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Abstract 

The Myeloid ecotropic insertion site 2 (Meis2) gene is an important transcriptional regulator 

involved in the pattering of the limb during vertebrate development. In the forelimbs (wings) 

of bats the expression Meis2 was shown to be differentially expressed when compared to 

mice forelimbs. Meis2 was found to be present in the interdigital webbing of the autopod 

(hand) of the developing bat forelimb. In both the mouse and the bat, two separate transcripts 

were discovered to be expressed from the 3’and 5’ region of the Meis2 locus. The 3’ 

transcripts corresponded to annotated Meis2 mRNA transcripts, the 5’ transcript 

corresponded to an mRNA transcript that did not code for any known protein. The 5’ 

transcript was thought to be a long non-coding RNA and was termed lncMeis2. In this study 

Random Amplification of cDNA Ends (RACE) analysis was used to identify the RNA 

transcripts expressed from the Meis2 locus and to verify the presence of lncMeis2. RACE 

was performed on the heads and forelimbs of the Natal Long-fingered bat (Miniopterus 

natalensis) and the mouse (Mus musculus) and the products sequenced and aligned to the 

mouse genome for verification. Three transcript variants (isoforms) of Meis2 were found to 

present in the bat, one in the forelimb, one in the head and one shared between the tissues. 

These transcripts, as well as other bat Meis2 transcripts, were tested for positive selection. 

The bat Meis2 transcripts showed no positive selection when compare to transcripts from 

non-bat vertebrate tertapods. In the mouse forelimb and head four isoforms were determined. 

Analysis of the lncMeis2 RACE ascertained that the lncMeis2 transcript is an artefact of 

cDNA synthesis and that lncMeis2 is a truncated part of the 5’ untranslated region of a Meis2 

transcript.  
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Chapter 1.  Introduction and Literature Review 

 

Introduction 

 

It was Darwin who first pondered ”What can be more curious than the hand of a man, formed 

for grasping, that of a mole for digging, the leg of the horse, the paddle of the porpoise and 

the wing of the bat, should all be constructed on the same pattern and should include the same 

bones in the same relative position?” (Darwin, 1859).  In the late 1800s and the early half of 

the 1900s embryologists knew that morphology was a consequence of development, but the 

mechanism responsible for the formation of the body plan eluded them. They were aware of 

substances, from certain tissues and regions of the embryo, which affected the patterning of  

of limbs and the overall body plan (Carroll et al., 2001). Only with the advent of molecular 

biology and genetic techniques, were these patterning molecules identified, and the genes 

controlling their expression were discovered (Carroll et al., 2001). It was only with the 

advent of molecular biology and advanced genetic techniques that the molecules responsible 

for these patterns were discovered, along with the regulatory genes controlling their 

expression (Carroll et al., 2001).  

The first of these developmental genes discovered, called homeotic genes, were from the 

larval stage of the fruit-fly, Drosophila melanogaster, and they controlled the formation of 

the body and appendages of the fly (Lewis, 1978). Interestingly, it was found that the mouse 

contained the exact counterparts (orthologs) of the fruit-fly genes (homeobox genes) 

responsible for governing the formation of the body plan (Duboule and Dolle, 1989). More 

fruit-fly larva homeotic genes were later identified and many of these genes had orthologous 

counterparts in vertebrates (Nüsslein-Volhard and Wieschaus, 1980). These  genes were part 

of a conserved “tool-kit” of master genes that shaped and formed the body parts of metazoa, 

regardless of their morphology, from flies to vertebrates (Carroll, 2005). 
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The comparison of these developmental genes between species became a new field of study: 

evolutionary developmental biology or “evo-devo”. Evo-devo was a merger of two distinct 

yet complementary disciplines, developmental biology and evolutionary studies (Carroll, 

2005; Goodman and Coughlin, 2000).  

One aspect of evo-devo involves examining patterned segments of the metazoan body as 

separate subunits or modules of distinct morphologic structure and characterising the 

signalling pathways that shape them. A clear example of this developmental modularity is the 

tetrapod (four-limbed vertebrate) (Bolker, 2000). The development of the tetrapod limb relies 

on the interaction between two tissues: mesenchymal cells (originating from the lateral plate 

mesoderm) and the apical ectodermal ridge (AER) (Vogt and Duboule, 1999). The AER is a 

thickening of the ectoderm which is located just above the mesenchymal cells (Saunders, 

1948). Signals from the limb mesenchyme maintain the AER which release signals that cause 

the proliferation of cells just under the AER and this initiates the outgrowth of the limb bud 

(Carroll et al., 2001). There are three separate axes of patterning that shape the limb bud, the 

proximal-distal (PD) axis, the anterior-posterior (AP) axis and the dorsal-ventral (DV) axis 

(Capdevila and Izpisua-Belmonte, 2001). Each axis is formed by distinct genetic signalling 

pathways (Tanaka and Tickle, 2007).  

Fibroblast growth factors (FGFs), secreted by the AER, and the transcription factors Myeloid 

ecotropic viral intergration site  (Meis) 1 and Meis2 which are expressed in the proximal 

region, form a system that regulates development along the PD axis of the limb (Mercader et 

al., 2000). The outgrowth of the limb along the PD axis establishes the formation of the 

skeletal elements: stylopod, zeugopod and autopod (Fig. 1.1) 
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Figure 1.1 Diagram of limb skeletal elements along the proximal-distal axis: the proximal element, the stylopod 
(humerus or femur) (shown in green); the intermediate element, the zeugopod (ulna and radius, or fibula and 
tibia) (shown in yellow) and the distal element, the autopod (carpals and metacarpals, or tarsal and metatarsal, 
and phalanges) (shown in grey). 

 

The skeletal domains are genetically defined along the PD axis (Fig. 1.1): the proximal 

stylopod is demarcated by expression of Meis2 and Meis1, the intermediate zeugopod by 

HoxA11 and HoxD11 and the distal autopod by HoxA13 and HoxD13 (Davis et al., 1995; 

Fromental-Ramain et al., 1996; Mercader et al., 1999). 

1.1 Meis gene interactions and the role in limb patterning  

MEIS proteins have been found to play an important role in the development and patterning 

of many vertebrate organs and structures, such as the limb, the mid-brain, the lens and retina 

of the eye and the female productive tract (Capdevila et al., 1999; Heine et al., 2008a; 

Marklund et al., 2004; Mercader et al., 1999; Sánchez-Guardado et al., 2011; Williams et al., 

2005; Zhang et al., 2002). The vertebrate Meis genes were first discovered as proto-

oncogenes in the mouse cell line BXH-2 as sites where the murine leukaemia virus integrated 

into the host genome, causing aberrant gene expression (Moskow et al., 1995; Nakamura et 

al., 1996). There are three paralogs of the Meis genes in most vertebrates; Meis1, Meis2 and 

Meis3  (Nakamura et al., 1996; Sánchez-Guardado et al., 2011).The Drosophila Homothorax 

(hth) gene was subsequently identified as the ortholog of the Meis gene, which is required for 

nuclear translocation of the co-factor extradenticle (exd) during development of the 

Drosophila leg (Rieckhof et al., 1997). 
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The Meis genes encode transcription factors that contain homeodomains; a conserved protein 

domain which recognizes specific cis-regulatory DNA sequences (Gehring et al., 1994). 

MEIS proteins are a part of the Three Amino acid Loop Extension (TALE) superfamily of 

homeodomain proteins (Bürglin, 1997). The TALE superclass of homeodomain proteins are 

so named because they have an extension of three amino acids between α-helices 1 and 2 

within the homeodomain (Yang et al., 2000). Some of these TALE proteins, namely MEIS 

and PBX proteins (Table 1.1) are important cofactors of the homeobox (HOX) proteins, 

which are involved in anterior-posterior patterning of the body axis and the anterior-posterior 

patterning of the limb (Mann and Affolter, 1998; Shanmugam et al., 1999).  

Both Meis1 and Meis2 are expressed in the lateral plate mesoderm, and the proximal region 

of the developing limb bud in vertebrates (Fig 1.2 A and B) (Mercader et al., 1999). MEIS1 

and MEIS2 interact with PBX1, and regulate the translocation of PBX1 to the nucleus of the 

cell, where it acts as a transcription factor (Capdevila et al., 1999; Mercader et al., 1999). 

  

Table 1.1: List of vertebrate TALE Homeobox Proteins 

Family Name 
No. of Mouse 

Paralogs 

Hox gene 

interactions 

Meis Myeoliod ecotropic viral insertion site 
homeobox 

3 5' Hox proteins 

Pbx Pre-B cell leukaemia homeobox 4 3' Hox proteins 

Irx Iroquois homeobox 6 No interaction 

Tgif Tranforming growth factor β induced 
factor homeobox 

6 No interaction 

 

This interaction is conserved in Drosophila, HTH (which is the ortholog of MEIS2) and EXD 

which is a ortholog of PBX1) translocate to the nucleus of the leg imaginal disc (progenitor 

leg cells) after they interact (Rieckhof et al., 1997). MEIS3 binds to PBX4, however, 

interactions with PBX1 have not yet been determined (Ravasi et al., 2010). PBX1 is 
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produced in the entire limb, but is only present in the cell nuclei of the proximal region 

(Gonzalez-Crespo et al., 1998).  This suggests that PBX1 is found in the cytoplasm of distal 

cells because MEIS1 and MEIS2 are restricted to the proximal region of the limb bud during 

development (Capdevila et al., 1999). Over-expression of both Meis1 and Meis2 in chick 

embryos induced the elongation of the stylopod and reductions, and sometimes deletions, of 

zeugopod and autopod elements of the limb during development (Capdevila et al., 1999; 

Mercader et al., 1999). The ectopic expression of Meis1 in mouse limbs also induces a 

reduction in distal elements (zeugopod and autopod) and the expansion of the proximal 

element (stylopod) (Mercader et al., 2009). The MEIS proteins have been shown to interact 

with the Hox proteins, for example, MEIS1 proteins have been shown to form stable 

heterodimers with 5’ Hox proteins (HOXA11, HOXA12 and HOXA, B, C, D13) (Penkov et 

al., 2013; Shen et al., 1997). Additionally, HOXD13 and HOXD11 have been shown to bind 

MEIS1 and MEIS2 proteins in vivo and antagonize the expression of Meis gene (Salsi et al., 

2008). Hoxd13 is expressed in the most distal part of the limb, the autopod, where it patterns 

the PD axis (Goff and Tabin, 1997; Kmita et al., 2005). This suggests there is an antagonistic 

relationship between the Meis genes and HOXD13 and possibly other 5’ Hox proteins to 

restrict MEIS1 and MEIS2 to the proximal region and promote distal limb patterning (Fig. 

1.2) (Mercader et al., 2009; Salsi et al., 2008). In Drosophila, hth interacts with 

Ultrabithorax (Ubx) which is an ortholog of the Hox genes. This heterodimer binds to DNA 

and regulates the development of the limbs of the fly (Slattery et al., 2011).   

The intron-exon structure of vertebrate Meis genes is highly conserved, it consists of 13 

coding exons (Irimia et al., 2011; Sánchez-Guardado et al., 2011). There are two alternative 

splice sites within Meis2 (Fig. 1.3), a 3’ alternate splice site in exon 11 and a cassette exon 

that contains a premature stop codon, exon 12a (Oulad-Abdelghani et al., 1997; Sánchez-

Guardado et al., 2011). The alternative splice site is responsible for different transcripts being 

produced from the same gene (Hartwell et al., 2008). The first 10 exons of Meis2 are highly 



6 
 

conserved as they encode the Meis domain and the homeodomain which bind to DNA. The 3’ 

region (from exon 11 to exon 12b) shows a diversity of structures and the different isoforms 

of the structures interact with different proteins (Irimia et al., 2011). 

The vertebrate Meis2 locus has been shown to contain a large number of highly conserved 

non-coding regions (HCNRs) (Gómez-Skarmeta et al., 2006). These HCNRs are mostly 

found within large introns of Meis2 (Fig 1.3) and have been shown to induce expression 

during reporter assays in mice. This indicates that the HCNRs have enhancer function (Visel 

et al., 2007).  

 

 

Figure 1.2: Wholemount in situ hybridisations of the developing forelimb of the mouse from developmental 
stages E9.5 (A, E and I), E10 (B, F and I), E11 (C, G and K) and E12.5 (D, H and L). The forelimbs were 
hybridised with probes for Meis1 (A-D), HoxA11 (E-H) or HoxA13 (I-L). The numbers on the top right of the 
photographs indicate the somite stage(s) of the embryos. A population of somite-derived myoblasts which are 
HoxA11-positive indicated by myo (E) are migrating into the developing limb bud (adapted from Mercader et 
al., 2009) 
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Figure 1.3: A representation of the intron-exon structure of vertebrate Meis genes. The grey blocks indicate the 
13 exons (boxed numbers), the dashed lines indicate large introns and the alternative splice regions are shown in 
green. The regions encoding the Meis and homeodomain are indicated. Asterisks show the alternate in frame 
stop codons and the white boxes indicate the untranslated regions (UTR) (adapted from Sánchez-Guardado et 
al., 2011). 

 

Retinoic acid (RA) has been shown to induce a notable increase in Meis2 and Meis1 

transcription in mouse cell lines (Oulad-Abdelghani et al., 1997; Su and Gudas, 2008) .In silico 

analysis of the five kilobases upstream of the transcription start site of Meis2, on the mouse 

genome, has uncovered three retinoic acid response elements (RAREs). The RAREs induce 

gene expression when bound by retinoic acid receptor/retinoic acid complexes (Chambon, 

1996) Subsequent in vitro experiments on a mouse embryonic cell line stimulated with RA, 

have shown two of the Meis2 RAREs are occupied by RAR/RXR heterodimers however, this 

has not been characterised in limbs (Anno et al., 2011).  

1.2 Retinoic acid (RA) signalling in limb development 

The induction of Meis1 and Meis2 expression by RA treatment and repression of Meis1 and 

Meis2 by FGF signaling became the basis of the hypothesis for the control of limb PD 

patterning, the so-called two signal model (Capdevila et al., 1999; Mercader et al., 2000; 

Zeller et al., 2009). In vivo studies of RA biosynthesis in the limbs (Fig. 1.4) have shown that 

RA is catalysed from retinol (vitamin A) by two tissue specific enzymes, retinol 

dehydrogenase 10 (RDH10), which is encoded by Rdh10 and retinaldehyde dehydrogenase 2 

(RALDH2), encoded by Raldh2 (Niederreither et al. 2000; Duester 2008). It has also been 

shown that FGFs oppose the expression of Meis1 and Meis2 in the distal region. FGF8 which 

is secreted by the AER can repress the distal induction of Meis1 and Meis2 (Mercader et al., 

2000). The antagonism between FGF and RA drives the outgrowth and patterning of limb 
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according to the proposed two signal model (Capdevila et al., 1999; Mercader et al., 2000; 

Zeller et al., 2009) 

Recent experiments involving the developing chicken limb support the finding that RA is 

responsible for the patterning of the PD axis (Cooper et al., 2011; Roselló-Díez et al., 2011). 

Dissociated limb mesenchymal cells were re-aggregated and were housed inside a jacket of 

limb bud ectoderm to form “recombinant limbs” (RLs) and these were grafted to the host 

embryo (Roselló-Díez et al., 2011). The limb mesenchymal cells were cultured under various 

conditions before being sheathed in the ectoderm. When cultured with the appropriate 

stimuli, (ie FGF8, Wnt3a or RA) RLs have the ability to form identifiable limb structures. 

Additionally, when continuously exposed to RA, these cells specifically formed proximal 

structures (Cooper et al., 2011). Somites express endogenous RA but there is little to no 

expression of  RA in the zeugopod, as the concentration of RA diminishes along the PD axis  

(Vermot et al. 2005). RLs were grafted to the somites (sRLs) or the prospective zeugopod 

(zRLs) of the host embryos. The sRLs formed the three main skeletal element whereas the 

zRLs only formed the two distal elements (the zeugopod and autopod), suggesting that the 

formation of the complete PD axis requires signals from the graft region (Roselló-Díez et al., 

2011). The zRLs were treated with RA and all three elements were formed during outgrowth 

of the RL, meaning that the distally fated cells could be re-adjusted to form proximal 

elements from RA signalling (Mackem and Lewandoski, 2012; Roselló-Díez et al., 2011). 

However, results from the Duester group, which were based on knockout mouse experiments, 

do not support the proposed role of RA signalling in patterning the vertebrate limb along the 

PD axis (Cunningham et al., 2013, 2011; Zhao et al., 2010, 2009). Synthesis of RA was 

ablated in the mouse embryos through the deletion of limb specific RA synthesizing 

enzymes, retinol dehydrogenase-10 (RDH10) and retinaldehyde dehydrogenase-2 (RALHD2) 

(Cunningham et al., 2011; Zhao et al., 2010, 2009).  
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Figure 1.4: Retinoic acid limb biosynthetic pathway. Retinol is produced by RDH10 and RALDH2 to form RA. 
When RA enters target tissue it binds to RA/RX receptors which dimerize and bind to RAR elements on the 
DNA to induce or repress gene expression. If RA enters non-target tissue RA is enzymatically degraded by 
CYP26b1. 

 

Mice with Rdh10 null mutation have a specific phenotype termed t-rex, i.e. they have stunted 

forelimbs but normal hind limbs. The t-rex mice do not produce endogenous RA in the limb 

bud, although there was no reduction in the expression of Meis2 (Cunningham et al., 2013, 

2011).This allowed normal patterning of the hind limb. However, these mice had stunted 

forelimbs, suggesting some degree of dependence on RA. Further investigation found that 

RA produced in the developing trunk of the embryo permits the induction of the forelimb 

when the limb bud is forming, but is not required for the patterning of the PD axis 

(Cunningham et al., 2013; Zhao et al., 2009). Mice with Raldh2 or Rdh10 did not display PD 

patterning defects but they both display retention of the interdigital webbing; this could be 

because of a lack of RA signalling in the interdigital mesenchyme of the autopod 

(Cunningham et al., 2011; Zhao et al., 2010).  

During development, the spatial and temporal expression of raldh2 correlates with the 

regions of RA production (Niederreither et al. 1997). RA signalling is induced through 
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nuclear hormone receptor complexes which consist of retinoic acid receptors (RAR-α, -β and 

–γ) and retinoid X receptors (RXR-α, -β and –γ) heterodimers. These complexes, once bound 

to ligand, bind to RA response elements (RARE) on the DNA and regulate their target gene’s 

expression (Chambon 1996). The sequestering and degradation of cellular RA are facilitated 

by cellular retinoic acid binding proteins (CRABPs) (Donovan et al., 1995) and by the RA-

metabolizing CYP26 isozymes respectively (MacLean et al., 2001). Different types of 

CYP26 enzymes are expressed in different regions of the developing embryo, and one type in 

particular, cyp26b1 is expressed in the developing limb bud (Abu-Abed et al., 2002). The 

expression of cyp26b1 is at the distal end of the developing limb. When the expression of 

cyp26b1 is ablated in mice through null mutation, the phenotypes of the mice forelimbs 

resemble Meis gene overexpression. The limbs have reduced distal elements and the proximal 

region is enlarged (Yashiro et al., 2004). 

During vertebrate embryo development there are overlapping expression patterns of Meis1 

and Meis2 (Capdevila et al., 1999; Heine et al., 2008a; Marklund et al., 2004; Mercader et 

al., 1999; Sánchez-Guardado et al., 2011; Williams et al., 2005; Zhang et al., 2002). 

However, there has also been evidence of a significant difference in the spatial and temporal 

expression of Meis1 and Meis2. In studies of whole chick development it was determined that 

Meis1 is responsible for patterning the pretectum (early midbrain) and Meis2 patterns certain 

areas of the gut (Sánchez-Guardado et al., 2011).   

1.3 Expression of Meis2 in bat wing formation 

The differences seen in tetrapod limb types (i.e. fins, wings, paws etc.) can be attributed to 

modified regulation of developmental genes. In the bat, there is a stark difference in the 

morphology between the forelimbs and hind limbs. The bat forelimb, with its elongated 

skeletal elements and retained interdigital webbing, allows the bat the capability of powered 

flight. In comparison, the bat hind limb has shortened and uniform digits (Hockman et al., 

2009). A cross-species micro-array study was done on developing bat limbs to identify 
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differences in the mRNA transcript abundance between bat forelimbs and hind limbs, and 

also to determine which genes had differences in expression between the forelimb and hind 

limb that could be responsible for the differences in morphology (Mason MSc thesis, 2009). 

Meis2 expression was significantly higher in the bat forelimb compared to the bat hind limb 

(Mason and Illing, unpublished data, Mason MSc thesis, 2009).  There was no significant 

difference in signal determined for Meis1 and Meis3. The Meis2 gene was represented by two 

mouse probes (M400017713 and M400000987) on the Operon microarray slide. Blast 

analysis of the probes indicated that M400017713 (now referred to as 5’Meis2) corresponded 

to a mouse RIKEN clone (accession: AK043601.1) that in turn mapped to a region upstream 

of the Meis2 5’ untranslated region (UTR) on the M. musculus genome (NCBI37/mm9). The 

RIKEN clone was isolated from a mouse embryo cortex cDNA library. The other OPERON 

probe M400000987 (now referred to as 3’ Meis2) mapped to the 3’ region of the Meis2 

transcript (Mason MSc Thesis, 2009) The 5’ Meis2 probe exhibited a significantly higher 

signal than that of the 3’ Meis2 in the bat forelimb in the microarray dataset (Mason and 

Illing, unpublished data). Since AK043601.1 was annotated as a full length cDNA clone but 

did not show any overlap with existing mouse Meis2 transcripts in the NCBI nr (non-

redundant) and EST databases, it was suspected that it was an independently transcribed 

transcript. Sequence analysis of the RIKEN clone AK043601.1 determined that it contained 

an open reading frame of 36 amino acids but did not contain a start codon, and that its 

predicted amino acid sequence did not conform to any annotated protein domain (Mason and 

Illing, unpublished data). This suggested that bat mRNA transcripts that bound to the 5’ 

Meis2 probe, and the RIKEN clone, were long non-coding RNAs (lncRNA), subsequently 

called lncMeis2 (Mason and Illing, unpublished data). The spatial expression of Meis2 and 

lncMeis2 were determined using in situ hybridisation analysis on M. natalensis. The analysis 

showed that lncMeis2 and Meis2 are co-expressed in the retained interdigital webbing of the 

forelimb (wing) of M. natalensis (Mason and Illing, unpublished data). 
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1.4 Long non-coding RNAs 

LncRNAs are non-coding RNAs that are longer than 200 nucleotides in length (Kapranov et 

al., 2007). Many of them have been shown to act as activators and repressors of gene 

expression, and  have been shown to contribute to the development and differentiation of 

multicellular organisms (Amaral and Mattick, 2008). LncRNAs are defined according to their 

position and orientation in relation to nearby protein-coding genes (Fig. 1.5). Those that 

overlap the protein coding gene and are in the anti-sense orientation are termed “anti-sense 

lncRNAs”. Those that are transcribed, in either orientation, within introns and terminate 

without overlapping an exon are called “intronic lncRNAs”. Anti-sense lncRNAs that are 

transcribed in the opposite direction and orientation in relation to the nearby protein-coding 

gene from a bidirectional promoter are called “divergent lncRNAs”. Intergenic lncRNAs are 

transcripts that are transcribed away from protein-coding genes with no overlap. These 

intergenic lncRNAs are required to be approximately 5 kilobases away from protein coding 

genes (Guttman et al., 2009; Rinn and Chang, 2012). However, lncMeis2 does not conform 

to any of these definitions(Guttman et al., 2009; Rinn and Chang, 2012).  
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Figure 1.5: A representative diagram defining lncRNAs by their position relative to protein coding genes. Blue 
represents the coding transcripts and red the non-coding transcripts (taken from Rinn and Chang, 2012). 

 

Additionally, lncRNAs can be classified based on the way they function, either in a cis-acting 

or trans-acting manner. Cis-acting lncRNAs influence neighbouring genes (Fig. 1.6A) but 

trans-acting lncRNAs influence genes on a different chromosome (Fig. 1.6B) (Amaral and 

Mattick, 2008; Guttman and Rinn, 2012). The most well-characterized examples of these 

type of lncRNAs are HOTAIR (HOX antisense intergenic RNA) and HOTTIP (HoxA 

transcript at distal tip) (Rinn et al., 2007; Tsai et al., 2010; Wang et al., 2011). HOTAIR is 

transcribed from within the HoxC locus and acts as a scaffold for chromatin remodelling 

proteins, PRC2 (Polycomb repressor complex 2) and LSD1 (flavin contain monoamine 

oxidase). HOTAIR was first identified in a human cell line (Rinn et al., 2007). HOTAIR 

bound by the histone modification complexes acts in trans and silences the expression of 

genes of the HoxD cluster (Tsai et al., 2010). HOTTIP is expressed from the 5’ region of the 

HoxA cluster. It has been shown to interact with WDR5 (WD repeat-containing protein 5). 

HOTTIP acts in cis with WDR5 to activate expression of the 5’ HoxA genes. HOTTIP was 
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shown to be expressed in the mouse in the distal region of the developing limb and is 

required for patterning of the limb (Wang et al. 2011). 

 

 

Figure 1.6: A diagram illustrating cis- (A) and trans-acting (B) lncRNAs. 

 

1.5 Previous work done on bat species and limb development 

Studies have been performed on bats to understand the morphologic and molecular evolution 

of their elongated limbs and retained interdigital webbing. The bat wing is a unique structure 

composed of flexible bones and membranes that allow bat the exclusive ability, among 

mammals, of powered flight (Swartz et al., 2006). The forelimb skeletal elements of the bat 

wing are significantly elongated than those of non-flying mammals (Swartz, 1997). In the 

fossil record for the early Eocene period (49-53 million years ago), winged bats appeared 

fully developed without a record of any transitional species (Speakman, 2001).  

To date there are five bat genomes that have been sequenced, the Little-brown bat also known 

as the Microbat (Myotis lucifus), David’s Bat (Myotis davidii), Brandt’s Bat (Myotis brandtii) 

the Large flying fox also known as the Megabat (Pteropus vampyrus) and the Black flying 

fox (Pteropus alecto) (Lindblad-Toh et al., 2011; Seim et al., 2013; Zhang et al., 2013). The 

genomes of the Microbat and Megabat are available on USCS and Ensembl genome for 

comparative analyses (Fujita et al., 2011; Hubbard et al., 2002).Currently the genome for the 
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Natal long-fingered bat (Miniopterus natalensis) is being assembled (Schlebusch and Illing 

unpublished data).  

Studies on many bat species to uncover the molecular manner in which flight has evolved, 

have either taken a transcriptome approach (Mason, 2009; Wang et al., 2010) or candidate 

gene approach (Chen et al., 2005; Cretekos et al., 2008; Hockman et al., 2008), to better 

understand the mechanisms involved in the development of wings. 

In this study, the Natal long-fingered bat, Miniopterus natalensis, was used. This study was 

based on previous work by Cretekos et al. which staged a captive colony of bats, Carollia 

perspicillata (Cretekos et al., 2005) but unlike those bats, M. natalensis could not be bred in 

captivity. Instead, pregnant M. natalensis females were caught in the wild, and the embryos 

were harvested. The bats were capture at the De Hoop Guano Cave which contains a breeding 

colony of 250,000 individuals (McDonald et al., 1990). The conservation status of M. 

natalensis is “least concerned” according to the IUCN Red list of Threaten species (Jacobs et 

al., 2008) The harvested embryos were staged using an established staging system for M 

.natalensis embryos (Hockman et al., 2009). The conservation status, as well as the size of 

the breeding colonies make M. natalensis a suitable candidate for this study as removing a 

small number of individuals would have a small impact on the greater population. 

For my MSc, I characterized the mRNAs transcribed from the Meis2 gene locus in the 

autopods of M. natalensis, and compared it to the abundance of these mRNAs in the autopods 

of the mouse, Mus musculus.  

1.6 Objectives 

Specific Objective: To identify and characterise mRNA transcripts that are expressed from 

the Meis2 and lncMeis2 loci in M. natalensis and Mus musculus. 
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Rationale: The lncMeis2 transcripts have been shown to be highly expressed the developing 

forelimb of M. natalensis when compared to the bat hind limb and to M. musculus autopod. 

As a first step in validating this observation, the transcriptional start sites, and exon structure 

of the M. natalensis and M. musculus transcripts need to be characterized. 

Hypothesis: The transcriptional starts sites and exon structure of lncMeis2 and Meis2 are 

conserved in both M. natalensis and M. musculus, and differences in expression of lncMeis2 

accounts for the differences in limb morphology. 
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Chapter 2.  Materials and Methods 

 

2.1 Ethical clearance  

Ethical clearance (application number 006/040) was acquired from The Science Faculty 

Animal Research Ethics Committee of the University of Cape Town to mate and sacrifice the 

mice.  

Ethical clearance of the hunting and capture of Natal long-fingered bats (Miniopterus 

natalensis) (permit number AAA-064-000170-0035) was obtained from Cape Nature with the 

intent to harvest embryos. The bats were caught in the De Hoop Nature reserve in the 

Western Cape.  

The experimentation on these animals was ethically cleared by The Science Faculty Animal 

Ethic Committee (ethics clearance number 2008/V16/DJ).  

2.1.1 Mice 

Laboratory-bred mice (outbred C57BL/6J) embryos were obtained from the Animal Unit of 

the University of Cape Town. Timed matings were performed and on embryological day 13.5 

(E13.5) the pregnant female mice were euthanized by exposing them to halothane (Safe Line 

Pharmaceuticals Pty. Ltd., RSA) vapours for five minutes. The embryos were then dissected 

out. The embryos were stored in RNAlater® (QIAGEN, Germany) at -20°C, for later 

dissection. The forelimbs and head were dissected from the whole embryos in phosphate 

buffered saline (PBS).  

2.1.2 Bats 

The bats were caught using a 3-bank harp trap (Faunatech, Australia) as they emerged from 

the cave mouth. Pregnant female M. natalensis bats were identified and the females with the 

largest abdomens were chosen as specimens. The bats that were not chosen were released. 

The specimens were euthanized with halothane (Safe Line Pharmaceuticals Pty. Ltd., RSA) 

and by decapitation as per the permit. The embryos were dissected out and the staged 
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according to developmental characteristics (Cretekos et al., 2005). The embryos were store in 

RNAlater® (QIAGEN, Germany) at -20°C and subsequently at -80°C for long term storage. 

Bat embyros staged at Carollia stage 17 (CS17) were dissected and the heads and forelimbs 

were used in this study. 

2.2 Extraction and Amplification of RNA for RACE 

2.2.1 RNA extraction 

RNA was extracted from the forelimbs and heads of M. natalensis embryos at stages CS17 

and the forelimbs and heads for the M. musculus at E13.5 using an RNeasy® Mini Lipid 

Tissue Kit (QIAGEN, Germany) as per the manufacturer’s protocol (see supplementary 

information). The extracted RNA concentrations were as follows: M. natalensis forelimb 

173.8 ng/µL and head 1772.5 ng/µ; and M. musculus forelimb (which was a pooled sample) 

560.3 ng/µL and head 2649.8 ng/µL. 

2.2.2 RACE cDNA synthesis and RACE PCR 

The 3’ and 5’ RACE ready complementary DNA (cDNA) was synthesized from the total 

RNA from each tissue using the SMARTer™ cDNA Amplification kit (Clontech, USA) 

following manufacturer’s instructions (see supplementary information. The RACE ready 

cDNA synthesized by using oligo dT which anneals to the poly-adenine tail of nascent 

mRNA transcripts (Fig 2.1). The RACE ready cDNA reactions were aliquoted into 20 µL 

aliquots and stored at -80°C. Gene specific primers (GSPs) (listed in Table A1) were 

designed to generate full-length cDNA transcripts expressed from 5’ and 3’regions in the 

mouse and bat Meis2 locus, in combination with the universal primer (UP). The nested gene 

specific primers (NGSPs) (Table A1) and the nested universal primer (NUP) are used in the 

second round RACE PCR to increase the specificity of the amplification of the transcripts 

(Fig. 2.1).  
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Figure 2.1: A diagram illustrating the generation of RACE ready cDNA and the amplification of RACE 
products during RACE PCR. The green bars indicate mRNA; the purple bars indicate the 5’ RACE ready cDNA 
and the brown bar indicates the 3’ RACE ready cDNA. The blue arrows indicate the primers: oligo dT used in 
the synthesis of the RACE ready cDNA and the gene specific primers/nested gene specific primers (GSP/NGSP) 
used in the RACE PCR. The red arrows indicate the universal primer/nested universal primer (UP/NUP) which 
anneals to the adaptor (red box) which is added to the RACE ready cDNA via oligo dT in the 3’ reaction and via 
the 5’ oligo in the 5’ reaction. 

 

The putative binding sites of the RACE primers are shown in (Fig. 2.2). The primers 

GSP1/NGSP1 and GSP3/NGSP3 were designed to amplify transcripts specifically from the 

lncMeis2 region, and to map the 5’ and 3’ boundaries of the lncMeis2 RACE cDNA. The 

primers GSP2/NGSP2 and GSP4/NGSP4 amplified any cDNA transcripts, from the total 

mRNA, that were expressed from 3’ region of Meis2. The GSP5/NGSP5 primers were 

designed to confirm the 5’ transcription start of the Meis2 RACE cDNA. The primers 

GSP7/NGSP7, in combination with GSP5/NGSP5 were designed to validate whether 

lncMeis2 was a separate mRNA transcript or if it was a part of the Meis2 mRNA transcript. 

 

Figure 2.2: Schematic of binding regions of each RACE primers to the Meis2 locus. The red blocks indicate the 
mouse EST clone boundaries corresponding to lncMeis2 and Meis2. The green arrows represent the 3’ RACE 
primers and the blue arrows represent the 5’ RACE primers. 
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The first round of gene specific RACE reactions on the RACE ready cDNA was carried out 

using Advantage™ 2 PCR kit (Clontech, USA), the gene specific primers (GSPs) and the 

Universal Primer (UP) (ClonTech, USA) (Table A1). The first round RACE reaction tube 

mix was setup as follows: 2.5µL of RACE ready cDNA, 5µL of universal primer mix (10 

times concentration), 1µL of GSP (10µM), 5µL of 10XAdvantage 2 PCR buffer, 1µL of 

dNTPs (10µM), 1µL of 50X Advantage 2 Polymerase Mix and 34.5µL of PCR-grade water 

to make up the reaction volume to 50µL.  These PCRs were carried out in a Techne Genius 

Thermal Cycler (Krackeler Scientific Inc., USA). The PCR program was 5 cycles of 94°C for 

30 seconds and 72°C for 3 minutes; then 5 cycles of 94°C for 30 seconds, 70°C for 30 

seconds and 72°C for 3 minutes; and concluded with 27 cycles of 94°C for 30 seconds, 68°C 

for 30 seconds and finally 72°C for 3 minutes.  

 

The products of the first round RACE PCRs were then diluted 1:50 in Tricine-EDTA buffer 

(ClonTech, USA) and used as the templates for a second round of nested RACE PCRs. The 

products from GSP 1 to 5 were amplified using the Advantage™ 2 PCR kit,  nested gene 

specific primers 1 to 4 (NGSPs) and the Nested Universal Primer (NUP) (ClonTech, USA) 

(Table A1). The nested RACE reaction tube was setup as stated for the first round RACE 

reaction tube but 2.5µL of diluted first round RACE PCR products was used as the template 

and 1µL of NGSP was used instead of GSP. The thermal cycling for the nested RACE was 

20 cycles of 94°C for 30 seconds, 68°C for 30 seconds and 72°C for 3 minutes. The products 

from GSP7 were amplified using the Advantage™ GC 2 PCR kit (ClonTech, USA) with the 

NGSP7 and the NUP. The Advantage™ GC 2 PCR kit (ClonTech, USA) was used as it 

allows for amplification across regions that may have secondary structures due to high 

concentrations of guanine and cytosine. The PCR protocol was followed as per the 

manufacturer’s instructions. The PCR program for the GSP/NGSP7 was as follows: 94°C for 
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1 minute; then 30 cycles of 94°C for 30 seconds, 68°C for 3 minutes and finally 68°C for 3 

min. 

2.3 Subcloning of RACE products 

 

2.3.1 Gel extraction and subcloning of RACE products 

The nested RACE reactions were electrophoresed on 2% (w/v) agarose gels stained with 

ethidium bromide (10mg/mL). The gels were viewed under UV radiation at 365 nm and 

prominent single bands were excised from the gel. DNA from these gel fragments was 

purified using Wizards® SV Gel and PCR clean-up kit (Promega, USA) as specified by the 

manufacturer. The purified PCR products were subsequently ligated using T4 ligase 

(Promega, USA) into the TA-vector pGEM®-T Easy using the pGEM®-T Easy vector 

system (Promega, USA). The ligation reaction was setup as per the manufacturer’s protocol. 

The ligated RACE products were then transformed via heat shock into the Escherichia. coli 

strain XL-1 Blue (Sambrook et al., 1989). The transformed E. coli (transformants) were 

spread onto petri dishes containing Luria Agar (LA) that was supplemented with the 

following: ampicillin (100mg/mL); X-gal (2% w/v) and IPTG (0.5mM). These cultures were 

incubated at 37°C for 16 hours. 

2.3.2 Colony PCR 

Up to ten white colonies (designated a-j) were picked and screened using colony PCR with 

M13 forward and reverse primers and KAPATaq Ready Mix (with loading dye) 

(KAPAbiosystems, USA). The PCR mix (20µL) consisted of 10µL of 2 x KAPATaq Ready 

Mix (KAPAbiosystems, USA), 0.8µL of each 10µM primer and 8.4µL of sterile nuclease 

free water. Each colony was inoculated separately into a PCR reaction and then subsequently 

streaked onto a reference master LA plates containing ampicillin (100mg/mL). Reactions 

were carried out in Techne Genius Thermal Cycler (Krackeler Scientific Inc., USA) for 2 

minutes at 95°C followed by 30 cycles of 30 seconds at 95°C, 30 seconds at 45°C and 1 
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minute at 72°C, and a final elongation step of 2 minutes at 72°C. The PCR reactions were 

electrophoresed on a 2% (w/v) agarose gels stained with ethidium bromide (10 mg/mL). 

Products that had a fragment size greater than 200 base pairs (bp) (which is the size of the 

insert generated from a non-recombinant plasmid) were considered to contain inserts. 

2.3.3 Sequencing of RACE products 

A minimum of five colonies corresponding to the positive PCR product for each RACE 

product was inoculated in 75µL Luria broth and incubated for 16 hours at 37°C. Following 

incubation, 75 µL of 50% glycerol was added to each cultured broth to create 25% glycerol 

stock of the transformants. These stocks were sent to the University of Washington 

Highthroughput Genomic Unit, USA (UWHTGU) to be sequenced using M13 forward and 

reverse primers. Sequencing was done using the Sanger method (Sanger et al. 1977; Smith et 

al. 1986) on an ABI 3073xl DNA analyser. 

The cDNA clones that were sent for sequencing were named according to their defining 

elements, including the species and tissue that they were generated from and the primer used 

in their PCR amplification (Table 2.1), to keep track of their origins.  

An example using this nomenclature is the read name: 

MF3ssN2C_b (see Table 2.1). 

This transcript was generated from mouse (M) forelimb tissue (F), in a 3’ RACE reaction (3) 

with sense strand cDNA (ss) and using NGSP2 (N2). It was the third largest band (C) 

extracted from the agarose gel and was found in the second colony (b) chosen to be screened 

in the colony PCR. 
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Table 2.1: Table of codes used for transcript labelling 

Category Type Code 

Species 
Mouse M 

Bat B 

Tissue 
Forelimb F 

Head H 

RACE 
5’ RACE 5’ 

3’ RACE 3’ 

Transcript Sense ss 

Primer NGSP# N# 

Gel Band 
Largest A 

Smallest E 

Colony 
Colony 1 a 

Colony 5 e 

 

 

2.4 Bioinformatics 

 

2.4.1 RACE Sequence Assembly 

The reads obtained from the UWHTGU were visualized using BioEdit program version 

7.0.5.3 (Hall, 1999). Custom Galaxy pipelines (Blankenberg et al., 2010) was created to 

process the sequences. The first pipeline was designed to reverse complement the reads that 

were in the opposite orientation and remove the vector sequence from the reads. The 

European Molecular Biology Open Software Suite (EMBOSS) tool vectorstrip (Rice et al., 

2000) was used to trim the vector sequence which was identified using the 5’ and 3’ flanking 
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sequence of the pGEM®-T Easy multiple cloning site (5’-TTCGATT-3’ and 5’-

AATCACTAG-3’, respectively), leaving the insert sequence and associated primer sequences 

intact. Another pipeline was created to concatenate the trimmed forward and reverse reads, 

which were from the corresponding RACE reaction, using the labelling system (Table 2.1) 

into a matching file. The corresponding trimmed forward and reverse reads from each colony 

were aligned using the ClustalW (Thompson et al., 1994) alignment feature. A contiguous 

consensus sequence (contig) was made by assembling the 5’RACE and 3’RACE reads using 

the Contig Assembly Program (CAP) (Huang, 1991) in BioEdit (Hall, 1999) (Fig. 2.3). The 

NGSP and NUP were used to determine the orientation of the transcript: the NGSPs 

orientated as the forward primer and the NUP at the reverse primer for 3’ RACE transcripts, 

and vice versa for the 5’ RACE transcripts.  

 

Figure 2.3: A graphical representation of the assembling a full length contig. First the forward and reverse reads 
are assembled to form either the 5’RACE or 3’RACE reads. The 3’RACE and 5’RACE reads are then assemble 
to form the full length contig 

2.4.2 Analysis of Contiguous Sequences 

The contigs were visualized using BioEdit and investigated to determine whether they 

contained the poly-adenylation site (AATAAA), a conserved non-coding region of nascent 

mRNA transcripts which is situated 30 nucleotides upstream of the poly-A tail. The analysis 

of the transcripts was performed using the UCSC Genome browser (Fujita et al., 2011). The 

transcripts were aligned to the M. musculus  genome assembly (NCBI37/mm9) using the 

BLAST-like Alignment Tool (BLAT) algorithm (Kent, 2002) on the USCS Genome Browser 
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(Fujita et al., 2011). To validate the BLAT output, the matched reads were assessed by using 

the ‘fitness score’ algorithm (Wu et al., 2008). 

When visualised on the UCSC Genome browser, the best matched alignments were those 

which mapped to the correct chromosome and had a fitness score above 90%. Custom tracks 

were created for the RACE primers, Meis2 overlap primers and the lncMeis2 OPERON 

probe. Custom tracks were also created for the mouse ortholog lncMeis2 (accession number: 

AK043601.1) and for three other expressed sequence tags ESTs that mapped to the 5’ UTR 

of Meis2 (accession numbers: BY106568, BY719373 and BY740861). For the M. musculus 

genome alignment, the uploaded tracks were compared with tracks from: UCSC Genes (Hsu 

et al., 2006), Ensembl (Hubbard et al., 2002) and NCBI (RefSeq) (Pruitt et al., 2005). The 

tracks from the Ludwig Institute for Cancer Research (LICR)/ENCODE transcription factor 

binding site ChIP-seq experiments (Rosenbloom et al., 2013) were used to investigate the 

transcription factors that bind in and around the Meis2 locus. 

2.5 Meis2 Overlap Analysis 

RNA was extracted from forelimb and head tissues of M. natalensis at CS17 and M. 

musculus at E13.5 as previously described in Section 2.2.1. 

2.5.1 DNase Treatment and RNA Amplification 

The RNA was quantified using a Nanodrop ND1000 (Thermoscientific, USA). A DNA free 

DNase I treatment kit (Ambion, USA) was used to digest any genomic DNA contaminating 

the RNA samples. The digestion recipe and protocol for 2 µg of total RNA in 10µl of 

nuclease free water was as follows: 1µl of 10x DNase I buffer and 1µl of rDNase I (enzyme) 

to the RNA and incubate for 20-30 minutes at 37°C. Incubations were carried out in Techne 

Genius Thermal Cycler (Krackeler Scientific Inc., USA). After the incubation, 2 µl of re-

suspended DNAse I Inactivation Reagent was added and mixed well on a vortex for 10 

seconds. The reaction was then incubated at room temperature for 2 minutes with occasional 
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mixing. The reaction tubes were then centrifuged at 10,000x g for 1.5 minutes and the 

supernatant containing treated RNA was collected.  

This treated RNA was used to synthesize cDNA using SuperScript III reverse transcriptase 

(RT) (Invitrogen, USA). The reaction mix was setup using 1µg of the DNase-treated RNA in 

5µl of solution. To the RNA, 1µl of 10mM dNTPs and 1 µl of 50mM random hexamers was 

added and the volume was topped up with DEPC treated water to 13 µl. The reaction tubes 

were then incubated for 10min at 25°C and then 65°C for 5 minutes; this was done to allow 

the primers to anneal to the mRNA transcripts. The reaction tubes were placed on ice and 1µl 

RNAseOUT ® (Invitrogen, USA) was added as well as 1µl of 1M dithiothreitol and 4µl of 

5X FS buffer and 1µl SuperScript III RT. The reaction tubes were mixed on a vortex for a 

few seconds and incubated for 10 minutes at 25°C, 50°C for 60 min and 85°C for 5 minutes.  

Reactions were setup with the remaining 1µg of each DNase treated RNA, the reaction mixes 

contained the components as per above cDNA synthesis but excluded RT. These reactions 

were treated under the same conditions as the reaction containing RT. The “no RT” reaction 

was used as a control to check that there was no genomic DNA contamination (- RT 

reaction).  

2.5.2 Amplification of Meis2 Overlap 

The cDNA synthesis and - RT reactions were amplified using PCR primer sets listed in Table 

2.4.1. The Meis2 and lncMeis2 primer sets were used as positive controls to determine if the 

transcript was present in the tissue. The PCR reactions per reaction tube were setup as 

follows: 10µl of 5X KAPA HiFi GC buffer, 1.5µl of 10mM KAPA dNTP mix 1.5µl for each 

10µM primer, 2µl of cDNA, 1µl of KAPA HiFi HotStart DNA Polymerase. The PCR cycling 

conditions were setup as follows: initial denaturing step 95°C for 3 minutes, then another 

denaturing step of 98°C for 20 seconds, an annealing step of 60°C for 15 seconds and an 

extension step of 72°C for 1min this was done for 30 cycles, and a final extension step of 

72°C for 1min. 
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The reactions were visualized on a 2% w/v agarose gel stained with ethidium bromide (10 

mg/mL) to confirm the amplification of single bands. The PCR reactions were cleaned-up 

using the PureYield® SV gel and PCR clean-up kit (Promega, USA) as per the 

manufacturer’s instructions. The cleaned up PCR products were ligated into pGEM-T Easy® 

vectors for 16 hours at 4°C and these ligation mixes were transformed and cultured as 

previously described in Section 2.1.3. Up to five clones were tested for positive insertion of 

the PCR product using M13 primers via colony PCR, and one recombinant clone for each 

tissue was sent for sequencing to The Central Analytical Facilities at the University of 

Stellenbosch. The sequenced reads were visualized and edited in BioEdit (Hall, 1999) and 

were subsequently aligned to the mouse genome by means of the UCSC Genome Browser 

(Fujita et al., 2010). 

2.6 Positive selection analysis of coding region of Meis2 in bats 

The assembled RACE contig for M. natalensis: BFMeis2_1, BFMeis2_2 and BHMeis2_3 

were analysed with the NCBI online tool ORFinder (Wheeler et al., 2003) to determine the 

coding domain sequence (CDS) of the transcripts. Once the start and stop codons were found 

on each transcript, the 5’ and 3’ UTR were trimmed away using BioEdit (Hall, 1999). The M. 

natalensis Meis2 transcripts were renamed for this analysis: BFMeis2_1 to mnFMeis2_1, 

BFMeis2_2 to mnFMeis2_2 and BHMeis3_3 to mnHMeis2_3. The Meis2 transcripts for 

Myotis lucifus and Myotis brandtii were obtained from the NCBI GenBank database. 

Predicted Meis2 transcripts were also obtained for Equus caballus (horse) and annotated 

Meis2 CDS transcripts were obtained for: Homo sapiens (human) and M. musculus (house 

mouse) from GenBank as well (Benson et al., 2009). The Meis2 CDS transcripts were 

aligned using the ClustalW (Thompson et al., 1994) and the transcripts were grouped 

according to intron/exon structure and each group of transcripts was analysed independently. 

The phylogenetic program Molecular Evolutionary Genentic Analysis (MEGA) version 5.0.5 

was used (Tamura et al., 2011) to test for positive selection. The CDS sequences were 



28 
 

uploaded onto MEGA and the selection analysis Codon-based Z-test for Selection was 

chosen. To test whether positive selection was operating on Meis2, this method provided an 

estimate of the average of synonymous substitutions per synonymous site (dS) and the 

average of non-synonymous substitutions per non-synonymous site (dN) and their variances 

Var(dS) and Var(dN) respectively is calculated. Therefore, the null hypothesis H0: dN = dS was 

tested using a Z-test: 

 Z = (dN - dS) / SQRT(Var(dS) + Var(dN)) 

Where SQRT is the square root. 

The alternative hypothesis HA: dN > dS.  

The analysis was bootstrapped for 500 replicates using the Nei-Gojobori model, where the 

transition/transversion ratio was fixed (Nei and Gojobori, 1986). A one-tailed test was 

performed to calculate the level of significance. The null hypothesis, H0 was rejected if the 

p-value was less than 0.05.  
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Chapter 3.  Results 

 

Rapid amplification of complementary DNA (cDNA) ends (RACE) polymerase chain 

reaction (PCR) is a technique used to amplify full-length cDNA transcripts when only a 

partial sequence is known (Frohman et al., 1988). This technique has been used to map the 5’ 

and 3’ ends of transcripts, to identify conserved transcripts between organisms, and define the 

coding regions of mRNA transcripts (Casella et al., 1989; Radicella et al., 1997; Wu et al., 

2008b). Another form of mRNA analysis is the production of expressed sequence tags 

(ESTs), which are cDNA products of total mRNA. ESTs are not target amplified, the mRNA 

is reversed transcribed using oligo dT and the entire synthesis is partially sequenced to 

identify the genes present (Adams et al., 1991).  

Transcription is the process by which messenger RNA (mRNA) is synthesized from the gene 

through complementary base pairing. The starting pointing of transcription on the genome 

initiates at the transcription start site (TSS). The nascent mRNA undergoes RNA processing 

to produce a mature mRNA transcript. The 5’ end of the mRNA transcript obtains a 

methylated cap and in most cases the 3’ end receives a polyadenylated (poly-A) tail, the 

exception are some lncRNA (Hartwell et al., 2008; Kiyosawa et al., 2005; Ravasi et al., 

2006). The poly-A tail is added to the mRNA transcript by a protein complex that detects the 

polyadenylation consensus sequence (AAUAAA) which is 11-30 nucleotides upstream of the 

poly-A tail (Hartwell et al., 2008). This consensus sequence signals the RNA polymerase to 

terminate synthesis and cleave the 3’ end of the mRNA to form a new 3’ end, and this 

recruits a poly-A polymerase that adds adenines to the exposed 3’ end.The methylated cap on 

the 5’ end and the poly-A tail on the 3’ end of the nascent mRNA provide stability to the 

transcript. 

The nascent mRNA is made up of coding and non-coding regions, called exons and introns 

respectively. A protein complex known as a spliceosome “cuts out” the introns and joins the 
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exons to piece together the mature mRNA transcript. Alternative splicing can also occur, this 

is a process where one or more of the exons can be “cut out” of the mature transcript or 

different version of the exons can be present. This allows for different mRNAs to be 

produced from the same primary transcript (Hartwell et al., 2008).  

During cDNA synthesis there are conditions which could lead to artefactual transcripts. 

Messenger RNA transcripts which are transcribed from regions of genomic DNA that contain 

high concentration of guanine and cytosine have the tendency to form stable secondary 

structures (Galtier et al., 2001). Secondary structures such as internal RNA hairpins or stem-

loops can stall the elongation of cDNA transcripts by hindering the reverse transcriptase 

(Klasens et al., 1999). The presence of internal adenine rich regions also hinders the correct 

synthesis of cDNA transcripts. The polyadenine regions bind oligo dT, mispriming the cDNA 

synthesis reaction and thereby creating truncated transcripts (Fig. 3.1).  

 

Figure 3.1: Diagram depicting the ways in which cDNA synthesis artefacts can arise. A) Illustrates the way in 
which trauncated cDNA transcripts can be synthesized when there is a hairpin loop downstream of the reverse 
transcriptase. B) depicts the manner in which artefactual cDNA transcripts are generated when there is a internal 
adenine rich region within the mRNA transcript that is being amplified using oligo dT 

 

Initial analysis has determined that lncMeis2 and Meis2 mRNA transcripts are expressed 

from a region of DNA on the genome of M. musculus with a high concentration of guanine 

and cytosine. This means there could be a chance stable hairpin structures could form after 

the nascent mRNA is synthesised and processed. 
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3.1 RACE analysis of the Meis2 locus 

3.1.1 RACE PCR products 

To characterize the mRNA transcripts which are transcribed from the Meis2 locus Random 

Amplification of cDNA Ends (RACE) polymerase reaction was utilized. Primers were 

designed to highly conserved regions within Meis2 to amplify transcripts from the forelimb 

and head tissue of M. natalensis and M. musuclus.  Meis2 transcripts of M. natalensis and M. 

musuclus were compared in order to determine if there was any sequence variation within the 

coding region. RACE was also used to determine the presence of lncMeis2 mRNA transcripts 

in the tissues for both organisms. 

The inserts from the 16 nested RACE reactions were electrophoresed in 1% (w/v) agarose 

gels stained with ethidium bromide and visualized using UV light (Fig. 3.2.). Figure 3.2A 

shows the 5’ and 3’ RACE inserts generated from M. natalensis forelimb total RNA. There 

were five prominent insert bands: one insert for each nested gene specific primer (NGSP) 1, 3 

and 4 and two for NGSP 2 (Fig 3.2.1A). RACE inserts were amplified from M. musculus 

forelimb total RNA (Fig. 3.2B). There were four distinct bands visible with two dark smears 

occurring in the lanes for NGSP 1, and two each having a single insert (Fig. 3.2.B). NGSP4 

has two insert bands, with NGSP3 having a single band (Fig. 3.2.B). In Figure 3.2.C, there 

are six separate bands visible: one band each for reactions using NGSP 1, 3 and 4 and three 

bands for NGSP2. The total RNA from the head of M. natalensis was used to synthesize the 

RACE inserts in Figure 3.2.C. Figure 3.2.D shows eight RACE inserts generated from M. 

musculus head tissue. There is one insert for NGSP 3, amplified two inserts for NGSP1 and 

four bands for NGSP2.  The inserts amplified for NGSP4 are very faint but there appears to 

be two bands.  

Table 3.1 lists the estimated sizes of the insert bands seen in Figure 3.2. The inserts amplified 

with the NGSP1 and NGSP3 primers for both M natalensis and M. musculus have similar 

sizes, which range from 300 – 700 nucleotides. The sizes of the NGSP2 and NGSP4 differ in 
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size between tissue and organism. The NGSP2 inserts for M. natalensis are much larger in 

size compared to M. musculus. The NGSP4 inserts for M. musculus show variability in size 

between tissues, the inserts from the head range from 2500 – 600 nucleotides whereas in the 

forelimb there was a 700 nucleotide band and a non-discernable smear above 900 

nucleotides. The RACE reactions were electrophoresed in a higher density gel to obtain better 

resolution between inserts of similar sizes. This gel was used to extract the single inserts for 

sub-cloning.   

Table 3.2 shows all the clones sequenced and analyzed for each RACE insert extracted. The 

letters in parentheses illustrate which bands of the reaction were successfully sub-cloned. 

There were at least five clones for each RACE insert which was sufficient for transcript 

analysis. In certain RACE reactions there was more than one insert, which are not apparent in 

Figure 3.2. This was due to the lower density of the gel used. Reactions that contained these 

extra inserts were: M. musculus NGSP1 forelimb (1 extra insert) and head (1); NGSP2 

forelimb (1) and head (1), in M. natalensis NGSP2 forelimb (2) and head (1); and NGSP4 

forelimb (1). During the sub-cloning of the RACE inserts, there were some inserts which 

failed to be ligated into the sequencing vector or were not allowed through the quality control 

process during sequencing and editing protocols. These inserts were: M. musculus NGSP1 

head insert B; NGSP1 head insert A; NGSP4 head inserts B, C and D; and M. natalensis 

NGSP2 inserts A and B. 

The successfully sequenced insert reads were assembled into 5’RACE and 3’RACE reads and 

aligned to the M. musculus genome (NCBI37/mm9) and the intron-exon structure of the 

transcripts were determined. 
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Figure 3.2: Agarose gel photographs showing the nested RACE inserts from A) M. natalensis forelimb; B) M. 
musculus forelimb; C) M. natalensis head and D) M. musculus head. N1 to N4 are the nested RACE primers 
used in the reaction. The molecular weight markers used were: M) MassRuler™ (Fermentas, USA) L1) 1kb 
GeneRuler™ (Fermentas, USA) and L2) 100bp GeneRuler™ (Fermentas, USA) with the sizes indicated  in base 
pairs (bp).  
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Table.3.1: The estimated sizes of the RACE inserts 

  

M. natalensis M. musculus 

  

Forelimb Head Forelimb Head 

lncMeis2 

N3 5'RACE 300 600 500 700,400 

N1 3'RACE 450 450 300 300 

Meis2 

N4 5'RACE 1000 1200 Smear, 700 
2500, 1250 

950, 600 

N2 3'RACE 1750 
3000, 

2000,1200 
800, 450 600 

 

 

Table 3.2: The number of clones sequenced and analysed for each RACE insert band 

  
M. natalensis M. musculus 

  
Forelimb Head Forelimb Head 

lncMeis2 

NGSP3 5'RACE 6(A) 10(A) 9(A) 8(A) 

NGSP1 3'RACE 10(A) 10(A) 9(A), 5(B) 18(B) 

Meis2 

NGSP4 5'RACE 8(A),10(B) 10(A) 5(A) 9(A) 

NGSP2 3'RACE 
5(A),7(B), 

7(C) 
9 (C), 10(D) 

9(A), 6(B), 

8(C) 
9(A), 4(B), 
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Figure 3.3: Schematic diagram showing transcripts expressed from the Meis2 locus in M. natalensis and the M. 
musculus forelimb and head. A) The Meis2 genomic region with arrows showing the putative binding sites of 
the RACE primers N1-N4. B) The position of possible lncMeis2 transcripts (in blue) and the conserved Meis2 
(in gray) intron/exon structure containing 13 exons (boxed numbers).The regions encoding the Meis domain and 
homeodomain are indicated. There are alternatively spliced exons: 11’ and 12a (shown in green), the asterisk (*) 
indicates stop codons and the white boxes represent the untranslated regions (UTRs). A representation of the 
assembled contigs for 5’ RACE (in striped colour) and 3’ RACE (in solid colour) for (C) M. natalensis forelimb 
and (D) head, and for (E) M. musculus forelimb and (F) head and the amount of clones used to assemble the 
read is shown. 
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3.1.2 Meis2 contigs 

The assembled RACE reads for the NGSP2 and NGSP 4 RACE reads showed that there are 

three different Meis2 isoforms present in M. natalensis during development (Fig. 3.3 C & D 

in solid gray), one in the forelimb, one in the head and two shared between the two tissues.  

The isoforms present in M. natalensis were termed BFMeis2_2 (assembled from four clones), 

BHMeis2_3 (four clones), and BFMeis2_1 (two clones) and BHMeis2_1 (five clones), 

respectively. The transcripts BFMeis2_1 and BHMeis2_1 have exon 11 and exon 12a in their 

structural isoform whereas BFMeis2_2 has exon 11 and exon 12b in its isoform. The 

BHMeis2_3 isoform has exon 11’ and exon 12a. The 5’ RACE read for both the forelimb and 

head of M. natalensis (Fig. 3.3 C & D shown in striped grey) showed conserved structure 

with the vertebrate Meis2 mRNA. Twelve clones were used to assemble the 5’RACE read for 

the limb and two were used to assemble the read from the head. 

In M. musculus, the 5’ Meis2 RACE reads (Fig. 3.3 E & F in striped grey) were truncated at 

the 5’ end. The sequences that were assembled to construct the reads did not extend to exon 1 

but halted at exon 6 and at exon 3 in M. musculus forelimb and head 5’RACE ready cDNA 

samples, respectively. The M. musculus 3’ RACE reads (Fig. 3.3 E & F in solid grey) showed 

that there are four isoforms present in both the forelimb and the head.  

The GSP5/NGSP5 5’RACE reactions were used to verify the integrity of the RACE ready 

cDNA. The amplification using NGSP5 RACE primer resulted in a in a smear with no 

prominent insert bands for both the forelimb and the head 5’ RACE ready cDNA of M. 

musculus (Fig. 3.4A lanes 1 and 2, respectively) Conversely, the amplification of M. 

natalensis forelimb 5’ RACE ready cDNA yielded a prominent band at the expected size 

(Fig. 3.4B shown with an arrow).  
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Figure 3.4: Agarose gel photographs of PCR reactions amplified using NGSP5. A) The gel photo of M. 
musculus reactions lane 1 is from forelimb and lane 2 is from the head. B) The gel photograph of the M. 
natalensis from the forelimb, a prominent insert is indicated with an arrow. Lanes M contain the DNA ladder 
MassRuler ™ (Fermentas, USA) with the sizes indicated in base-pairs (bp). 

 

3.1.3 lncMeis2 contigs  

The RACE primer NGSP1 and NGSP3 were designed to determine if there were any 

transcripts expressed upstream of Meis2 in M. natalensis and M. musculus. The NGSP1 and 

NGSP3 reads were assembled into lncMeis2 RACE reads for each tissue (Fig. 3.3 C-F shown 

in striped and solid blue). There was a single read for each tissue type. Contigs amplified 

from M. natalensis forelimb and head were labelled as BFlncMeis2 and BHlncMeis2, 

respectively and were approximately 580 nucleotides in length. There was 95% sequence 

similarity determined over 100% coverage between BFlncMeis2 and BHlncMeis2 (Fig A1). 

Contigs amplified from M. musculus forelimb and head were labelled MFlncMeis2 

(approximately 900 nucleotides) and MHlncMeis2 (approximately 580 nucleotides), 

respectively. These had a sequence similarity of 98% over a 60% coverage between 

MHlncMeis2 and MFlncMeis2 (Fig A2). These contigs were aligned to the M. musculus 

genome (NCBI37/mm9) via USCS genome browser to determine their position relative to 

Meis2 (Fig. 3.7). The transcription start sites (TSS) of the lncMeis2 contigs (M. natalensis 

and M. musculus) initiate approximately 900 nucleotides away from the TSS of any Meis2 

transcripts. All the lncMeis2 contigs terminated at a region 300 nucleotides from the 
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transcriptional start site of the UCSC transcripts of Meis2 (Fig. 3.5 shown in blue) except for 

MFlncMeis2 (Fig. 3.5 shown in black), which terminated within an overlapping region of 

about 130 nucleotides of the 5’UTR of Meis2. This was surprising, since extension of the 

lncMeis2 transcripts into Meis2 has not been previously observed.  

 

 

Figure 3.5: A graphical representation of the alignment of the lncMeis2 contigs to the M. musculus genome via 
USCS genome browser. Custom tracks seen are of the RACE primers NGSP1 and NGSP3, OPERON probe 
M400017713 (Mason et al., unpublished data) and a custom track for the EST AK043601.1 (mouse ortholog of 
lncMeis2). A custom track was designed for the aligned lncMeis2 contigs: MFlncMeis2, MHlncMeis2. 
BHlncMeis2 and BFlncMeis2 (shown in black and grey). 

 

The lncMeis2 RACE contigs were inspected to determine if they contained the 

polyadenylation consensus sequence which should occur within 30 nucleotides upstream of 

the poly-A tail. Figure 3.6 shows the sequences of the lncMeis2 contigs, BFlncMeis2, 

BHlncMeis2 and MHlncMeis2 (Fig. 3.6A) and MFlncMeis2 (Fig. 3.6B). The poly-A tail and 

30 nucleotides upstream of the poly-A tail is indicated (Fig 3.6A & B in brackets). From the 

sequence data of the lncMeis2 contigs it was determined that none of the lncMesi2 contigs 

contain the polyadenylation consensus sequence within the prescribed region (Fig 3.6). 



39 
 

 

Figure 3.6: The 3’ regions of the lncMeis2 contigs from: A) M. natalensis forelimb and head, BFlncMeis2 and 
BHlncMeis2 respectively; M. musculus head, MHlncMeis2 and B) M. musculus forelimb, MFlncMeis2. The 
brackets indicated the regions of the poly-A tail and 30 nucleotides upstream of the poly-A tail. 

 

3.2 RACE Overlap analysis of lncMeis2 and Meis2 

A new RACE experiment was designed to amplify a region upstream of where the 3’ ends of 

the lncMeis2 transcripts terminate. This was done to identify any transcripts present in M. 

natalensis or M. musculus tissue that overlap with the 5’ UTR of the Meis2 and to determine 

if the transcripts extend further into the Meis2 transcript. This was done as a result of the 

overlap evident in MFlncMeis2. 

Single inserts were amplified in the nested 3’ RACE PCR using the NGSP7, in M. natalensis 

and M. musculus. Both the head (Fig 3.7B) and forelimb tissue (Fig. 3.7A lane 1) of M. 

musculus yielded inserts but only forelimb tissue of M. natalensis yielded an insert (Fig. 3.7A 

lane 2). Table 3.3 lists the estimated sizes of the RACE insert amplified with NGSP7.  Table 

3.4 lists the number of inserts that were sub-cloned and the number of replicates that were 

sequenced and analysed. 
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Figure 3.7: Agarose gel photographs of the inserts amplified in the nested RACE PCR using the NGSP7 
primer. A) Lane 1contains the insert from mouse forelimb, and lane 2 the insert from M. natalensis forelimb. B) 
Lane 1 contains the insert from M. musculus head. Lanes M contain the MassRuler ™ DNA Ladder (Fermentas, 
USA) with the sizes indicated in base-pairs (bp) 

 

 

Table 3.3: Estimated sizes of the RACE inserts 

  
M. natalensis M. musculus 

  
Forelimb Head Forelimb Head 

lncMeis2 
NGSP7 
3'RACE 

250 250 150 - 

 

 

Table 3.4: A summary of RACE inserts and replicates that were sub-cloned, sequenced and 
analysed 

  
M. natalensis M. musculus 

  
Forelimb Head Forelimb Head 

lncMeis2 
NGSP7 
3'RACE 

5 (B) 5 (A) 5 (A) - 
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The NGSP7 reads were aligned to the genome of M musculus with the lncMeis2 contigs (Fig 

3.8). As seen in figure 3.8 the M. musculus NGSP7 transcript, MF3ssN7A_1, aligned and 

terminated to the same region as MFlncMeis2. The M. natalensis transcripts BF3ssN7B_1 

and BH3ssN7A_1 both aligned to the same region where MFlncMeis2 is located but the two 

M. natalensis transcripts extended further into the 5’ UTR of Meis2 than MFlncMeis2 (Fig. 

3.8) 

 

 

Figure 3.8: A UCSC genome alignment of the lncMeis2 contigs and the NGSP7 reads (shown in black) in 
relation to Meis2 transcripts (shown in blue). 

 

An investigation of nucleotide sequences of the genomic regions where the NGSP1 and 

NGSP7 3’ RACE inserts for M. natalensis and M musculus terminates revealed that all the 3’ 

transcripts ended in an adenine rich region (Fig. 3.9 highlighted in red). These adenine rich 

regions are conserved within vertebrates as seen by the MultiZ alignments of the different 

vertebrate genomes (Fig. 3. 9) (Blanchette et al., 2004).  
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Figure 3.9: A USCS genome browser output showing the alignments of the A) lncMeis2 reads, B) NGSP7 
inserts and the MFlncMeis2 contig (shown in black) aligned to the mouse genome with the track for USCS 
genes present (Meis2 transcripts shown in blue).  The red boxes enclose the adenine rich regions in which the 
lncMeis2 and the NGSP7 insert terminate. The blue bar graph indicates the conservation of the nucleotide 
sequences across the mammalian lineage. The alignments of other vertebrate sequences to the mouse are shown 
at the bottom of each alignment (A) and (B). 

 

3.3 Ascertaining Meis2 overlap via conventional PCR 

To address the concern of artefactual sequences, a conventional PCR experiment was 

designed to amplify any mRNA transcripts that span from lncMeis2 to within the 5’ UTR of 

Meis2 in both M. natalensis and M. musculus. During the cDNA synthesis random hexamers 

were used instead of oligo dT to amplify the mRNA. Random hexamers are oligonucleotides, 

six nucleotides in length and contain randomly generated sequences. These oligonucleotides 

are able to bind anywhere within the mRNA transcript in an unbiased manner. The cDNA 

was then amplified using Meis2 Overlap (MO) primers: the forward primer was designed to 

bind within lncMeis2 and the reverse primer was designed to bind within the 5’ UTR of 

Meis2. Primers that specifically amplified Meis2 and lncMeis2 only were used as controls for 

the experiment. Figure 3.10 shows lncMeis2 and Meis2 were present in all tissues. The MO 
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primers amplified an insert approximately 650 nucleotides in M. natalensis tissue and an 

insert approximately 550 nucleotides in M. musculus (Fig 3.10). The inserts were sequenced 

and aligned to the M. musculus genome (Fig. 3.11). The MO inserts mapped to the region 

overlapping lncMeis2 and the 5’UTR of Meis2 (Fig 3.11A). There are also three EST which 

map to the overlap region (Fig. 3.11B). 

Figure 3.11C shows a graph indicating the abundance of RNA polymerase II (RNAP II) 

bound to the genome in the region of lncMeis2 and Meis2. These data were obtained from the 

LICR/ENCODE transcription factor binding site track by using chromatin 

immunoprecipatation to identify binding regions of specific transcription factors. This 

particular track shows the prevalence of RNAP II on M. musculus genome using mouse 

embryonal fibroblast (MEF) cells. By using a gene annotation online application BioGPS 

(Wu et al., 2009) and the MOE430 gene atlas data set (Lattin et al., 2008), it was confirmed 

that the MEF cells express Meis2. The peak of RNAP II occupancy extends from the TSS of 

lncMeis2 into the 5’ UTR of Meis2. This suggests that the transcription of Meis2 initiates at 

the TSS of lncMeis2. There are 2 Ensembl transcripts ENSMUST00000110907 and 

ENSMUST0000010908 (Fig. 3.13D) which have 5’ UTRs that extend over the region onto 

which lncMeis2 maps. 
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Figure 3.10: Gel photos from the Meis2 overlap experiment. A) A schematic diagram indicating the putative 
binding sites of the primers. B) Gel photos of the PCR reactions from each tissue. Lane M contains the 
MassRuler ™ DNA Ladder (Fermentas, USA) with the sizes indicated in base-pairs (bp). 

 

 

Figure 3.11: A UCSC genome alignment of lncMeis2 contigs and Meis2 overlap contigs with the M. musculus 
genome indicating (A) the Meis2 overlap contigs, (B) the position of the three ESTs overlap ping lncMeis2 and 
Meis2, (C) the track indicating the presence of RNA polymerase II bound to the genome in the MEF cell line 
and (D) Ensembl transcripts in red. 
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3.4 The evolution of Meis2 in bats 

One of the main facets of evo-devo is the comparison of developmental genes across species 

(Carroll, 2005). A simple method to test adaptive evolution is to determine the selection 

model acting upon a given locus between two or more species. This can be done by 

comparative analysis of the protein coding region of the gene and examining the rate of 

nucleotide substitutions that occur over evolutionary time (Kimura, 1980). There are two 

types of nucleotide substitutions within the coding domain of a gene: synonymous 

substitution, where the nucleotide substitution does not alter the codon sequence or amino 

acid, and non-synonymous substitution where the nucleotide change results in a different 

amino acid.  

3.4.1 Selection analysis of Meis2 in bats 

The M. natalensis Meis2 transcripts assembled in section 3.2 were used in this analysis. 

There are only two bat species which have Meis2 sequences in GenBank, Myotis lucifugus 

and Myotis brandtii. The Meis2 transcripts for these species are predicted sequences that were 

assembled computationally, not through in vitro studies (Birney et al., 2004). The predicted 

CDS transcripts for each Meis2 transcript was obtained from GenBank (Benson et al., 2009) 

and used in this study. Other predicted CDS transcripts were also obtained for, Equus 

caballus (horse) and annotated Meis2 CDS transcripts were obtained for: Homo sapiens 

(human) and M. musculus (house mouse). 

The phylogenetic software package Molecular Evolutionary Genetics Analysis (version 

5.0.2) (Tamura et al., 2011) was used to perform selection analysis on the Meis2 CDS 

transcripts. The Codon-based Z-test for positive selection and the Nei-gojobori were chosen 

and the bootstrap value was set to 500 replicates.  

Table 3.5 contains the transcript name and accession number of the grouped Meis2 transcripts 

that was used in the analysis. The transcripts were divided into three groups according to 
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intron/exon structure:  group 1 contained the transcripts which have exon 11 and exon 12a; 

group 2 has exon 11 and exon 12b; and group 3 transcripts have exon 11’ and exon 12a. 

Table 3.6 contains the test statistic (p-values) of the Z-tests that were performed on the Meis2 

coding domain sequences. A p-value of less than 0.05 for the Z-test would mean the 

transcript is under positive selection. But as seen in table 3.6 all the p-values have a value of 

1, the Z-test show in favour of the null hypothesis of neutral selection (the number of non-

synonymous changes = the number of synonymous changes) and reject the alternative of 

positive selection.  
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Table 3.5: The names and accession numbers of the grouped Meis2 transcripts used in the 
selection analysis 

Group Meis2 Transcript Name Accession Number 

1 

mnFMeis2_1* 
 

mlMeis2_x4 XM_006087500 

Horse Meis2_x6 XM_005603163 

Human Meis2_b NM_170674.4 

Mouse Meis2_v1 NM_001136072.2 

2 

mnFMeis2_2* 
 

mlMeis2_x2 XM_006087498 

mbMeis2_x3 XM_005879353 

Horse Meis2_x2 XM_001503627 

Human Meis2_d NM_170675.4 

Mouse Meis2_v2 NM_010825.3 

3 

mnMeis2_3* 
 

mlMeis2_x3 XM_006087499 

mbMeis2_x5 XM_005879355 

Horse Meis2_x4 XM_005603162 

Human Meis2_a NM_170677.4 

Mouse Meis2_v3 NM_001159567.1 

 

mn – M. natalensis, ml – M. lucifugus, mb – M. brandtii *the M.natalensis transcripts do not have accession 
numbers 
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Table 3.6: The p-values of a codon based Z-test on positive selection of the Meis2 coding 
region for two bat species and other vertebrates 

 

   

Group 1 
Meis2 Transcript Name 1 2 3 4 5 

1 mnFMeis2_1           

2 mlMeis2_x4 1.000       

3 Horse Meis2_6 1.000 1.000 
 

    

4 Human Meis2_b 1.000 1.000 1.000 
 

  

5 Mouse Meis2_v1 1.000 1.000 1.000 1.000 
 Group 2 

Meis2 Transcript Name 1 2 3 4 5 6 

1 mnFMeis2_2             

2 mlMeis2_x2 1.000           

3 mbMeis2_x3 1.000 1.000         

4 Horse Meis2_x2 1.000 1.000 1.000       

5 Human Meis2_d 1.000 1.000 1.000 1.000     

6 Mouse Meis2_v2 1.000 1.000 1.000 1.000 1.000   
Group 3 

Meis2 Transcript Name 1 2 3 4 5 6 

1 mnMeis2_3             

2 mlMeis2_x3 1.000           

3 mbMeis2_x5 1.000 1.000         

4 Horse Meis2_x4 1.000 1.000 1.000       

5 Human Meis2_a 1.000 1.000 1.000 1.000     

6 Mouse Meis2_v3 1.000 1.000 1.000 1.000 1.000   
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Chapter 4.  Discussion 

 

To date much is known about the diverse roles Meis2 plays in embryonic development. The 

expression of Meis2 is well documented in the vertebrate limb however, little is known of the 

role Meis2 plays in the formation of the bat wing. In this study, Random Amplification of 

cDNA Ends (RACE) polymerase chain reaction was used to determine the transcripts which 

are expressed from the Meis2 locus in the Natal Long-fingered bat (Miniopterus natalensis) 

and the mouse (Mus musculus).  

The results of the analysis identified three transcripts variants (isoforms) of Meis2 in the bat, 

two isoforms were identified in the forelimb and two in the head, one isoform was shared 

between the tissues. The contigs amplified were labelled BFMeis2_1, BFMeis2_2, 

BHMeis2_1 and BHMeis2_3. The variability of the isoforms comes from the different 

combinations of the alternative splice sites at the 3’ end of the Meis2 transcripts (Irimia et al., 

2011; Sánchez-Guardado et al., 2011). The alternative splice sites are conserved among 

vertebrates, therefore the different isoforms are conserved as well (Irimia et al., 2011). The 

3’region of the Meis isoforms encode for different interacting domains, e.g. transcriptional 

activation domains and regulatory modules that alter protein transcriptional activity and 

response to cell signalling (Huang et al., 2005; Irimia et al., 2011; Yang et al., 2000). 

Changing the combination of the isoforms could allow subtle changes in the control MEIS 

proteins have on transcriptional activity, e.g. MEIS proteins have the propensity to enhance 

the cell proliferation by activating cell cycle genes (Bessa et al., 2008; Heine et al., 2008a; 

Huang et al., 2005; Irimia et al., 2011; Sánchez-Guardado et al., 2011). Although this hints at 

the function of Meis2 isoforms, these experiments were tested in the eyes and cerebral tissue 

of zebrafish and mice, and not in any limb tissue (Bessa et al., 2008; Heine et al., 2008a; 

Huang et al., 2005). 
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Analysis of the amplification of Meis2 transcripts from M. musculus showed four isoforms 

present in both the head and forelimb tissue. These results were determined from 3’ RACE 

results as 5’ ends of the 5’RACE reads were truncated. The truncations of the 5’ RACE read 

were due to the degraded RNA from M. musculus which was used to synthesize the RACE 

ready cDNA. 

The analysis of the lncMeis2 transcripts showed two contigs from M. natalensis (one from 

the head, BHlncMeis2 and one from the forelimb, BFlncMeis2) but because they share almost 

100% sequence similarity they could be considered the same transcript. Two contigs were 

also amplified from M. musculus tissue MHllncMeis2 and MFlncMeis2. There was a 

sequence similarity of 98% over 60% coverage between MHlncMeis2 and MFlncMeis2. All 

the lncMeis2 contigs mapped to region upstream of annotated Meis2 transcripts when aligned 

to the M. musculus genome. The M. natalensis lncMeis2 contigs and MHlncMeis2 showed no 

overlap with the Meis2 transcripts except MFlncMeis2 which overlap with the 5‘UTR of 

Meis2. Through further RACE and PCR analysis it was determined that the lncMeis2 

transcripts from both M. natalensis and M. musculus overlap with Meis. The overlap of 

lncMeis2 and Meis2 has previously not been observed. Further analysis of the 

lncMeis2/Meis2 overlap has shown that lncMeis2 could be an artefact transcript or a low-

level upstream transcript of unknown significance. 

All the lncMeis2 contigs do not contain the polyadenylation consensus sequence, which is 

pivotal to the processing of nascent mRNA transcripts during transcription (Das et al., 2001). 

The lack of the polyadenylation consensus in all the lncMeis2 transcripts suggests that these 

transcripts are not valid mRNAs and the poly-A tails are artefacts from cDNA synthesis 

(Proudfoot and Brownlee, 1976).  

The lncMeis2 contigs from both M. natalensis and M. musculus terminated within conserved 

adenine rich regions upstream of the Meis2 5’UTR. The Meis2 overlap analysis demonstrated 
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that when random hexamers are used to synthesize the cDNA, a transcript can be amplified 

that overlaps lncMeis2 and Meis2. If this represents a legitimate, overlapping transcript then 

it contains internal adenine rich region, the same regions where the lncMeis2 transcripts 

terminate. These poly-adenine regions allow for the mispriming of oligo dT, a primer which 

is used to amplify mRNA transcripts (Das et al., 2001; Nam et al., 2002). The mispriming of 

oligo dT at adenine rich regions causes the truncation of a full length transcript at the adenine 

region. These internal adenine rich regions mimic the poly-A tail of nascent mRNAs. The 

initiation of amplification from these regions, by the polymerase, results in truncation of the 

transcript (Nam et al., 2002; Rampias et al., 2012). The truncated transcript would not have a 

valid poly-A tail therefore the transcript would not have the polyadenylation sequence which 

would signal RNA polymerase to add the valid poly-A tail (Das et al., 2001; Proudfoot and 

Brownlee, 1976). 

For correct initiation of transcription, the initiation complex, which contains RNAP II, binds 

30 to 50 nucleotides upstream of the TSS before scanning for the TSS to begin RNA 

synthesis (Mayer et al., 2010). Here we see the presence of RNAP II approximately 950 

nucleotides away from the TSS of Meis2 and closer to the TSS of lncMeis2. This evidence 

suggests that initiation of Meis2 starts at the TSS of lncMeis2 and that lncMeis2 is a part of 

the 5’ UTR of Meis2, and therefore not a valid mRNA transcript.  

There are two Meis2 transcripts for M. musculus present in the Ensembl database which have 

overlapping 5’UTRs with lncMeis. However, these transcripts were assembled from 

annotated transcript data and ESTs from mouse and human databases (Birney et al., 2004). 

There are no transcripts described that overlap with Meis2 and lncMeis2 that were transcribed 

in vitro. But evidence suggested here indicates there is a the presence of a transcript with an 

overlapping 5’UTR in vitro. 
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The implications of oligo dT mispriming due to internal adenine regions, as stated previously 

in Nam et al, 2002, can cause problems in gene identification as the synthesis of full length 

cDNAs will be interrupted. Truncation of the gene makes the gene assembly difficult. 

Mispriming of oligo dT can lead to problems in gene identification and gene expression 

analysis (Nam et al., 2002). The truncated transcripts that are generated from the mispriming 

during cDNA can increase the background and give false positives; the truncated transcripts 

can disperse the signal from a single transcript, among multiple detected transcripts. (Nam et 

al., 2002) 

Selection analysis of the coding domain sequence (CDS) of M. natalensis Meis2 transcripts 

and the predicted transcripts from M. lucifugus and M. brandtii has shown that Meis2 in bats 

is not under positive selection. Meis2 CDS is highly conserved, the first 10 exons contain the 

MEIS domain and the homeodomain, which are vital to MEIS2 proteins function as a 

transcription factor (Bürglin, 1998; Irimia et al., 2011). The only variable region of Meis2 

transcript is the last three exons, 11, 12a and 12b, where the alternative splicing occurs. The 

3’ region contains several domains which have been involved in transcriptional activation and 

cell signalling (Bessa et al., 2008; Heine et al., 2008a; Huang et al., 2005; Irimia et al., 2011; 

Sánchez-Guardado et al., 2011). If the coding sequence of Meis2 is not responsible for the 

variation seen in bat limbs then it could the regulation of Meis2 expression that leads to the 

morphological differences (Carroll, 2005). 

I acknowledge the limitations of this study: the number of clones that contained RACE 

products. These could have been increased to increase the chances of isolating more isoforms 

from M. natalensis. It is possible that there are more isoforms present in M. natalensis that I 

did not isolate. The truncated M. musculus 5’ RACE reads was due to degraded RNA that 

was extracted from the head and forelimb. Due to limited embryos and prioritization of 

another study the extraction and 5’RACEready cDNA synthesis could not be repeated.  



53 
 

 In the positive selection analysis, more bat Meis2 transcripts could have been incorporated, 

but there have not been any recent predicted or annotated Meis2 transcripts for any bat 

species. 

Chapter 5. Concluding Remarks 

 

Here, evidence is provided to suggest three isoforms of Meis2 present in the developing M. 

natalensis embryo, and two of the isoforms are found in the developing limb bud. These 

isoforms are also under no positive selection and are highly conserved. Evidence is also 

provided to suggest that lncMeis2 is not a valid lncRNA and is a truncated transcript artefact.  

The Meis2 isoforms have been shown to illicit transcriptional activation especially in cell 

proliferation (Bessa et al., 2008; Heine et al., 2008b; Irimia et al., 2011), this same 

mechanism could be responsible for the outgrowth of the limb bud. In terms of M. natalensis, 

Meis2 was shown to be expression in the retained interdigital webbing of the developing 

autopod. Meis2 could be aiding the proliferation of ectodermal cells of the webbing which 

would later be the membrane of the wing. 

The lncMeis2 transcript was determined to be a false positive. It was generated from the 

mispriming of oligo dT to internal adenines within the 5’UTR of Meis2. In the transcriptome 

analysis of the bat wing formation lncMeis2 shown a significantly differential signal than 

Meis2 (Mason, Msc Thesis 2009). Gene expression analysis was also used to confirm the 

expression of lncMeis2 in the developing wing of M. natalensis. The result of the analysis 

showed lncMEis2 expression was significantly higher than Meis2 (Mason and Illing, 

unpublished data). In both these studies oligo dT was used to generate the cDNA, which as 

suggested, created a false lncMeis2 transcript at high levels which skewed the results in 

favour of lncMeis2. 
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Further work needs to be done to determine whether there is in fact a lncMeis2 transcript 

present in bat or mice. The use of Northern blot analysis is recommend as there is no need for 

the generation of cDNA or the use of oligo dT, total RNA is used. Targeted RACE can also 

be used where adaptor oligos can be ligated to the 3’ ends of the total RNA and in 

conjunction with the gene specific primer, can amplify the target without the need for oligo 

dT. 

In conclusion, I have shown that there are three isoforms present in the developing bat (M. 

natalensis) and that the once thought lncMeis2 is not a valid mRNA transcript but an artefact 

of cDNA synthesis via oligo dT.  
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Appendices and Supplementary Information 

 

Table A 1: List of Primers used in this study 

Experiment Primer Name Sequence (5’- 3’) No. Bases Tm (°C) GC (%) 

3’RACE GSP1 ACG GGC TAT GGC CAC CAC GAC TTC CGG GTT CC  32 71.4 65.6 

3’RACE GSP2 ATG ACG CAA CCT CCA CCC ACT CAG CAG GCA CC 32 70.4 62.5 

5'RACE GSP3 ATC CCT CCC TCT CTC GCT CGT TCT CAC TCG CGC T 34 70.4 61.8 

5'RACE GSP4 ATG CAG GCC GGA TTC CCA TGT GTT GCT GAC C 31 68.4 58.1 

5'RACE GSP5 ATG CTG TTG TCT CCA CTC TGG GAA GC 26  69.8 53.8 

3’RACE GSP7 CCG CTC GTA ACC TTC AGT TCG GG 23 69.1 60.9 

3'&'5RACE UP CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT 46 76.9 45.7 

Nested 3’RACE NGSP1 ACG AAC CGC GCC GCC AAA CTG AGG CTC TTC TA 32 69.7 59.4 

Nested 3’RACE NGSP2 AGC TTC CCA GAG TGG AGA CAA CAG CAG TGA GCA AGG G 37 69.2 56.8 

Nested 5'RACE NGSP3 ATC GCT CTC TCG CGC TCG CTC TCT CTC GCT CTC T 34 70 61.8 

Nested 5'RACE NGSP4 ACG GAT GTG TGA GAT GCT GGA AGA GCC ACG C 31 67.6 58.1 

Nested 5'RACE NGSP5 ATT GAG GTT GCG TCA TCG TGG TCT C 25  69.5 52.0 

Nested 3’RACE NSGP7 AGG AGT AAA GGA GGA GGA GGA AGA TCA G 28 66.3 50.0 

Nested 
3'&'5RACE 

NUP AAG CAG TGG TAT CAA CGC AGA GT 23 62.4 47.8 

Meis2 overlap Meis2Overlap_F GGG AGG AAG AAT TCA AGA AGC 21 59.3 47.6 

Meis2 overlap Meis2Overlap_R CCA GTC CGG ATA AGA AAG TGA 21 59.2 47.6 

Meis2 overlap Meis2_F GAA GAA ACA GTT AGC GCA AGA CA 23 60.9 43.5 

Meis2 overlap Meis2_R ACC ATC CAA CAC AAA GCT CC 20 60 50 

Meis2 overlap lncMeis2_F CTA TGG CCA CCA CGA CTT C 19 59.1 57.9 

Meis2 overlap lncMeis2_R TGT CAG TAG GTG TTG GCA GG 20 59.7 55.0 
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Table A 2: List of Transcripts that failed to be sub -cloned or sequenced 

Failed sub-cloning Failed sequencing 

BF5ssN1B 
BH3ssN2A, 

BH3ssN2B 

 
MF3ssN2D 

 
MH3ssN1A 

 

MH5ssN4B, 

MH5ssN4C, 

MH5ssN4D 

 

MH3ssN2D, 

MH3ssN2C 

 

 

Figure A1: Multiple sequence alignment of BFlncMeis2 and BHlncMeis2. 
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Figure A2: Multiple sequence alignment of MFlncMeis2 and MHlncMeis2 

 

Supplementary Methods: 

1. RNA extraction (RNeasy Mini kit, QIAGEN) 
 

The protocol for purification of total RNA from animal tissue was followed (RNeasy Mini 

kit, QIAGEN). The head and forelimb tissue put in in a 1.5ml sterile tubes containing 600µl 

of Buffer RLT and were homogenized using a pestle. The lysate was centrifuged for 3 

minutes at 140,000 rpm in a microcentrifuge. One volume of 70% (v/v) ethanol was added 

and mixed by pipetting. A measure of 700µl of the lysate was added to the RNeasy spin 

column placed in a 2ml collection tube. The spin column lid was closed and centrifuged for 

15 seconds at 10,000 rpm. The flow-through collected in the collection tube was discarded. 

Buffer RW1, at a volume of 700µl, was added to the spin column, the lid was closed and the 

tube was centrifuged for 15 seconds at 10,000 rpm. The flow-through was discarded form the 

collection tube. Buffer RPE was added to the spin column at a volume of 500µl. The spin 

column lid was closed and the assembled tube was centrifuged for 15 seconds at 10,000 rpm. 

The flow-through from the collection tube was discarded. The RPE buffer step was repeated 
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as stated above. The RNeasy spin column was placed in a sterile 1.5ml collection tube and 

50µl of RNase-free water was added directly to the spin column membrane. The spin column 

lid was closed and the assembled tube was centrifuged for 1 minute at 10,000 rpm to elute the 

immobilised RNA on the membrane. 

 

2. RACE-Ready cDNA Amplification 
 

The generation of RACE-ready cDNA was followed as per the manual. A master mix (MM1) 

was made, containing: 2µl of 5x First-Strand Buffer, 1µl of 20mM dithiothreitol and 1µl of 

dNTPs for each reaction. tHe miaster mix was then placed on ice. Separate reactions were 

prepared for 5’RACE-Ready cDNA generation for each species and tissue type, and 3’ 

RACE ready cDNA generation for each specie and tissue type. To each reaction tube 2µl of 

RNA was added and either 1µl 5’-CDS Primer A (for 5’ RACE-Ready cDNA) or 3’-CDS 

Primer A (for 3’ RACE-Ready cDNA) was added. Sterile water was added to the reactions 

for a final volume of 3.75µl for 5’ RACE or 4.75µl for 3’RACE. Each reaction tube was 

mixed by vortexing and briefly centrifuge in a microcentrifuge. The reactions were incubated 

at 72°C for 3 minutes and then cooled to 42°C for 2 minutes. After the reactions have cooled 

the reaction tube was briefly centrifuged for 10 seconds at 140,000 rpm. To just the 5’RACE-

Ready cDNA synthesis reactions 1µl of the SMARTer IIA Oligo was added. The 5’RACE 

reactions were briefly mixed by vortexing and centrifuged briefly. Another master mix 

(MM2) was made, containing: 4µl of MM1, 0.25µl of RNase Inhibitor (40 U/ml) and 1µl of 

SMARTScribe™ Reverse transcriptase (100U) for each reaction. To the cooled reaction 

tubes 5.25µl of MM2 was added, which will bring the total volume of each reaction tube to 

10µl. The contents of each reaction tube were mixed by gentle pipetting and each tube was 

briefly centrifuged. The reaction tubes were incubated at 42°C for 90 minutes and then at 

70°C for 10 minutes. The reactions were then diluted with 100µl Tricine-EDTA. 

 




