the rodent’s hindlimb as well as the 

C2C12 myoblasts were stimulated to undergo myogenesis by withdrawing serum. 

 Exons 1, 8, 9 and 10 are ubiquitously expressed in all splice variants identified 

whereas exons 2, 3 and 6 appear to be cell-type restricted. Exons 4, 5, 7 and 11 were not 

identified in the cells analyzed.  The splice variant containing exons 1, 3, 8, 9 and 10 was 

identified in all cell lines and tissues analyzed. 
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Figure 8:  MLIP alternative splicing is tissue-specific. 

Schematic list of MLIP splice variants identified in different tissues and cell lines, by means 

of cloning.  The putative full-length MLIP protein contains 13 exons. Green boxes indicate 

exons, numbers above denote exon number, numbers in parentheses below designate the 

number of amino acids within the exon.  Below each splice variant is its theoretical 

isoelectric point and molecular weight (MW).  
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Myogenesis of C2C12 cells stimulates the expression of an 
additional MLIP isoform 

 

 C2C12 myoblasts and myotubes were subjected to two-dimensional electrophoresis 

(Figure 9).  In order to promote the differentiation of C2C12 myoblasts into myotubes, the 

media was supplemented with 2% horse serum for 72h in substitution of 10% fetal bovine 

serum.  Two-dimensional electrophoresis separates proteins according to two properties.  

During the first dimension proteins are separated according to their isoelectric point, which 

is the specific pH at which the net charge of the protein is zero.  In the second dimension 

proteins are separated according to their molecular weight.  As illustrated in Figure 9, 

C2C12 myotubes acquire an additional MLIP isoform as compared to C2C12 myoblast.  

The MLIP proteins experimental isoelectric point as well as molecular weight were 

estimated and are found in the table in Figure 9.  

 Comparing the MLIP splice variants that were identified through cloning to the 

MLIP two-dimensional blots, it is clear that a discrepancy exists.  Through cloning only a 

single splice variant, containing exons 1, 3, 8, 9 and 10, was identified in both C2C12 

myoblast as well as in C2C12 myotubes.  The theoretical molecular weight of this splice 

variant is 25kDA and its theoretical isoelectric point is 6.61.  This splice variant is in 

accordance with the spots B and E from the MLIP two-dimensional blots (Figure 9).  

C2C12 myoblasts contain an additional protein spot and C2C12 myotubes contain two 

additional protein spots unaccounted for by the cloning strategy.  The splice variants 

identified in HL-1 cells also cannot account for the number of protein bands observed by 

Immunoblotting for MLIP (Figure 10).  Two possibilities could explain this discrepancy. 
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The first possibility would be that of alternative 5’ or 3’ untranslated regions and the latter 

possibility would be that of post-translational modification.   
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Figure 9: The differentiation of C2C12 myoblasts to myotubes induces the expression 

of an additional MLIP isoform. 

C2C12 myoblast cells were stimulated to undergo myogenesis by removing serum.  C2C12 

myoblast lysates (top) or C2C12 myotube lysates (bottom) were subjected to two-

dimensional electrophoresis.  In the first dimension proteins are separated according to their 

isoelectric point (horizontal axis), and in the second dimension proteins are separated 

according to their molecular weight (vertical axis).  The experimental isoelectric point as 

well as the experimental molecular weight was calculated (table below). 
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Protein spots on gel Isoelectric point MW (kDa) 

A 5.5 48 

B 6.1 29 

C 4.7 44 

D 4.3 31 

E 6.8 26 
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Figure 10: Association of identified splice variants to protein bands. 

HL-1 cell lysates were probed with a MLIP antibody.  The molecular weight of the protein 

bands were estimated and associated with the splice variants identified through cloning. 
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MLIP has a single 5’ and 3’ untranslated region in the mouse heart 

 

To explore the possibility of alternative 5’ and 3’ untranslated regions, 5’ and 3’ 

Rapid Amplification of Complementary DNA ends (RACE) was performed.  Heart RNA 

was selected for the template as immunoblotting reveals this tissue to contain the most 

MLIP isoforms (Figure 7).   

For 5’RACE, RNA was extracted from mouse adult heart and reverse transcribed 

using a primer to MLIP.  Two sets of cDNA were synthesized, the first using a primer 

designed to exon 1 and the second designed to exon 3.  The cDNA was subsequently 

poly(A) tailed and then subjected to PCR.  A portion of the PCR product was then used as a 

template for a final nested PCR.  Once again two sets of PCR reactions were set up in each 

step, one using primers to exon 1 and the second to exon 3.  The PCR products were TA 

TOPO cloned, transformed and sequenced.  Out of forty-eight clones analyzed, seventeen 

extended to the 5’ untranslated region and a single 5’untranslated region was uncovered, 

corresponding to that found in the UCSC Genome Browser (Kent WJ, Sugnet CW, Furey 

TS, Roskin KM, Pringle TH, Zahler AM, Haussler D. The human genome browser at 

UCSC. Genome Res. 2002 Jun;12(6):996-1006)(Figure 11).  In the mouse this 5’UTR is 

localized to chromosome 9q bases 77,195,570 to 77,195,677.  Our lab has not yet performed 

5’RACE using human tissues, however the UCSC Genome Browser Bioinformatics site 

(Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, Haussler D. The 

human genome browser at UCSC. Genome Res. 2002 Jun;12(6):996-1006) predicts a single 

5’UTR which spans bases 53,883,714 to 53,883,827 on chromosome 6. 
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For 3’RACE, RNA was extracted from mouse adult heart and reverse transcribed 

using an oligo-dT anchor primer.  Amplification of the cDNA was done using a primer to 

exon 1, another to exon 3, and a third reaction with a primer designed to exon 8. The PCR 

products were TA TOPO cloned, transformed and sequenced.  Out of fourty-eight clones 

analyzed, thirteen extended to a single 3’ untranslated region. In mouse, MLIP’s 3’UTR 

does not contain the most common form of poly-adenylation signal (PAS) which is 

AAUAAA (Chatterjee and Pal, 2009).  MLIP’s 3’UTR spans nucleotides 76,949,892 to 

76,950,197 and contains the hexamer AAGAAA that could act as a poly-adenylation signal. 

Although our lab has not performed 3’ RACE of MLIP on human samples, the UCSC 

Genome Browser Bioinformatics site (Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle 

TH, Zahler AM, Haussler D. The human genome browser at UCSC. Genome Res. 2002 

Jun;12(6):996-1006) predicts two alternative 3’UTRs.  The first 3’UTR spans nucleotides 

54,080,000 - 54,082,882 on chromosome 6 and contains the PAS AAUAAA as well as a 

large number of polyadenylation signal variants. The second MLIP 3’UTR in humans, spans 

nucleotides 54,130,753 to 54,131,074 and harbors the PAS AAUAAA, but does not contain 

any variant of this hexamere. 
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Figure 11: In the adult mouse heart, MLIP has a single 5’ Untranslated Region. 

Determined through 5’ Rapid Amplification of Complementary DNA ends. Highlighted in 

orange is the sequence submitted through the blat algorithm using the UCSC Genome 

Browser Bioinformatics site (Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, 

Zahler AM, Haussler D. The human genome browser at UCSC. Genome Res. 2002 

Jun;12(6):996-1006).  The purple box outlines the putative 5’UTR of MLIP. 
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MLIP contains a highly conserved SUMOylation consensus 
sequence 

 

In order to investigate the possibility of post-translational modification, putative 

post-translation modification sites were examined.  MLIP contains five highly conserved 

regions of homology, (Ahmady et al., 2011)
1
 one of which includes a putative SUMOylation 

sequence, as illustrated in Figure 12.  The consensus sequence for SUMOylation is 

KXE/D, (Sampson et al., 2001) where  is a large hydrophobic residue and X can be any 

amino acid.  In MLIP this sequence is FKAE and resides within exon 3. 

                                                 
1
 Elmira Ahmady, Shelley A. Deeke, Seham Rabaa, Lara Kouri, Laura Kenney, Alexandre F. 

R.Stewart & Patrick G. Burgon  (2011). Identification of a novel Muscle Enriched A-Type 

Lamin Interacting Protein (MLIP). Under 2
nd

 revision JBC April 2011 
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Figure 12: Highly Conserved Predicted SUMOylation site within Exon 3 of MLIP 

In red is the SUMOylation consensus sequence KXE/D (= a large hydrophobic residue; 

X =any amino acid). Asterix represents conservation with MLIP Homo sapiens. Alignment 

was performed using MegAlign. 
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Homo sapiens Q S D L F K A E Y V L 

P.troglodytes * * * * * * * * * * * 

Macaca mulatta * * * * * * * * * * * 

R.norvegicus K G * * * * * * * * F 

Mus musculus K G * * * * * * * * F 

Canis lupus familar * * * * * * * * * * F 

Equuscaballus * * * * * * * * * * F 

Bos Taurus * * * * * * * * * * F 

M.domestic * * * * * * * * * * F 

Gallus gallus E N * * * * * * F I * 
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Recombinant MLIP does not undergo in vitro post-translational 
modification by SUMO1 or SUMO2 

 

To address the possibility of post-translational modification by SUMO, an in vitro 

SUMOylation assay was performed using a recombinant MLIP protein.   The MLIP splice 

variant containing exons 1, 3, 8, 9 and 10 was subcloned into the His-tag vector pET100D, 

expressed in E. coli and subsequently purified using a His Trap column (Figure 13).  This 

splice variant has a theoretical molecular weight of 25kDa and with the addition of the linker 

and His-tag the theoretical molecular weight adds up to 30kDa, which is in accordance with 

the rMLIP generated (Figure 13).  A mock control purification was also performed in order 

to account for contaminant proteins present from the purification process that could undergo 

SUMOylation (Figure 14). 

 The recombinant MLIP protein or the mock control was incubated with the SUMO 

E1 activating enzyme, the SUMO E2 conjugating enzyme, either SUMO1 or SUMO2, as 

well as in the presence or absence of ATP.  Excluding ATP demonstrates that the reaction is 

specific to the SUMOylation cascade, as ATP is required for the activation of the E1 

activating enzyme (Desterro et al., 1997; Johnson, et al., 1997).  As shown is Figure 15, 

recombinant MLIP is not a substrate for SUMO1 or SUMO2, as there are no larger 

molecular forms of MLIP present on the MLIP blot. In addition, the SUMO immunoblotting 

pattern is almost identical between the mock control and the sample containing the 

recombinant MLIP protein.  The SUMO1 and SUMO2 staining of larger molecular proteins 

arises from contaminant proteins present from the purification process as they are present in 

the mock control sample.  
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Figure 13: Expression and purification of recombinant MLIP.  

The MLIP splice variant containing exons 1, 3, 8, 9, 10 was expressed in E. coli and purified 

using a His Trap column.  Purification fractions were resolved on a polyacrylamide gel and 

subsequently immunoblotted for MLIP (A) or stained with Commassie (B).  Elution # 8, 9 

and 10 were pooled and concentrated to yield the final recombinant MLIP protein fraction 

used for in vitro SUMOylation, Coomassie staining (C) or immunoblotting for MLIP (D).  
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Figure 14: Mock control expression and purification.  

The mock control vector was expressed in E. coli and purified using a His Trap column.  

Purification fractions were resolved on a polyacrylamide gel and subsequently 

immunoblotted for MLIP (A) or stained with Commassie (B).  Elution # 8, 9 and 10 were 

pooled and concentrated to yield the final mock control fraction used for in vitro 

SUMOylation, Coomassie staining (C) or immunoblotting for MLIP (D).  
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Figure 15: MLIP is not modified in vitro by SUMO1 or SUMO2.   

Recombinant MLIP or the mock control was incubated with the SUMO E1 activating 

enzyme, the SUMO E2 conjugation enzyme, SUMO1 (A) or SUMO2 (B), and either in the 

presence or absence of ATP to assess for in vitro SUMOylation.  Omitting ATP 

demonstrates that the reaction arises from the SUMOylation cascade, as ATP is required to 

activate the E1 enzyme. 
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Endogenous MLIP is not modified by SUMO1 or SUMO2 in HL-1 
cells 

 

There are no MLIP homologues in bacteria and therefore there is concern as to 

whether the recombinant protein is properly folded. It has been demonstrated that the lysine 

residue on the target protein that is modified by SUMO, enters the catalytic pocket of the E2 

conjugating enzyme and that the hydrophobic and acidic residues interact with the surface of 

the E2 conjugating enzyme, (Bernier-Villamor et al., 2002) hence the structure of the target 

protein plays an important role.  In order to address this concern, immunoprecipitation of 

endogenous MLIP was performed on HL-1 cell lysates under normal conditions, Figure 16.  

Following immunoprecipitation, blots were probed with SUMO1, SUMO2 or MLIP.  

Probing for MLIP after immunoprecipitation was to ensure that our MLIP antibody was 

suitable for immunoprecipitation.  Pre-immune serum from the rabbit from which the 

antibody was generated was used as a negative control.  As seen in Figure 16, there is no 

difference between the pre-immune serum and MLIP immunoprecipitation, hence MLIP 

does not undergo SUMOylation by SUMO1 or SUMO2 in HL-1 cells. 
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Figure 16: Endogenous MLIP is not a substrate of SUMO1 or SUMO2 in HL-1 cells. 

(A)Extracts of HL-1 cardiac muscle cells underwent immunoprecipitation using an MLIP 

antibody or pre-immune serum and subsequently immunoblotted using a SUMO1, SUMO2 

or MLIP antibody.  HL-1 cells lysates were also probed for MLIP.  (B) HL-1 cell lysates 

probed with a SUMO1 or SUMO2 antibody. 
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Chapter 4: 

Discussion 
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Discussion: 

As part of these studies, the isoforms of a novel Muscle-enriched A-type Lamin-

Interacting Protein (MLIP) were investigated using an assortment of molecular biology 

techniques.  MLIP was originally identified as an interactor of A-type Lamins with the 

intention of discerning at least in part, the perplexing mechanisms of Laminopathies 

(Ahmady et al., 2011)
1
.  Mutations within A-type Lamins can give rise to a diverse array of 

disease, affecting a wide range of tissues, while the mechanism still remains poorly 

understood (Worman et al., 2009).  Whether MLIP plays a role in the pathogenesis of 

laminopathies remains elusive.  Through detailed analysis of the GenBank database, it was 

established that MLIP does not display any substantial similarity to any gene and is present 

exclusively in amniotes, perhaps attributing to the complexity of higher organisms (Ahmady 

et al., 2011)
1
.  By means of immunoblotting experiments it was clear that more than one 

MLIP isoform existed, hence the overall aim of this thesis was to identify MLIP’s isoforms. 

Immunoblotting for MLIP in various mouse tissues demonstrated that MLIP seems 

to be enriched in brain, heart and skeletal muscle (Figure 7) which is consistent with 

Northern blot results which show that MLIP is mainly associated with these tissues 

(Ahmady et al., 2011)
1
.  Also in agreement with these results, an analysis in GEO profiles 

(Supplemental Figure 3) demonstrates a similar trend, in which MLIP is enriched in heart, 

muscle, diaphragm and brain (NCBI, GEO profiles, record GDS3142/ 14253059_at/ 

2310046A06Rik).  Immunoblotting for MLIP in various human tissues showed it to be 

                                                 
1
 Elmira Ahmady, Shelley A. Deeke, Seham Rabaa, Lara Kouri, Laura Kenney, Alexandre F. 

R.Stewart & Patrick G. Burgon  (2011). Identification of a novel Muscle Enriched A-Type 
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enriched in the heart and skeletal muscle which is in accordance with previous Northern 

blotting experiments that demonstrate MLIP to be highly expressed in skeletal muscle and 

heart with low levels seen in the liver (Ahmady et al., 2011)
1
.  Consistent with these results, 

an analysis in GEO profiles (Supplemental Figure 4) shows MLIP to be highly expressed 

in human heart and skeletal muscle, with low level expression in the liver, spinal cord and 

very low expression in brain. (NCBI, GEO profiles, record GDS424/ 54910_at/ C6orf142).  

In both human and mouse, MLIP is enriched in striated muscle.  The type of MLIP isoform 

expression differs between tissues, however the reason for this difference in expression 

remains to be elucidated.  

The cloning strategy demonstrated that MLIP’s alternative splicing is tissue-

dependent. Whether the stability, subcellular localization, function or interacting partners of 

the different isoforms is similar remains to be determined.  Exons 4, 5, 7 and 11 were not 

detected in the cells analyzed, however exons 5, 7 and 11 were found when analyzing the 3’ 

RACE sequences from adult mouse heart tissue.  Although exon 4 was not encountered 

through my cloning experiments, this exon has been detected in other PCR amplification 

studies (Ahmady et al., 2011)
1
. 

 The cloning strategy identified four splice variants in HL-1 cells with the following 

molecular weights; 10kDa, 25kDa, 27kDa and 30kDa.   The last three splice variants are in 

accordance with the bands observed in HL-1 cell immunoblotting for MLIP (Figure 10).  

The 10kDa splice variant however, has not been detected via immunoblottting.  Considering 

the size of this protein, it is possible that detection has not been possible due to the 

                                                 
1
 Elmira Ahmady, Shelley A. Deeke, Seham Rabaa, Lara Kouri, Laura Kenney, Alexandre F. 

R.Stewart & Patrick G. Burgon  (2011). Identification of a novel Muscle Enriched A-Type 

Lamin Interacting Protein (MLIP). Under 2
nd

 revision JBC April 2011 



83 

 

conditions used for immunoblotting.  For example, a smaller membrane pore size could 

remove the risk of the protein passing through the aforementioned membrane.  Alternatively 

it is also possible that this transcript is not translated into protein.  

Myoblasts isolated from a rodent’s hind limb contained an MLIP splice variant 

(exons 1, 3, 8, 9, 10) that differed from that of the myotubes (exons 1, 2, 3, 8, 9, 10) from 

which the myoblast differentiated into, upon serum removal.  This observation was not 

mimicked in C2C12 myoblasts and myotubes, as they contained the same MLIP splice 

variant.  This result could represent an instance in which the C2C12 immortalized mouse 

myoblast cell line does not mirror normal tissue.  

 Through 5’ RACE, it was established that in the adult mouse heart, MLIP contains a 

single 5’ untranslated reagion.  An alternative transcription start site (TSS) for C6orf142 

(MLIP) has recently been described for the human brain (Wakamatsu et al., 2009).  In this 

study, more than eleven thousand full-length human cDNAs were identified and analyzed 

for alternative splicing.  Many features of the 5’UTR participate in determining gene 

expression, one of which is the presence of upstream open reading frames (uORF) 

(Chatterjee and Pal, (2009).  In both mouse and human, an uORF can be found in the 5’UTR 

of MLIP, however whether the presence of an uORF influences MLIP’s gene expression 

remains to be tested.  In mouse, the uORF gives rise to a 6 amino acid peptide, the entire 

sequence residing within the 5’UTR.  In humans, the peptide consists of 34 amino acids, 

with the termination codon residing in the first exon of MLIP.  

Two-dimensional electrophoresis was performed on C2C12 myoblasts as well as 

C2C12 myotubes to gain further information on MLIP’s protein expression.  As C2C12 cells 

undergo myogenesis an additional MLIP protein band appears by immunoblotting, however 
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this band was not identified through cloning and therefore whether this protein band is a 

result of post-translational modification or alternative splicing is not known.  Whether this 

MLIP isoform plays a role in stimulating myogenesis or whether its expression is induced 

by myogenesis is unknown.  Lamin A has been shown to play an important role in 

myogenesis (Favreau et al., 2004).  C2C12 myoblast cells overexpressing a lamin mutant 

(R453W) demonstrated hindered myotube formation compared to cell expressing wild-type 

lamin A (Favreau et al., 2004).  Interestingly, previous experiments demonstrated a possible 

role for MLIP in myogenesis, as knocking down MLIP using shRNAmir constructs seemed 

to impair proper myotube formation (Ahmady M.Sc. thesis, 2010, University of Ottawa).  In 

addition, ChIP-on-chip experiments unveiled several putative MLIP targets that play a role 

in muscle development, commitment and differentiation (Ahmady M.Sc. thesis, 2010, 

University of Ottawa). 

The number of MLIP protein bands observed through immunoblotting cannot be 

accounted for by the number of splice variants identified to date.  Although peptide 

neutralization immunoblotting studies have been done (Supplemental Figure 5), 

immunoblotting of MLIP knock out mice tissues has yet to be done, as these mice are 

currently being developed.  This important experiment would reveal whether any of the 

immunoblotting bands are due to non specific binding.  MLIP heterozygous knock out mice 

are presently under examination in our lab and we hope to study the MLIP homozygous 

knock out mice in the near future.  To date, no MLIP homozygote null mouse has been 

observed; suggesting the loss of MLIP is embryonically lethal.  Another future experiment 

that could reveal the identity of the unknown isoforms would be mass spectrometry.  Since 
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our antibody appears to perform excellently for immunoprecipitations (Figure 16, panel A), 

the individual bands could be excised and submitted for mass spectrometry. 

  When examining MLIP’s conservation biology and putative post-translational sites, 

a highly conserved putative SUMOylation sequence was found (Figure 12).  Lamin A has 

been shown to undergo modification by SUMO2.  Mutating the lysine residue within the 

SUMOylation site of lamin A leads to abnormal subcellular localization (Zhang and Sarge, 

2008).  The mutations E203G and E203K in lamin A cause dilated cardiomyopathies and 

these two mutants were examined for their ability to undergo SUMOylation, which was 

decreased, possibly offering an explanation for the disease (Zhang and Sarge, 2008).  In 

order to examine whether MLIP can be modified by SUMO, a recombinant MLIP protein 

was synthesized and purified and subsequently used for an in vitro SUMOylation assay.  

Recombinant MLIP did not undergo SUMOylation by either SUMO1 or SUMO2, however 

there was concern as to whether the recombinant MLIP protein is folded into its proper 

three-dimensional structure, hence immunoprecipitation was performed on endogenous 

MLIP in HL-1 cells.  MLIP does not appear to be modified in vivo by SUMO1 or SUMO2. 

It has been shown that the level of SUMOylation of a target protein may be insufficient to be 

detectable by immunoprecipitation of the endogenous protein (Tatham et al., 2009).  

Previous studies show that for many SUMO target proteins, the amount of protein which 

undergoes SUMO modification under steady state conditions is low (Tatham et al., 2009, 

Vertegaal et al., 2006).  In order to address this concern, studies have either treated with 

agents such as MG132, subjected cells to heat-shock, or overexpressed members of the 

SUMOylation cascade or the target protein to overcome this problem, however any one of 

these methods increase the potential for false-positive results (Tatham et al., 2009).  It is not 



86 

 

uncommon for a protein to contain a SUMOylation consensus sequence but not undergo 

post-translational modification by SUMO.  Thirty-three per cent of characterized proteins 

contain the sequence ΨKXE (Yang et al., 2006).  One study assessed the ability of 39 

proteins, which contain the SUMOylation consensus sequence (ΨKXE), to undergo 

modification by SUMO1.  Out of the 39 proteins assessed only 14 were post-translationnaly 

modified by SUMO1 (Wilkinson et al., 2008). 

Lamin A/C is not expressed in undifferentiated mouse and human embryonic stem 

cells, hence the lack of A-type lamin expression is a marker for undifferentiated embryonic 

stem cells (Constantinescu et al., 2006).  The commitment of a cell to a specific cell fate 

transpires before the expression of Lamin A can be detected (Rober et al., 1989).  Lamin 

A/C has been suggested to limit the ability of a cell to modify its’ phenotype in response to 

the environment (Rober et al., 1989).  MLIP’s tissue dependent expression may suggest that 

it too plays a role in plasticity.  Whether MLIP is the result of acquired cell type or plays a 

role in the acquisition of the cell fate remains elusive.  Interestingly, a gene profiling 

expression analysis performed by Haslett et al., (Supplemental Figure 1) demonstrated that 

MLIP expression is decreased in patients suffering from DMD compared to healthy subjects.  

In this study, tissue biopsies were collected from quadricep skeletal muscle.  Another study 

performed by Barth et al., (Supplemental Figure 2) showed an increase in C6orf142 

(MLIP) expression in DCM compared to patients with non-failing hearts.  This study 

examined septal myocardial tissue samples.   There are currently no profiling studies of 

MLIP expression in Partial lipodystrophy or Charcot-Marie-Tooth. 
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Future Direction 

 The PhosphoSitePlus (Produced by 3rd Millennium©2003-2011 Cell Signaling 

Technology, Inc.) is a database in which mass spectrometry is deposited.  According to this 

database, MLIP is phosphorylated on three different serine residues, two of which are highly 

conserved.  The cluster of unidentified bands present between 35kDa and 40kDa (Figure 

10) could be due to phosphorylation of MLIP.  To test this hypothesis site-directed 

mutagenesis would be performed, mutating the serine residues, and subsequent 

immunoblotting would be performed to assess whether the cluster of unidentified bands 

disappears.  These mutants would also be transfected into cells and subsequently visualized 

by fluorescent microscopy to assess whether MLIP’s subcellular localization is influenced 

by phosphorylation.  Whether all of MLIP’s isoforms display the same subcellular 

localization has yet to be tested.  Future experiments include separating nuclear and 

cytoplasmic fractions and immunoblotting for MLIP to assess whether the isoforms differ 

between cellular fractions. 

 

Conclusion 

 

In this work, several of the MLIP isoforms have been identified, although many still 

remain unknown.  MLIP’s expression differs between tissues and MLIP is subjected to 

extensive tissue-dependent alternative splicing.  Although MLIP does not appear to be a 

substrate for SUMO, it remains to be tested whether it undergoes other post-translational 

modifications.  MLIP’s function has yet to be defined, however preliminary experiments in 

our laboratory and MLIP’s association with lamin suggest that it may play a role in tissue 

differentiation. 
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Appendix 
 

 

 

 

 

 

 

 

 

 

Figure S 1: GEO profiles.  Expression profile analysis of human MLIP (C6orf142) in 

normal and in Duchenne muscular dystrophy (DMD) patients.   

Biopsies from quadriceps skeletal muscle tissue. 

NCBI, GEO profiles, record GDS610 / 54910_at / C6orf142 / Homo sapiens 
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Figure S 2: GEO profiles.  Expression profile analysis of MLIP (C6orf142) in patients 

with non-failing heart and patients with Dilated Cardiomyopathy. 

Septal myocardial tissue was collected for analysis. 

NCBI, GEO profiles, record GDS2206 / RZPDp1096H094D / C6orf142 / Homo sapiens 
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Figure S 3: GEO profiles.  Expression profile analysis of mouse MLIP 

(2310046A06Rik) in normal tissues. 

NCBI, GEO profiles, record GDS3142/ 14253059_at/ 2310046A06Rik 
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Figure S 4: GEO profiles.  Expression profile analysis of human MLIP (C6orf142) in 

normal tissues. 

(NCBI, GEO profiles, record GDS424/ 54910_at/ C6orf142) 
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Figure S 5: Peptide Neutralization 

MLIP peptide neutralization of the anti-MLIP sera demonstrates the specificity of the MLIP 

antibodies in Western blot analysis. 
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CONTRIBUTIONS OF COLLABORATORS 
 

The mRNA used for 5’ and 3’ RACE was isolated by Lara Kouri, M.Sc. candidate. 
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