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ABSTRACT: 
 

Proteases play important roles in diverse biological processes relevant to 

human health and disease and defining their substrate specificity is an essential 

component to understanding molecular mechanisms of proteolysis. ZMPSTE24 

is a zinc metalloprotease that is critical to the proteolytic maturation of lamin A, 

an intermediate filament protein and component of the nuclear lamina. When 

ZMPSTE24-dependent processing of prelamin A is disrupted by mutations in 

either the substrate or the protease, accumulation of uncleaved prelamin A 

causes a spectrum of genetic disorders including the premature aging disease 

Hutchinson Gilford Progeria Syndrome (HGPS) and related progeroid disorders 

mandibuloacral dysplasia (MAD-B) and restrictive dermopathy (RD). 

Prelamin A is the only known mammalian substrate for ZMPSTE24, 

however, the basis of this specificity remains unclear. To begin to define the 

sequence requirements for ZMPSTE24 recognition, I have performed a 

comprehensive mutagenesis scan of the eight residues flanking the cleavage 

site, from amino acid residue T643 to N650 (TRSY↓LLGN). Mutants were tested 

in an in vivo humanized yeast assay that provides a sensitive measure of 

ZMPSTE24 processing efficiency. 

Substitutions C-terminal to the cleavage site were generally more 

disruptive than N-terminal substitutions, although R644 shows a modest bias for 

positively charged residues. Of particular note is L647 in the P1’ position C-

terminal to the cleavage site, of which mutation to arginine has long been known 

to be “uncleavable.” Here I show that charged residues, aromatics, and proline 



iii 
 

disrupt cleavage, while hydrophobic residues are well-tolerated. L648 at P2’ 

shows a similar pattern with several key differences. 

I have generated a heat map of cleavage efficacy for ZMPSTE24 and 

positions P1’ and P2’ have emerged as critical for ZMPSTE24 substrate 

recognition, with a strong preference for hydrophobic residues.  Hydrophobic 

residues at these two positions are evolutionarily conserved. I have shown that 

the 8 residues flanking the deduced ZMPSTE24 cleavage site in prelamin A 

sequences from amphibians, birds, fish, and mammals can promote cleavage 

when placed in the context of human lamin A, albeit with varying efficiency. 

Taken together, my results provide mechanistic insights into the recognition of 

prelamin A by ZMPSTE24 and begin to define a consensus motif with potential 

predictive value to identify other ZMPSTE24 substrates. 

 

Dissertation Advisor: Dr. Susan Michaelis 

Dissertation Reader: Dr. Peter Espenshade 
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Chapter I 
 

Background and Introduction 
 

 

 

 The work presented in this dissertation is a contribution to a field that has 

traced a path from basic yeast biology, to mammalian cell biology, to human 

genetics and clinical phenotypes. In this chapter, I review key advances that led 

to the identification of the protease ZMPSTE24, its substrate prelamin A, and 

their roles in human disease. 
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Yeast a-factor Biogenesis 

The yeast Saccharomyces cerevisiae can exist in either a haploid or 

diploid state. Mating can occur between haploid cells, of which there are two 

mating types, a-type or -type determined by the alternative mating type 

cassettes MATa or MAT (Nasmyth, 1982). These haploid mating types secrete 

mating pheromones, a-factor and -factor, respectively (reviewed in Michaelis 

and Barrowman, 2012). When the pheromones are detected by surface 

receptors on the opposite mating type, a signaling cascade triggers a decision to 

mate, the cells grow distinctive projections toward the cell of the opposing mating 

type, the two haploid cells fuse, and subsequently their nuclei fuse, to form a 

stable diploid cell. 

 Since these mating pheromones are secreted molecules, they 

represented an attractive target for studying the secretory pathway, or the means 

by which a protein is translated and exported out of the cell. The a-factor 

pheromone is a CAAX protein, typified by a C-terminal CAAX motif (cysteine, 

aliphatic, aliphatic, any residue) (Zhang and Casey, 1996). This CAAX motif 

directs several post-translational modifications, including farnesylation of the 

cysteine residue, endoproteolytic cleavage of the C-terminal tripeptide (-AAX), 

and carboxymethylation of the farnesylated cysteine (reviewed in Michaelis and 

Barrowman, 2012) (Fig. 1). 

Previously, our lab conducted a mutant hunt and identified ste24, a yeast 

mutant with a mating defect rendering it sterile (Fujimura-Kamada, Nouvet, & 

Michaelis, 1997). The ste24 mutant accumulated unprocessed a-factor 
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precursor, failed to export mature a-factor, and was sterile in a highly sensitive 

mating assay. This defect was complemented by transformation with a yeast 

genomic library, the gene was identified, and the sequence of its gene product, 

Ste24p, was inferred. 

 

 

Figure 1: Biogenesis pathways of yeast a-factor and mammalian prelamin 
A. The nearly identical post-translational processing steps of yeast a-factor and 
mammalian prelamin A are shown, as well as the respective enzymes that 
perform these steps. CAAX processing (farnesylation, -AAXing, and 
carboxymethylation) is followed by upstream cleavage by yeast Ste24p or 
mammalian ZMPSTE24. Two distinctions between the pathways are that a-factor 
undergoes an additional N-terminal cleavage by Axl1p, and mature a-factor is the 
farnesylated secreted cleavage product while mature lamin A loses its 
farnesylated C-terminus after upstream cleavage. 
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The amino acid sequence of Ste24p suggested an integral membrane 

protein with seven transmembrane spans, a canonical HEXXH motif 

characteristic of zinc metalloproteases and a modified dilysine ER retrieval motif 

(Tam et al., 1998). A search of EST databases identified mouse and human 

homologs of Ste24p which had almost identical hydropathy plots. Remarkably, 

expression of the human Ste24p homolog in yeast rescued the mating defect, 

despite having only 36% identity and 51% similarity to the yeast Ste24p amino 

acid sequence. 

 Further characterization of the human Ste24p homolog, known as 

ZMPSTE24, revealed a zinc metalloprotease with seven transmembrane spans, 

the HEXXH motif, and a dilysine ER retrieval signal. ZMPSTE24 localizes to both 

the inner nuclear membrane and the ER membrane, as does yeast Ste24p 

(Barrowman, Hamblet, George, & Michaelis, 2008; Barrowman & Michaelis, 

2009). 

 More recently, the crystal structures for both yeast Ste24 (Pryor et al., 

2013) and human ZMPSTE24 (Quigley et al., 2013; Clark et al., 2017) were 

solved, revealing a novel and fascinating structure, distinct from other known 

integral membrane zinc proteins. Both proteins show remarkable structural 

similarity, with their seven transmembrane spans forming a large water-filled 

barrel structure with several side portals, presumably one of which allows for 

substrate access to the chamber. The zinc-coordinating active site sits inside the 

chamber at the cytoplasmic-facing end of the structure. The active site is inside a 



5 
 

groove lined with hydrophobic residues, very similar to the active site of 

thermolysin, a well-characterized bacterial soluble zinc metalloprotease. 

 

Finding the Mammalian Substrate of ZMPSTE24 

 Returning to the functional characterization of mammalian ZMPSTE24, it 

was known that ZMPSTE24 was a zinc metalloprotease that could complement 

the mating defect of Ste24-deficient yeast. However, mammalian cells lack any 

known homolog of yeast a-factor, and the mammalian substrate of ZMPSTE24 

remained unknown. To address this question, two groups generated Zmpste24-/- 

mice (Bergo et al., 2002; Pendás et al., 2002). These mice were viable and 

healthy at birth, however, within a few weeks they began to show lipodystrophy, 

skeletal abnormalities, low bodyweight, loss of hair, and had a shortened 

lifespan. 

 It was known that like a-factor, the lamin A precursor, prelamin A, was a 

CAAX protein. The CAAX motif directs several post-translational modifications 

including endoproteolytic cleavage of its farnesylated prelamin A C-terminus 

(Weber et al., 1989) (Fig. 1). However, the protease responsible for the cleavage 

step was unknown. The putative cleavage site 15 amino acids upstream of the 

farnesylated cysteine had been identified by protein sequencing of the C-

terminus of mature lamin A (Weber et al., 1989). Our lab had suggested prelamin 

A as a possible substrate for mammalian ZMPSTE24 (Tam et al., 1998) based 

on these observations that it was both farnesylated and cleaved similarly to the 

a-factor biogenesis pathway. 
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Mouse embryonic fibroblasts generated from the Zmpste24-/- animals were 

shown to accumulate uncleaved persistently farnesylated prelamin A, providing 

compelling evidence implicating ZMPSTE24 as the protease responsible for 

endoproteolytic cleavage of prelamin A (Bergo et al., 2002; Pendás et al., 2002). 

Furthermore, Zmpste24-/- mice showed phenotypic overlap with both the Lmna-/- 

mouse model (Sullivan et al., 1999) and the increasingly well-characterized 

group of human disease known as laminopathies (Capell & Collins, 2006). The 

mapping of the Hutchinson-Gilford Progeria Syndrome (HGPS) mutation in 2003 

(De Sandre-Giovannoli et al., 2003; Eriksson et al., 2003) to the ZMPSTE24 

cleavage site, discussed in further detail below, revealed that a lack of prelamin 

A processing promotes progeria. 

Finally, both -AAXing and upstream cleavage of the prelamin A substrate 

by recombinant ZMPSTE24 were reconstituted in vitro, providing further 

substantial support for the role of ZMPSTE24 in prelamin A processing (Corrigan 

et al., 2005). 

 

Function and Biogenesis Pathway of Lamin A 

Lamins are intermediate filament proteins that polymerize to form the 

nuclear lamina, a structure critical to the function the nucleus (Aebi, Cohn, Buhle, 

& Gerace, 1986). The nuclear lamina plays a role in nuclear structure and 

mechanoresponsiveness, nuclear pore complex organization, and 

heterochromatin organization and gene expression (Dechat et al., 2008). 
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Lamins A and C are transcribed as isoforms from the same gene, LMNA, 

while B-type lamins are encoded by two distinct genes, LMNB1 and LMNB2, 

(Worman, Fong, Muchir, & Young, 2009). Lamin A and B-type lamins have a C-

terminal CAAX motif, which directs the post-translational modifications of the 

nascent polypeptide prelamin A. However, B-type lamins are persistently 

farnesylated while the C-terminus of prelamin A is cleaved. Lamin C, a splice 

variant of LMNA, lacks the C-terminus of lamin A, does not have a CAAX motif, 

and is therefore not cleaved. 

As discussed above and illustrated in Figure 1, elucidation of the lamin A 

biogenesis pathway was largely informed by studies of yeast a-factor biogenesis. 

Prelamin A is also a CAAX-modified protein and undergoes post-translational 

processing by an almost identical pathway (Michaelis & Barrowman, 2012) (Fig. 

1). First, prelamin A is farnesylated at the cysteine of the CAAX motif by 

farnesyltransferase, the C-terminal tripeptide is cleaved by RCE1 or ZMPSTE24 

(-AAXing), and the now C-terminal cysteine is carboxymethylated by isoprenyl 

cysteine methyltransferase (ICMT). Finally, a C-terminal 15 amino acid 

farnesylated tail is cleaved by the protease ZMPSTE24. 

 

Human Phenotypes 

Mutations of the gene encoding the substrate, prelamin A, or the protease, 

ZMPSTE24, lead to accumulation in cells of a persistently farnesylated form of 

uncleaved prelamin A and causes a spectrum of genetic disorders characterized 

by myopathy, lipodystrophy, and premature aging (Worman et al., 2009). Three 
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distinctive diseases are due to accumulation of farnesylated uncleaved prelamin 

A. 

The best studied of these disorders is Hutchinson-Gilford Progeria 

syndrome (HGPS), an extremely rare, severe, premature aging syndrome. HGPS 

is caused by an autosomal dominant splicing mutation in LMNA that activates a 

cryptic splice donor site and affects 1 in approximately 4 million live births. This 

aberrant splicing results in a 50 amino acid deletion in prelamin A that includes 

the ZMPSTE24 processing site (De Sandre-Giovannoli et al., 2003; Eriksson et 

al., 2003). A truncated, persistently farnesylated form of prelamin A called 

progerin accumulates in cells of HGPS patients and causes a characteristic 

aberrant nuclear morphology phenotype at the cellular level. Patients show 

symptoms around one year of age including alopecia, lipodystrophy, thin skin, 

characteristic small jaw, and small stature. Patients usually succumb to heart 

attack or stroke in their teens due to progressive atherosclerosis (Capell, Collins, 

& Nabel, 2007). 

The causal LMNA mutation was identified in 2003 (De Sandre-Giovannoli 

et al., 2003; Eriksson et al., 2003), which sparked a rapid search for therapies to 

ameliorate the cardiovascular phenotypes of HGPS patients and extend their 

lifespan. Farnesyl transferase inhibitors (FTIs) were a class of compounds that 

already existed as an experimental anti-cancer drug, and it was hypothesized 

that treatment with FTIs may inhibit the formation of progerin and reduce the 

toxic effects of its accumulation in cells. Indeed, FTIs reduced the characteristic 

nuclear blebbing phenotype of HGPS cells and wild-type cells transiently 
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transfected to express progerin (Capell et al., 2005). Treatment with Lonafarnib 

also extended the lifespan of the mouse model of HGPS (Yang et al., 2006). 

In patients, clinical trials of FTIs are inherently underpowered because of 

the incredibly small patient population. Despite that, trials of Lonafarnib have 

been promising, and the treatment has been shown to improve the patients’ 

cardiovascular phenotype and increase lifespan (Gordon et al., 2012, 2018). 

Restrictive dermopathy (RD) is a severe autosomal recessive disorder 

caused by loss or complete inactivation of both ZMPSTE24 alleles by frameshift 

or nonsense mutations. RD usually results in death in utero or shortly after birth. 

The phenotype includes tight thin skin, abnormal joint contractures, and severe 

dysmorphology. RD is caused by a complete loss of ZMPSTE24 activity and 

toxic accumulation of prelamin A (Navarro et al., 2005). 

Mandibuloacral Dysplasia Type B (MAD-B) is a milder form of disease due 

to heterozygous loss of function mutations of ZMPSTE24. Generally one allele is 

a frameshift or nonsense mutation and the other is a substitution mutation.  

Residual ZMPSTE24 activity from the remaining allele results in a milder 

phenotype with onset in adulthood. Symptoms include lipodystophy, skeletal 

abnormalities, and a characteristic facies (Agarwal & Garg, 2006). 

Additionally, there is evidence that cleavage of prelamin A by ZMPSTE24 

has a role in normal human aging (Ragnauth et al., 2010). Aged vascular smooth 

muscle cells (VSMCs) have been observed to accumulate uncleaved prelamin A 

in culture, and this accumulation was ameliorated by treatment with farnesyl 

transferase inhibitors (FTIs). The authors also observed accumulation of 
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prelamin A in medial VSMCs from arteries of aged individuals with 

atherosclerotic lesions, while prelamin A was absent from vessels of young 

healthy individuals. Prelamin A has emerged as a novel biomarker of aging in 

VSMCs and may play a role in the association of cardiovascular disease with 

normal human aging. 

 Cardiovascular disease is associated with advanced age and age-related 

vascular dysfunction is a significant public health concern. Understanding the 

molecular mechanisms of prelamin A processing by ZMPSTE24, and the ways 

that the efficiency of this process may decline in aging VSMCs (and possibly 

endothelial cells), will point toward therapeutic interventions that may be 

designed to treat age-related vascular decline. 

 

ZMPSTE24 Substrate Specificity 

Prelamin A is the only substrate currently known for mammalian 

ZMPSTE24. Human ZMPSTE24 expressed in yeast can complement the mating 

defect seen in the ste24 rce1 double mutant, indicating that ZMPSTE24 can 

perform both the -AAXing and N-terminal cleavage steps of a-factor biogenesis 

(Barrowman & Michaelis, 2009; Tam et al., 1998) despite the a-factor N-terminal 

cleavage site showing little similarity to the prelamin A processing site. In 

addition, recent reports have highlighted a novel function for ZMPSTE24 as a 

translocon declogger in the ER, a novel function dependent on its proteolytic 

activity (Ast, Michaelis, & Schuldiner, 2016; Kayatekin et al., 2018). Thus, 

ZMPSTE24 has at least three suitable specific substrate amino acid sequences 
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and a more generalized proteolytic function at the translocon. But any rules for 

substrate recognition or a substrate consensus sequence remain unknown. 

Several pieces of evidence suggest that recognition of prelamin A by 

ZMPSTE24 is to some extent sensitive to mutation at the prelamin A cleavage 

site (TRSY↓LLGN). First, mutation of leucine to arginine at residue 647, the P1’ 

position adjacent to the cleavage site, has long been recognized as uncleavable. 

First described for chicken prelamin A expressed in mammalian cells (Hennekes 

& Nigg, 1994), this mutant has since been used as a benchmark in the field to 

represent farnesylated unprocessed prelamin A. Notably, a patient was recently 

reported harboring this mutation, presenting with a progeroid disorder including 

short stature, micrognathia, and skin and bone abnormalities (Wang et al., 2016). 

This patient’s cells showed an accumulation of farnesylated prelamin A and 

aberrant nuclear morphology, indicating the L647R mutation abolishes 

ZMPSTE24 processing in humans. 

 Second, a genetic variant causing an R644C substitution at the P3 

position has been reported segregating in families with dilated cardiomyopathy 

(DCM), skeletal abnormalities, and atypical progeria (Csoka et al., 2004; 

Genschel & Schmidt, 2000; Mercuri et al., 2005; Rankin et al., 2008). However, 

this variant shows extreme phenotypic heterogeneity and incomplete penetrance. 

Whether the diverse phenotypes associated with R644C are due to a ZMPSTE24 

processing defect, another pathogenic mechanism, or are unrelated to the 

R644C variant remains unknown, since patient cells have generally not been 

examined. R644C has also appeared at an appreciable frequency (~0.12%) in 
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the ExAC database (Lek et al., 2016), a collection of exome sequences from 

~60,000 unrelated adults with no history of severe pediatric disease. This 

suggests that R644C is indeed polymorphic but does not clarify its possible role 

in associated phenotypes. 

 Finally, previous work by our group has defined several substrate 

requirements for efficient proteolytic cleavage of prelamin A by ZMPSTE24. In 

cultured mammalian cells, exogenously expressing a minimum C-terminal 

segment of 41 amino acids N-terminally tagged with GFP is sufficient to direct 

cleavage between residues Y646 and L647 (Barrowman, Hamblet, Kane, & 

Michaelis, 2012). Limited mutagenesis of several amino acids flanking the 

cleavage site disrupted cleavage, as did doubling the length the segment 

between the cleavage site and the farnesylated CAAX motif. 

Taken together these data suggest some specific requirements for 

ZMPSTE24 to recognize and process its substrate prelamin A. However, we 

currently have an incomplete picture of the landscape surrounding the cleavage 

site and the features of prelamin A that are specifically recognized by 

ZMPSTE24. 
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Chapter II 
 

Amino Acid Sequence Requirements for 
ZMPSTE24 Cleavage of Prelamin A 
 
 

 

In the present study, I sought to exhaustively characterize the rules of 

allowable substitutions at the residues flanking the prelamin A cleavage site. I 

utilized a humanized yeast assay developed by our group (Spear et al., 2018) 

and saturation mutagenesis to test a comprehensive collection of prelamin A 

cleavage site mutants in vivo. 

This approach has several distinct advantages. Yeast are very amenable 

to genetic manipulation, allowing for rapid, low cost screening of large numbers 

of mutants in an isogenic background. Farnesylation is absolutely required for 

prelamin A processing, and it is currently not feasible to produce large numbers 

of synthetic farnesylated substrates in vitro. This in vivo assay lets yeast perform 

this post-translational modification and bypasses some of the technical 

challenges of studying a membrane-associated protease and farnesylated 

substrate in vitro. 

The following chapter includes results of this work, discussion and 

conclusions, and materials and methods used in the work. 
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Prelamin A Processing Modeled in Yeast 

Our humanized yeast system successfully models lamin A biogenesis in 

vivo. Similar to the system described in our previous work (Spear et al., 2018), a 

C-terminal portion of human prelamin A is co-expressed with full-length human 

ZMPSTE24 in a ste24 background. The preceding steps of lamin A biogenesis 

are accomplished by the yeast homologs of the human CAAX processing 

machinery, normally involved in a-factor biogenesis. The result is a farnesylated, 

carboxymethylated ZMPSTE24 substrate (Fig. 2a). Only residues 431-664 of 

prelamin A are expressed, to avoid the coiled-coil domain and polymerization of 

mature lamin A monomers (Fig. 2b). 

In a modification of the system described in our previous work (Spear et 

al., 2018), here the full full-length N-terminally HA-tagged ZMPSTE24 ORF is 

chromosomally integrated at the TRP1 locus to produce strain SM6303, and a 

collection of prelamin A mutants are expressed from a centromeric plasmid (Fig 

2b). We found this arrangement ideal for maintaining consistent ZMPSTE24 

expression while assaying large numbers of prelamin A mutants. This 

modification is discussed further in Chapter III. 
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Figure 2: The humanized yeast system used to assess human 
ZMPSTE24 cleavage of human prelamin A.  (A) Schematic of the C-terminus 
of prelamin A after farnesylation, -AAXing, and carboxymethylation. The 
ZMPSTE24 cleavage site between prelamin A residues Y646 and L647 is 
indicated by a red arrowhead, and substrate residues mutagenized in this study 
at positions P4 through P4‘ are labeled. (B) Schematic of the humanized yeast 
system to assess processing of mutant forms of prelamin A. Full-length human 
ZMPSTE24 with an N-terminal 10His-3HA epitope tag is expressed from the 
PGK1 promoter (PPGK1) and is chromosomally integrated into a ste24Δ strain 
background at the TRP1 locus, resulting in strain SM6303, which contains 2 
tandem copies of the construct shown. The human prelamin A model substrate 
contains amino acids 431-664 from the C terminus of prelamin A, encoded by 
LMNA. In plasmid pSM3393 this substrate is referred to as LMNACT and is N-
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terminally tagged with a 10His-3myc epitope. Wild-type and mutant versions of 
LMNACT are expressed from the PRC1 promoter (PPRC1) on a CEN HIS3 plasmid 
in strain SM6303. Open circles represent centromeric sequences on the 
chromosome and plasmid. (C) Lysates from a ste24Δ strain (SM4826) with 
plasmid-expressed prelamin A with and without chromosomally-integrated 
ZMPSTE24 (strains SM6303 and SM4826 respectively) were analyzed for 
prelamin A processing by 10% SDS-PAGE and western blotting. Prelamin A and 
mature lamin A were detected with anti-myc antibodies; ZMPSTE24 was 
detected with anti-HA antibodies. Hexokinase is the loading control. 

 
An immunoblot probing for myc-tagged lamin A and HA-tagged 

ZMPSTE24 shows successful prelamin A maturation in yeast that is ZMPSTE24-

dependent (Fig. 2c). In the presence of ZMPSTE24, bands representing 

uncleaved prelamin A and cleaved mature lamin A are clearly resolved. 

I note that there is a residual pool of unprocessed prelamin A that persists 

in steady-state in this assay, unlike the complete processing that is typically 

observed in the native context. This could be due to the exogenous expression of 

lamin A exceeding the capacity of native yeast RAM1 and RAM2, orthologs of 

farnesytransferase. Final cleavage by ZMPSTE24 is dependent on farnesylation, 

and we have not ruled out the possibility that cleavage site mutations may affect 

the required CAAX modifications preceding upstream cleavage. However, this 

possibility seems unlikely, since transplanted CAAX motifs attached to a variety 

of passenger proteins are fully modified, suggesting upstream sequences do not 

affect farnesylation (Hildebrandt et al., 2016). Alternatively, the residual 

unprocessed prelamin A may be inaccessible to ZMPSTE24 if it is not reaching 

the cytosolic face of the ER membrane, where this processing step occurs. 

This assay is sensitive to the stoichiometry of protease and substrate, as 

increasing ZMPSTE24 abundance increased prelamin A cleavage efficiency 
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(Spear et al., 2019), (see also Chapter III, Figure 12). However, the highest 

cleavage efficiency we have seen is ~80%, with a pool of unprocessed prelamin 

A persisting. Additionally, the assay yields a measure of cleavage efficiency for 

processing of prelamin A by ZMPSTE24. However, I note that the assay reflects 

steady-state levels of prelamin A processing and does not indicate rates of 

processing or enzyme kinetics. 

 

Comprehensive Scanning Mutagenesis of Prelamin A Cleavage Site 

 I used a combination of degenerate oligonucleotide mutagenesis and 

Gibson assembly to comprehensively mutagenize the eight residues flanking the 

prelamin A cleavage site, positions P4—P4’, yielding 152 mutated variants of the 

prelamin A expression construct described in Figure 2b. These plasmids were 

individually transformed into ZMPSTE24-expressing strain SM6303 and assayed 

by immunoblot as described in Figure 2c. For each residue, wild-type and 19 

mutants were assayed in parallel, and cleavage efficiency relative to wild-type 

was plotted in Figure 3a-d and Figure 4a-d. Figure 5 shows the summation of 

these results as a heatmap of cleavage efficiency across the cleavage site. 



18 
 

 



19 
 

Figure 3: Comprehensive scanning mutagenesis of positions P4—P1 in 
prelamin A to all other 19 amino acids. Western blots for all possible variants 
of residues T643 (A), R644 (B), S645 (C), and Y646 (D) are shown. Uncleaved 
prelamin A (empty arrowhead) and mature lamin A (filled arrowhead) are 
indicated. For each residue, wild-type is indicated (WT; red).  Residues are color-
coded as indicated. Cleavage efficiency is calculated by dividing mature lamin A 
by total lamin A abundance (cleaved + uncleaved). Wild-type for each residue is 
normalized to 1 and all mutants are plotted proportionate to 1. Three biological 
replicates were performed for each mutant.  Asterisks by the residue name 
indicate mutations in which processing is statistically significantly different than 
wild-type, Student’s T-test, two-tailed, unpaired, N=3. 
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Figure 4: Comprehensive scanning mutagenesis of positions P1’—P4’ in 
prelamin A to all other 19 amino acids. Western blots for all possible variants 
of residues L647 (A), L648 (B), G649 (C), and N650 (D), are shown. Uncleaved 
prelamin A (empty arrowhead) and mature lamin A (filled arrowhead) are 
indicated. For each residue, wild-type is indicated. Quantification and statistical 
analysis are identical to those performed for the plots in Figure 2.   
 

Several novel insights can be gathered from these data. First, the 

cleavage site recognition motif is generally defined by positions P3-P3’. T643 at 

position P4 and N650 at P4’ are rather resistant to amino acid substitution, even 

radical substitutions, e.g. T643Y and N650F (polar to aromatic hydrophobic 

changes). 

 Generally, the C-terminal side of the cleavage site (P1’-P3’) is more 

sensitive to mutation than the N-terminal side (P3-P1). No mutations to the N-

terminal side of the cleavage site completely abolish processing, while many C-

terminal mutations do. 

 For several mutations, we observed a decrease in total lamin A 

abundance (sum of cleaved and uncleaved bands) relative to loading control and 

ZMPSTE24, e.g. Y646V and Y646I (Fig. 3d). To test whether codon usage in 

yeast was affecting translation of the exogenously expressed human prelamin A, 

I optimized Y646V and Y646I for expression in yeast but this did not restore total 

lamin A abundance to wild-type levels. It is possible that stability is affected in 

these mutants, which could be tested using proteasomal and lysosomal yeast 

mutants. 
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P1’ and P2’ Are Critical for Processing 

 The leucines at positions P1’ and P2’ emerged as critical to ZMPSTE24 

processing of prelamin A. Hydrophobic residues are preferred at these positions.  

As discussed above, L647R has long been known to disrupt processing and has 

been reported in a patient with a progeroid disorder (Hennekes & Nigg, 1994; 

Wang et al., 2016). I confirmed this result using the humanized yeast assay, with 

the L647R mutation having 5% cleavage efficiency relative to wild-type (Fig. 4a 

and Fig. 5). Comprehensive mutagenesis shows that other charged residues, 

polar residues, proline, and glycine also nearly completely abolish processing at 

L647. L648 shows a nearly identical pattern (Fig. 4b and Fig. 5) with several 

notable differences. The bulky hydrophobic residues tyrosine and tryptophan are 

disruptive at L647 (P1’) but tolerated at L648 (P2’). Substitution with alanine is 

tolerated at L647 but disruptive at L648, which had been seen previously in a 

limited mutagenesis scan in mammalian cells (Barrowman et al., 2012). 

Substitution of proline and glycine at both L647 and L648 nearly abolish 

ZMPSTE24 processing while these substitutions are tolerated at all other 

positions flanking the cleavage site. 
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Figure 5: Heatmap showing the ZMPSTE24 cleavage efficiency of prelamin 
A for every individual amino acid substitution in residues P4-P4’.  The P4-
P4’ region surrounding the prelamin A cleavage site was comprehensively 
interrogated by positional scanning mutagenesis, as shown in Figs. 2 and 3. The 
effects of individual amino acid substitutions at each site were scored relative to 
wild-type at 100% cleavage efficiency and assigned into ten bins. Residues are 
color-coded as indicated.  L647 (P1’) and L648 (P2’) are particularly sensitive to 
mutation, with charged and polar substitutions, proline, and glycine nearly 
abolishing processing. L647 is also sensitive to the large aromatic residues 
tyrosine and tryptophan. 
 
 

Multiple Evolutionarily Conserved Substitutions at the Prelamin A Cleavage 

Site are Tolerated by ZMPSTE24 

We were interested in whether multiple combinatorial amino acid 

substitutions at the prelamin A cleavage site would be tolerated by ZMPSTE24. 

LMNA is an evolutionary conserved gene and the prelamin A polypeptide shows 

evolutionary conservation through vertebrates. We performed a protein sequence 

alignment for several mammals, birds, fish, and amphibians, demonstrating 

evolutionary conservation of the C-terminus of prelamin A (Fig. 6a). Notably the 

CAAX motif is nearly perfectly conserved through species, with the farnesylated 

cysteine invariantly 4 residues from the C-terminus for all species. 

Next, to ascertain the extent to which human ZMPSTE24 can cleave these 

divergent putative cleavage sites, we introduced amino acid substitutions in 

positions P4 through P4′ in our prelamin A expression construct to recapitulate 

the putative cleavage sites observed in our multi-species alignment. For the eight 

residues flanking the cleavage site these ranged from three to seven amino acid 

substitutions (Fig. 6b). 
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From the heatmap data of Figure 4, each single amino acid substitution 

from the multispecies alignment achieved a cleavage efficiency of at least 70%, 

with a majority of the substitutions exceeding 90% (Fig. 6b), indicated by the 

shaded boxes underneath the amino acid substitutions indicated in figure 6b. In 

general, the putative cleavage sites all conformed to the rules defined by the 

heatmap data, particularly the requirement of having hydrophobic residues at 

positions P1′ and P2′. No cleavage-blocking substitutions, e.g. R644W, L647R, 

L647P, were present in the divergent putative cleavage sites. 

In the cleavage assay, all of the putative prelamin A cleavage sites were 

recognized and processed by ZMPSTE24, with only modest defects relative to 

the wild-type human cleavage site (Fig. 5). The zebrafish sequence, with seven 

of the eight cleavage site residues substituted, was the only divergent cleavage 

site with a statistically significant (p<0.05, Student’s T-test, two-tailed, unpaired, 

N=3) cleavage defect, although even in this case a substantial amount of 

cleavage did occur. In general, each putative cleavage site performed similarly in 

the cleavage assay to the weakest of any single substitution within the divergent 

site. ZMPSTE24 can tolerate multiple substitutions at the cleavage site as long 

as any changes conform to the rules defined by the heatmap data of Figure 5. 
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Figure 6: Multi-species analysis of ZMPSTE24-dependent cleavage of 
prelamin A. (A) Multi-species alignment of the amino acid sequence of the C-
terminus of prelamin A. The inferred prelamin A cleavage site and CAAX motif 
are indicated. Black shading indicates identity and gray shading indicates 
similarity. (B) Western blots for inferred multi-species variants of the prelamin A 
cleavage site. Amino acid substitutions made for each species in plasmid 
pSM3393 are indicated above the western blot, and changes are highlighted in 
red. The human sequence is that used in the previous figures in plasmid 
pSM3393. Uncleaved prelamin A (empty arrowhead) and mature lamin A (filled 
arrowhead) are indicated. Each construct was assayed with (+) and without (-) 
ZMPSTE24 co-expression. Quantification was performed as in previous figures. 
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Discussion and Conclusions 

Here we have used a humanized yeast assay to ascertain amino acid 

sequence requirements for cleavage of prelamin by ZMPSTE24. Several high-

throughput methods employing degenerate synthetic peptide substrate libraries 

or phage display libraries have been used to ascertain cleavage site specificity 

for many diverse proteases (Vidmar et al., 2017). However, ZMPSTE24 presents 

a unique challenge to these approaches. ZMPSTE24 processing in vivo is 

dependent on farnesylation, a technical hurdle to generating synthetic substrates. 

In vitro farnesylation is not required but improves fidelity. Farnesylation may be 

needed to improve access to ZMPST24 or to engage a hydrophobic exosite 

binding site on chamber or interior. In our humanized yeast assay, the first steps 

of prelamin A biogenesis—farnesylation, -AAXing, and carboxymethylation—are 

performed by native yeast enzymes, yielding a suitable farnesylated substrate for 

ZMPSTE24. 

Screening our collection of 152 cleavage site mutants in this in vivo assay 

yielded a heatmap of cleavage efficiency (Fig. 5). The mutation of leucine to 

arginine at the P1’ position serves as a benchmark for the assay, as this mutation 

has long been recognized as uncleavable. In our assay, we observe 

approximately 5.6% cleavage compared to wild-type (Figs. 4a and 5). 

 The two leucines at positions P1’ and P2’ are critical to recognition of 

prelamin A by ZMPSTE24. Only hydrophobic substitutions were tolerated at both 

of these positions. Charged and polar residues were very disruptive as were 

proline and glycine. Hydrophobic and aromatic residues are required in these 
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positions likely because of interactions with the hydrophobic groove of the 

ZMPSTE24 active site. Notably, bulky hydrophobic aromatic residues tyrosine 

(Y) and tryptophan (W) are disruptive at position P1’ but not at P2’. This is in 

contrast to thermolysin, which requires aliphatic or aromatic residues at P1’ but 

has no preference at position P2’. 

 The arginine at position P3 is also sensitive to substitution, with negatively 

charged residues, hydrophobic residues, and particularly tryptophan disrupting 

cleavage. This residue is of particular interest to us because of the association of 

variant R644C with diverse phenotypes including cardiovascular disease, 

muscular dystrophy, and skeletal abnormalities (Rankin et al., 2008). The variant 

shows incomplete penetrance in families and has been detected as a particularly 

common variant in the ExAC database (Lek et al., 2016). Previously, we 

observed a significant cleavage defect for this variant in a mammalian expression 

system (Barrowman et al., 2012). However, in the present study using our 

humanized yeast assay, R644C shows approximately 80% cleavage efficiency 

compared to wild-type. The impact of R644C on prelamin A processing, and 

whether the associated phenotypes are due to an accumulation of prelamin A in 

cells of patients harboring this mutation, remains unclear. R644H has also been 

reported to be associated with disease. But disease causality has not been 

proven (Mercuri E, Bonne G PMID: 15770669), and in our study this amino acid 

change does not affect processing. Overall, the findings for changes in residue 

R644 (position P3) are ambiguous in contrast to the L647R (position P1’) 
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mutations, where we see a severe processing defect in this assay and the patient 

with this mutation showed an accumulation of prelamin A (Wang et al., 2016). 

 ZMPSTE24 is able to recognize and cleave evolutionarily divergent 

prelamin A cleavage sites from several species (Fig. 6). None of the substitutions 

of these putative cleavage sites violate the rules suggested by our heatmap, and 

indeed all of the sites we introduced were cleaved to a level 50-100% that of 

wild-type. The rules established here are not specific enough to be predictive of 

possible substrates, but it is notable that in this assay ZMPSTE24 is recognizing 

and cleaving several divergent substrate sequences that conform to the rules 

indicated by our heatmap. 

We note that this assay reports steady-state cleavage efficiency in whole-

cell lysates and does not measure the kinetics or rates of processing of prelamin 

A by ZMPSTE24. Also, this assay does not ascertain the exact cleavage site, 

although gel migration of the cleaved product is consistent with cleavage 

occurring at or near the predicted cleavage site. The scissile bond that is 

cleavage by ZMPSTE24 is between residues Y646 and L647. Mutation of 

protease cleavage recognition sequences can result in shifting the cleavage site 

(Vidmar, 2017). We cannot exclude this possibility for our mutants that show 

successful cleavage. Proof that the canonical cleavage site is being used would 

require sequencing N-terminal fragments of processed prelamin A. 

A final caveat for the interpretation of our cleavage site mutant data is that 

these prelamin A mutants expressed in our assay are presumed to be 

farnesylated. ZMPSTE24 cleavage of the 15-amino acid C-terminus is dependent 
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on farnesylation. We have not excluded the possibility that the cleavage site 

mutants tested here are affecting farnesylation and that the cleavage defects we 

see are due to non-farnesylated prelamin A substrate. To our knowledge, no 

cleavage site mutations of positions P4 through P4′ have been reported to affect 

the preceding post-translational processing steps (-AAXing, farnesylation, and 

carboxymethylation) and the L647R “uncleavable” prelamin A mutant protein 

maintains its membrane localization (Hennekes and Nigg), providing indirect 

evidence that it is fully farnesylated. Furthermore, numerous mutations in yeast 

a-factor and Ras proteins affecting residues nearby and upstream of the CAAX 

motif do not appear to affect farnesylation, making it unlikely that the mutations 

studied here (all of at least 12 residues upstream of the CAAX motif) impact 

farnesylation. The C661S mutant does block farnesylation and is therefore 

uncleaved and has been used as a standard in the field for non-farnesylated 

substrate (Spear et al., 2018). Farnesylation and carboxymethylation could in 

principle be confirmed for select mutants by probing an immunoblot with a 

farnesyl-specific prelamin A antibody (Dominici et al., 2009) in the absence of 

ZMPSTE24.  The farnesyl-specific antibody is said to detect the -AAXed, 

farnesylated, and carboxymethylated C-terminus of prelamin A and would 

confirm that the requisite post-translational modifications are proceeding normally 

in the context of our cleavage site mutants. However, unfortunately, attempts to 

successfully use this antibody by our lab and others have been unsuccessful.  It 

also may be possible ultimately that analysis of gel mobility shifts, using 
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specialized SDS-PAGE conditions and/or analysis by mass spectrometry could 

be used to confirm farnesylation of our constructs. 

ZMPSTE24 forms a chamber in the membrane, with an active site within 

the chamber that resembles that of the soluble M48 protease thermolysin. 

Substrate specificity of ZMPSTE24 could be regulated by access to the chamber, 

positioning within the chamber and active site, amino acid recognition sequence 

requirements for catalysis, or combinations thereof. In this study I specifically 

examined the requirement for the eight residues flanking cleavage site/scissile 

bond. I was particularly interested in how, despite its being in the membrane, 

ZMPSTE24 compared to thermolysin. Thermolysin is a thermostable protease 

that is generally non-specific, with only a requirement of aliphatic and aromatic 

amino acid residues at position P1’ (Vidmar, Vizovi Sek, San Turk, Turk, & 

Fonovi, 2017). Interestingly, we found that like thermolysisin, ZMPSTE24 is also 

relatively non-specific in terms of a consensus recognition site, but nevertheless 

has amino acid preferences, with non-allowable residues at several positions, as 

discussed above. 

Prelamin A is the only known mammalian substrate for ZMPSTE24, which 

is somewhat unexpected for several reasons. Proteases range in substrate 

specificity from generalized non-specific protein degradation to targeted catalysis 

of specific substrates. But most proteases have more than one substrate. 

ZMPSTE24 can perform both the -AAXing step and N-terminal cleavage of yeast 

a-factor, a farnesylated substrate with a cleavage site that is different than the 

prelamin A cleavage site. This suggests that there is some amount of tolerance 
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for ZMPSTE24 substrate selection and raises the possibility of other prenylated 

proteins being candidate substrates for ZMPSTE24. But what causes 

ZMPSTE24 to cleave prelamin A and avoid other farnesylated substrates, for 

example B-type lamins, remains unknown. 

ZMPSTE24 has additional functions in the cells beyond its role in lamin A 

biogenesis. In the ER,  ZMPSTE24 acts as a non-specific translocon declogger, 

cleaving folded substrates that disrupt translocation to the ER lumen (Ast et al., 

2016; Kayatekin et al., 2018). This function is dependent on its proteolytic 

activity. In contrast, ZMPSTE24 also has an emerging role in restriction of 

several viruses (Fu, Wang, Li, & Dorf, 2017; Li, Fu, Wang, & Dorf, 2017), a 

function independent of its protease activity. My work here, defining amino acid 

substrate requirements of ZMPSTE24, will inform future studies of the diverse 

roles of this protease in human biology and disease. 

I conclude that ZMPSTE24 is a zinc metalloprotease that requires a 

farnsylated substrate with a suitable cleavage site, possibly at an allowable 

distance from the farnesyl group. It requires hydrophobic residues in positions 

P1’ and P2’ and also has preferences at position P3, and beyond that has 

tolerance to recognize and process varying cleavage sites that follow these rules. 

Other factors such as portal-restricted access to the chamber, orientation of the 

substrate within the chamber, and conformational interaction with the 

hydrophobic groove of the active site may also contribute to its substrate 

specificity. 
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Materials and Methods: 
 
 
LMNA Plasmids and Mutagenesis 
 
 All LMNA mutants in this study are variants of plasmid pSM3393, a CEN6 

HIS3 plasmid derived from pRS313 (Sikorski & Hieter, 1989) which contains the 

PRC1 promoter, human LMNACT (corresponding to amino acids 431-664) that is 

N-terminally His10-myc3 tagged, and the 3’ non-coding region from CYC1 (Spear 

et al., 2019). The collection of 152 LMNA substitution mutants and 6 multispecies 

variants assayed in this study were generated by QuikChangeTM mutagenesis 

(Stratagene, San Diego, CA) with degenerate oligonucleotides or, when 

necessary, by individual mutagenic PCR reactions combined with NEBuilder 

HiFi Assembly (New England Biolabs, Ipswich, MA) Plasmid pSM3393 was the 

template for all reactions. 

 For QuikChangeTM mutagenesis, antiparallel oligonucleotides were 

designed to contain a degenerate codon, NNK (N represents G, T, A, or C and K 

represents G or T), at the target codon. Mutagenic QuikChangeTM reactions were 

performed on template plasmids that had been deleted for the target codon, to 

reduce the incidence of wild-type amplification products. QuikChangeTM reactions 

were DpnI-treated, transformed into NEB 5-alpha competent E. coli cells, and 

selected on carbenicillin-containing LB media. Plasmid DNA was prepared from 

individual colonies and individual mutations were identified and confirmed by 

Sanger sequencing. 
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 For each position, (P4-P4’; lamin A residues 643-650) nearly all amino 

acid substitutions were generated by the degenerate oligonucleotide approach. 

However, when a particular mutation was missing after degenerate 

oligonucleotide mutagenesis, antiparallel QuikChangeTM primers were 

individually designed and used with outside primers to generate mutation-

containing PCR products for in vitro assembly with the pSM3393 backbone. The 

combination of degenerate oligonucleotide mutagenesis and individual PCR-

based mutagenesis yielded the complete collection of 152 lamin A cleavage site 

mutants. The multispecies variants analyzed in Fig. 6 were made by QuikChange 

mutagenesis, using antiparallel oligonucleotides designed to contain the multiple 

substitutions of each species’ putative lamin A cleavage site. 

 The LMNA variants on pSM3393 were individually transformed into the 

yeast strain SM6303, or in some cases SM4826, by standard lithium acetate 

protocols (Kaiser et al., 1994), selected on minimal SC-His plates, and 

transformants were re-streaked to isolate single colonies. 

 

Yeast Strains Used in this Study 

 Yeast strain SM4826 (ste24∆::kanMX his3 leu2 met15 ura3) is from the 

BY4741 deletion collection and is deleted for the yeast ZMPSTE24 homolog 

STE24.  It was used to generate the ZMPSTE24-expressing yeast strain SM6303 

in the following way:  pSM3428 is an integrating plasmid derived from the 

pRS304 vector (Sikorski & Hieter, 1989) that contains a nourseothricin resistance 

marker and full-length human ZMPSTE24 that is codon-optimized for expression 
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in yeast (kindly provided by Mark Dumont (ref Clark and Dumont paper) , has an 

N-terminal His10HA3-tag, and is driven by the PGK1 promoter. To chromosomally 

integrate this ZMPSTE24 plasmid at the TRP1 locus, plasmid DNA was 

linearized by EcoRV digestion, transformed into SM4826 cells and transformants 

were selected for growth on yeast extract peptone dextrose (YPD) plates 

containing 100 g/mL nourseothricin.  The resulting strain SM6303 has 2 

integrated copies of pSM3428 and thus 2 copies of ZMPSTE24. 

 

Prelamin A Cleavage Assay 

Overnight cultures were grown at 30C to saturation in minimal medium 

(0.67% yeast nitrogen base, 0.5% ammonium sulfate, 2% glucose, 

supplemented with amino acids), back diluted 1:1000, and cells were grown for 

14-16 hours to an OD600 of approximately 1.0. Cells (1.0 OD600 cell equivalents) 

were pelleted, washed with water, treated with 0.1 N NaOH, and lysed in SDS-

PAGE sample buffer at 65 C for 10 minutes. Lysates were vortexed, pelleted, 

and supernatants (0.24 OD600 cell equivalents per lane) were resolved on 10% 

SDS polyacrylamide gels for 90 minutes at 150V. Proteins were transferred to 

nitrocellulose membranes using the Trans-Blot TurboTM system (Bio-Rad 

Laboratories, Hercules, CA) and blocked with Western Blocking Reagent (Roche, 

Indianapolis, IN). 

Lamin A proteins were detected by probing with mouse anti-myc 

antibodies (clone 4A6, Millipore cat #05-724; 1:10,000 dilution) decorated with 

goat anti-mouse secondary IRDye 680RD antibodies (LI-COR, Lincoln, NE).  The 
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loading control hexokinase was detected using and rabbit anti-hexokinase 

(1:200,000 dilution) antibodies decorated with goat anti-rabbit secondary IRDye 

800CW (LI-COR) antibodies were used as a loading control. Western blots were 

visualized using the Odyssey imaging platform (LI-COR) and bands were 

quantified using Image Studio software (LI-COR). Cleavage efficiency was 

calculating by dividing mature lamin A signal by total lamin A signal (processed + 

unprocessed) and normalized to WT processing efficiency which was set to 1.0. 

Blots were reprobed using rat anti-HA (clone 3F10, Roche cat #11867423001; 

1:10,000 dilution) to detect ZMPSTE24 and visualized using goat anti-rat IRDye 

680RD. 

 

Multispecies Alignment 

Protein sequences for the species studied were acquired from UniProt 

(UniProt Consortium, 2017) and aligned using ClustalX (Larkin et al., 2007). 

Putative cleavage sites for divergent species were inferred from conservation 

and substitution similarity and introduced into pSM3393 via mutagenic PCR and 

assembly as described above. Resulting constructs were transformed into yeast 

strains SM6303 and SM4826 and assayed as described above. 
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Chapter III 
 

Technical Challenges to Developing the Yeast 
Model System 
  

 

Our humanized yeast assay, methods and results of which are discussed 

in detail in chapter II, is a rapid, cost-effective, and sensitive method to examine 

human prelamin A cleavage by human ZMPSTE24 in yeast. In my thesis work, I 

was interested in comprehensively interrogating the effects of amino acid 

substitutions at the residues flanking the cleavage site, to define amino acid 

sequence requirements for recognition of the prelamin A substrate by the 

protease, ZMPSTE24. When I began this work, the lab had adapted the 

humanized yeast assay for modeling human ZMPSTE24 disease alleles but had 

done little work studying mutations of LMNA using this assay. The earliest stages 

of my work included optimizing the assay for interrogating LMNA mutations, in 

particular, cleavage site mutations. The goals of my work also included 

generating many more LMNA mutants than the collection of ZMPSTE24 mutants 

that had been studied in the lab. The following chapter discusses technical 

challenges I encountered, methods used to overcome these challenges, and 

informative lessons for using this assay to study LMNA mutations. 
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Saturation Mutagenesis of the Prelamin A Cleavage Site 

 I sought to comprehensively mutagenize the residues flanking the scissile 

bond between the tyrosine and leucine residues at positions 646 and 647, 

respectively, of prelamin A. The Schechter-Berger nomenclature of protease-

substrate interaction (Schechter & Berger, 1967) prescribes the amino acid 

positions of the substrate C-terminal to the scissile bond as P1’, P2’, and so forth, 

and the positions N-terminal to the scissile bond as P1, P2, and so forth. 

Likewise, the positions of the protease corresponding to the substrate residues 

are referred to as S1’, S2’, and S1, S2, respectively. 

 The decision of how far C-terminal and N-terminal from the scissile bond 

to study is, to some extent, arbitrary. It is an empirical question: mutations of 

which residues flanking the scissile bond will have an impact on cleavage 

efficiency and contribute to an understanding of substrate requirements of the 

protease? We did have some guidance from other proteases and previous 

studies of ZMPSTE24 and LMNA to inform our experimental design. 

 The active site of ZMPSTE24 on the interior of the water-filled chamber is 

defined by a hydrophobic groove, strikingly similar in structure to the active site of 

thermolysin, a well-characterized bacterial zinc metalloprotease (Quigley et al., 

2013). The P1’ position is essential for substrate recognition by thermolysin, with 

a rather strict requirement of an aliphatic residue at this position, particularly 

valine, leucine, or isoleucine (Vidmar et al., 2017). 

 Rhomboid proteases are a family of intramembrane proteases ubiquitous 

across almost all species (Urban & Dickey, 2011). Rhomboids are unique among 
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proteases in that their active sites reside within the lipid bilayer of membranes 

and they cleave transmembrane substrates within their transmembrane spans. 

Rhomboid functions have been studied extensively (Baker & Urban, 2012), and a 

comprehensive mutagenesis study revealed that substrate positions P4, P1, and 

P2’ are critical to the function of several rhomboid proteases (Strisovsky, Sharpe, 

& Freeman, 2009). 

 For prelamin processing by ZMPSTE24, the leucine residue at position 

647, i.e. substrate position P1’, has long been known to be essential. In chicken, 

mutation of the homologous leucine residue to arginine was shown to be 

uncleavable (Hennekes & Nigg, 1994). This L647R substitution has been used in 

the lamin A field as a marker for uncleavable prelamin A, and our group 

previously demonstrated this in a mammalian expression system (Barrowman et 

al., 2012). Finally, the L647R mutation was recently reported in a patient with a 

progeroid disorder, and the cells of this patient were shown to accumulate 

uncleaved prelamin A, indicating that this mutation abolished prelamin A 

processing by ZMPSTE24 in human cells (Wang et al., 2016). 

 The arginine residue at position 644, i.e. substrate position P3, also has 

clinical significance. The R644C mutation has been associated with disease 

phenotypes including lipodystrophy, cardiomyopathy, and skeletal abnormalities. 

However, pedigrees for families harboring this mutation show incomplete 

penetrance, variable expressivity, and striking phenotypic variability (Rankin et 

al., 2008). Our group observed that R644C caused a modest prelamin A 

processing defect in a mammalian expression system (Barrowman et al., 2012). 
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 For our decision of which residues to comprehensively mutate and test in 

our humanized yeast assay, we needed to define a putative ZMPSTE24 

recognition site. Taken together, all the indications discussed above, as well as 

time and cost considerations, led us to narrow our study to positions P4 through 

P4’, i.e. positions 643 through 650. 

 Next we turned to degenerate oligonucleotide mutagenesis to generate a 

collection of LMNA mutants representing all possible variants of residues P4 

through P4’. For each position I designed antiparallel QuikChange primers that 

contained the degenerate codon NNK at the target residue (N represents any 

nucleotide and K represents either G or T) (Fig. 7). The NNK degenerate codon 

has the advantage that it encodes all twenty possible amino acids but reduces 

the occurrence of stop codons to only one. 

 

 

Figure 7: A schematic of degenerate codons introduced at positions P4 through 
P4’ of the ZMPSTE24 cleavage site is shown. The NNK codon was introduced at 

Degenerate Oligo 

Mutagenesis
642 643 644 645 646   647 648 649 650 651

GTC ACC CGC TCC TAC | CTC CTG GGC AAC TCC

 V   T   R   S   Y     L   L   G   N   S

NNK ACC CGC TCC TAC | CTC CTG GGC AAC TCC

GTC NNK CGC TCC TAC | CTC CTG GGC AAC TCC

GTC ACC NNK TCC TAC | CTC CTG GGC AAC TCC

GTC ACC CGC NNK TAC | CTC CTG GGC AAC TCC

GTC ACC CGC TCC NNK | CTC CTG GGC AAC TCC

GTC ACC CGC TCC TAC | NNK CTG GGC AAC TCC

GTC ACC CGC TCC TAC | CTC NNK GGC AAC TCC

GTC ACC CGC TCC TAC | CTC CTG NNK AAC TCC

GTC ACC CGC TCC TAC | CTC CTG GGC NNK TCC

GTC ACC CGC TCC TAC | CTC CTG GGC AAC NNK

Degenerate Oligo 

Mutagenesis
642 643 644 645 646   647 648 649 650 651

GTC ACC CGC TCC TAC | CTC CTG GGC AAC TCC

 V   T   R   S   Y     L   L   G   N   S

NNK ACC CGC TCC TAC | CTC CTG GGC AAC TCC

GTC NNK CGC TCC TAC | CTC CTG GGC AAC TCC

GTC ACC NNK TCC TAC | CTC CTG GGC AAC TCC

GTC ACC CGC NNK TAC | CTC CTG GGC AAC TCC

GTC ACC CGC TCC NNK | CTC CTG GGC AAC TCC

GTC ACC CGC TCC TAC | NNK CTG GGC AAC TCC

GTC ACC CGC TCC TAC | CTC NNK GGC AAC TCC

GTC ACC CGC TCC TAC | CTC CTG NNK AAC TCC

GTC ACC CGC TCC TAC | CTC CTG GGC NNK TCC

GTC ACC CGC TCC TAC | CTC CTG GGC AAC NNK
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each position to generate a collection of every possible amino acid substitution 
while minimizing the incidence of stop codon mutations. 
  

I started by using these QuikChange oligonucleotides to mutagenize 

pSM3167, a yeast integrating plasmid encoding the 10His-3myc-LMNA(431-664) 

expression cassette discussed in Chapter II. QuikChange mutagenesis was 

performed according to standard conditions discussed in Chapter II. 

 Of the eight residues I sought to mutagenize and characterize using the 

humanized yeast assay, I began with the arginine at 644 in the P3 position due to 

its clinical significance. After the QuikChange reaction, transforming into E. coli, 

picking colonies, preparing plasmid DNA, and sequencing to identify mutant 

clones, I was disappointed to detect only two mutants out of 48 colonies 

sequenced. Clone “644_28” was a CGC to CCT mutation resulting in R644P, and 

clone “644_46” was a CGC to TCG mutation resulting in R644S. The purpose of 

using degenerate oligonucleotide mutagenesis was to minimize the number of 

mutagenic reactions performed. Ideally, only one mutagenic reaction for each 

residue would result in a pool of mutants representing every possible amino acid 

substitution for each residue. The initial ~4% mutation rate that I observed, 

however, negates this advantage and would not have been a viable method for 

generating the extensive collection of mutants that I needed. 

 We hypothesized that the primers in the degenerate oligonucleotide mix 

that were complementary to the wild-type sequence were outcompeting the 

primers the contained mismatched mutations, resulting in an extreme enrichment 

of wild-type products. My mutagenesis protocol included an overnight DpnI 
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digestion of the QuikChange reaction to eliminate wild-type template, and my 

negative control plates typically had zero or only a handful of colonies, compared 

to hundreds of colonies on the mutagenesis plates. I suspected that the 

QuikChange reactions were successful, but the wild-type primers in the mix were 

producing the vast majority of products. 

 At a lab meeting early in my project, I presented my strategy and these 

preliminary data. My labmate Khurts Shilagardi suggested deleting the target 

codon in the plasmid template, so that there would be no wild-type target to 

produce wild-type products in the QuikChange reaction, thereby increasing the 

proportion and diversity of mutant products. I found this to be a simple and 

elegant solution and went ahead with it right away. For each residue, positions 

643 through 650, I used QuikChange Mutagenesis on pSM3167 to delete the 

target codon. These deletions were confirmed by Sanger sequencing and 

subsequently used as templates for the degenerate oligonucleotide mutagenesis 

approach described above. 

 With this modified approach my numbers improved dramatically. For 

position 644 using the R644 template, I identified 15 of the possible 19 

substitutions after sequencing 48 clones. Other residues showed a similarly high 

numbers of mutations. There were redundancies and repeats and as expected I 

observed diminishing returns of mutants as I sequenced increasing numbers of 

colonies. Usually after sequencing 48 colonies, I had achieved 12-18 of the 

possible substitutions. Because of sequencing costs and these diminishing 
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returns, remaining mutants were made individually with QuikChange primers 

designed for those particular mutations. 

 This strategy of degenerate oligonucleotide mutagenesis on a plasmid 

template deleted for the target codon allowed me to efficiently generate a 

collection of 192 mutants to evaluate in the humanized yeast assay. I thank 

Khurts for the smart advice in that early lab meeting. 

Alternate Versions of the Humanized Yeast Assay 

 There are several approaches available for expressing heterologous 

human proteins in yeast. Previously in the lab, human prelamin A had been 

introduced to yeast on an integrating vector, and human ZMPSTE24 was 

expressed on a yeast centromeric plasmid. I began my comprehensive 

mutagenesis work on this yeast integrating plasmid, pSM3197 (Fig. 8). Based on 

pRS304, pSM3197 contained the tagged C-terminal portion of prelamin A 10His-

3myc-LMNA(431-664) driven by the TDH3 promoter, the HIS3 selectable marker, 

flanked by two homology arms target toward the promoter and terminator 

sequences of the HO locus of the yeast genome. These homology arms mediate 

a recombination event during yeast transformation and integrate the intervening 

sequence as a gene replacement. The integrating portion of the plasmid was 

liberated by digestion with EcoRI and SphI, gel purified, and transformed into 

yeast carrying the ZMPSTE24-expressing centromeric plasmid (pSM2677), and 

selected on SC-HIS plates. 
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Figure 8: plasmid pSM3197 is a yeast integrating vector that encodes the 10His-
3myc-LMNA(431-664) expression cassette and integrates as a single copy at the 
HO locus of the yeast genome, mediated by two ~350 bp homology arms. 
 
 

Quantifying prelamin A processing by Western blot in this system is the 

basis of our humanized yeast assay. An accurate measure of cleavage of 

prelamin by ZMPSTE24 relies on consistent stoichiometry between the protease 

and the substrate, i.e. consistent expression levels for both heterologous proteins 

in yeast. 

 As I began to evaluate my growing collection of prelamin A cleavage site 

mutants, I started to notice dramatic inconsistencies in prelamin A expression 

among transformants (Fig. 9). Some clones showed little to no tagged prelamin A 

signal on Western blot, while others showed strong tagged prelamin A signal. I 
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also observed significant colony size heterogeneity on my selection plates after 

transformation with the integrating prelamin A DNA (Fig. 10). 

 

Figure 9: Western blots probed for myc-tagged prelamin A of lysates prepared 
from cultures of individual transformants are shown for four R644 mutations. For 
each mutation, two “Big” colonies and two “Small” colonies were selected. For 
R644T, Small colony #1 shows no prelamin A signal, while Small colony #2 
shows higher prelamin A signal than either of the Big colonies. Similar 
inconsistencies in prelamin A signal were observed for other R644 mutations. 

 

Figure 10: Colonies of His+Ura+ transformants expressing the integrated 
prelamin A expression cassette (pSM3197) and ZMPSTE24 from a centromeric 
plasmid (pSM2677) are shown. Significant colony size heterogeneity was 
observed for each transformation plate across several R644 mutations, as 
pictured here. 
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The most troubling aspect of this unpredictability of prelamin A expression in my 

assay was that colony size and prelamin A expression level seemed to be having 

an impact on the readout of prelamin A cleavage efficiency (Figs. 9 and 11). The 

advantage, and purpose, of our assay was examining the effect of cleavage site 

mutations on prelamin A cleavage efficiency in an isogenic background, with any 

change in prelamin A cleavage efficiency owing directly to the cleavage site 

mutation introduced to the assay. Having inter-clone variability in the assay was 

not acceptable, and I needed to either ascertain the source of this variability or 

change the assay. 

 

 

Figure 11: Western blot of six individual transformants expressing prelamin A 
with an R644W mutation and WT ZMPSTE24. Lysates made from cultures of 
three “Big” colonies (1-3) and three “Medium” colonies (1-3) are shown. Big 
colony #2 shows no prelamin A signal, while Big colonies #1 and #3 show strong 
prelamin A signal with a significant cleavage defect. Medium colonies 1-3 show 
lower levels of prelamin A expression than the Big colonies, and a higher level of 
prelamin A processing estimated by dividing cleaved signal over total signal. 
Similar inconsistencies in perceived prelamin A cleavage efficiency were 
observed for several R644 mutations. 
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  Because of these intractable inconsistencies in prelamin A expression and 

some other workflow issues, I decided to modify the assay. The lab had 

previously had success interrogating ZMPSTE24 disease alleles by integrating 

the prelamin A expression cassette and introducing ZMPSTE24 mutations on a 

centromeric plasmid. For assaying large number of mutations, this also 

streamlines the workflow, as plasmid DNA can be transformed directly rather 

than liberating a linear segment of DNA, gel-purifying, and transforming, as I had 

been doing with my prelamin A integrations. Accordingly, I decided to integrate 

ZMPSTE24 once, and introduce my collection of prelamin A mutations on a 

centromeric plasmid. This approach is illustrated in Fig. 2 and Fig. 12. 

 

Figure 12: Yeast codon-optimized 10His-3HA- ZMPSTE24 is integrated into a 
ste24Δ strain at the TRP1 locus (SM6302/SM6303). LMNACT variants are then 
transformed into the yeast strain and selected with SC-his medium. Prelamin A 
cleavage increases with more ZMPSTE24. SM6302 (“1X ZMP”) or SM6303 (“2X 
ZMP”) transformed with WT or L647R LMNACT were analyzed by western blotting 
with anti-myc and anti-HA antibodies. Anti-HK (hexokinase) serves as a loading 
control. Strains with cleavage percentage in parentheses in lanes 1–4 are 
SM6302/pSM3391 (54.2%), SM6302/pSM3392 (9.9%), SM6303/pSM3391 
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(79.6%), and SM6303/pSM3392 (15.4%), respectively. Published in Spear et al. 
2019. 

 

This modification of the assay immediately solved the problems I had 

been encountering with the previous version of the assay. I observed zero false 

positives (His+Ura+ transformants that showed no prelamin A signal) and 

prelamin A expression was consistent across multiple transformants for each 

mutation. Furthermore, the workflow was simplified and allowed for simplified 

generation and characterization of the 152 mutants that I set out to study. 

Changing the assay also revealed a stoichiometric relationship between 

the amount of protease and substrate. During the ZMPSTE24 integration at the 

TRP1 locus, it was possible to isolate clones with one or multiple integrants. After 

screening several clones, we saved strains SM6302 and SM6303, with the latter 

showing higher ZMPSTE24 abundance on Western blot and a corresponding 

increased in prelamin A cleavage efficiency (Fig. 12). I subsequently performed 

all my studies of prelamin A cleavage site mutants in strain SM6303. 

After working through both of these systems, either integrating prelamin A 

or ZMPSTE24 and expressing the other from a centromeric plasmid, the latter 

system was much more reliable for characterizing large numbers of mutants. 

Both of these systems are described in a Methods publication with contribution 

from all the members of our lab (Spear et al., 2019). 
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Chapter IV 
 

Perspectives and Conclusion 
 
 
 
 In the introduction, I introduced the protease ZMPSTE24, its substrate the 

intermediate filament protein lamin A, and explained the well-established role of 

ZMPSTE24 in the proteolytic maturation of lamin A. The successful cleavage of 

prelamin A by ZMPSTE24 is critical to human health, as when this step fails, the 

accumulation of uncleaved, farnesylated prelamin A causes severe disease. A 

significant unknown, however, was the substrate requirements for recognition 

and cleavage of prelamin A by ZMPSTE24. This thesis makes steps toward a 

fuller understanding of these requirements. However, there remain unknowns in 

this protease-substrate relationship and in the field more broadly, representing 

opportunities for further research.  
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 Prior to the work presented in this thesis, very little was known about 

substrate requirements for proteolytic processing of prelamin by ZMPSTE24. As 

discussed in Chapter I, farnesylation was a known substrate requirement, the 

cleavage site had been identified at the amino acid sequence level, and L647R 

was known to abolish cleavage. Our group had performed a very limited amount 

of mutagenesis by arginine/alanine scanning across the cleavage site 

(Barrowman et al., 2012). 

 This work offers a detailed and saturated view of amino acid requirements 

of the prelamin A cleavage site. The heatmap representing the cleavage 

efficiency data for our collection of cleavage site mutants reveals the rule that 

ZMPSTE24 requires hydrophobic residues at positions P1′ and P2′ of its 

farnesylated substrate. 

 Establishing this rule is a significant contribution to the understanding of 

the interaction between ZMPSTE24 and its substrate prelamin A. Understanding 

what is an allowable substrate, and how the protease recognizes that substrate, 

is essential to understanding the molecular mechanisms of proteolysis. The 

success or failure of this proteolytic event underlies several severe genetic 

diseases and may have a role in the cardiovascular decline associated with 

normal aging. Understanding the mechanisms of this proteolytic event will inform 

the design and development of therapeutics for these phenotypes. 

 Several major unknowns remain with respect to ZMPSTE24 and prelamin 

A and warrant future exploration and study. I was particularly interested in the 

amino acid requirements for cleavage. In addition to amino acid sequence, other 
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features of the C-terminus including conformation, flexibility, and distance from 

the farnesyl to the cleavage site may be requirements for ZMPSTE24 recognition 

and cleavage. Other members of the Michaelis Lab are making progress toward 

understanding these other requirements. 

 One question that has existed in this field for decades is whether there is a 

role for the cleaved farnesylated C-terminal fragment, whether it persists or is 

degraded, and where it might go. Why lamin A undergoes several post-

translational modifications only to have them cleaved off remains unclear. Lamin 

C, for example, does not undergo these modifications, and lamin A is apparently 

dispensable, at least in mice, as evidenced by the healthy lamin C-only mouse 

(Fong et al., 2006). Investigating the destiny of the cleaved C-terminus is an 

intriguing idea. 

 Currently prelamin A is the only known substrate for ZMPSTE24 in this 

role as a CAAX protease. The work presented here established the rule of 

hydrophobic residues at P1′ and P2′, but also showed flexibility and non-

specificity at residues N-terminal to the cleavage site. In other words, there are 

rules that ZMPSTE24 will not break, but it does not have a strict consensus 

sequence. Considering that, along with the emerging role of ZMPSTE24 as a 

non-specific declogger of translocons in the ER, lead me to suspect that there 

are other farnesylated substrates that undergo proteolytic processing by 

ZMPSTE24. Using high-throughput proteomic approaches to identify any 

additional ZMPSTE24 substrates would be exciting research. 
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 Finally, there are many outstanding questions regarding the pathway from 

molecular mechanisms to phenotype in patients with HGPS and other progeroid 

disorders due to prelamin A processing defects. We know that accumulation of 

farnesylated prelamin A or progerin in cells is toxic and causes disease. We have 

several molecular markers and cell biological hallmarks of HGPS cells, e.g. 

decreased LAP2 expression and abnormal nuclear morphology. However, there 

are many breaks in the chain from farnesylated prelamin A, the molecular culprit 

of these diseases, to phenotype. What exactly is uncleaved prelamin A disrupting 

in the cell? And how does this cause atherosclerosis in teens with progeria? 

Does the cardiovascular pathophysiology of progerin in HGPS patients represent 

acceleration of a normal aging progress or an aberration that merely has an 

appearance of normal aging? This field is a promising area of research, with 

therapies and cures as the ultimate goal.  
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Appendix 

  

 

 

From the summer of 2010 to the summer of 2014 I worked on human 

transposon biology in the laboratory of Dr. Kathleen Burns and was co-advised 

by Dr. Jef Boeke. I was interested in the functional impact of human 

retrotransposon insertion polymorphisms (RIPs). During that time, I contributed to 

developing assays for genome-wide characterization of RIP distribution and 

frequency and made efforts toward cell-based assays for the functional effects of 

particular RIPs. I authored a review article with Dr. Burns, which is reproduced in 

this Appendix (Babatz and Burns, 2013). 
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Functional Impact of the Human Mobilome 

Envisioning the RNA origin of DNA may evoke thoughts of a world 

teeming with self-replicating ribonucleic acids with functions that blur the 

boundary between the inanimate and simple life. Though sequence evidence for 

this world is obscure, the RNA origins of our modern human genome are readily 

apparent; even the casual genome gazer can take in a vast genomic fossil 

record. Our 3 billion base pairs are overwhelmingly non-coding, and 50% or more 

are recognizable as repetitive sequences. Most of the repeats are interspersed, 

meaning that they occur discontinuously as singularly scattered copies in the 

genome. These include Long INterspersed Elements (LINEs) and Short 

INterspersed Elements (SINEs). Most abundant in mammals are the 

retrotransposons, which self-replicate through the reverse transcription of RNA 

intermediates.  

Genomes are not static strings of bases, but instead are mutable, 

evolving, and structurally dynamic. Three families of human retrotransposons 

have been active in relatively recent genome evolution and continue to generate 

human genomic variation today. First, the autonomous LINE-1 element (L1) is 6 

kb in its full-length form and contains an internal promoter, two open reading 

frames (ORFs), and a polyadenylation signal. After RNA polymerase II 

transcription, mRNA processing, and export to the cytoplasm, ORF1 and ORF2 

encode two proteins (ORF1p and ORF2p) that preferentially associate with their 

encoding RNA (Hohjoh and Singer, 1996; Kulpa and Moran, 2006). The resulting 

ribonucleoprotein (RNP) particles return the RNA to the nucleus, where ORF2p 
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initiates target-primed reverse transcription (TPRT) to insert a copied DNA 

sequence at a new site in the host cell genome (Feng et al., 1996; Mathias et al., 

1991; Cost et al., 2002). There are approximately 500,000 copies of L1-derived 

sequence in the human genome, most of which have been deactivated by 5′-

truncation on integration or accumulated mutations. The youngest human-

specific L1 subfamily, L1Hs, accounts for about 1% of these copies, with a much 

smaller subset of ‘hot L1’ elements driving most of the retrotransposition events.  

The remaining families of active retrotransposons are non-autonomous, 

relying on L1-encoded machinery for mobilization (Dewannieux et al., 2003; 

Hancks et al., 2011). Alu elements are 300 bp long and there are approximately 

1,000,000 Alu-derived sequences in the human genome. Nucleotide variations 

within the Alu consensus sequence distinguish several subfamilies including the 

most active AluY elements (reviewed in Batzer and Deininger, 2002). SVA 

elements comprise the third family of active retrotransposons; these are a 

relatively heterogeneous group of sequences with several recognized 

subfamilies. SVAs are composite elements, named for the sources of their 

component parts, SINE-R, VNTR, and Alu sequences. The SVA consensus 

sequence is approximately 2 kb and there are roughly 3700 SVA-derived 

sequences in the human genome (reviewed in Hancks and Kazazian, 2010).  

Functional impact 

Host genomes are vulnerable to disruption by retrotransposons. How a 

gene is affected is dependent on both where the mobile DNA insertion occurs 

and the internal sequence of the element. Exonic insertions can interrupt the 
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coding region of a gene. In addition, in vitro cell-based assays have revealed that 

features of L1 sequence such as the promoter, 5’-UTR antisense promoter, and 

internal splice sites can affect the transcription of target regions and transcript 

processing (Speek, 2001; Belancio et al., 2008). Concordantly, intronic L1 

insertions can induce aberrant transcript initiation, premature truncation, or 

attenuate transcript elongation, affecting the structure and abundance of target 

gene transcripts (Wheelan et al., 2005; Han and Boeke, 2005; Han et al., 2004). 

Similarly, intronic and gene proximal Alu insertions can act as enhancers or 

promoters, introduce cryptic splice donors or acceptors, or abrogate endogenous 

exon splicing (Bejerano et al., 2006; Thomson et al., 2009; Romanish et al., 

2009; Sorek, 2007; Lev-Maor et al., 2003). In clinical genetics, retrotransposon 

insertions have been implicated in rare cases of highly penetrant Mendelian 

disorders including hemophilia, cystic fibrosis, neurofibromatosis, and breast and 

colon cancers (Cordaux and Batzer, 2009; Hancks and Kazazian, 2012). In each 

respective example the novel insertion creates a highly damaging allele affecting 

the coding capacity of a known disease gene and thus is fairly definitively 

implicated as the cause of the disorder.  

In contrast, less deleterious insertions that are inherited and constitutive in 

an individual are major sources of structural variation in the human genome, 

genetic variation in populations, and occasional causes of genetic disease. 

Several studies in 2010 demonstrated that retrotransposon insertion 

polymorphisms (RIPs) are significantly more polymorphic among individual 

human genomes than previously recognized. 
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Figure 1: Detecting insertions. A schematized gene containing three exons 
(blue) is shown with an intronic L1 insertion (orange) in the sense orientation. 
Zoomed in, primers for repeat detection and the resulting PCR amplicons are 
represented (black). These assays use a repeat-specific forward primer with a 
set of non-specific reverse primers or a universal primer that targets adapter 
sequence ligated to the genomic DNA. Resulting amplicons contain the 3’ end of 
the repeat sequence along with flanking unique genomic sequence. This 
complex mixture of amplicons can be labeled and hybridized to a microarray or 
sequenced. Both methods provide the genomic locations of individual insertions. 
Intensity data from an array platform can be visualized as peaks (vertical bars), 
which indicate location and orientation of the insertion. In 2nd generation 
sequencing, short reads show the precise junction between the insertion 
(orange) and adjacent genomic sequence of the insertion (blue). The variable 
length poly-A tract (in parentheses) is not templated but results from L1 mRNA 
processing. 
 
Germline insertions  

Because de novo insertions are templated from the relatively few active 

subfamilies of repeats, each new insertion bears high internal sequence 
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homology to the subfamily consensus sequence. This feature can be leveraged 

in targeted approaches for finding mobile DNA variants. These methods can be 

broadly categorized as either using laboratory-based genomic assays to map 

repeats or using computational means to recognize insertions in unselected 

reads in sequencing studies. The first category has included variations on hemi-

specific PCRs using one primer within the repeat family of interest and a reaction 

schema that amplifies adjacent DNA (Huang et al., 2010; Ewing and Kazazian, 

2010; Iskow et al., 2010; Witherspoon et al. 2010) (Figure 1). The latter has had 

the advantage of using data from more large-scale collaborative efforts such as 

the 1000 Genomes project, to identify large numbers of new insertions and 

phase these with neighboring SNPs (Hormozdiari et al., 2010; Stewart et al., 

2011). At the same time, Beck et al. reported polymorphism of full-length ‘hot’ 

L1Hs elements among populations, suggesting possible inter-individual variation 

in endogenous L1 activity (Beck et al., 2010). Collectively, new perspectives 

resulting from these discovery efforts have upheld earlier assertions that mobile 

DNAs are a major source of human genetic diversity. We currently estimate that 

between 1/100 and 1/200 individuals harbor a de novo LINE-1 insertion, and that 

about 1/20 individuals have a de novo Alu element insertion. This degree of 

activity is expected to result in approximately 11,000 L1Hs and 65,000 AluY 

common variable insertion alleles (MAF > 0.05) segregating in human additional 

increasingly rare alleles. 
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Recently, two studies elucidated the mutational mechanism of inherited 

insertions in recessive diseases, one of which was a novel insertion discovery. A 

third study reported a novel mechanism of accumulated Alu RNA cytotoxicity.  

Taniguchi-Ikeda et al. functionally characterized the polymorphic SVA insertion in 

the 3’-UTR of the FUKUTIN gene, which causes Fukuyama muscular dystrophy 

(FCMD). FCMD is a rare autosomal recessive disease mainly described in the 

Japanese population (Taniguchi-Ikeda et al., 2011) and currently has no effective 

treatments. This ancient SVA is on a haplotype shared by >80% of FCMD 

chromosomes and likely arose as a single ancestral allele (Kobayashi et al., 

1998). Long-range RT-PCR and sequence analysis in FCMD lympho- blast 

mRNA and controls revealed a novel splicing event between a weak alternative 

donor site in the final FUKUTIN coding exon and an acceptor site within the SVA 

insertion. This aberrant splicing excises the normal stop codon, deletes coding 

sequences for the 38 C-terminal amino acids of FUKUTIN, and adds 129 amino 

acids encoded by the SVA sequence. Normal FUKUTIN localizes to the Golgi, 

while FUKUTIN with SVA-derived C-terminus mislocalizes to the ER.  

Remarkably, the authors were able to restore normal mRNA splicing of 

FCMD alleles to 40% of control levels using a combination of antisense 

oligonucleotides (AONs) targeted to the alternative splice donor, acceptor, and 

an exonic splicing enhancer. This strategy increased normal FUKUTIN mRNA 

expression significantly and rescued functional FUKUTIN protein in vivo in knock-

in mice homozygous for humanized SVA-containing FUKUTIN. This study 

elucidated the mutational mechanism of a polymorphic disease-causing 
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retrotransposon and demonstrated the possibility of splicing modulation therapy 

as a treatment for FCMD.  

Tucker et al. performed exome sequencing on a single proband with 

retinitis pigmentosa (RP), a typically autosomal recessive ciliopathy 

characterized by loss of photoreceptor cells and a significant amount of genetic 

heterogeneity (Tucker et al., 2011). After stringent filtering of sequence data from 

both ABI and Illumina sequencing instruments and prioritization of identified 

variants, there was a surprising lack of plausible disease-causing mutations 

verified by Sanger sequencing and present in both datasets. The ABI data 

showed a compound heterozygous pair of mutations in exon 9 of male germ cell-

associated kinase (MAK) that were not in the Illumina data, and Sanger 

sequencing of the exon surprisingly revealed a homozygous 353-bp Alu 

insertion. The authors investigated why this important variant was missed by one 

method and misidentified by the other. The ABI protocol completely removed the 

Alu-MAK junction sequences and therefore sequenced chimeric DNA molecules 

and identified two heterozygous variants, and the Illumina protocol sequenced 

the junction sequences but trimmed the Alu sequence from the ends of the 

junction reads during analysis, making it invisible. The authors went on to 

functionally characterize the homozygous Alu variant in induced pluripotent stem 

cells (iPSCs) derived from the RP patient’s dermal fibroblasts and controls, 

showing that the Alu insertion abrogates an essential developmental switch to 

alternatively include exon 9 and a previously unknown retina-specific exon 12 in 

retinal lineage differentiated cells. Screening of 1798 additional RP patients 
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yielded 21 individuals homozygous for the Alu, all of whom reported Jewish 

ancestry, and the Alu was absent from controls. This study highlights current 

strengths and weaknesses of relatively new mutation discovery tools and 

suggests that there may be significantly more disease-causing insertions than 

previously appreciated.  

Kaneko et al. reported a pathogenic role for accumulating Alu RNA in 

retinal pigment epithelial (RPE) degeneration in geographic atrophy (GA), an 

untreatable advanced form of age-related macular degeneration (Kaneko et al., 

2011). This is the first known example of Alu RNA cytotoxicity, rather than Alu-

mediated genomic rearrangement or insertional mutagenesis, causing disease. 

The authors observed a significant deficit of DICER1 mRNA and protein and an 

excess of dsRNA in RPE of GA donor eyes as compared to controls. Subsequent 

cloning and sequencing of the RNA species showed homology to the human 

AluSq subfamily. DICER1 knockdown increased Alu RNA accumulation, and 

overexpression of exogenous Alu in human RPE cells overwhelmed endogenous 

DICER and reduced cell viability. Finally, RPE cell viability was rescued by 

antisense oligonucleotides (AONs) targeting AluSq. The authors concluded that 

DICER is critical for RPE cell survival by silencing cytotoxic Alu transcripts and 

highlighted a new role for DICER in protecting against dsRNA transcribed from 

the most abundant element in the human genome. The study raises the intriguing 

questions of whether upregulation of Alu-containing RNA polII-transcribed genes 

could be pathogenic, or whether Alu RNA toxicity plays a role in other tissues 

and diseases. 
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Somatic insertions 

Perhaps the most exciting developments in the study of human mobile 

elements relate to somatic retrotransposition, both in terms of normal variability 

and disease (Figure 2). A series of three papers from the laboratory of Dr. Fred 

Gage reported the first evidence of somatic retrotransposition in mammalian 

tissues and suggested the tantalizing hypothesis that ongoing retrotransposition 

contributes to somatic mosaicism and phenotypic variability in humans. Muotri et 

al. reported in 2005 that an engineered human L1 can retrotranspose in 

differentiating rat neural progenitor cells (NPCs) in vitro and in the brains of 

transgenic mice in vivo, however this study did not address insertions from 

endogenous mobile elements (Muotri et al., 2005). In 2009 Coufal et al. went on 

to show that human fetal brain stem cells and derived neural progenitor cells 

support retrotransposition of the engineered L1, and used a quantitative 

multiplexing PCR assay targeting a 30 region of L1 ORF2 to examine 

endogenous L1 copy number in several tissues (Coufal et al., 2009). Notably, 

they observed a subtle yet statistically significant increase of genomic L1 copy 

number in brain tissues as compared to liver and heart. There was variability 

among individuals and among brain regions, suggesting ongoing somatic 

retrotransposition during development. Furthermore, in 2010 Muotri et al. 

investigated the relationship between L1 retrotransposition and MeCP2, a 

methylation-sensitive DNA binding protein frequently mutated in Rett Syndrome 

(RTT) (Muotri et al., 2010). The authors examined L1 retrotransposition in NPCs 

derived from induced pluripotent stem cells (iPSCs) from Rett Syndrome patients 
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and controls. The engineered L1 retrotransposed twice as frequently in RTT 

NPCs than in controls. Genomic qPCR revealed an increase in L1 ORF2 copy 

number in RTT brain relative to controls, and in brain relative to heart tissue from 

the same individual. Taken collectively, this series of papers supported the model 

of L1 driving genetic heterogeneity in neuronal lineages. The missing piece of 

evidence was then mapping individual retrotransposition events in the resulting 

heterogeneous cell populations. 
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Figure 2: Three contexts for active retrotransposition. This pedigree shows 
three examples of retrotransposition events (represented by yellow flashes) in 
the human genome. First, a novel retrotransposon insertion occurs in a 
subpopulation of germ cells in the father and is transmitted to the male child, who 
constitutively harbors the insertion as an inherited variant (represented in green). 
Second, the male child acquires a somatic insertion in his brain during neuronal 
development, and this leads to a subpopulation of genetically distinct neurons 
containing the insertion (orange). Finally, the female child acquires a tumorigenic 
somatic insertion in the epithelial cells of her colon that promotes clonal 
expansion in the developing tumor (red). 
 

Baillie et al. addressed this problem using a novel genomic approach that 

complemented and validated the work from the Gage group, galvanizing the idea 

that these elements are mobile in somatic tissues at points beyond early 

embryonic development and contribute to cellular heterogeneity (Baillie et al., 

2011). The authors developed a high-throughput protocol utilizing hybridization-

based capture of L1, Alu, and SVA sequences followed by deep sequencing of 

the junctions, conservative filtering, and mapping to the genome. This assay was 

performed on genomic DNA from hippocampus and caudate nucleus from three 

individuals. Putative insertions were classified as somatic if they were in one 

brain subregion and not the other, absent from all known polymorphism catalogs, 

and absent from similar data from pooled genomic DNA extracted from blood. 

PCR amplification and sequencing validated many somatic 50 junctions and 80% 

of somatic L1 insertions corresponded to the youngest subfamilies, L1-Ta and 

pre-Ta. This study extended somatic mobilization to Alu and SVA elements, and 

analogous to L1, 83% of somatic Alu insertions correspond to the youngest AluY 

subfamily. The observed somatic insertions disproportionately target protein-

coding genes, raising the possibility of phenotypic variability between 

subpopulations of cells harboring different complements of insertions.  
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To investigate the frequency of somatic retrotransposition in the brain, 

Evonry et al. applied the L1-seq method of Ewing and Kazazian (2010) to 300 

individual neurons from three individuals (Evonry et al., 2012). They used single-

cell sorting followed by multiple displacement amplification (MDA) of the whole 

genome before L1-seq, controlling for allelic and locus dropout. They estimate 

<0.6 somatic L1 insertions per neuron with >80% of neurons having no somatic 

insertions and conclude that somatic retrotransposition is not an essential source 

of neuronal diversity in the regions studied. The single somatic L1 whose full 

length was successfully cloned contained a 5’ transduction mapping back to a full 

length parental L1 that is polymorphic. This study provides a potentially sobering 

quantification of somatic retrotransposition in the brain, but does revisit the 

interesting question of polymorphic ‘hot’ L1s contributing to variation in somatic 

retrotransposon activity (Beck et al., 2010).  

Somatic insertions in cancer  

Several groups have reported recently that somatic retrotransposition also 

occurs in various cancers. The first of these, Iskow et al., reported high levels of 

somatic L1 retrotransposition in lung cancer genomes and detected a 

hypomethylation signature specific to L1-permissive tumors (Iskow et al., 2010). 

Whether the identified insertions are a cause or symptom of neoplasia remains 

unclear, however there is evidence to suggest that tumor-specific insertions are 

not merely passenger mutations. Lee et al. (2012) developed a computational 

method termed Transposable Element Analyzer (Tea) to detect TEs in whole-

genome sequencing data and applied it to data from 43 tumors and matched 
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normal blood samples. They identified somatic insertions in colorectal, prostate, 

and ovarian tumors with significant variation in TE activity among tumors, and no 

insertions were observed in multiple myeloma or glioblastoma. TE target genes 

were significantly enriched for genes frequently mutated in cancer and target 

genes showed decreased expression compared to controls.  

The great majority of somatic L1s were significantly truncated upon 

insertion. Solyom et al. performed L1-specific amplification followed by 

resequencing (Ewing and Kazazian, 2010) in 16 colorectal tumors and matched 

normal colorectal DNA and identified somatic L1 insertions with a high degree of 

variability among individual tumors (Solyom et al., 2012). Many of the somatic 

L1s were PCR validated and 50 and 30 junctions were sequenced. Like Lee et 

al. the majority of somatic L1s were significantly truncated. Notably, this group 

detected an L1 insertion in one gene identified by Lee et al., Roundabout 

homolog 2 (ROBO2); these findings indicate independently derived insertions in 

an intron of the gene. This group also observed an interesting positive correlation 

of number of somatic L1s with patient age. Together, these studies indicate a 

possible role for somatic retrotransposition in tumorigenesis, however, more 

specific characterization of target gene insertions sites is required.  

Conclusions 

The last several years have been exciting times in human transposon 

biology. New methods such as high throughput sequencing, hybridization-based 

sequence capture, and repeat-specific computational analysis have allowed for 

high-resolution detection of RIPs in human genomes and revealed their 



76 
 

extensive polymorphism among diverse human populations. Recent work has 

validated the accumulating evidence for active retrotransposition in several 

tissues with the potential to affect gene expression, developmental cell fate, and 

contribute to tumorigenesis in cancer. Topics for further investigation include the 

unique properties of various tissues that foster permissive environments for 

retrotransposon mobilization; improved detection and awareness of insertions in 

exome and whole-genome sequencing studies; and determined the relative 

contribution of somatic insertions to functional diversity in heterogeneous cell 

populations. Alternatively, they may be merely benign rare events with little to no 

functional impact.  

One can also speculate about the role of RIPs in common complex 

disease. We consider the ‘mobilome’ as an untapped source of human genomic 

variation in complex disease. We are reminded of the relatively recent realization 

of extensive copy number polymorphism (CNP) and subsequent association of 

many CNPs with risk for common disease (Wain et al., 2009). In contrast to 

highly deleterious coding insertions, intronic and intergenic insertions can mildly 

affect transcript structure and abundance, and such mild changes of gene 

expression are inherently likely to have modest effect sizes and interact with 

multiple loci and/or environmental factors in complex disease. 
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