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Abstract 

In Drosophila melanogaster, where males are XY and females are XX, dosage 

compensation is acheived by approximately two-fold upregulation of transcription of the 

single male X chromosome.  This upregulation is mediated by the dosage compensation 

complex (DCC), which is assembled in a sequential manner on the male X chromosome 

and is composed of the two noncoding roX (RNA on the X) RNAs and at least five 

proteins, including the RNA helicase Maleless (MLE).  MLE contains two highly 

conserved double stranded RNA binding domains (DSRBDs) at the N terminus.  We 

investigated the roles of the roX RNAs and MLE helicase through experiments using 

classical genetic methods to generate and analyze the effects of mutants and mutant 

transgenes, immunolocalization experiments to study MSL protein and roX RNA to 

chromosomes.  For the first time in vivo, we demonstrate that MLE associates with 

double stranded RNA in a sequence non-specific manner that is independent of other 

DCC components.  Importantly, we find that the DSRBDs of MLE are essential for 

dosage compensation but are not required for MLE localization to the male X 

chromosome.  We propose that although the DSRBDs are not essential for ds RNA 

binding, they may act synergistically with other domains of MLE or other MSLs to 

associate with RNA in vivo.  We propose that a MLE/ roX RNA association involving 

secondary structure formed by the roX RNAs may be involved in the assembly, 

stabilization, or function of the DCC. 
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Chapter One: Introduction 

 

Overview of Dosage Compensation  

 

Sex-specific chromosomes (commonly referred to as X and Y) provide the basis 

for sex determination in many animal species. However, this difference in karyotype has 

drastic consequences for the quantitative output of the genomes of the two sexes, as sex 

chromosomes harbor thousands of genes with no role in sex determination but important 

functions in basic cellular and organismal processes. Therefore, heterogametic animal 

species have acquired distinct mechanisms, commonly referred to as dosage 

compensation, to adjust the different copy number of X–linked genes (reviewed in Kindel 

and Amrein, 2003; Meller, 2000; Marin et al., 2000).    

 

Because sex chromosomes evolved numerous times in life history (reviewed in 

Lucchesi, 1999), many different mechanisms of dosage compensation have been 

established in various animal phyla. Common to all these mechanisms are two features: 

First, dosage compensation operates in one sex only, requiring a reliable regulatory 

mechanism that distinguishes the two karyotypes. Second, dosage compensation acts on 

one (or a pair) of sex chromosomes, but does not affect any of the far more numerous 

autosomes in the nucleus, demanding a need for chromosome recognition by the 

compensation machinery. 
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Different Mechanisms of Dosage Compensation  

 

From its discovery in Drosophila more than half a century ago (Muller, 1932; 

Muller, 1950) and soon afterwards in mammals (Lyon, 1961), the phenomenon of dosage 

compensation has intrigued researchers in an increasing number of fields including 

genetics, cytology, gene regulation, chromatin structure, sex determination, epigenetics 

and RNA biology. Thus, dosage compensation is a process at the intersection of 

numerous biological disciplines. One of its hallmarks is the variety of mechanisms that 

have evolved in different animal systems.  

 

The need for dosage compensation is a direct consequence of the evolution of sex 

chromosomes, whose purpose is to implement genetic control of sexual development and 

differentiation (reviewed in Kelley and Kuroda, 2000b; Lucchesi, 1999; Marin et al., 

2000; Meller, 2000).  This control is mediated by various different mechanisms, but 

usually involves specific genes located on one of the sex chromosomes themselves.  

 

The X chromosomes in mammals, Drosophila, and C. elegans contain genes 

involved in sex determination as well as numerous processes essential in both sexes.  

Thus, dosage compensation is needed to avoid a large-scale genetic imbalance due to the 

different copy number of these chromosomes in males vs. females.  For example, about 

3300 of the roughly 14,000 genes in Drosophila map to the X chromosome, which means 

that almost one quarter of all gene products would be twice as abundant in XX females 
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compared to XY males in the absence of a compensation mechanism.  Such a bias, if 

unattended, would have severe consequences during development and ultimately lead to 

lethality. In contrast to the gene-rich X chromosome, the Y chromosome contains 

relatively few genes, most of which are essential for male fertility. 

 

Four gene regulatory solutions can be envisioned to implement dosage 

compensation, and at least three of these solutions are used in various animal systems 

(Lucchesi, 1998; Meller, 2000; Park and Kuroda, 2001). The first is implemented in 

mammals, where an entire X chromosome in all somatic cells of the homogametic (XX) 

female is silenced in a process called X-inactivation (reviewed in Brockdorff, 2002).  A 

second solution, the down-regulation of gene expression by 50% in the homogametic 

(XX) hermaphrodite is realized in the nematode C. elegans (reviewed in Meyer, 2000). A 

third mechanism, two-fold up-regulation of all genes on the X chromosome, is 

implemented in the heterogametic (XY) Drosophila male (reviewed in Kelley and 

Kuroda, 1995; Meller and Kuroda, 2002; Stuckenholz et al., 1999).  Common to all three 

mechanisms is that virtually all genes on the affected chromosome are transcriptionally 

regulated in a chromosome-wide manner.  

 

Finally, one can imagine a fourth process in which the expression of genes with 

crucial functions (during development or in regulatory networks) would be selectively 

adjusted. Recent studies in birds, long thought not to dosage compensate their sex-

chromosome-linked genes, provide evidence that some but not all genes on the gene-rich 
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Z sex-chromosome are compensated (reviewed in Ellegren, 2002; McQueen et al., 2001). 

Whether the non-compensated Z-linked genes are just rare exceptions of an established 

mechanism such as mammalian X inactivation, where some genes found in the pseudo-

autosomal region escape X inactivation, or whether they reflect a truly distinct 

mechanism of dosage compensation remains to be seen.  

 

Basic Principles of Dosage Compensation  

 

Regardless of the specific mechanism, dosage compensation must adhere to 

several important principles.  First, it must be sex-specific (i.e. implemented only in one 

sex).  Second, at least one component of the compensation machinery must specifically 

recognize the sex chromosome. Third, the various dosage compensation components 

must assemble into functional complexes (the dosage compensation complexes or 

DCCs). And finally, DCCs need to spread to chromatin containing regulatory (DNA) 

elements of (almost) all genes on that chromosome.  

 

Male-Specific Hyper-Transcription by Chromatin Modification  

 

 In Drosophila melanogaster, early cytological investigations of polytene 

chromosomes from salivary gland nuclei of male and female larvae revealed that the 

single male X chromosome appears broader than the two paired female X chromosomes 
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(Aronson et al., 1954; Dobzhansky, 1957), indicating that the chromatin on the male X 

chromosome is less densely packed than that of the two female X chromosomes, making 

the male X chromatin more accessible to transcriptional machinery.  The first direct 

measurements of RNA synthesis of X-linked genes confirmed that the transcriptional 

output of the two gene copies on the female X chromosomes is identical to that of the 

single copy on the male X (Mukherjee, 1966; Mukherjee and Beermann, 1965). Taken 

together, these studies pointed to a male compensation mechanism via hyper-

transcription rather than female hypo-transcription.   

 

After genetic studies identified several male-specific lethal mutations, dosage 

compensation was more directly linked to the male sex (Belote and Lucchesi, 1980; 

Fukunaga et al., 1975; Hilfiker et al., 1997; Uchida et al., 1981). Genetic and molecular 

analysis of these genes, which became known as the male-specific lethal (msl) genes - 

msl1, msl2, msl3, maleless (mle) and male-absent on the first (mof) - showed that 

mutations in any of the them produced virtually identical phenotypes: male-specific 

lethality during late third instar larval and early pupal stages, when a major 

reorganization of the animal’s body plan from larva to fly begins. The similarity of the 

mutant phenotypes indicated that the MSL proteins are likely to function in the same 

process. Protein localization studies using antibodies against each of the MSLs showed 

that all five proteins co-localize to hundreds of sites along the male X chromosome, 

providing the first evidence for a dosage compensation complex (DCC) (Bone et al., 
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1994; Gorman et al., 1995; Gu et al., 1998; Kuroda et al., 1991; Palmer et al., 1993; Zhou 

et al., 1995).  

 

A molecular link between dosage compensation and changes in chromatin 

composition/structure of the male X chromosome was established when Turner and co-

workers found that a hyperacetylated histone H4 isoform, H4Ac16, is highly enriched on 

the male X chromosome, but not on those of females or on autosomes (Turner et al., 

1992). Indeed, H4Ac16 co-localizes with the MSL proteins to hundreds of discrete bands 

on the salivary gland chromosomes (Bone et al., 1994). Acetylation of specific lysine 

residues within the N-terminal tails of core histones weakens their association with 

chromatin, and is often associated with transcriptionally active genes (Brown et al., 

2000). 

 

Male-Specificity Is Dependent on Absence of SXL Repressor 

 

In Drosophila, the regulatory control mechanism that implements dosage 

compensation in males is implemented after embryogenesis and is maintained throughout 

the life of the animal (Cline and Meyer, 1996). Dosage compensation is established in 

males because they lack the Sex-lethal (SXL) repressor, an RNA binding protein that 

inhibits translation of the male-specific lethal 2 (msl2) mRNA, which encodes a key 
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component of the DCC (Bashaw and Baker, 1995; Bashaw and Baker, 1997; Kelley et 

al., 1995; Kelley et al., 1997).  

 

Female-specific activation of Sxl is directly linked to the highly sensitive nature of 

its promoters to the concentration of two helix-loop-helix transcriptional regulators, SIS-

A and SIS-B, in the early embryo (Bopp et al., 1991; Cline, 1988; Erickson and Cline, 

1993; Parkhurst et al., 1990). The sis-A and sis-B genes are located on the X-

chromosome; consequently, their protein products are twice as abundant in female as 

opposed to male embryos, a difference that results in the activation of the Sxl promoter in 

females and lack of activation in males. Hence, only the young female embryo produces 

“early” SXL protein. A few hours later in development, a promoter switch occurs. SIS-A 

and SIS-B are no longer expressed and the sis-A/sis-B dependent Sxl promoter is shut 

down; at this point, a constitutive promoter is activated (Keyes et al., 1992), which 

produces Sxl transcripts in both sexes. However, proper splicing of this new Sxl transcript 

requires “early” female-specific SXL protein (Bell et al., 1991; Bell et al., 1988). This 

ensures that additional SXL protein is produced in females throughout development and 

in adult life. In males, SXL protein is never produced because functional Sxl mRNA 

splicing fails to occur due to the absence of “early” SXL protein. Lack of SXL allows the 

translation of msl2 RNA and production of MSL2 protein, a crucial component of the 

dosage compensation machinery. Thus, lack of dosage compensation in males during 

early embryonic development sets the stage for implementation of dosage compensation 

later in development and throughout adult life in males only.  
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It should be noted that some X-linked genes essential for early development are 

transiently dosage-compensated in females by SXL directly at the level of RNA 

translation/stability (for review see Kelley and Kuroda, 1995).   

 

The protein components of the DCC  

 

The lethal phenotype of males mutant for any one of the msl genes clearly 

established that a full complement of MSL proteins is essential for dosage compensation 

and indicated that each MSL protein serves a unique function in this process (Belote and 

Lucchesi, 1980; Fukunaga et al., 1975; Hilfiker et al., 1997; Uchida et al., 1981). Not 

surprisingly, the five MSL proteins share no similarity with each other and belong to 

distinct gene families or are novel proteins. 

 

MSL1 is the only protein that cannot be associated with a gene family and it 

contains no discernable structural motifs other than its amino terminal acidic stretches 

(Palmer et al., 1993).  

 

MSL2 and MSL3 harbor sequence motifs that are known to mediate DNA binding 

or chromatin association in other proteins. MSL2 contains a RING finger (Bashaw and 

Baker, 1995; Kelley et al., 1995; Zhou et al., 1995), a motif that has been implicated in 

protein-protein interactions and/or nucleic acid or chromatin binding (for review see 



 

9  

Saurin et al., 1996). The RING finger of MSL2 is essential for dosage compensation 

(Lyman et al., 1997; Zhou et al., 1995).        

    

MSL3 and its mammalian and yeast orthologs, MRG15 and EAF-3, respectively, 

feature two chromodomains (Bertram et al., 1999; Eisen et al., 2001; Koonin et al., 

1995), regions that have been implicated in chromatin remodeling and transcriptional 

control. Chromodomains are a common motif found in a variety of other chromatin-

associated proteins, including HP1 (Eissenberg, 2001).  

 

MLE and MOF are two other proteins that have highly similar counterparts in 

mammals. MLE is the ortholog of human RNA helicase A, with which it shares about 

70% sequence similarity (Kuroda et al., 1991; Lee et al., 1997). In addition to a large (~ 

600 aa) central DExH helicase homology domain (reviewed in Tanner and Linder, 2001), 

MLE contains a carboxy terminal glycine-rich heptad repeat, by which it likely binds 

single stranded RNA (Richter et al., 1996).  

 

Both MLE and RNA Helicase A contain two double-stranded RNA binding 

domains (DSRBDs) of about 60 amino acids (aa) at their amino termini (Gibson and 

Thompson, 1994; Kuroda et al., 1991; Lee and Hurwitz, 1993).  To date, no study has 

identified a function for these highly conserved DSRBDs, and the RNA substrate for 

these domains is not known.  DSRBDS were first identified almost fifteen years ago in 
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the Xenopus laevis protein Xlrbpa and the Drosophila protein STAUFEN, and are 

involved in a variety of processes (reviewed in Doyle and Jantsch, 2002).   

 

Taken together, these findings suggest that MLE protein may directly interact 

with nascent transcripts of X-linked genes and/or some integral component of the DCC 

such as the roX RNAs. The roX RNAs may form stable secondary structures that could 

interact with the DSRBD of MLE, whereas the helicase domain might be involved in 

relieving RNA secondary structures in nascent transcripts. 

 

MOF is a member of the MYST family of histone acetyltransferases, which 

includes its closest relative, the human Tip60 protein (Hilfiker et al., 1997). MOF has a 

significantly larger amino-terminus than Tip60, but both proteins contain a single 

chromodomain in this region that is followed by a long (300 aa) conserved 

carboxyterminus (the HAT domain), which includes a single zinc finger and an acetyl-

CoA binding site. The HAT domain is well conserved between the two proteins (70% 

sequence similarity).  

 

The identification of the MOF histone acetyltransferase suggested a direct link 

between the DCC and the reported chromatin modification of the X chromosome, 

hyperacetylated histone H4 at lysine residue 16 (H4Ac16) (Bone et al., 1994; Turner et 

al., 1992). Numerous studies in mammals and yeast have shown that histone 
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acetyltransferases are associated with transcriptional activation (for review see Brown et 

al., 2000).   

 

JIL-1 kinase, which phosophorylates histone H3 at Serine 10 (H3Ser10) in vitro 

(Jin et al., 1999) and is essential for general viability and establishment and/or 

maintenance of higher order chromatin structure (Wang et al., 2001), might also be 

involved in chromatin modification events associated with male dosage compensation.  

JIL-1 is enriched approximately two-fold on the male X chromosome (Jin et al., 1999) 

and co-localizes with the MSLs (Jin et al., 2000). In addition, there is both in vivo and in 

vitro evidence that JIL-1 associates with the DCC (Jin et al., 2000). 

 

RNA components of the DCC 

 

The identification of the roX1 and roX2 (RNA on the X) RNAs was an important 

breakthrough because it provided a new viewpoint for how the X-chromosome might be 

recognized by the DCC (Amrein and Axel, 1997; Meller et al., 1997).  As their names 

imply, the roX genes are located on the X chromosome and the noncoding, regulatory 

nuclear roX RNAs associate specifically with the X chromosome. The roX genes were 

isolated somewhat serendipitously in a molecular screen for genes sex-specifically 

expressed in the brain and in an enhancer trap analysis. Both roX RNAs are stably 

expressed only in males.  
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The first evidence that the roX RNAs function in dosage compensation was 

revealed by their mode of regulation. Male-specific expression of the roX genes is 

dependent on the entire set of MSL proteins (Amrein and Axel, 1997). Moreover, the roX 

RNAs co-localize with the MSL proteins on the male X-chromosome (Meller et al., 

2000). Despite the absence of any significant sequence similarity between roX1 (3.7 kb) 

and roX2 (1.2 kb) (Amrein and Axel, 1997), the two RNAs are functionally redundant 

(Franke and Baker, 1999; Meller and Rattner, 2002), which prevented their discovery in 

the genetic screens that identified the msl genes.  

 

The roX RNAs share virtually no sequence homology except for a small 25 nt 

region (Franke and Baker, 1999) and DNAse hypersensitive sites (Kageyama et al., 2001; 

Park et al., 2003; Bai et al., 2004), none of which is necessary nor sufficient for roX 

activity. 

 

 

The roX RNAs play a role in recruitment and/or stabilization of the DCC 

 

The identification of the roX genes prompted new speculation about how the MSL 

proteins identify the appropriate (X) chromosome in the nucleoplasm and how they reach 

the hundreds of sites along the X chromatin.  For many years, the search for a specific 

‘mark’ on the X chromosome that would allow the MSL proteins to distinguish it from 

the autosomes focused on specific DNA sequence motifs. However, numerous 
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experimental approaches as well as the completion of the Drosophila genome sequence 

did not reveal any sequences specific for the X chromosome. The X-linked roX 

genes/RNAs provided an alternative to a DNA-mediated recognition motif, namely X-

chromatin associated RNAs. It suggested that male-specific expression and chromatin 

association of the roX RNAs could allow the recruitment of MSL complexes to the two 

roX regions on the X chromosome. From these and other chromatin entry sites (possibly 

expressing additional roX RNAs), the roX/MSL complex might spread along the entire 

length of the X chromosome in cis, similar to the Xist RNA in mammals, which spreads 

from the X inactivation center to the rest of the X chromosome (Kelley and Kuroda, 

2000a; Park and Kuroda, 2001).  

 

Evidence that the roX genes/RNAs recruit the DCC was obtained by 

immunolocalization studies of the MSL proteins in males that contained autosomal roX 

transgenes . For example, MSL proteins and endogenous roX RNAs are recruited to roX 

transgenes inserted on autosomes whether or not the roX transgenes are transcribed 

(Kageyama et al., 2001; Kelley et al., 1999; Meller et al., 2000).  Moreover, the recruited 

DCCs can spread in cis along flanking autosomal chromatin for distances up to a few 

hundred kilobases and acetylate histone H4, suggesting that these DCCs are fully 

functional.  In addition, roX1 RNA transcribed from an autosomal transgene or 

translocated roX1 gene assembles into DCCs, which can relocate onto the X chromosome 

(Kelley et al., 1999; Meller et al., 1997).  Taken together, these findings indicate that the 

roX genes function as chromatin entry sites for complete DCC assembly and that these 
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DCCs can spread into neighboring chromatin in cis as well as exchange freely between 

different chromosomes.  

 

The roX  RNAs Are Essential for Dosage Compensation 

 

Although in vivo and in vitro data have clearly established that the roX genes 

function as chromatin entry sites (Kageyama et al., 2001; Kelley et al., 1999; Meller et 

al., 2000) and that the roX RNAs are components of the DCC (Akhtar et al., 2000; Meller 

et al., 2000; Smith et al., 2000), their specific roles in dosage compensation are still 

poorly understood. However, the essential requirement for the roX genes in dosage 

compensation was shown recently in genetic studies (Meller and Rattner, 2002).  

 

Whereas males lacking either roX1 or roX2 are completely viable and show 

normal DCC distribution on the X chromosome, males lacking both roX genes are almost 

completely lethal and the dying male larvae show aberrant MSL1 and MSL2 localization: 

weak association with the chromatin entry sites on the X and concomitant ectopic 

association with the chromocenter and some autosomal sites. Thus, it appears that roX1 

and roX2 have redundant functions, which might be surprising considering the lack of 

significant sequence similarity between the two genes. However, the two roX RNAs are 

likely to fold into secondary and/or tertiary structures, which might be similar and far 

more relevant to their function than primary sequence similarity. Unfortunately, the size 
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of the RNAs is so large that too many possible/probable secondary structures are 

predicted for experimental testing.  

 

In contrast to the lethal phenotype of males lacking any one of the msl genes 

(Belote and Lucchesi, 1980; Fukunaga et al., 1975; Hilfiker et al., 1997; Uchida et al., 

1981) a small percentage of roX1-roX2- double mutant males survive to adulthood, albeit 

with developmental delay (Meller and Rattner, 2002). Surprisingly, these roX1-roX2- 

males are quite healthy and fertile, which can be interpreted as evidence that the roX 

genes, although essential for efficient dosage compensation, are not absolutely necessary 

for the recruitment and distribution of the DCC throughout the X chromosome.  

 

In addition, when males lacking functional roX genes on the X are provided with 

an autosomal transgene that produces roX1 or roX2 RNA, viability is completely 

restored.  Thus, the recruitment of the DCC to the X chromosome can occur without the 

local accumulation of either roX RNA from its endogenous locus, questioning the 

relevance of the X chromosomal location of the roX genes altogether. However, a third 

(or more?) roX-like gene might exist on the X chromosome, and its location on the X as 

well as the RNA it produces might explain both incomplete lethality of roX1-roX2- 

mutant males as well as proper localization of the DCC on the X in males whose only 

other source of roX RNA is an autosomal roX1 or roX2 transgene. Regardless, the genetic 

analyses revealed that the presence of at least one of the two known roX RNAs is 

necessary for normal establishment of dosage compensation.  
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Ordered Assembly of the DCC  

 

The study of the assembly process of the DCC components has been greatly 

facilitated by the availability of polytene chromosomes in Drosophila larval salivary 

gland cells and antibodies against each of the MSL proteins. In these studies, the 

distribution of the MSL proteins was determined in msl mutant larvae of males or females 

ectopically expressing MSL2. 

 

The most intriguing observation is that loss of either MSL1 or MSL2 prevents 

association of any of the remaining MSL proteins with the male X chromosome, 

indicating that these two proteins form the core during the assembly process (Gorman et 

al., 1995; Lyman et al., 1997; Palmer et al., 1994). In males that lack MLE, only MSL1 

and MSL2 are found on the X, but not MSL3 or MOF (Gorman et al., 1995; Gu et al., 

1998; Lyman et al., 1997; Palmer et al., 1994). Interestingly, the number of MSL1 and 

MSL2 containing sites is significantly reduced from several hundred to approximately 35 

X-linked sites, the so-called chromatin entry sites.  Similarly, MSL1/2 localization is 

restricted to the entry sites in flies lacking MSL3 or MOF (Gorman et al., 1995; Gu et al., 

1998; Hilfiker et al., 1997; Lyman et al., 1997; Palmer et al., 1994).  

 

These studies indicate that MSL1 and MSL2 form a core that assembles in a first 

step on the X, and that the other components enter the complex later. MLE appears to 
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enter the complex in a second phase, as absence of MSL3 or MOF allows weak 

association of MLE to the entry sites (Gorman et al., 1995; Gu et al., 1998; Hilfiker et al., 

1997).  Incorporation of MSL-3 and MOF appears to be dependent on MLE, as absence 

of MLE completely abolishes MSL3 and MOF association with the entry sites (Gorman 

et al., 1995; Gu et al., 1998).  

 

A subtle, but possibly significant difference in localization to the chromatin entry 

sites of the core proteins (MSL1 and MSL2) is observed in flies that lack MLE or 

MOF/MSL3.  Whereas all 35 chromatin entry sites including roX1 and roX2 were 

occupied when MOF or MSL3 is absent, all but the two roX entry sites are occupied in 

flies lacking MLE. This suggests a qualitative difference in core protein recruitment 

between transcribed and non-transcribed chromatin entry sites (Kageyama et al., 2001).     

 

The distribution of roX RNAs has also been investigated in various msl mutant 

animals. In the absence of MSL1, MLS2 or MLE, both roX RNAs are found only at their 

sites of synthesis (i.e. the location of the roX1 and roX2 genes) (Meller et al., 2000). 

Interestingly, in the absence of MSL3, roX2 is observed at the 35 chromatin entry sites, 

co-localizing with MSL1 and MSL2, whereas roX1 is still only found at its site of 

synthesis. This difference in localization pattern was interpreted as evidence that roX2 

RNA enters the complex before roX1 does, and it also suggested that MLE and MSL3 are 

needed for the incorporation of roX2 and roX1 RNAs, respectively. However, the order 

by which the roX RNAs are incorporated into the DCC cannot be essential, since 
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functional DCCs are formed in the presence of only one roX RNA (Meller and Rattner, 

2002).  Because partially assembled DCCs (i.e., lacking any of the MSL proteins or both 

roX RNAs) are never observed at the hundreds of sites characteristic of wild type males, 

it is thought that spreading from the chromatin entry sites into neighboring chromatin 

requires a complete DCC.  

 

JIL-1 localizes to all chromosomes in both sexes, but it is enriched approximately 

two-fold on the male X chromosome (Jin et al., 1999), where it co-localizes with the 

MSLs (Jin et al., 2000). However, the MSL proteins and H4Ac16 properly localize to the 

polytene X chromosome in Jil-1 mutant larvae, indicating that JIL-1 is not necessary for 

assembly of the DCC (Wang et al., 2001). 

 

Specific Functions of and Interactions Among MSL Proteins 

 

In addition to genetic investigations, the specific functions of the MSL proteins 

have also been characterized by co-immunoprecipitation studies, in vitro protein-RNA 

interaction experiments and analyses using the yeast two-hybrid system. For example, it 

was shown that the two proteins forming the core during the assembly, MSL1 and MSL2, 

can be co-immunoprecipitated from larval and S2 (Drosophila cell line) protein extracts 

(Kelley et al., 1995). Moreover, it was shown that this interaction is mediated through the 

RING finger of MSL2 (Copps et al., 1998). In addition, MSL1 also interacts with MSL3 
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as assayed by co-immunoprecipitation experiments. Deletion analysis of MSL1 in the 

yeast two hybrid system showed that the amino terminus of this protein mediates 

interaction with MSL2, whereas the carboxy terminus is involved in binding to MSL3 

and MOF (Scott et al., 2000). Finally, anti-MOF antibody co-immunoprecipitates all 

other MSL proteins (Akhtar et al., 2000; Smith et al., 2000).   

 

MLE, like its human counterpart, the RNA Helicase A, shows strong unwinding 

activity on RNA/RNA and RNA/DNA duplexes (Lee et al., 1997). Unwinding is 

directional (3’to 5’) and NTP dependent, as mutations in the ATP binding site reduce or 

abolish unwinding.  The NTPase/helicase activities of MLE are required for proper MLE 

function in dosage compensation in vivo, but these activities are not required for MSL-1, 

MSL-3, MLE, or MOF localization to the chromatin entry sites (Gu et al., 1998; Lee et 

al., 1997).  

 

There is clear evidence that MOF is responsible for the enrichment of the histone 

isoform H4Ac16 on the X chromosome, as a single amino acid substitution in the acetyl-

CoA binding site of MOF abolishes histone acetyltransferase activity in vivo and in vitro.  

In such mof mutant males, H4Ac16 is not found on the X chromosome (Hilfiker et al., 

1997) and DCC spreading along the X chromosome does not occur (Gu et al., 1998; Gu 

et al., 2000).   MOF specifically acetylates histone H4 at the lysine 16 residue in vitro 

(Akhtar and Becker, 2000; Smith et al., 2000).  
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Both MOF and MSL3 have non-specific RNA binding activity in vitro (Akhtar et 

al., 2000), which is supported by data showing that roX2 RNA can be amplified by RT-

PCR from immunoprecipitates obtained from S2 cell extracts using MSL antibodies 

(Akhtar et al., 2000; Meller et al., 2000; Smith et al., 2000). MOF binds roX2 RNA in 

vivo through its chromodomain; this interaction may be necessary for stable integration of 

MOF into the DCC (Akhtar et al., 2000). Since MLE is necessary for roX2 entry into the 

DCC (Meller et al., 2000) and MOF can bind to roX2, it is possible that these two 

proteins do not contact each other directly, but are linked to each other via an RNA 

bridge; indeed, MLE-MOF interaction is lost under conditions of high ionic strength, 

suggesting a loose or indirect interaction between the acetyltransferase and the helicase 

(Akhtar et al., 2000). The chromodomains of HP1 and other proteins have been shown to 

interact with histones, particularly H3 and H4 (Eissenberg, 2001). There is good evidence 

that MOF interacts with histone H4 directly. Whether and with what kind of histone the 

Chromodomain of MSL3 interacts is not known.  

 

 As a word of caution, we should note that no in vitro protein-protein 

binding studies have been performed with purified MSL proteins. Thus, it is still not clear 

for many of these interactions whether they are direct or whether they are mediated 

through other protein or RNA components associated with the DCC.  
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Proposal of Research 

 

 When I began my graduate research only two years after discovery of the 

noncoding roX RNAs, I was very interested in what role these unique molecules might 

play in dosage compensation.  At the time, functional analysis of these RNAs was 

inhibited by lack of mutations in roX2.  Thus, my first research objective was to isolate a 

mutation in roX2 by mutagenic screens.  Although we isolated several mutations, we did 

not obtain a roX2 deletion suitable for further study.   

 

Next, we attempted to knock out roX2 function by RNA interference mediated by 

ectopically expressed ds roX2 RNA.  We were unsuccessful in this attempt to remove 

roX2 function.  However, we observed a very interesting phenomena: association of the 

RNA helicase MLE with ds RNA.  This is the first report of such an association in vivo. 

 

We investigated this MLE/ds RNA interaction further and propose that a similar 

MLE/ds RNA interaction may play a role in dosage compensation.  For example, an 

association between MLE and ds form(s) of the roX RNAs may play a role in MLE 

recruitment to and/or stabilization on the X chromosome.  We attempted to test this 

hypothesis using mle transgenes lacking DSRBDs.  Our results indicate that the DSRBDs 
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are essential.  Further investigation into the role of these domains in dosage compensation 

is necessary.  
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Chapter Two: Genetic Screens Performed in Attempt to Isolate roX2 Mutation 

 

Introduction 

 

The roX1 and roX2 RNAs are male-specific, noncoding RNAs that share almost 

no sequence homology and are regulated by the sex determination and dosage 

compensation pathways (Amrein and Axel, 1997; Meller et al., 1997).   A few years after 

identification of roX1 and roX2, it was still unknown what role the roX RNAs may play 

in dosage compensation.  At the time, the link between the roX RNAs and dosage 

compensation was only by association: the roX RNAs are found on the X chromosome in 

a pattern overlapping that of MSLs, and the roX RNAs require at least one protein, MLE, 

for localization to the X chromosome (Meller et al., 1997; Franke and Baker, 1999; 

Meller et al., 2000).  The facts that the roX RNAs do not encode proteins and share 

almost no sequence homology made it difficult to propose their function.   

 

Although a few roX1 mutations were studied, functional analysis of the roX 

RNAs was impaired by lack of a roX2 mutation.  Analysis of null mutations in roX1 – 

including a P element insertion (roX1mb710) and a partial deletion (roX1ex6) – showed that 

lack of roX1 does not affect viability nor localization of MSL proteins or roX2 RNA 

(Meller et al., 1997 and Meller et al., 2000).  The non-essential function of this novel 

RNA distinguished roX1 from the protein components of the DCC, as each of the five 
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MSLs is essential in males (reviewed in Kindel and Amrein, 2003 and Meller and 

Kuroda, 2000).  The fact that roX1 is not essential prompted the idea that the roX RNAs 

may be functionally redundant.  However, this theory was not easily tested because 

mutations in roX2 had not yet been identified.   

 

An early study attempted to circumvent the need for a roX2 mutation by using a 

large deficiency lacking the roX2 locus (Franke and Baker, 1999).  It was found that 

MSL proteins are severely mislocalized in embryos containing the roX2 deficiency in 

combination with a roX1 null allele, but MSL localization to the X chromosome is 

normal in embryos carrying either the deficiency or a null allele of roX1.  This was the 

first evidence that MSL recruitment to and/or stabilization on the X chromosome requires 

at least one of the roX RNAs.  However, this study was unsatisfactory due to the quality 

of the roX2 deficiency.  First, the deficiency lacked several other X-linked genes as well, 

including the essential gene RpII215 (largest subunit of RNA polymerase II), allowing 

for the possibility that additional loci contributed to the phenotype.  Second, because the 

deficiency was embryonic lethal, antibody staining was performed on diploid embryonic 

nucleui rather than larval polytene chromosomes, which are ideal for visualizing 

localization of chromatin-associated proteins.  

 

The possibility that the roX RNAs share an essential function suggested that roX1 

and roX2 may be members of a novel family of noncoding RNAs.  This idea was 

strengthened by the finding that the roX1 and roX2 gene loci are two of the 
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approximately 35 chromatin entry sites on the X chromosome (Kelley et al., 1999), which 

suggests that perhaps the remaining chromatin entry sites may also produce noncoding 

RNAs.  The prospect of a family of noncoding RNAs produced from the X chromosome 

– essentially “marking” the X chromosome - was an attractive explanation for how MSLs 

distinguish the X chromosome from autosomes.  Several previous attempts to identify the 

mechanism by which the MSLs recognize the X chromosome had been unsuccessful.  As 

this earlier work focused on common DNA sequences or elements in X chromatin, a 

family of noncoding RNAs with little or no sequence homology would not have been 

found in these studies. 

 

Based on the data available at the time, two avenues of research to elucidate the 

role of the roX RNAs in dosage compensation were evident: isolation of a roX2 mutation 

and identification of any other roX genes.  We chose to attempt to isolate a roX2 mutation 

by performing several mutagenesis screens using P-elements.  Such screens are standard 

procedure in Drosophila genetics and have been very successful in isolating mutations as 

well as identifying modifier genes involved in various genetic pathways, including 

dosage compensation.  

 

In total, we screened over 50,000 flies and isolated approximately 2595 

mutations.  We analyzed many of these mutations by genetic and molecular methods.  

Unfortunately, we did not isolate a roX2 mutation that was amenable for further study.  
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We ceased our efforts when another lab successfully isolated a roX2 deletion (Meller and 

Rattner, 2002).  

 

Results 

Screens 

For our genetic screens, we used X-ray mutagenesis as well as mobilization of P-

elements located near the roX2 locus (see Figure 1).  P-elements carry the mini-white 

gene, so in white-eyed flies the presence of P-elements is detected by eye color ranging in 

intensity from yellow to red, depending on the level of transcriptional activity of the P-

element integration site (position effect).  All screens were performed in a white 

background to track the presence of P-elements.  Screens were performed in a roX1mb710 

background because previous evidence suggested that a roX2 deletion alone would not 

yield a phenotype, but a double roX1 roX2 mutant would induce male lethality (Franke 

and Baker, 1999).  

 

The following sections each describe one mutagenesis screen and the genetic and 

molecular analysis of putative roX2 mutant lines.  In total, we performed one X-ray 

mutagenesis screen and five P-element-mediated mutagenesis screens involving single or 

a combination of P-elements.  A map of the P-elements in relation to the roX2 locus is 

shown in Figure 1. 
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Figure 1: Map of genomic roX2 region.  Three P-elements used in mutagenesis 
screen: EP 1148, P1547, P1877.  roX2 gene shown in black, other known or putative 
genes are shaded, with gene names assigned to known genes.   Putative genes include 
predicted zinc fingers.  Transgenes used in genetic analysis of mutant lines 
generated in lethal P-element screens are shown as black bars. 
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X-Ray Mutagenesis and Analysis of Putative roX2 Mutant Lines 

 

In the X-ray mutagenesis screen, we used eye color produced from the mini-white 

gene in EP 1148 as an indicator for mutation in the region near roX2.  Several hundred 

roX1mb710 male flies carrying EP 1148 in a white background were mutagenized by 

exposure to 4000 rads.  At a low frequency, mutation of the DNA containing the P-

element, and thus possibly flanking DNA (possibly including roX2), occurred in the 

germline.  Such mutations were transmitted to progeny and detected by eye pigment 

intensity different from that of the parent line.  Deletion of the DNA containing the P-

element (possibly removing the roX2 locus) caused loss of color, resulting in white eye 

color.  Re-arrangement of the DNA containing the P-element (possibly causing a 

breakpoint in roX2) caused a change in intensity of eye color, resulting in shades of 

orange different from the eye color of the parent line.   

 

We screened over 26,000 progeny of X-ray mutagenized males (Table 1).  The 

primary screening criteria was eye color: forty white-eyed flies (indicating deletion) and 

31 orange-eyed flies (indicating re-arrangement) were isolated and used to establish lines.  

 

  Of special interest were lines demonstrating hemizygous lethality (i.e. lines in 

which males hemizygous for the mutagenized X chromosome were not viable), as we 

assumed that introduction of a roX2 mutation in a roX1 mutant background would result 

in male lethality (suggested by Franke and Baker, 1999).  Ten of the forty deletion lines  
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Table 1:  Summary of lines generated in X-ray mutagenesis screen. 

 

 

 

EP1148 X-Ray Mutagenesis Screen 

 Total 
Screened/ 
Analyzed 

Viable 
Deletions 

Hemizygous 
Lethal 

Deletions 

Viable 
Rearrange-

ments 

Hemizygous 
Lethal  

Rearrange-
ments 

 
 

# Flies 
Screened 

 
 

26,000 30 10 26 5 

 
Genetic 
Analysis 
(# lines) 

 
 

5 ND 3 ND 2 

 
Molecular 
Analysis 
(# lines) 

 
 

45 20 3 19 3 
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and five of the 31 re-arrangements were hemizygous lethal.   In three lines tested, we 

determined that lethality occurs in the pre-larvae or pupae stages (Table 2). 

 

We tested the hemizygous lethal mutant lines for lethality over Df 3416 in an 

attempt to genetically map the mutations.  In four of the five lines tested, females 

carrying the hemizygous lethal mutation over Df 3416 were viable (Table 2).  This posed 

two possibilities: (1) the hemilethal mutations were outside of Df 3416, or (2) the 

mutation was male-specific lethal.   In the single line where females carrying the 

hemizygous lethal mutation over Df 3416 were lethal, we concluded that the mutation 

was within the area deleted by Df 3416 and was not male-specific lethal. 

 

None of the hemizygous lethal lines tested was rescued by roX transgenes or large 

duplications covering the roX2 locus (Dp 3416 or Dp 905), indicating that lethality was 

due to loss of genes other than roX2 (Table 2).   Similar analysis determined that 

hemizygous lethality of the re-integration lines was due to loss of genes other than roX2.   

 

Southern blot analysis of genomic DNA from females carrying the hemizygous 

lethal mutation over Df 3416 confirmed that roX2 was not disrupted in any hemizygous 

lethal line (data not shown).  Similarly, molecular analysis of genomic DNA from males  
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Table 2: Genetic analysis of lines generated by X-ray mutagenesis. 

Genetic Analysis of hemizygous lethal mutants 

(X-ray Mutagenesis) 

 Hemizygous lethal excisions 
(n=10 lines) 

Hemizygous lethal 
rearrangements 

(n=5 lines) 
 

Age of 
Lethality 

 

pre-larvae 
(n=2 lines tested) 

pupae 
(n=1 line tested) 

 
Lethality over 

Df 3416 
 

one line 
(n=3 lines tested) 

none 
(n=2 lines tested) 

 
Rescue by Dp 

3416, 905 
 

none 
(n=2 lines tested) 

none 
(n=2 tested) 

 
Rescue by roX1 

roX2 TG 
 

none 
(n=1 line tested) 

none 
(n=1 line tested) 
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carrying viable mutations demonstrated that roX2 was not disrupted in these lines (data 

not shown). 

 

P-element Mediated Mutagenesis and Analysis of Putative roX2 Mutant Lines 

The screens involving P-element mobilization required several generations.  First, 

roX1mb710 flies carrying the P-element(s) were crossed to flies carrying transposase, an 

enzyme that induces excision and/or re-integration of P-elements, resulting in progeny 

carrying both the P-element and transposase.  In some of these flies, the P-element was 

mobilized in germline cells, resulting in progeny that carried an excision or re-integration 

of the P-element, indicated by white (excision) or shade of orange different from the 

parent line eye color (re-integration).   

 

EP 1148 

As shown in Table 3, we screened over 10,000 progeny of flies carrying the P-

element EP 1148 and transposase.  The primary screening criteria was eye color: 1076 

white-eyed flies (indicating excision) and 335 orange-eyed flies (indicating re-

integration) were isolated and used to establish lines.  Of special interest were lines 

demonstrating hemizygous lethality (i.e. lines in which males hemizygous for the 

mutagenized X chromosome are not viable), as we assumed that introduction of a roX2 

mutation in a roX1 mutant background would result in male lethality (suggested by  
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    Table 3: Summary of EP 1148 Mobilization Screen. 

 

EP1148 Mobilization Screen 

Excisions Re-integrations  Total   
 

Screened or 
Analyzed 

Total  
Viable 

nod 

Hemi- 

zygous  

Lethal 

Total  
X-

linked 

nod 

X-linked 

hemizygous 

lethal  

 
 

# Flies 
Screened 

 

10,000 

 

 

 

1,076 

 

 

 

 

 

 

160 

 

 

 

 

10 

(n=4 

nod) 

 

35 

 

 

 

40 

 

 

 

 

 

8 

(n=2 nod) 

 

 

 
Genetic 
Analysis 

 
(# lines) 

 

18 10 ND 

 

10 

 

8 ND 8 

Molecular 
Analysis 

(# lines) 

118 

 

70 

 

 

 

60 

 

 

 

10 

 

 

48 

 

40 

 

 

 

8 
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Franke and Baker, 1999).   In these lines, lethality occurred in the embryonic stages 

(Table 4). 

 

A total of 1076 excision lines were established (Table 3).  In excisions, two 

scenarios were possible: (1) precise excisions, which would not affect the roX2 gene; and 

(2) imprecise excisions, in which DNA flanking EP 1148 (and possibly including roX2) 

would be removed along with the P-element as it “hopped” from its location.  We 

determined whether excisions were imprecise by assaying excision lines for 

nondisjunction, a phenotype indicating disruption of the nod locus (Zhang et al., 1990), 

which lies between roX2 and EP 1148 (see Figure 1).  Approximately 160 (15% of the 

excision lines) and four of ten hemizygous lethal excision lines demonstrated a 

nondisjunction phenotype.   

 

A total of 335 re-integration lines were established (Table 3).  In re-integrations, 

several scenarios were possible.  Either a precise or an imprecise excision may have 

occurred prior to re-integration into the genome.  Re-integration may have occurred near  

 

the original site (possibly disrupting roX2) or elsewhere on the X chromosome or an 

autosome.  We were especially interested in lines where the P-element re-integrated on 

the X chromosome or in lines that demonstrated nondisjunction.  Approximately 12% of 

the re-integration lines (n=40) were X-linked and displayed nondisjunction.  Two of the 

eight hemizygous lethal lines showed a nondisjunction phenotype. 
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Table 4: Analysis of hemizygous lethal mutants identified in EP 1148 screen. 

 Genetic Analysis of EP1148 hemizygous lethal mutants 

(P element mobilization) 

 Hemizygous lethal 
excisions 
(n=10) 

X-linked hemizygous 
lethal reintegrations 

(n=8) 
 

Lethal embryonic 
10 8 

 

Lethality over Df 3416 
0 0 

 

Dp 3416, 905 rescue 
10 4 

 

roX1 roX2 TG rescue 
0 0 

 

Sex-specific lethality 
0 0 
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We performed genetic and molecular analysis on over one hundred excision and 

re-integration lines (Tables 3 and 4).   We tested the hemizygous lethal mutant lines for 

lethality over Df 3416 in an attempt to genetically map the mutations.  In all hemizygous 

lethal lines, females carrying the hemizygous lethal mutation over Df 3416 were viable 

(Table 4).  This posed two possibilities: (1) the hemizygous lethal mutation is outside of 

Df 3416, or (2) the mutation is male-specific lethal.   

 

All of the hemizygous lethal excision lines were rescued by large duplications that 

include the roX2 locus, indicating that the deletions were covered by the duplications, but 

no lines were rescued by roX1 roX2 transgenes, indicating that lethality was due to loss 

of genes other than roX2.  Note that these results are in contrast to the X-ray mutations, 

which were not rescued by the large duplications.   

 

Four of the eight hemizygous lethal re-integration lines were rescued by large 

duplications that include the roX2 locus but not roX1 roX2 transgenes, indicating that the 

mutations were within the duplications but affected genes other than roX2.  The 

remaining four re-integration lines were not rescued by the large duplications, indicating 

that the mutations occurred outside of the duplications. 

 

Among the hemizygous lethal lines rescued by the large duplications, we tested 

six of ten hemizygous lethal excision lines and three of four hemizygous lethal re-

integration lines for homozygous viability in females to determine whether the mutations  
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Table 5: Test for sex-specificity and complementation in hemizygous lethal 
mutant lines identified in EP 1148 screen.  B=excision, E=re-integration. 
Symbols: ×××× = homozygous lethal, * = homozygous viable  •••• = no 
complementation (trans-heterozygotes not viable),  √√√√ = complementation 
(trans-heterozygotes viable), - = duplicate cell on table. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Line B2 B4 B5 B7 B8 B9 E4 E7 E8 

B2 ×××× √√√√ √√√√ √√√√ √√√√ √√√√ √√√√ √√√√ •••• 

B4 - ×××× √√√√ •••• √√√√ √√√√ √√√√ √√√√ √√√√ 

B5 - - ×××× •••• •••• √√√√ √√√√ √√√√ √√√√ 

B7 - - - ×××× •••• √√√√ √√√√ √√√√ √√√√ 

B8 - - - - ×××× √√√√ √√√√ √√√√ √√√√ 

B9 - - - - - ×××× √√√√ √√√√ √√√√ 

E4 - - - - - - * √√√√ √√√√ 

E7 - - - - - - - ×××× √√√√ 

E8 - - - - - - - - ×××× 
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are male-specific.  All lines were homozygous lethal in females (i.e. not male-specific) 

except for one re-integration line, in which homozygous females were viable but sterile 

(Table 5). 

 

We performed complementation analysis (Table 5) on several of the  

hemizygous lethal lines rescued by the large duplications.  We crossed hemizygous lethal 

lines to each other in order to determine whether their trans-heterozygote female progeny 

were viable (complementation) or lethal (non-complementation), meaning that the 

mutations affect discrete or overlapping regions of DNA, respectively.   

 

Six excision and three re-integration lines were crossed to each other.  Almost all 

combinations of trans-heterozygotes are viable, with the exceptions forming two non-

complementation groups (indicating mutations in overlapping DNA).  The first non-

complementation group consists of four hemizygous lethal excision lines, and the other 

non-complementation group consists of one excision and a re-integration.    

 

We determined the molecular nature of the mutations in over one hundred 

lines (Table 3) by performing Southern blot analysis (restriction sites near the roX2 locus 

and radiolabeled probes are shown schematically in Figure 2).  By using a variety of 

restriction digests and probes, we were able to determine whether the roX2 locus was 

intact and whether the breakpoints for a deletion occurred within the genomic region 

covered by our probes.    
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Figure 2: Restriction sites and probes used in Southern analysis. 
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For all viable, nod excision lines tested, we determined that the P-element excision was: 

(1) precise and did not disrupt roX2; or (2) was imprecise but removed very little DNA 

upstream of EP 1148, leaving the roX2 locus at least partially intact (Figure 3 and data 

not shown).  For all hemizygous lethal excision lines, we determined that the roX2 locus 

was intact (Figure 4), indicating that the P-element excision had removed essential genes 

in DNA downstream of EP 1148.  In many cases, we were unable to determine the 

downstream breakpoints of the deletions because they extended beyond the genomic 

region covered by our probes.  The molecular data is in agreement with our genetic 

analysis determining that hemizygous mutations did not disrupt essential genes in Df 

3416, which has a breakpoint near the 3’ end of the rho-4 gene (Figure 2).   

 

Taken together, these data indicate that imprecise excisions contained deletions of 

DNA downstream of EP 1148 and the subsequent breakpoint of Df 3416. 

 

EP 1547, 1877, and combinations with EP1148 

 

After our unsuccessful attempt to isolate a roX2 mutant by mobilizing EP 1148, 

we used two new P-elements:  EP 1547 and EP 1877, which are approximately 10 kb and 

7 kb “upstream” of roX2, respectively (See Figure 1).  These P-element lines are lethal 

due to disruption of essential genes, so precise excisions would restore viability whereas 

imprecise excisions would be lethal regardless of the status of roX2.  This allowed us to  
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Figure 3: Southern analysis of viable, nod excision lines from EP1148 mutagenesis.  

Genomic DNA isolated from adult males and digested with HindIII: lanes 1-12, 

viable EP1148 excision lines; lane 13, EP1148 line; lane 14, wild type.  Probes indicated 

by arrows. 

 



 

42  

  

 

 

 

 

 

 

 

Figure 4: Southern analysis of hemizygous lethal excision and re-integration lines 
from EP 1148 mutagenesis screen.  Genomic DNA of females carrying mutant 
chromosome over Df 3416, digested with EcoRI.  Lanes 1-10, hemizygous lethal 
excision lines; lanes 11-12, EP1148 line; lane 13, roX1 line; lane 14, wild type; lanes 
15-22, hemizygous lethal re-integrations.  Probe: roX2. 
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easily distinguish between precise and imprecise excisions, an advantage we did not have 

in the EP 1148 screen. 

 

For the mutagenesis screens involving EP 1547 and EP 1877, we screened for 

deletions only.  In addition to mobilizing each P-element individually, we performed 

“double P-element mutagenesis” in an effort to create deletions spanning the 

approximately 18 kb region between the P-elements.   In this approach, we generated 

flies carrying both P-elements in trans and mobilized the P-elements with transposase.  

The rationale behind the “double P-element mutagenesis” approach is that in some 

instances both P-elements will excise simultaneously, allowing the breakpoints at their 

sites of insertion to join. 

 

As shown in Table 6, we screened over 14,500 progeny of flies carrying 

transposase and the P-element(s) EP 1547 and EP1877 individually as well as in 

combination with EP 1148.  As previously described, screens were performed in a roX1 

mutant background and the primary screening criteria was eye color: 1113 white-eyed 

flies (indicating excision) were isolated and used to establish lines.  The second screening 

criteria was lethality over Df 3416, as this indicated imprecise excision removing DNA in 

the region.  Of the 1113 excision lines established, 172 lines (15% of total excisions) are 

lethal over Df 3416. 
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Table 6: Summary of lethal P-element screens. 

 

 

P element(s)  

EP1547 EP1877 EP1148 / 

EP1547 

EP1148 / 

EP1877 

 

TOTAL 

# Flies 
Screened 

883 4613 4511 4501 14,508 

# Deletion 
Lines 

30 

 

(30/883= 

3% total 

screened) 

267 

 

(267/4613= 

6% total 

screened) 

359 

 

(359/4511= 

8% total 

screened) 

457 

 

(457/4501= 

10% total 

screened) 

1,113 

 

(1113/14,508= 

8% total 

screened) 

# Deletion 
Lines 
Lethal Over  
Df 3416 
 

16 

 

(16/30=53% 

excisions) 

55 

 

(55/267=21% 

excisions) 

56 

 

(56/359=16% 

excisions) 

45 

 

(45/457=10% 

excisions) 

172 

 

(172/1113= 

15% excisions) 

# Deletion 
Lines 
Rescued by 
Large 
Transgenes 
 

NA 

 

 

(no line 

tested) 

2 

 

(n=36 lines 

tested) 

0 

 

(n=18 lines 

tested) 

1 

 

(n=30 lines 

tested) 

3 

 

(n=84 lines 

tested) 

Molecular 
Analysis 
 

 

36 
 

(36/55=65% 
 lethals 
analyzed) 

7 
 

(7/56=13% 
lethals 
analyzed) 

38 
 

(38/45=84% 
lethals 
analyzed) 

81 
 

(81/172=47% 
lethals analyzed) 



 

45  

To genetically map the deletion breakpoints, we crossed deletion lines to flies 

carrying transgenes for the RpII215, putative zinc finger, and rho-4 loci (see Figure 1).  

In three of the 84 lines tested, males carrying the deletion were rescued by these 

transgenes (Table 6), indicating that lethality was due to disruption of these genes.  Lack 

of rescue in the remaining lines indicates that lethality was due to loss of other essential 

genes, i.e. genes previously not identified as essential within the roX2 region or essential 

genes outside our region of interest.  We performed Southern blot analysis on all deletion 

lines, which indicated that roX2 was not disrupted in any line (data not shown). 

 

Discussion 

 

Summary of Mutagenesis Screens  

 

Despite using a variety of approaches, our attempts to isolate a roX2 mutation 

were unsuccessful.  In our X-ray screen, we isolated several mutations that induced 

lethality in males in a roX1mb710 background.  We used genetic crosses involving a 

deletion lacking roX2 (Df 3416) as well as large duplications including the roX2 locus 

(Dp 3416, Dp 905) and roX transgenes to map the hemizygous lethal mutations.  Four of 

five lines tested were viable over Df 3416 (which lacks roX2), indicating that the lethal 

mutations are outside of the deficiency.  None of the lines tested were rescued by large 

duplications covering the roX2 region (Dp 3416, Dp 905) or by roX transgenes, 

indicating that the lethal mutations are not covered by the large duplications or roX2 
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region.  Molecular analysis confirmed that none of the hemizygous lethal nor the viable 

mutations deletes the roX2 region. 

 

We generated the most mutations and analyzed lines most thoroughly in the EP 

1148 mobilization screen.  Our initial observations that many mutant lines exhibited 

nondisjunction were very encouraging, as this indicated that the nod locus, located 

between EP 1148 and roX2, was disrupted.   

 

Again, we used genetic crosses involving a deletion lacking roX2 (Df 3416) and 

large duplications including the roX2 locus (Dp 3416, Dp 905) to map the location of the 

mutants.  In females, all of the hemizygous lethal lines were viable over Df 3416, 

suggesting that (1) the hemilethal mutations are outside of Df 3416, or (2) perhaps the 

mutations were lethal only in males.  However, none of the hemizygous lethal lines were 

viable as homozygotes in females, indicating that the lethal mutations were not male-

specific.  Molecular analysis indicates that little or no DNA was disrupted upstream of 

EP1148 (i.e. towards roX2), and we determined that the deletions extended downstream 

of EP 1148 beyond the region covered by our probes.  This indicates that EP 1148 

“preferentially” excised flanking DNA downstream of its insertion site (i.e. in the 

direction of the Df 3416 breakpoint).  Such directionality of P-element excision has been 

documented.   
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Of the hemizygous lethal lines, all ten excision lines and four of eight re-

integration lines were rescued by Dp 3416 and Dp 905, indicating that the lethal 

mutations lie within these large duplicated regions.  This is in contrast to the deletions 

generated by X-ray mutagenesis, which were not rescued by these large duplications, 

indicating that those deletions are much larger than the deletions induced by P-element 

mutagenesis.  This is consistent with the common observation that X-ray mutagenesis 

induces larger deletions and aberrations than P-element mobilization.  However, none of 

the hemizygous lethal lines were rescued by roX transgenes, indicating that lethality was 

due to lack of genes other than or in addition to roX2.   

 

Finally, our screens using P1547, 1877 and “double P element mutagenesis” 

generated deletions that removed essential genes in addition to RpII215 and the putative 

zinc fingers.  Southern blot analysis showed that roX2 was intact in all lines (data not 

shown). 

 

Isolation of roX2 Mutation  

We ceased our efforts to isolate a roX2 mutation when another lab generated a 

lethal deletion lacking roX2 (Meller and Rattner, 2002).  These authors mobilized the 

same P-element, P1877, that we mobilized, but they did not discount large deletions 

removing many essential genes because they used a large cosmid to rescue lethality 

induced by loss of essential genes. 
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The roX2 deletion, Df(l)52, removes approximately 15 kb, including RpII215 and 

nod, and is rescued by an approximately 35 kb cosmid.  Analysis of roX2 function was 

performed in Df(l)52 flies carrying the rescue cosmid lacking a 4.3 kb fragment 

containing roX2 (referred to as cosmid [w+4∆4.3]). 

 

Meller and Rattner demonstrated that roX2, like roX1, is not essential: Df(l)52 

males carrying cosmid [w+4∆4.3] are 100% viable and appear normal.  However, roX1 

roX2 double mutant males (roX1mb710 or roX1ex6 in combination with Df(l)52 carrying 

cosmid [w+4∆4.3]) achieve only 5% viability.  These results indicate that the roX genes 

play essential, redundant roles and are in agreement with earlier work (Franke and Baker, 

1999).  However, the low viability of roX1 roX2 double mutant males is in contrast to the 

100% lethality in males mutant for any one of the msl genes (reviewed in Kindel and 

Amrein, 2003; Meller and Kuroda, 2000).  In addition, Meller and Rattner showed that 

the roX genes are not essential in females, as homozygous roX1 roX2 mutant females are 

100% viable.   

 

Lethality of roX1 roX2 double mutant males is rescued by providing either roX1 

or roX2 RNA in trans, indicating that the RNA function of at least one roX gene, but not 

the chromatin entry site function, is required in males. 

 

Most importantly, Meller and Rattner demonstrated that the roX RNAs play an 

essential role(s) in dosage compensation.  First, they showed that lethality of females 
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ectopically expressing MSL2 can be abolished by mutation in both roX genes.  Second, 

MSL localization to polytene chromosomes in roX1 roX2 double mutant males is 

severely reduced, and ectopic MSL localization to areas of heterochromatin, including 

the chromocenter, occurs.  In addition, roX1 roX2 double mutant male X chromosomes 

appear thin (indicating lack of active transcription) and have reduced H4Ac16 staining. 

 

Materials and Methods 

 

Drosophila stocks 
 

All fly lines not specifically referenced in the text can be found in the 

Bloomington Stock Center. 

 

X-ray Mutagenesis 
 

Adult white roX1mb710 male flies were mutagenized by exposure to 4000 rads. 

 

P-element mediated mutagenesis 
 

P-elements were mobilized by ∆2-3 transposase (Robertson et al., 1988) in flies in 

a white roX1mb710 background. 
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Age of Lethality 
 

Age of lethality for hemizygous lethal lines was determined by observing 

mortality of non-GFP male progeny of females carrying the hemilethal mutation over a 

balancer marked with GFP. 

 

Southern blot analysis 
 

Genomic DNA was extracted from adult flies and digested with restriction 

enzymes Eco RI or Hind III.  DNA was transferred to H+ bond membrane, cross-linked, 

and hybridized to radiolabeled probes created with the “Prime-It” kit by Stratagene.  

Probes 1-3 were created from PCR products designed for this study.  The roX2 probe was 

made from construct roX2 78.13 (Amrein and Axel, 1997). 
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Chapter Three: Expression of ds roX2 RNA 

 

Introduction  

 

Our various attempts to isolate a roX2 mutation by mutagenesis screens were 

unsuccessful (described in previous chapter), and we ceased our efforts when the first 

roX2 deletion, Df(l)52, was isolated (Meller and Rattner, 2002).  However, Df(l)52 is not 

ideal for study because it removes several essential genes: thus, a large rescue cosmid 

must be used for experiments, making such work somewhat cumbersome.   

 

We reasoned that a specific deletion of the roX2 locus would be a valuable tool 

for studying the function of the roX genes, so we attempted to remove roX2 function by 

RNA interference, or RNAi (reviewed in Hammond, 2005; Tomari and Zamore, 2006).  

RNAi mediated by double stranded (ds) RNA was first described in C. elegans (Fire et 

al., 1998) and quickly became a widely used and very successful method of disrupting 

expression of specific genes in higher organisms such as Drosophila (Hammond et al., 

2000; Lam and Thummel, 2000; Tuschl et al., 2000; Tavernarakis et al., 2000). 

 

For our study, we used a [UAS-ds roX2] transgene under control of the 

transcriptional activator GAL4.  Similar RNAi approaches using GAL4-mediated 

transcription of ds RNA from UAS transgenes proved effective in earlier studies (Piccin 
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et al., 2001; Fortier and Belote, 2000; Martinek and Young, 2000; Kennerdell and 

Carthew, 2000). 

 

We analyzed the effects of ectopic ds roX2 RNA expression on endogenous roX2 

RNA expression, male viability in a roX1mb710 background, and MSL localization on the 

X chromosome.  Our results indicate that we did not achieve RNAi “knock-down” of 

roX2.  However, our analysis of flies producing ds roX2 RNA yielded intriguing results: 

the RNA helicase MLE associates with ds RNA in vivo.  This is the first report of such an 

association. 

 

Results 

 

Creation of [UAS-ds roX2] transgenes. 

 

The [UAS-ds roX2] transgene consists of approximately 1200 bp of roX2 cDNA 

sequence (Amrein and Axel, 1997) followed by approximately 100 nt spacer DNA and 

the reverse complement of the roX2 sequence (Figure 5).  When GAL4 activator induces 

transcription of the transgene, the inverted repeat “snaps back” to form ds roX2 RNA 

molecules.  Several X-linked (n=11 ) and autosomal (n=4) transgenic lines were obtained 

by P-element mediated transformation. 

 



 

53  

Expression of ds roX2 RNA does not affect endogenous roX2 RNA  

 

First, we performed Northern blot analysis to determine: (1) whether ds roX2 RNA is 

expressed in lines where [UAS-ds roX2] transgene expression is driven with various 

GAL4 drivers, and (2) whether endogenous roX2 RNA is affected by ds roX2 expression.  

Total RNA was isolated from flies carrying both [UAS-ds roX2] transgenes and actin- or 

tubulin- GAL4 drivers, and Northern blots were hybridized with a roX2 radiolabeled 

probe that hybridizes with both ds and endogenous roX2 RNA.  Northern analysis 

indicates that ds roX2 RNA is expressed in both males and females carrying both the 

transgene and GAL4 driver, but not in flies carrying transgene only (Figure 6; lanes with 

flies carrying both transgene and driver are underlined).  However, it does not appear that 

ds roX2 expression induces RNAi: in males, endogenous roX2 RNA levels appear normal 

and short oligonucleotide degradation byproducts, indicators of successful RNAi 

(Elbashir et al., 2000 and Zamore et al., 2000), are not present. 
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Figure 5: GAL4 activates transcription of [UAS-ds roX2] transgene, 
resulting in ds roX2 RNA expression. 
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Expression of ds roX2 RNA does not affect roX2 function  

 

Although our Northern analysis indicated that endogenous roX2 RNA is 

expressed in males despite expression of ds roX2 RNA, we could not rule out the 

possibility that the level of endogenous roX2 is at least somewhat reduced.  We reasoned 

that even a subtle reduction in endogenous roX2 function may result in reduced viability 

of roX1mb710 males.  Previous work demonstrated that males mutant for both roX genes 

are severely reduced in viability, whereas males mutant for only one roX gene are normal 

(Meller and Rattner, 2002).  Thus, we tested for loss of roX2 function by assaying 

viability of roX1mb710 males expressing ds roX2 RNA.   

 

We analyzed the viability of roX1mb710 flies expressing [UAS-ds roX2] transgenes 

under control of three different GAL4 drivers: actin- and tubulin-GAL4, which drive 

expression ubiquitously; and T80-GAL4, which drives expression in the imaginal discs.   

 

In three X-linked [UAS-ds roX2] transgene lines, roX1mb710 males expressing ds 

roX2 RNA under control of all three drivers are completely viable and have no obvious 

phenotype (Figure 7).   Similarly, in four autosomal [UAS-ds roX2] insertion lines, 

roX1mb710 males expressing ds roX2 RNA under control of the tubulin-GAL4 driver are 

completely viable and have no obvious phenotype (data not shown).  These data indicate 

that endogenous roX2 function is not affected by ectopic ds roX2 expression. 
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Figure 6: Expression of ds roX2 RNA does not mediate RNA interference of roX2 
locus: endogenous roX2 RNA is not degraded.  Northern analysis of total RNA 
isolated form larvae of males or females as indicated above lanes. Genotypes as 
follows: lanes A,B=control; C-F=[UAS-ds roX2] transgene line 32.8 (D, F=transgene 
driven by actin-GAL4); G-J=[UAS-ds roX2] transgene line 32.8 (H, J=transgene 
driven by tubulin-GAL4); K-N=[UAS-ds roX2] transgene line 32.10 (L,N=transgene 
driven by actin-GAL4).  Arrow indicates size of endogenous roX2 band. 
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Figure 7: Viability of males expressing [UAS-ds roX2] under control of 
tubulin- or T80-GAL4 drivers.  % viability is calcu lated by dividing number 
of [UAS-ds roX2] males with GAL4 driver by number of [UAS-ds roX2] 
brothers without driver.  
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Expression of ds roX2 RNA induces MLE mislocalization on the X chromosome. 

 

MLE mislocalizes to the site of ds roX2 synthesis.  

 

To determine whether ectopic ds roX2 RNA expression affects MSL localization 

on the X chromosome, we isolated polytene chromosomes from third instar larvae 

expressing [UAS-ds roX2] transgenes under control of the actin-GAL4 driver and treated 

these chromosomes with antisera for two proteins: MLE and MOF.  We chose these two 

proteins because MLE is a RNA helicase with DSRBDs that may be affected by ectopic 

ds roX2 RNA expression, and MOF is the final protein component to enter the DCC and 

is therefore an indicator of mature DCC formation.  As expected, in wild type males MSL 

proteins coat the X chromosome and MLE is found at a small number of autosomal sites 

(Figure 8 A-D).  

 

Surprisingly, we found that MLE mislocalizes to the site of synthesis of ds roX2 

RNA in both males and females expressing ds roX2 RNA from [UAS-ds roX2] 

transgenes (Figure 8 E-P).  In contrast, both MOF and MSL-1 proteins are properly 

localized in males expressing ds roX2 RNA (data not shown for MSL-1). 

 

This is the first report of such an association between MLE and ds RNA.  MLE 

contains two double stranded RNA binding domains (DSRBDs) at its N-terminus, but no 

studies have addressed their function.  Importantly, MLE mislocalization is dependent on 
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transcription of the [UAS-ds roX2] transgene, as MLE  mislocalization does not occur in 

males or females without a GAL4 driver (data not shown). The fact that MLE 

mislocalization occurs in both sexes (Figure 8 E-P) indicates that MLE association with 

ds RNA does not involve the endogenous roX RNAs or MSL-1 and MSL-2, which are 

not present in females. 

 

Ectopic expression of sense roX2 RNA does not induce MLE mislocalization. 

 

We wondered whether MLE would associate with single stranded (sense) roX2 

RNA in a similar manner.  We found that expression of [UAS-sense roX2] transgenes 

with the actin-GAL4 driver does not affect MLE or MOF localization on polytene 

chromosomes in males (Figure 9 A-C).  This indicates that MLE mislocalization is 

specific to ds RNA.  Taken together, the experiments showing that MLE mislocalization 

is dependent on transcription and that mislocalization does not occur in sense RNA 

confirm that MLE is associating with ds RNA produced from the transgene, and not an 

element of the transgene or the GAL4 protein. 
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Figure 8: MLE mislocalizes to the site of ds roX2 synthesis.  Localization patterns of 
the MLE ds RNA helicase and the MOF histone acetyltransferase on polytene X 
chromosomes of male (first, second row) and female (third row) third instar larvae.  
A-D: wild type male.  E-H: X-linked [UAS-ds roX2] 32.10 transgene expressed with 
tubulin-GAL4 driver in male.  I-L: autosomal [UAS-ds roX2] 32.3 transgene 
expressed with tubulin-GAL4 driver in male.  M-P: X-linked [UAS-ds roX2] 32.8 
transgene expressed with tubulin-GAL4 driver in female.   Arrows indicate location 
of transgenes. 

Ch M M
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Figure 9: MLE mislocalizes to the site of ds roX2 synthesis.  Localization patterns of 
the MLE ds RNA helicase and the MOF histone acetyltransferase on polytene X 
chromosomes of male third instar larvae.  A-C: male expressing autosomal [UAS-ss 
roX2] with tubulin-GAL4.  D-F: X-linked [UAS-ds yellow] transgene expressed with 
tubulin-GAL4 driver.   Arrows indicate location of transgenes.

M M
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MLE/ds RNA association is not sequence-specific. 
 

To determine whether MLE associates specifically with ds roX2 RNA, we 

analyzed MLE and MOF localization on polytene chromosomes from third instar larvae 

expressing ds RNA transcribed from a UAS transgene containing an inverse repeat of the 

yellow locus (described in Piccin et al., 2001).  We found that MLE accumulates at the 

site of synthesis of ds yellow RNA in both males and females expressing ds yellow RNA 

with the tubulin-GAL4 driver (Figure 9 D-F; data not shown for females), indicating that 

the MLE/ds RNA interaction is not sequence-specific.  MOF localization is not affected 

by ectopic expression of ds yellow RNA (figure 9E). 

 

MLE is not involved in RNAi 

 

Our observation that MLE associates with ds RNA in vivo prompted us to ask 

whether MLE may play a role in RNAi.  Early studies indicated that proteins responsible 

for the initial steps of RNAi function as components of larger complexes, in which they 

associate with DSRBD cofactors (reviewed in Hammond, 2005 and Tomari and Zamore, 

2006).  In C. elegans, the small DSRBD protein RDE-4, interacts with DCR-1 and DRH-

1 (Dicer-Related Helicase), which, like MLE, is a member of the DExH-box helicase 

family (Tabara et al., 1999 and Tabara et al., 2002).  In addition, MLE shares some 

structural features – namely helicase and DSRBD domains - with human Dicer, 
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Drosophila Dicer-1, and Drosophila Dicer-2 proteins (reviewed in Hammond, 2005 and 

Tomari and Zamore, 2006).   

 

To determine whether MLE is involved in RNAi, we generated mle mutant flies 

expressing a transgene previously shown to induce RNAi of the yellow locus (Piccin et 

al., 2001).  We found that RNAi occurrs in flies lacking MLE, indicating that MLE is not 

required for RNAi (data not shown). 

 

Discussion 

 

Expression of ds roX2 RNA does not mediate RNAi of roX2 

 

Three lines of evidence indicate that expression of ds roX2 RNA does not mediate 

degradation of endogenous roX2 by RNA interference.  First, in males expressing ds 

roX2, Northern blot analysis demonstrates the presence of endogenous roX2 RNA and 

absence of short oligonucleotide degradation products (Elbashir et al., 2000 and Zamore 

et al., 2000), hallmarks of RNAi. Second, roX1mb710 males are 100% viable in flies 

expressing [UAS-ds roX2], indicating that roX2 function is not disrupted, as roX1mb710 

males lacking roX2 are severely reduced in viability (Meller and Rattner, 2002).  Finally, 

MSL-1 and MOF localization is normal in roX1mb710 males expressing ds roX2 RNA, 

whereas MSL localization is severely disrupted in roX1mb710 males lacking roX2 (Meller 
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and Rattner, 2002).  Interestingly, MLE mislocalizes to the site of ds roX2 synthesis 

(discussed below). 

 

Can roX2 function be removed by RNAi?  

 

Although RNAi facilitated by GAL4-mediated transcription of ds RNA from 

UAS transgenes has been effective in other studies (Piccin et al., 2001; Fortier and 

Belote, 2000; Martinek and Young, 2000; Kennerdell and Carthew, 2000.), there are a 

few explanations for the failure to induce RNAi for roX2.   

 

The mechanism of RNAi (reviewed in Hammond, 2005 and Tomari and Zamore, 

2006) may be unsuitable for targeting roX2 RNA for degradation.  The initial steps of 

RNAi involve processing ds RNA into small interfering RNAs (siRNAs) by RNASE III 

enzymes (Dicer and Drosha) acting in concert with DSRBD protein cofactors (Pasha, 

Loquacious, and R2D2).  In the second step, siRNAs are loaded onto the RNA-induced 

silencing complex (RISC), where they target mRNA through base pairing.  Finally, the 

targeted mRNA is degraded by the RNAse H enzyme Argonaute (Slicer).   There are at 

least three reasons why roX2 may not be amenable to degradation by such a pathway. 

 

First, roX2 RNA is stabilized by and associates with the MSL proteins (Meller et 

al, 2000; Akhtar and Becker, 2000), which may prevent base pairing between 

endogenous roX2 mRNA and siRNA, and/or protect against interaction with RISC.  
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Second, roX2 RNA is not translated (Amrein and Axel, 1997).  Some work has linked 

RNAi with translation, suggesting that mRNAs undergoing translation are more 

susceptible to RNAi (Kennerdell et al., 2002).  Third, roX2 localizes exclusively to the 

nucleus (Amrein and Axel, 1997 and Meller et al., 2000).  Recent evidence demonstrates 

that components of Drosophila RISC interact with ribosomes (reviewed in Hammond, 

2005 and Tomari and Zamore, 2006) and that in mammalian cells, a key component of 

RISC localizes to cytoplasmic bodies (Sen and Blau, 2005). 

 

Possible problems with our RNAi strategy 

 

We wondered whether RNAi was not achieved due to association of MLE with ds 

roX2 RNA, possibly blocking the ds RNA from interaction with RNAi machinery.  We 

ruled this out, however, as we found that MLE associates with ds yellow RNA produced 

in flies where RNAi of the yellow locus occurs. 

 

Finally, our [UAS-ds roX2] transgene, composed of inverted repeats of roX2 

cDNA, may not be ideal for inducing RNAi, as recent work has found that 

genomic/cDNA hybrid transgenes are more effective than cDNA transgenes (Kalidas and 

Smith, 2002). 

 

MLE associates with ds RNA in vivo 
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We found that that MLE associates with ectopically expresssed ds RNA in 

polytene chromosomes of male and female larvae (Figures 8 and 9).   

 

It is important to note that our observation of gross accumulation of MLE at the 

site of ds RNA synthesis is distinct from previous observations of MSL recruitment to 

roX transgenes in males (Kelley et al., 1999; Kageyama et al., 2001).  In our experiments, 

a gross accumulation of MLE produces more intense staining than that of MSL 

localization to the X chromosome or roX transgenes in other reports.  Another important 

difference between or observations and previous reports is that we find MLE 

mislocalization only when the [UAS-ds roX2] transgene is transcribed, whereas in 

previous studies MSLs were recruited to roX transgenes whether or not they were 

transcribed (Kelley et al., 1999).  Thus, in this report we use the term “mislocalization” 

rather than “recruitment” to describe the gross accumulation of MLE at the site of ds 

RNA synthesis. 

 

Importantly, this is the first report of a MLE/ds RNA association in vivo. This 

MLE/ds RNA association occurs in both males and females; thus, it is independent of 

other MSL proteins and the endogenous roX RNAs.  Our observation that MLE 

associates with ds RNA non-specifically is consistent with previous work demonstrating 

that helicases often act in a sequence non-specific manner, targeting RNA secondary 

structure rather than specific nucleotide sequence (reviewed in Tanner and Linder, 2001 
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and Schwer, 2001) and that DSRBDs interact with ds RNA targets without direct base 

contact (reviewed in Doyle and Jantsch, 2002).   

 

Several lines of evidence support the common assumption that the roX RNAs 

interact with MLE.  RNAse treatment leads to loss of MLE on the X chromosome, 

whereas other DCC components remain in complexes on the X chromosome (Richter et 

al., 1996 and Akhtar and Becker, 2000).  roX2 RNA can be detected by RT-PCR from 

immunoprecipitates using anti-MLE antibody, and roX2 RNA requires MLE for 

incorporation into the DCC at the chromatin entry sites as it assembles on the X 

chromosome (Meller et al., 2000).  In roX1- roX2- double mutants, MSL localization to 

the X chromosome is abolished, suggesting that roX RNA is required for MSL 

recruitment and/or stabilization of the DCC on the X chromosome (Meller and Rattner, 

2002).  MSL1/MSL2 localization to the X chromosome is reduced in mle mutants, 

indicating that MLE facilitates stabilization of these core DCC components (Palmer et al., 

1994; Gorman et al., 1995).  Taken together, these data indicate that roX RNA and MLE 

may act in concert to stabilize each other as well as other components of the DCC on the 

X chromosome.    

 

Furthermore, as MLE is an RNA helicase with two DSRBDS, it is reasonable to 

envision that the roX RNAs are the in vivo targets of MLE.  The functional redundance of 

the roX RNAs (Franke and Baker, 1999; Meller and Rattner, 2002) as well as the 

evidence that no primary sequence within the roX RNAs is essential (Kageyama et al., 
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2001; Park et al., 2003; Bai et al., 2004) suggests that secondary, rather than primary 

nucleotide sequence, may be important for the essential function of the roX RNAs.  

Recently, Izzo and colleagues demonstrated in Sf9 insect cells that recombinant DSRBD 

I and II fragments bind ds roX2 RNA (Izzo et al., 2008).  These authors also found that 

an MLE derivative lacking DSRBD II fails to form complexes with ds roX2 RNA.  This 

is direct in vitro evidence that the roX RNAs interact with at least one of the DSRBDs of 

MLE. 

 

Our model implies that MLE interacts with the roX RNAs through its DSRBDs.  

In the following chapter, we will discuss our attempts to elucidate the function of the 

DSRBDs of MLE in dosage compensation. 

 

 

 

Materials and Methods 

 

Transgenic [UAS-ds roX2] lines.   

 

The [UAS-ds roX2] construct, which consists of approximately 1200 bp of roX2 

cDNA sequence (roX2-78.13, Amrein and Axel, 1997) followed by approximately 100 nt 

spacer DNA and the reverse complement of the roX2 sequence, was cloned into pUAST 

(Brand and Perrimon, 1993).  Transgenic lines carrying the [UAS-ds roX2] construct 
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were obtained by P-element mediated transformation (Spradling and Rubin, 1982).  The 

chromosome carrying the [UAS-ds roX2] transgene was determined by genetics.  

Transgene insertion sites were mapped by DNA in situ hybridization using a DIG-labeled 

probe (Boehringer Mannheim) for the miniwhite gene, and inverse PCR (Berkeley 

Drosophila Genome Project website, fruitfly.org, Online Methods). 

 

Northern analysis.  

 

Total RNA was isolated from larvae (classified by sex and GFP expression) using 

the RNAzol kit (Tel-Test, Inc.), and Northern blots were hybridized with a roX2 cDNA 

probe radiolabeled using the Prime-It kit (Stratagene). 

 

Viability tests.  

 

% viability was calculated by dividing the number of progeny with both [UAS-ds 

roX2] transgene and GAL4 driver by the number of progeny with [UAS-ds roX2] 

transgene without driver. 

 

Immunolocalization of polytene chromosomes.   
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Polytene chromosome immunolocalization was performed using primary 

antibodies for MLE, MOF, and MSL-1 (gifts from M. Kuroda and J. Lucchesi).  

Fluorescent secondary antibodies Cy3 (Jackson) and alexa (Molecular Probes) were used. 
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Chapter Four: Expression of MLE Transgenes Lacking Double Stranded Binding 
Domains 

 

Introduction 

 

As discussed in the previous chapter, we observed that the RNA helicase MLE 

associates with ectopically expressed double stranded (ds) RNA.  We suggest that the 

ectopically expressed ds RNA used in our study mimics an endogenous RNA structure 

that MLE normally interacts with in vivo, such as a double stranded structure formed by 

one or both roX RNAs, which can form extensive secondary structure alone or in 

combination.   

 

Several lines of evidence support an interaction between MLE and the roX RNAs 

in vivo.  RNAse treatment removes MLE from the X chromosome, whereas other DCC 

components remain in complexes on the X chromosome (Richter et al., 1996 and Akhtar 

and Becker, 2000).  roX2 RNA can be detected by RT-PCR from immunoprecipitates 

using anti-MLE antibody and roX2 RNA requires MLE for incorporation into the DCC as 

it assembles on the X chromosome (Meller et al., 2000).  

 

In roX1- roX2- double mutants, MSL1/MSL2 localization to the X chromosome is 

abolished, suggesting that roX RNA is required for MSL1/MSL2 recruitment and/or 

stabilization to the X chromosome (Meller and Rattner, 2002).  MSL1/MSL2 localization 



 

72  

to the X chromosome is reduced in mle mutants, indicating that MLE facilitates 

stabilization of these core DCC components (Palmer et a., 1994; Gorman et al., 1995).  

Taken together, these data indicate that roX RNA and MLE may act in concert to 

stabilize each other as well as other components of the DCC on the X chromosome. 

 

MLE and its human ortholog, human RNA helicase A (RHA), are members of the 

DExH superfamily of putative ATPases/helicases (reviewed in Tanner and Linder, 2001; 

Schwer, 2001).  As shown in Figure 9, in addition to the conserved helicase region 

including an ATP-binding site, MLE has a glycine-rich repeat region (thought to be 

involved in binding single stranded RNA) at its C terminus and two double stranded 

RNA binding domains (DSRBDs) at its N terminus (Kuroda et al., 1991).   

 

In vitro studies of MLE and RHA have shown that both proteins have ATP-

dependent 3’ to 5’ unwinding activity and bind both ds RNA and DNA/RNA hybrids 

(Lee et al., 1997). The glycine-rich C terminal of RHA binds single stranded RNA, its 

DSRBDs preferentially bind ds RNA and cooperate for optimal nucleic acid binding, and 

the DSRBDs of RHA are not essential for helicase activity (Zhang and Grosse, 1997).   

 

Genetic analysis of mle mutants demonstrated that a conserved Lysine in the 

ATP-binding motif of the helicase domain is necessary for male viability (Richter et al., 

1996; Lee et al., 1997).  Mutant MLE protein lacking this conserved Lysine can bind the 
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chromatin entry sites, but cannot spread to flanking chromatin, establishing a role for 

helicase/NTPase activity in MSL spreading (Lee et al., 1997; Gu et al., 2000). 

 

MLE and RHA share extensive sequence similarity.  Overall, the proteins are 

50% identical and 18% similar.  Their DSRBDs are highly conserved as well (DSRBDs I 

and II share 59% identity and 16% similarity, and 62% identity and 16% similarity, 

respectively).  This high level of conservation from flies to human may indicate that the 

DSRBDS of MLE may serve an important function (Gibson and Thompson, 1994).  To 

date, the function(s) of the DSRBDS of RHA and MLE have not been studied in vivo.  

However, the non-essential RNA editing function of MLE involves resolution of ds RNA 

(Reenan et al., 2000), and it seems likely that the DSRBDs play a role in this process.   

 

Proteins containing DSRBDs are found in many species ranging from E. coli to 

humans and are important in a variety of biological processes including RNA 

localization, RNA editing, translational repression, and posttranscriptional gene silencing 

(reviewed in Doyle and Jantsch, 2003).  TAR-RNA-binding protein (TRBP), the human 

ortholog of the first characterized DSRBD protein, Xenopus laevis Xlrbpa, forms 

heterodimers with the RNA-dependent protein kinase PKR, which is activated by ds 

RNA and inhibits protein synthesis in response to viral infection (reviewed in Fierro-

Monti and Mathews, 2000).  One of the best-studied examples of a DSRBD protein, 

Drosophila STAUFEN, mediates localization of maternal mRNAs in the developing 

oocyte and embryo (St. Johnston et al., 1991).   
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We hypothesize that perhaps MLE recruitment and/or stabilization on the X 

chromosome is mediated by an association with ds RNA, possibly a ds form of roX RNA.  

To determine whether a MLE/ds RNA interaction mediated by the DSRBDs plays a role 

in MLE function in Drosophila dosage compensation, we analyzed mle transgenes 

lacking DSRBDs.   

 

We analyzed three sets of transgenes for rescue of mle-/mle- lethality in males: 

UAS-cDNA, endogenous promoter-cDNA, and genomic mle transgenes.  Our data 

suggests that the DSRBDs are essential for dosage compensation in males.  In addition, 

our studies suggest that MLE protein levels are tightly regulated and that mle introns may 

play a role in proper mle expression.   

 

Results 

 

Expression of UAS-cDNA mle transgenes induces lethality and developmental 
phenotypes. 

 

For use in rescue experiments, we created UAS-cDNA transgenes encoding myc-

tagged wild type MLE or MLE lacking both DSRBDs (∆DSRBDs), which we named 

[UAS-cDNA wild type mle] and [UAS-cDNA ∆DSRBDs mle], respectively.  We 

obtained only one viable transgenic line for each transgene by P-element mediated 

transformation, which we mobilized to obtain additional lines.  Using anti-myc or anti-
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MLE antibodies, we performed Western blot analysis of protein extracts from flies 

carrying both the UAS-cDNA transgenes and three GAL4 drivers: hsp40, GMR, and T80 

(Figure 10).   In most cases, myc-tagged protein levels appear at least as abundant as wild 

type MLE (Figure 10, compare anti-myc lanes 2-7 vs. anti-MLE lane 1).  In addition, it 

appears that myc-tagged MLE ∆DSRBDs levels are reduced compared to myc-tagged 

MLE wild type protein levels, especially in the case of hsp40 (Figure 10, compare anti-myc 

WT vs. ∆ lanes).  This may be due to instability of the mutant protein.  We were unable 

to detect wild type or ∆DSRBDs protein expressed from UAS-cDNA transgenes under 

control of the armadillo-GAL4 driver by Western analysis (data not shown). 

 

Under control of the tubulin- or actin-GAL4 drivers, which drive expression 

at high levels ubiquitously, expression of both full length and ∆DSRBDs mle transgenes 

induces lethality in both males and females.   

 

Under control of the T80-GAL4 driver, which drives expression in the imaginal discs,  

expression of both full length and ∆DSRBDs mle transgenes induces lethality in males.  

Viability in females is severely reduced (<5%) and surviving females are small.  In 

addition, females expressing ∆DSRBDs MLE are slightly delayed in eclosion.   
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Expression of both full length and ∆DSRBDs transgenes with the heat shock 

protein hsp40-GAL4 driver (flies grown at 25º C, not heat shocked) severely reduces 

viability in males (<5%) but does not affect viability in females.  Both females and 

surviving males are small.  

 

Under control of the GMR-GAL4 driver, which drives expression behind the 

morphogenetic furrow in the developing eye, expression of the full length MLE protein 

induces lethality in males only.  Viability is severely reduced in females, and surviving 

females have eye defects.  In contrast, expression of ∆DSRBDs MLE has no affect on 

viability in males or females, and does not induce eye defects. 

 

Flies expressing either full length or ∆DSRBDs mle transgenes under control of 

the armadillo-GAL4 driver, which drives expression at low levels ubiquitously  

(armadillo is the fly ortholog of the cytoskeletal protein β-catenin), have no obvious 

phenotype.  Thus, we used the armadillo-GAL4 driver for further experiments.
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   1      2      3     4     5      6      

Anti-myc 

Anti-myc 

Anti-MLE 

full     ∆     full    ∆      

Figure 10: Western analysis of myc-tagged proteins expressed from UAS-
cDNA transgenes. Lane 1: control myc-tagged protein (60 kDa), lane 2-3: 
hsp40 driver, full length (2) and ∆∆∆∆DSRBDs (3) protein; lanes 4-5: GMR 
driver, full length (4) and ∆∆∆∆DSRBDs (5) protein; lanes 6-7: T80 driver, full 
length (6) and ∆∆∆∆DSRBDs (7).  Antibodies indicated on right.  Anti-myc 
antibody detects ~120 kDa myc-tagged MLE protein (lanes 2-7, top panel) 
and ~60 kDa control protein (lane 1, second panel).  Anti-MLE antibody 
detects endogenous MLE in all lanes as well as myc-tagged protein in lanes 
2-7 (bottom panel).  WT=myc-tagged full length MLE, ∆∆∆∆=myc-tagged 
∆∆∆∆DSRBDs protein. 
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Table 7: Phenotypes induced by expression of [UAS-cDNA full length mle] or [UAS-
cDNA ∆∆∆∆DSRBDs mle] with various Gal4 drivers. 

Gal4 
DRIVER 

UAS–cDNA mle 
(full length) 

UAS–cDNA mle 
(∆∆∆∆DSRBDs) 

NOTES 

tubulin or 
actin 

 

Lethality in both 
males and females 

Lethality in both 
males and females 

General lethality for both 
transgenes 

 

T80 

Male lethality; 
severely reduced 
viability (<5%) in 
females, female 

survivors are small 

Male lethality;  
severely reduced 
viability (<5%) in 
females, female 

survivors  are small 
and delayed eclosion 

 

Male lethality and severely 
reduced female viability for 

both transgenes 

Hsp 40  
(not 

induced) 

Severely reduced 
(<5%) male 

viability, surviving 
males are small; 

normal viability in 
females but small  

Severely reduced 
(<5%) male viability, 
surviving males are 

small; normal 
viability in females 

but small  
 

Severely reduced male 
viability and small body 
size for both transgenes  

 

GMR 

Male lethality; 
viability reduced 

(~20%) in females, 
and female 

survivors have eye 
defects 

 

Normal viability in 
both males and 
females; no eye 

defects 
 

Effects on viability and eye 
phenotypes for full length 

transgene only 

armadillo Normal Normal 
Use for rescue experiments 
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Expression of UAS-cDNA mle transgenes partially rescues mle-/mle- lethality 

 

In an attempt to determine whether the DSRBDs are essential for dosage 

compensation, we tested whether expression of [UAS-cDNA ∆DSRBDs mle] transgene 

under control of armadillo-GAL4 driver rescues mle-/mle- lethality.  We generated w; 

mle-/mle-; [UAS-cDNA mle]; arm-GAL4 flies and calculated rescue percentage by 

dividing the number of mle-/mle- males carrying both UAS transgene and driver by the 

number of sisters of the same genotype.  As shown in Table 7, expression of [UAS-

cDNA ∆DSRBDs mle] transgene does not rescue mle-/mle- male lethality (0% rescue), 

whereas expression of [UAS-cDNA full length mle] rescues about 5% of mle-/mle- males.  

These rescued males are fertile and demonstrate a wings held-out phenotype typical of 

mlets males that escape lethality (Richter et al., 1996). 

 

Considering the lack of rescue with UAS-cDNA mle transgenes (Table 7) as well 

as lethality and other defects induced by [UAS-cDNA full length mle] expression with 

various GAL4 drivers (Table 6), we hypothesized that ectopic expression of mle 

transgenes by the GAL4-UAS system does not produce viable expression of MLE 

protein.  To circumvent this problem, we decided to create transgenes under control of 

the endogenous mle promoter. 
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Table 8: Rescue experiments using [UAS- cDNA mle] transgenes.  Rescue 
percentage calculated by dividing the number of mle-/mle- males carrying both 
[UAS- cDNA mle] transgene and Gal 4 driver by the number of sisters of the same 
genotype.   

 

Genotype # viable  

males  

# viable  

females  

Rescue % 

w; mle-/mle-;  

[UAS-cDNA full length 

mle];  

arm-GAL4 

11 219 5 

w; mle-/mle-;  

[UAS-cDNA ∆DSRBDs 

mle];  

arm-GAL4 

0 60 0 
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Expression of endogenous promoter cDNA mle transgenes  

 

We created transgenes containing the endogenous mle promoter sequence 

followed by myc-tagged full length or ∆DSRBDs mle cDNA, which we named [pro-

cDNA full length mle] and [pro-cDNA ∆DSRBDs mle], respectively (Figure 11).  We 

confirmed mRNA expression by RT-PCR (Figure 12) from males expressing each 

transgene using primers in the myc tag and mle cDNA (primers shown in Figure 11).  

This yielded products of expected sizes: 302 bp and 1089 bp for [pro-cDNA ∆DSRBDs 

mle] and [pro-cDNA full length mle], respectively.  The amplified products were 

sequenced to verify accuracy (data not shown).   

 

Protein stabilization was confirmed by Western blots of in vitro 

transcription/translation products and protein isolated from adult flies (Figure 13).   The 

full length in vitro protein band is the same size as the band in rescued adult mle/mle 

males expressing [pro-cDNA full length mle], in which the only source of MLE protein is 

provided by the transgene.  In agreement with the cDNA analysis, the expected size 

difference was observed between the full length and mutant ∆DSRBDs proteins 

generated in vitro.    
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Figure 11: MLE protein structure and transgenes. Maps of MLE protein and [pro – 
cDNA mle] transgenes. (A) MLE protein structure with DSRBDs (70 aa each) shown as 
black boxes.  (B) mle cDNA with sequences encoding DSRBDs shown as black boxes. 
Hind III site used to remove DSRBD cDNA  shown. (C) myc-tagged mle cDNA  cloned 
in [pro – cDNA full length mle] and [pro – cDNA ∆DSRBDs mle] transgenes. Sequences 
encoding DSRBDs in [pro– cDNA full length mle] shown as black boxes. Arrows 
indicate forward and reverse primers used for cDNA analysis in Figure 11.  
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Figure 12: Expression of [pro – cDNA mle] transgenes.  RT-PCR of mRNA isolated 
from adult male flies expressing [pro-cDNA mle] transgenes.  Lane 1, BS marker; Lane 
2, 100 bp marker; Lanes 3-6, primers amplifying 302 bp (∆DSRBDs) or 1089 bp (full 
length) products (forward and reverse primers shown in Figure 9C). D = [pro - cDNA 
∆DSRBDs mle], full = [pro-cDNA full length mle]. RT +/- indicated above lanes.  
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Figure 9: Western analysis. (A) Western blot using anti-myc antibody.  Protein isolated 
from adult males carrying [pro-cDNA full length mle] transgene (Lane 1) or full length 
MLE and ∆DSRBDs MLE proteins made in vitro (Lanes 2 and 3, respectively). (B) 
Western blots using anti-MLE and anti-CID antibodies.  Protein isolated from adult flies. 
Lane 1, wild type male; Lane 2, mle-/mle- female; Lanes 3 and 4, males carrying [pro - 
cDNA ∆DSRBDs mle] and [pro-cDNA full length mle] transgenes, respectively.  
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The DSRBDs of MLE are essential 

 

To determine whether the DSRBDS of MLE are essential, we analyzed the ability 

of mle transgenes lacking DSRBDs to rescue mle-/mle- lethality in males.  We crossed w; 

mle1/CyO females with w; mle1/CyO; [pro-cDNA mle] transgene (either full length or 

mutant �DSRBDs) and calculated rescue % by dividing the number of rescued mle-/mle- 

males carrying the  transgene by the number of mle-/mle females carrying the transgene 

(mle-/mle- indicated by straight wings; transgene indicated by eye color).  We tested four 

[pro-cDNA full length mle] transgene lines and four [pro-cDNA ∆DSRBDs mle] lines 

and found that [pro-cDNA full length mle] rescues mle-/mle- lethality in males (Table 9).  

These rescued males are fertile and demonstrate a wings held-out phenotype typical of 

mlets males that escape lethality (Richter et al., 1996).  In contrast, [pro-cDNA ∆DSRBDs 

mle] does not rescue mle-/mle- lethality in males (Table 9).   Importantly, this is the first 

in vivo evidence that the DSRBDs of MLE serve an essential role in dosage 

compensation in Drosophila.  

 

Next, we conducted viability experiments with flies expressing two transgenes 

from different lines.  As shown in Table 9, the presence of two copies of [pro-cDNA 

∆DSRBDs mle] increases % viability.  In contrast, expression of two copies of [pro-

cDNA ∆DSRBDs mle] does not increase viability. 
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Table 9: Rescue of mle-/mle- males with [pro-cDNA mle] transgenes. Rescue 
percentage calculated by dividing number of rescued mle-/mle- males carrying 
transgene by number of mle-/mle- female siblings carrying transgene. 
 
 

 

Genotype 

 

Line(s) 

# Viable Males # Viable Females % Rescue 

1 430 1493 29 

2 206 652 32 

3 94 756 12 

4 61 300 20 

1 and 2 31 98 32 

1 and 3 22 43 51 

1 and 4 18 49 37 

2 and 3 35 115 30 

2 and 4 70 180 39 

 

 

 

w; mle-/mle-; 

[pro-cDNA 

full length mle] 

3 and 4 98 156 63 

a 0 71 0 

b 0 225 0 

c 0 385 0 

h 0 197 0 

 

w; mle-/mle-; 

[pro-cDNA 

∆∆∆∆DSRBDs mle] 

c and h 0 113 0 
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The DSRBDs are may not be necessary for localization to the X chromosome and 

the MLE/ds RNA interaction. 

 

We analyzed the localization of proteins produced by [pro-cDNA full length mle] 

and [pro-cDNA ∆DSRBDs mle] transgenes on polytene chromosomes of male larvae 

using anti-myc and anti-MLE antibodies.  We found that myc-tagged full length and 

∆DSRBDs MLE proteins co-localize to the male X chromosome with endogenous MLE 

(Figure 14), which may indicate that the DSRBDs are not required for recruitment to the 

X chromosome in males.   

 

To investigate whether the DSRBDs of MLE are essential for the MLE/ds RNA 

interaction (Figures 8 and 9), we created female flies carrying either [pro-cDNA full 

length mle] or [pro-cDNA ∆DSRBDs mle] transgene and both [UAS-ds roX2] transgene 

and actin-Gal4 driver.  We found that both full length MLE and ∆DSRBDs mutant MLE 

associate with ds roX2 RNA (Figure 15), which may indicate that the DSRBDs of MLE 

are not required for association of MLE with ds RNA.   

 

An important consideration is that these results were obtained in a wild type mle 

background.  Thus, the proteins produced from the [pro-cDNA mle] transgenes may have 

interacted with endogenous MLE (see Discussion). 
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Figure 14. MLE proteins produced from [pro-cDNA mle] transgenes localize to the 
X chromosome in males.  Localization patterns of the MLE ds RNA helicase and the 
myc tag on polytene X chromosomes of male third instar larvae.  A-C: male expressing 
[pro-cDNA ∆DSRBDs mle] transgene. D-F: male expressing [pro-cDNA full length mle] 
transgene.  Males are in wild type mle background. 
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Figure 10: MLE proteins produced from [pro-cDNA mle] transgenes localize to the 
site of ds roX2 synthesis and the male X chromosome. Female (A-C) and male (D-F) 
expressing [pro-cDNA full length mle] and [UAS-ds roX2] transgenes. Female (G-I) and 
male (J-L) expressing [pro-cDNA ∆DSRBDs mle] and [UAS-ds roX2] transgenes. 
Arrows indicate location of [UAS-ds roX2] transgenes. 
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Further experiments with genomic transgenes 

 

Previous work has shown that MLE protein made from expression of mle25  

cDNA under control of the hsp70 promoter localizes normally to the X chromosome 

(Richter et al., 1996).  However, other labs have not been able to rescue mle-/mle- 

lethality with cDNA transgenes, possibly due to some type of regulation involving mle 

introns (Mitzi Kuroda, personal communication).  Previous work involving successful 

transgene rescue of mle-/mle- adult males used a genomic construct containing 

approximately 10.5 kb of genomic mle sequence (Kuroda et al., 1991).  In light of this, 

we decided to construct genomic mle transgenes for use in our study. 

 

Creation of genomic mle transgenes 

 

We decided to generate genomic mle transgenes lacking one or both DSRBDs by 

recombinant PCR.  This method was advantageous because it allowed us to delete 

DSRBD(s) without disrupting intron sequences, and gave us the opportunity to create 

deletions of individual DSRBDs (for details, see Materials and Methods).  We used an 

HA-tagged genomic mle transgene in the paCaSpeR1 vector (described in Richter et al., 

1996) as template DNA and successfully made three PCR products: deletions of each 

DSRBD individually (∆I and ∆II) and deletion of both DSRBDs (∆both).  We cloned ∆II 

and ∆both into pCaSper1, but were unable to complete cloning of ∆I into pCaSpeR1. 
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We recovered several transgenic lines carrying the HA-tagged full length mle 

genomic transgene by P-element mediated transformation.  Unfortunately, despite a 

number of injections, we were unable to recover a ∆II line.  We recovered only one line 

for ∆both, which we mobilized our remaining ∆both line to generate thirteen additional 

insertion lines.    

 

We analyzed several transgenic lines (n=4 full length, n=14 ∆both) by RT-PCR 

using primers specific for the HA tag.  We found that our transgenes express full length 

mle mRNA, but ∆both mle mRNA is not produced at detectable levels (data not shown).  

We performed Western blot analysis on protein isolated from w; mle-/mle- females 

carrying either the full length or ∆both transgene using anti-MLE antibody (data not 

shown).  In agreement with the RT-PCR results, Western blot analysis indicates that 

protein is expressed in full length lines, but not in the ∆both line (data not shown).  We 

did not pursue further experiments with the ∆both lines. 

 

In agreement with previous work (Richter et al., 1996), we found that the full 

length transgene rescues male mle-/mle- males to approximately 80-100% viability of 

their sisters (data not shown).   
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Discussion 

 

Proposed Model 

 

We propose a model in which interaction between MLE and double stranded 

form(s) of one or both roX RNAs facilitates MLE recruitment to the X chromosome, 

which may (1) stabilizes the MSL1 and MSL2 proteins that have already been recruited 

to chromatin entry sites and (2) facilitates the stabilization and/or recruitment of the 

remaining DCC components.  Our model implies that MLE interacts with the roX RNAs 

through its DSRBDs.  To address the role of the DSRBDs, we created various mle 

transgenes lacking DSRBDs.   

 

Ectopic overexpression of MLE reveals deleterious phenotypes 

 

We found that expression of UAS-cDNA transgenes encoding full length or 

∆DSRBDs MLE protein induces a variety of phenotypes, including general or male-

specific lethality, reduced viability, reduced body size, delayed eclosion, or other 

developmental defects (Table 6).  This is the first report of such phenotypes caused by 

ectopic MLE expression.  We hypothesize that the phenotypes are the result of a 

dominant negative effect of ectopic over-expression of MLE. Although it is not unusual 

to induce dominant phenotypes using the GAL4-UAS system (Brand and Perrimon, 
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1993), we were surprised to find that ectopic overexpression of both full length and 

∆DSRBDs MLE induces deleterious effects in both males and females.   

 

For example, male lethality is induced when full length MLE is expressed with 

the strong, ubiquitous actin and tubulin drivers as well as with the tissue-specific T80 

driver (which drives expression in imaginal discs in the developing larvae).  This 

suggests that levels of MLE protein are tightly regulated to achieve optimal dosage 

compensation (and/or any other MLE function).  To test our idea that ectopic expression 

drives MLE protein levels above a threshold tolerated for viability, we could repeat these 

experiments in a mle-/mle- background.  If our hypothesis is correct, we would expect 

that defects would be reduced or abolished in a mle-/mle- background, as ectopic 

overexpression may not reach threshold levels in the absence of endogenous MLE 

protein.   

 

Such a “threshold hypothesis” is in agreement with the commonly accepted 

premise that dosage compensation occurs in all male cells.  However, it is possible that 

dosage compensation occurs only in a subset of cells.  If ectopic expression of full length 

MLE induces dosage compensation in cells that normally do not dosage compensate, this 

would almost certainly result in severe defects.  Alternatively, the same lethal effect 

could be the result of introducing a function of MLE not related to dosage compensation 

in flies that normally do not express MLE. 
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Alternatively, overexpression of full length MLE may disrupt dosage 

compensation by shifting the ratio of MLE to other MSL proteins.  There is strong 

evidence that the msl genes regulate each other and that the MSL proteins stabilize each 

other (Rastelli et al., 1995; Meller et al., 2000).   

 

An explanation for the effects in both sexes with both transgenes is that ectopic 

overexpression of full length or ∆DSRBDs MLE changes a non-sex-specific, non-

essential MLE function into a dominant negative function, possibly by misregulating a 

target of endogenous MLE. An example of such a situation is the dominant negative 

allele mlenapts, which is responsible for improper RNA editing of the para transcript, 

resulting in a paralytic phenotype (Kernan et al., 1991; Reenan et al., 2000).  Perhaps 

ectopic overexpression of full length or ∆DSRBDs MLE causes improper RNA editing of 

other transcripts.   

 

In most cases, expression of full length vs. ∆DSRBDs MLE with the same driver 

induces similar phenotypes.  This could be attributed to a dominant gain of function that 

does not involve the DSRBDs.  In cases where different phenotypes are induced with the 

same driver, the phenotype induced by ectopic overexpression of ∆DSRBDs was less 

severe than that induced by ectopic overexpression of full length MLE.  The simplest 

explanation for this is the lower level of ectopically overexpressed ∆DSRBDs vs. full 

length MLE.   
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Finally, as it is hard to imagine how expression limited to the eye could cause 

lethality, we attribute the phenotypes in flies expressing full length MLE with the GMR 

driver to spurious expression that has not yet been identified with the GMR driver.   

 

The DSRBDs of MLE are essential  

 

To determine whether the DSRBDs are essential for MLE function, we tested 

whether expression of mle transgenes lacking DSRBDs rescues lethality of mle-/mle- 

males (Tables 8 and 9).  We found that expression of [UAS-cDNA ∆DSRBDs mle] with 

the armadillo-GAL4 driver or expression of [pro-cDNA ∆DSRBDs mle] does not rescue 

mle-/mle- lethality.  In contrast, our full length mle cDNA transgenes partially rescue 

mle-/mle- lethality.  Expression of [UAS-cDNA full length mle] with the armadillo-

GAL4 driver yields <5% rescue of mle-/mle- males, and expression of one copy of the 

[pro-cDNA full length mle] yields rescue up to 32%.   

 

Importantly, this is the first in vivo evidence that the DSRBDs serve an essential 

function in dosage compensation in Drosophila.  Our finding that the DSRBDs are 

essential is reasonable, as there is high conservation between Drosophila MLE and 

human RNA helicase A (Gibson and Thompson et al., 1994; Lee and Hurwitz, 1993).   

 

There are at least two reasons for partial rescue of the mle-/mle- phenotype with 

full length mle transgenes.  First, these transgenes may express reduced levels of protein 
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compared to endogenous MLE protein levels.  To adress the question of reduced protein 

levels, we performed rescue experiments with flies carrying two insertions of the [pro-

cDNA full length mle] transgene.  We found that addition of a second copy of the 

transgene increased % rescue, up to 63% in one case (Table 9).  This clearly indicates 

that the partial rescue is due to suboptimal levels of protein.  However, we do not believe 

that the lack of rescue with [pro-cDNA ∆DSRBDs mle] is due to lack of protein 

expression, as addition of a second transgene did not affect % rescue using the mutant 

transgene (Table 9). 

  

A second reason for the partial rescue by the full length cDNA transgenes may be  

due to loss of regulatory elements in mle introns.  Personal communication with Mitzi 

Kuroda, who cloned mle (Kuroda et al., 1991), suggests that cDNA transgenes may not 

be effective due to some type of regulation involving elements in mle introns.  In support 

of this hypothesis, we and other groups have achieved rescue of mle-/mle- males using a 

full length genomic transgene (Richter et al., 1996).  Unfortunately, we were unable to 

express our genomic ∆both mle transgene and thus could not perform rescue experiments 

with this transgene. 

 

Third, in the case of the [pro-cDNA full length mle] transgene, the promoter 

region cloned upstream of the cDNA may lack important regulatory elements, resulting 

in sub-optimal levels or patterns of protein expression. 
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The DSRBDs may not be necessary for localization to the male X chromosome or 
MLE/ds RNA interaction. 

 

Our results indicate that the DSRBDs may not play an essential role in 

recruitment of MLE to the male X chromosome, as both full length and ∆DSRBDs MLE 

localize normally to the X chromosome in males (Figure 14).  However, we must 

consider that these experiments were conducted in a wild type mle background.  Thus, 

endogenous MLE may interact with the proteins produced by our transgenes.  To address 

this possibility, experiments are currently underway to create females that express ds 

roX2 RNA and [pro-cDNA mle] transgenes in a mle-/mle- background.   

 

Further reason to believe that endogenous MLE interacts with the protein 

produced by both [pro-cDNA ∆DSRBDs mle] and [pro-cDNA full length mle] is that our 

results in the mle wild type background disagree with recent work demonstrating that 

recombinant MLE protein lacking either DSRBD does not efficiently localize to X 

chromosome territory in Drosophila SF4 cells (Izzo et al., 2008).   

 

However, the differences in our results compared to those of Izzo and colleagues 

may be attributed at least in part to differences in methodology.  Our experiments were 

conducted in salivary glands of larvae and we used immunolocalization to visualize 

chromosomes, whereas Izzo and colleagues worked with Drosophila SF4 cell culture and 

visualized chromosome territory within whole cells.  We believe that our method is more 

sensitive, as strong MLE staining on the male X chromosome is observed 100% of the 
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time, whereas Izzo and colleagues found strong X territory staining in only 47% of cells, 

and observed no MLE staining in 28% of cells.   

 

Unfortunately, it would be very difficult to assess X localization in mle-/mle- 

males expressing the [pro-cDNA mle] transgenes because male mle-/mle- larvae die.  We 

know that mle-/mle- male larvae expressing [pro-cDNA ∆DSRBDs mle] are not rescued; 

thus localization experiments involving chromosome squashes using these flies is 

impossible.  Although some mle-/mle- male larvae expressing [pro-cDNA full length mle] 

are rescued, localization studies of these larvae would not be informative without 

comparison to such studies using the ∆DSRBDs mutant. 

 

It is possible that the experiments conducted in a null mle-/mle- background will 

yield the same results as the experiments described in a wild type mle background.    If 

this is the case, it may not necessarily be surprising that the essential function of the 

DSRBDs does not require MSL targeting or distribution of MSLs on the X chromosome.  

The components of the DCC are quite variable in structure and function, and act in a 

synergistic and dynamic manner.  It is not unusual for DCC components to serve multiple 

functions that are distinct.  For example, the roX loci are non-essential chromatin entry 

sites, but roX RNA is essential for male viability (Rattner and Meller, 2002).  

 

Whether or not endogenous MLE intereacts with the proteins produced by our 

transgenes, we propose that the DSRBDs may contribute to an MLE/ds RNA interaction 
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through other domains of MLE.  Using recombinant proteins in Sf9 cells, it was recently 

shown that mutations in the DSRBDs, helicase, and glycine-rich C terminus affected 

binding of MLE derivatives to both double and single stranded roX2 RNA (Izzo et al., 

2008).  Perhaps other motifs in MLE are involved in association with ds roX2 RNA. 

 

Finally, although our data suggests that the essential role of the DSRBDs is not 

required for proper MLE localization in males (Figure 14), it does not rule out the 

possibility that the DSRBDs may be involved in this process or in another essential role 

of MLE in dosage compensation.  For example, an MLE/ds RNA interaction may 

stabilize other DCC components.   In many cases, it is not known whether interactions 

between MSLs and roX RNAs are direct or whether they are mediated through other 

components of the DCC or unidentified factors.  Interestingly, a role for the roX RNAs as 

an “RNA bridge” between MLE and other DCC components has been proposed.  Since 

MLE is necessary for roX2 entry into the DCC (Meller et al., 2000) and MOF can bind to 

roX2, it is possible that these two proteins do not contact each other directly, but are 

linked to each other via an RNA bridge; indeed, MLE-MOF interaction is lost under 

conditions of high ionic strength, suggesting a loose or indirect interaction between the 

acetyltransferase and the helicase (Akhtar et al., 2000).  Both MOF and MSL3 have non-

specific RNA binding activity in vitro (Akhtar et al., 2000), which is supported by data 

showing that roX2 RNA can be amplified by RT-PCR from immunoprecipitates obtained 

from S2 cell extracts using MSL antibodies (Akhtar et al., 2000; Meller et al., 2000; 

Smith et al., 2000). MOF binds roX2 RNA in vivo through its chromodomain; this 
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interaction may be necessary for stable integration of MOF into the DCC (Akhtar et al., 

2000).  Furthermore, MOF requires MLE for its localization to the X chromosome (Gu et 

al., 1998).  

 

Conclusion 

 

Our results show that the DSRBDs of MLE are essential, although they may not 

berequired for localization to the male X chromosome or association with ds RNA.  

Nevertheless, we propose that an interaction between MLE and ds RNA in vivo is 

important in dosage compensation.  The non-specific nature of the MLE/ds RNA 

association suggests that MLE may recognize a variety of ds RNA structures.  We 

suggest that the ectopically expressed ds RNA used in our study mimics an endogenous 

RNA structure that MLE normally interacts with in vivo, such as a double stranded 

structure formed by one or both roX RNAs.   
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Materials and Methods 

 

Drosophila stocks.  

 

Flies were maintained on standard media at 23-25° C.  Stocks available from the 

Bloomington stock center or gifts from colleagues.   

 

Transgene constructs.   
 

[UAS-cDNA mle] transgenes.   

 

The UAS-cDNA mle transgenes (full length, 12.4 kb; ∆DSRBDs, 11.6 kb) consist 

of mle cDNA (mle25, see Kuroda et al., 1991) tagged with myc and cloned into pUAST 

(Brand and Perrimon, 1993).  Restriction fragments comprising 5’ mle cDNA (full length, 

2.7 kb BamHI-Acc65I fragment; ∆DSRBDs, 1.9 kb HindIII-Acc65I fragment) were 

cloned 3’ to the start ATG and myc epitope sequence of pBS II SK+ myc (gift from R. 

Fehon), which contains the myc oligonucleotide linker inserted into the pBluescript 

BamHI site.  From this construct, SpeI/blunt-Acc65I restriction fragments (full length, 2.8 

kb; ∆DSRBDs, 2 kb) comprising myc-tagged 5’ mle cDNA were cloned into 9.6 kb 

BglII/blunt-Acc65I fragment from 3’ mle in pUAST vector (11.2 kb) consisting of the 3’ 
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mle cDNA 3.2 kb XhoI-HindIII/blunt fragment cloned into XhoI-XbaI/blunt sites of 

pUAST.   

 

[pro-cDNA mle] transgenes.   

The endogenous promoter mle transgenes (full length, 14 kb; ∆DSRBDs, 13.2 kb) 

consist of approximately 2 kb genomic mle promoter sequence followed by mle cDNA 

(mle25, see Kuroda et al., 1991) tagged with myc and cloned into pCaSpeR4 (Thummel 

and Pirrota, 1992).  First, a 1.3 kb Acc65I-XhoI/blunt fragment consisting of 3’ mle 

cDNA was cloned into Acc65I-EcoRI/blunt sites of pCaSpeR4.  Then, a 2 kb HpaI-SpeI 

promoter fragment (obtained by PCR using primers including endogenous HpaI and SpeI 

sites) was cloned into the HpaI-SpeI sites of pCaSpeR4 to create an 11.2 kb promoter-3’ 

cDNA in pCaSpeR4 vector.  Finally, SpeI-Acc65I restriction fragments (full length, 2.8 

kb; ∆DSRBDs, 2 kb) comprising myc-tagged 5’ mle cDNA (described above) were 

cloned into the promoter-3’ cDNA in pCaSpeR4 vector. 

Genomic mle transgenes.   

 

The full length genomic mle transgene tagged with HA at its C terminus is 

described in Richter et al., 1996.   

 

Deletions of each N-terminal DSRBD (∆I and ∆II) and both DSRBDs (∆both) 

were created by recombinant PCR.  Each deletion product (approximately 2 kb) was 

amplified with flanking primer sequences including endogenous restriction sites to 
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facilitate cloning (forward: 5’ TTTGAGCTCCGTAGTTGATAGAAAGTTTATTGAAA 

ATCTAAGAATGG 3’, SacI site underlined; reverse: 5’ 

CGTCGATGTTGCAGGCATGCCACGTATTCCAGTTTGCCT 3’, SphI site 

underlined).   

 

To create ∆I, the HA-tagged full length genomic mle transgene (Richter et al., 

1996) was used as template DNA.  For first round PCR, we used the following internal 

primer sets: forward SacI primer with reverse ∆I 5’ CAGTTTGCCACCTA 

TAAATTAAACTGCTACTTGGGAAACACG 3”, and forward ∆I 5’AATTTA 

TAGGTGGCAAACTGAACACCAATGATGTTCCAGCG 3’with reverse SphI 

primer.  These PCR products were combined and subjected to a second round of PCR 

using the flanking SacI and SphI primers.  The resulting ~2 kb ∆I PCR product was 

sequenced and cloned into pGEMT (Promega). 

 

To create ∆II, the HA-tagged full length genomic mle transgene (Richter et al., 

1996) was used as template DNA.  For first round PCR, we used the following internal 

primer sets: forward SacI primer with reverse ∆II 5’ ATTTAAATGGA 

ACAAAAAGCTCCTACATTAAAAGAACTTTTTGAAAAAATC 3’, and 

forward ∆II 5’ AGCTTTTTGTTCCATTTAAATGTGATAGAGCCCTTTAG 

TGGA 3’with reverse SphI primer.  These PCR products were combined and 

subjected to a second round of PCR using the flanking SacI and SphI primers.  The 
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resulting ~2 kb ∆II PCR product was sequenced, cloned into pGEMT (Promega), and 

then cloned into the HA-tagged full length genomic mle transgene (Richter et al., 1996), 

replacing a ~2 kb SacI-SphI fragment containing the full length sequence. 

 

To create ∆both, we used the ∆I PCR product cloned into pGEMT as template 

DNA, and used the same primers as described above for ∆II for first and second round 

PCR. The resulting ~2 kb ∆both PCR product was sequenced, cloned into pGEMT 

(Promega), and then cloned into the HA-tagged full length genomic mle transgene 

(Richter et al., 1996), replacing a ~2 kb SacI-SphI fragment containing the full length 

sequence. 

 

Transgenic fly lines.   
 
Transgenic lines were generated by P-element mediated transformation (Spradling 

and Rubin, 1982).  In some cases, additional transgenic lines were generated by 

remobilization of original lines using transposase (Robertson et al., 1988).  Genomic 

location of transgenes was determined by genetics, inverse PCR mapping and/or DNA in 

situ hybridization using a DIG-labeled probe (Boehringer Mannheim) for the miniwhite 

gene (Berkeley Drosophila Genome Project, Online Methods).   

 

cDNA analysis.  
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Total RNA was extracted from adults using Trizol (Gibco-BRL) kit according to 

supplier’s instructions.   cDNA was generated using the Superscript II Choice System for 

cDNA Synthesis (Gibco-BRL) according to manufacturer’s instructions. 

 

Western blots. 

Crude protein was denatured and then run on SDS-polyacrylamide gels (6% 

resolving, 5% stacking) in Tris-glycine electrophoresis buffer.  Proteins were transferred 

to PVDF membranes using a Mini Trans-Blot Cell Assembly apparatus (Bio-Rad).  After 

blocking, membranes were incubated overnight at 4° C with primary antibodies: mouse 

anti-myc (Cell Signaling) or rabbit anti-MLE (gift from M. Kuroda).  Membranes were 

incubated for one hour at room temperature with secondary HRP-conjugated antibodies: 

goat anti-mouse (Bio Rad) or donkey anti-rabbit (Amersham Biosciences).  Detection 

was performed using ECL western blotting analysis system (Amersham Biosciences) 

according to manufacturer’s instructions. 
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