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Thesis Abstract 

Expression of the her-l gene specifies male development in Caenorhabditis 

elegans. her-l is negatively regulated in hermaphrodites by the sdc genes, which are in turn 

negatively regulated by the xol-I gene. I am interested in identifying cis-acting elements and 

tram-acting factors involved in the regulation of her-l gene expression. Transgenic studies 

indicate that many regions of the her-l locus are involved in replating Izer-1. Fra,gnents of 

her- l genomic DNA cause phenotypes in transgenic XX animals that resemble sdc loss of 

function phenotypes. Some of these sarne non-coding DNA fraagments can suppress the XO 

specific lethality of xol-1 loss of function mutations, indicating that sequestration of Iimiting 

factors necessary for dosage compensation and sex detennination may be occurring. 

Electrophoretic mobility shift assays show that factors in embryonic nuclear extracts bind to 

genetically defined regulatory regions of her-1. DNase I footprinting has identified new 

regions that are occupied in the her-2 promoter and may be involved in her-1 gene 

reguiation. 
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Chapter 1: Introduction 

1.1 Caenorhabditis elegans as a Mode1 Organism for Developmental 

Studies 

The fiee-living soi1 nematode Caenorhabditis elegans has become one of the 

favored organisms to study developmental biology. C. elegans is relatively easily 

propagated and maintained. The diminutive body (- 1 mm in length) ailows for the 

growth of thousands of animals on a single agar plate spotted with E-coli as an 

inexpensive food source. C. elegans has distinct sexual dimorphism and the transparent 

body of the worm allows for easy observation of morphology and screening for 

developmental mutations. Their Me-cycle is short; Worms are sexually viable 

approximately three days after their fertilization and they produce more than 300 

progeny. 

There are two naturally occurring sexes of C. elegans: hermaphrodites and males. 

Hermaphrodites are self-fertile somatic fernales, which create a limited nurnber of sperm 

early in their development and later produce oocytes which c m  be fertilized by the sperm 

stored in the spermatheca. This ability to self-fertilize greatly facilitates the maintenance 

of clonal strains as well as isolation of recessive mutations. Mequently (approximately 

0.2% of d l  progeny) males are aiso produced by rare X-chromosome nondisjunction and 



can mate with hermaphrodites where their sperm are preferentially used for insemination 

resufting in 50% male progeny thus allowing genetic crosses to be carried out. 

The entire ce11 lineage of elegans has been chronologically and spatially 

mapped allowing for detailed analysis of ceIl fate decisions by genetic anaiysis (Sulston 

and Horvitz, 1977), (Sulston et al., 1983). The adult hermaphrodite has exactly 959 

somatic cells, while the adult male has 103 1. The hermaphrodite nervous system is made 

up of 302 cells, and the interneuronal wiring is for the Iarge part completely known 

(White, 1986), (White et al., 1988). The male nervous system has an additional 79 

neurons that are primarily sex-specific (White et al., 1976). 

Transgenic strains of C. elegans are relatively easily created by the co- 

microinjection of the DNA of interest and a marker gene, into the syncitial gonad of 

hermaphrodites where it recombines into large concatamers that are transmitted to 

progeny as relatively stable extrachromosomal arrays. In addition the relatively new 

technique of RNA-mediated interference (RNAi) has allowed for the quick analysis of 

knockout (loss of fiction) phenotypes of genes with relative ease (Fire et ai., 1998). 

Recently, the entire 100 Mb C. elegans genome was sequenced, making it the frrst 

metazoan to enter the post-genomic era (Consortium, 1998). This information greatly 

facilitates the rapid analysis of homologous genes of interest fiom other more complex 

organisms in this simple well defined mode1 organism. Bioinformatics can be used to 

analyze vast quantities of sequence and identiQ cis-elements important in a genomic 

context. In addition cDNAs identified in screens such as yeast-one-hybrid and two-hybrid 

screens can easily be used to identiQ and map the entire gene with the genomic sequence 

Sorrnation. 



Clearly Sydney Brenner made a wise decision when he chose C-elegans as a 

mode1 organism to study the nervous system and developmental biology in general. 

Hermaphrodite and male animals are easily distinguishable due to the transparent 

body wall and distinct dimorphism of sexual structures (Figure 1). Ml  of the tissue types 

have some degree of dimorphism; 30% of al1 adult hermaphrodite somatic nuclei are 

sexually specialized and 40% of al1 adult male somatic nuclei are sexually specialized 

(Sulston and Horvitz, 1977). 

Many of the easily observable structures of the w o m  are sexually distinct. 

Hermaphrodites are slightly larger than males, despite having fewer cells. Their tail tapers 

to a whip-like point and is not specialized for a sexual fünction. ui contrast, males possess 

a specialized tail structure that contains nine pairs of sensory rays in a cuticular fan, as 

well as copulatory structures such as the spicules and hook. The nervous system of males 

is more extensive and is required for specialized sensory and copulatory fünctions, as 

well as male mating behaviour. 

The single-armed somatic gonad of males is easily contrasted with the large 

hermaphrodite bilobed gonad. The two arms of the hermaphrodite gonad meet at the 

vulva where egg laying as well as male-mediated insemination takes place. 

Hermaphrodites have an initial transient stage of spermatogenesis and the resultant 

limited nurnber of sperm are stored in the spermatheca awaiting the oocytes which are 

subsequently produced. Germ ce11 proliferation takes place at the distal ends of the 



hermaphrodite syncitiai gonad and oocytes mature as they progress towards the uterus. 

Many non-sexual structures such as the intestine are also fünctionally distinct. For 

instance, hermaphrodite intestines produce y o k  that is necessary for embryonic 

development, while the male intestine does not (Kimble and Sharrock, 1983). 

1.3 General Overview of Sex Determination and Dosage Compensation in 

C. elegans 

The developmental decision leading to sexual dimorphism in C. elegans is 

dictated by the ratio of the m b e r  of X chromosomes (a to the ploidy of autosomes (A)  

(the X:A ratio). This is an extremely important developmentd signal since it determines 

not only the somatic and germ line sexual fate of an animal, but also the mode of the vital 

developmental process of dosage compensation. 

In a wild type diploid animal, males have one X chromosome and two sets of 

autosomes (X:A ratio = OS), while hermaphrodites have two X chromosomes and two sets 

of autosomes (XIA ratio = 1 .O) (Nigon, 195 1 ). Many of the genes involved in transmitting 

this X:A ratio to the downstrearn effector genes have been identifkd genetically. A 

bifbrcated genetic pathway elucidated through epistatis experiments defines a hierarchy 

of primarily negative interactions that transmit the X:A ratio to the nuclei of al1 somatic 

cells (Figure 2) (Hodgkin, 1987b; Hodgkin, 1990). Al1 of the genes involved in this 

pathway have been cloned and it appears that they may define a signal transduction 

pathway. The signal of the dose of X numerator elernents relative to autosomal 

denominator elements is transduced through a group of genes: xol-Il sdc-Il sdc-2 sdc-3, 



Figure 1 : Sexual Dimorphism in the Soi1 Nematode Caenorhabditis elegans 

Diagranuned are the two sexes of C.elegans. The top diagram is the XY 

hermaphrodite and the bottom diagram is the XO male. Because of the transparent cuticle 

it is easy to observe the extensive sexually dimorphic structures of the nematode. 

Indicated are some of these structures as weU as some anatomical landmarks such as the 

pharynx- 
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Figure 2: Genetic Pathway for Sex Determination and Dosage 

Compensation in C. elegans 

The hierarchy that regulates both sex determination and dosage compensation 

begins with the dose of four known X-signai elements (regions 1+2, sex-l and fox-1) 

negatively regulating xol-l which in turn represses the sdc genes. The sdc genes activate 

the dosage compensation dumpy genes and repress her-l in XXanimals. In XO animals 

her-l represses tra-2 activity allowing the high activity of the fern genes. The fern genes 

act to repress ira-I and allow the male somatic fate program to be activated. There are 

two States to the pathway (XXvs. XO) and the level of activity for each gene is indicated 

below in either circumstance. The thin dotted line fiom xol-I to tra-l indicates the 

paradoxical weak ferninization role that xol-I plays inXXanimals. The thin c w e d  line 

between tra- I and tra-2 is indicative of the somatic feminizing role of the interactions 

between ira-I and ira-2. 



Figure 2: Genetic Pathway for Sex Determination and 
Dosage Compensation in C. elegans 
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that regdate both sex detennination and dosage compensation and are discussed below 

(section 13.2). The pathway then splits into a sex determination arm and a dosage 

compensation am. 

Dosage compensation is a phylogenetically diverse process necessary to equalize 

the expression of sex-linked transcripts between sexes which have different doses of sex 

chromosomes. While mammals have evolved to completely inactivate one of the two X 

chromosomes in fernales, Drosophila increases expression of genes on the single X 

chromosome in males ( C h e  and Meyer, 1996). In contrast, C. elegans employs a dosage 

compensation mechanism that down-regulates gene expression fiom both of the 

hermaphrodite Xchromosomes by a factor of two (Meyer and Casson, 1986). The genes 

invoived in dosage compensation incf ude dpy-21, dpy-26, dpy-2 7, dpy-28, dpy-3 0, mix-l 

as well as sdc-l, sdc-2, and sdc-3 (Hodgkin, 1983); (Hsu and Meyer, 1994); (Lieb et al., 

1998). A large group of these dosage compensation proteins localize to the X 

chromosomes and globdly repress transcription (Dawes et ai., 1999); (Chuang et al., 

1996); (Lieb et al., 1996); (Davis and Meyer, 1997). 

There are seven genes involved in the determination of somatic sex of C. elegans. 

Named for their loss of function phenotypes, there are four that promote the male fate; 

her-1, fem-l, fem-2, and fem-3 and three that promote the female fate; tra-l, ira-2, and 

ira-3. The most upstrearn regulator of the somatic sex detemination ann of the pathway 

is the male-specific gene her-1. The level of her-l activity sets the activity state of al1 six 

genes that fùnction downstrearn of her-1. The 1eveI of activity of the terminal regulator of 



sex determination tra-l ultimately decides the somatic sexual fate. This group of genes 

constitutes a hierarchy of negative interactions and their gene products resemble a novel 

signal transduction pathway. 

In the following sections, 1 briefly descnbe the genes involved in the sex 

determination and dosage compensation pathway illustrated in figure 2. 

1.3.1 The X:A Ratio is the Determinant of Both Sexual Fate and Mode of Dosage 

Compensation 

C.elegans occurs in the wild as a diploid organism and sex is determined by 

counting the number of X chromosomes relative to the two sets of autosomes. As 

mentioned earlier, a diploid animal with two X chromosomes becomes a hermaphrodite, 

while an animal with only one X chromosome becomes a male, Experiments that altered 

the ploidy of the autosomes relative to the X chromosomes revealed the presence of a 

counting mechanism that carefully monitors the XIA ratio and programs the sexual fate as 

well as mode of dosage compensation relative to the ratio. Nematodes that had 2 X 3 A  

(0.67) were male, whereas a ratio of 3E4A (0.75) resulted in hermaphrodite specification 

(Madl and Hennan, 1979). 

While denorninator eIements that count or mark autosomes have not yet been 

discovered, four regions of the X chromosome that act in a dose-dependent manner to 

affect xol-1 activity have been identified (Akerib and Meyer, 1994); (Carmi et al., 1998). 

These four regions (regions 1-4) may contain "numerators" (or X-signal elements) of the 

X j 4  ratio to signal the relative dose of X chromosomes. Analysis of X chromosome 



duplications and deletions in bothXYand XO animais revealed that these signal elements 

act synergistically to repress the activity of the direct regulator of sex determination and 

dosage compensation, xol-1. Furthemore xol-l repression occurs at two distinct levels: 

transcriptional and post-transcriptional. (Akerib and Meyer, 1994); (Carmi and Meyer, 

1999). 

Ordinady, xol-l activity is high in wild type XO animals and low i n Z  

Repression of xol-I activiv allows the expression of the sdc genes which direct the 

implementation of dosage compensation in XY animals and the repression of the her-1 

gene to speci@ the hermaphrodite sexual fate. One signal element harbored in region 3 

and one in region 4 have been molecularly characterized. 

fox-l (femuiizing locus on X) is a signal element that maps to region 3. fox-1 

encodes a putative RNA binding protein, that works in conjunction with region 2 (signal 

elements yet to be identified) to post-transcriptiondly repress xol-1. fox- I contains a 

ribonuclear protein motif that when mutated in a highly conserved residue results in a 

nul1 phenotype (Skipper et al., 1999); (Nicoll et al., 1997); (Hodgkin et al., 1994). 

Multiple copies of fox-l do not affect the transcriptional levels ofxol-1, but likely 

prevent an RNA-processing event criticai to xol-I activity. It is believed that the signal 

element in region 2 acts with fox-l to post-transcriptionally repress xol-I (Skipper et al., 

1999); (Meyer, 2000). 

sa-l  (signal element on X) is a signal element that maps to region 4 and encodes 

a nuclear hormone receptor homologue. Consistent with a rofe as a nuclear hormone 

receptor, sex-l has a ligand binding domain and a DNA binding domain (Meyer, 2000). 

sex-I and the elements in region 1 act to repress xol-l expression at the transcriptional 



level. Carmi et al. (1 99 8) showed through transgenic experiments that sex-l associates 

with the xol-I promoter and therefore presumably acts to directly repress xol-I 

transcription. In fact, xol-I reporter genes were transcriptionally derepressed in a sex-I 

nul1 mutant background. InXYembryos, homozygous null mutations in sex-I result in 

lethality and masculinization, presumably due to derepression of xol-2. Inappropnate 

expression of xoZ-I in Xanimals results in overexpression of X-linked transcripts due to 

repression of the sdc group of genes and subsequent lack of dosage compensation. The 

high levels ofX-linked transcripts result in sickness and lethality. The repression of the 

sdc genes in XXanimals also allows the derepression of her-I and subsequent 

masculinization of XX animds. 

1.3.2 Genes that Control Both Sex Determination and Dosage Compensation 

There are four genes that are responsible for coordinately controlling both sex 

determination and dosage compensation in C. elegam xol-1, sdc-1, sdc-2, and sdc-3. 

xol-l is the primary gene in the genetîc hierarchy of C. elegans sex determination 

and dosage compensation. As discussed above, the X chromosome signal elements 

directly repress xol-lactivity, making it the direct target and interpreter of the X:A ratio. 

xol-I acts as a developmentd switch to specifi the male fate; xol-I loss of funciion 

phenotype is the opposite of the xol-I gain of function phenotype. xol-I is responsible for 

ùnpkmenting the male modes of both sex detennination and dosage compensation. 

xol-I prevents the implementation of dosage compensation on the single X 

chromosome of XO anirnals by acting to negatively regulate the hermaphrodite-specific 



gene sdc-2. This is an essentid process and xol-I is named for its loss of b c t i o n  

phenotype, XO lethal. XX anhals are unafEected by nul1 mutations in xol-1, while XO 

animals die as embryos. This XO Iethaidy is caused by underexpression ofX-linked 

transcripts due to the derepression of sdc-2 and subsequent inappropriate dom-regdation 

of the single Xchromosome. 

xol-l is also requîred for the specification of male somatic sexual development 

through repression of sdc activity. Low sdc activity allows the proper expression of her-1, 

and a male sema1 fate. xol-I loss of fiuiction mutations result in inappropriate expression 

of sdc-2 and feminization of dying XO animals, due to repression of her-1. Ectopic 

expression of xol-l in XY animals results in XX specific lethality due to repression of sdc 

genes and dosage compensation and the correlating overexpression of X-linked 

transcripts- 

In addition to its role as a male specifying gene, xol-I also plays a secondary 

paradoxical role in sex determination- In XXanhals, sex determination mutations in 

hermaphrodite specQing genes such as sdc-l, tra-l (weak), rra-2, ira-3, and her-l (gB 

result in partial masculinization of the animals. tra-2; xol-l double mutants are 

completely masculinized and are fully viable XX males. Therefore wild type xol- l must 

have a weak feminizing role in XXanimais (Miller et al., 198 8); (Rhind et al., 1995)- 

xol-l has been cloned and it encodes three transcnpts (2.5 kb, 2.2kb, and 1 Skb) 

that differ at their 3' ends due to alternative splicing. Northem hybridization experirnents 

showed that expression of the 2.2 kb transcript is significantly higher in XO animals and 

peaks in young embryos (Rhind et al., 1995). 



In order to identi% the fünctional roles of the three diierent transcrïpts of ml-I, 

Rhind et al. made a set of constmcts expressing two wild type transcnpts, and one 

tnuicated îranscript. These constructs were tested for their ability to rescue either the XO 

specific lethality, or to perform the feminizing role in a ira-2 background. Only the 2.2 kb 

transcript was necessary to rescue the XO lethaiity of xol-1. Interestingly the 2.2 kb 

transcript was also necessary for the feminizing role of xol-1; the tnincated version of the 

2.2 kb transcript resulted in enhanced mascufinization. Further, use of the 2.2 kb 

transcript alone resulted in rescue of both XXand XO xol-I phenotypes. These 

experiments showed that the 2.2 kb transcript was both necessary and sufficient for both 

kno wn xol- l activities, 

Further mutational analysis showed that the highly acidic carboxyl terminus was 

necessary for the XYspecific feminization role of xol-1, but not for the XO male specific 

hc t i ons  of xol- l. Another region in the third cornmon exon appears to filfil1 the XO 

specific role ofxol-I (Rhind et al., 1995). 

sdc-l was the first gene identifïed that linked the developmental processes of sex 

detemiination and dosage compensation in the worm (Villeneuve and Meyer, 1987). 

Mutations in the X-linked sdc-1 result in variable sexual transformation (Tra) of XX 

animals. XX animals are partially masculinized and have egg laying defects (Egl) . 

Epistatis analysis of XXanimals doubly mutant for the sex deterrnining gene her-I and 

sdc-l showed that her-I was necessary for the masculinking ability of sdc-l mutants and 

thus placed sdc-1 upstream of her-1. 



In addition to sexual fate transformation, sdc-l mutant XXanimds also show 

dosage compensation defects such as the d m p y  phenotype @py) associated with 

elevated levels of X-linked transcripts. The k s t  indication that sdc-l affects an additional 

pathway was the observation that in XXanimaIs that are sdc-l, suppression of the sex 

determination phenotypes can be achieved by mutations in her-l, yet these double 

mutants still exhibit dosage compensation defects (dumpy phenotype). 

The sdc-l dosage compensation defects are karyotype specific rather than sex 

specific. XO anirnals that have been transformed to phenotypic hermaphrodites by her-l 

loss of fûnction mutations can also be made mutant for sdc-l without phenotypic 

consequences. XXhermaphrodites with the same mutations in sdc-l are Egl and short 

(dumpy) indicating that the sdc-l Dpy and Egl phenotypes are dependent on the number 

of X chromosomes (Villeneuve and Meyer, 1987). Northern analysis confirmed that sdc-l 

mutations result in increased X-linked expression, indicating dosage compensation of the 

two X chromosomes had been disrupted. These data established a role for sdc-l in dosage 

compensation (Villeneuve and Meyer, 1987). 

sdc-I was cloned and found to produce a single 3.8 kb transcript that encodes a 

1203 arnino acid protein containing seven zinc finger motifs, five of which resemble the 

consensus C2fI, TFIIIA motif. The expression of sdc-I peaks during ernbryonic 

development and then transcnpt levels drop through the larval stages until they nse again 

in adulthood (Nonet and Meyer, 1 99 1) 

Although sdc-l has a necessary role for the proper semal development and 

dosage compensation of C. elegans hermaphrodites, the sdc-l nul1 phenotype is not as 

severe or penetrant as that seen in sdc-2 or sdc-3 mutants There is no significant XX 



lethality despite the increase in X-linked expression, and the incornplete transformation of 

sexual phenotype argue that sdc-I is not the sole gene responsible for hermaphrodite fate 

specification. Double mutants carrying weak alleles of sdc-2 with sdc-l nul1 (neither of 

which have strong phenotypes) result in complete XXspecific lethality and a 

corresponding increase in her-l transcripts indicating that sdc-l is likely acting 

synergistically with sdc-2 to promote the hermaphrodite fate (Nonet and Meyer, 1991); 

(Trent et al-, 199 1). 

sdc-2 is the master control gene that is responsible for initiating d l  aspects of 

hermaphrodite development in C. elegans. sdc-2 regulates the hermaphrodite mode of 

somatic sexual specification as well as activating X chromosome dosage compensation. 

Mutations in sdc-2 result in extensive lethality of XX animals, while XO animals are 

completely unaffected, indicative of dosage compensation defects causing overexpression 

of X-linked transcripts. In addition, sdc-2 mutations result in the near-complete sexual 

transformation of hermaphrodites to strongly masculinized pseudo-males, similar to 

mutations in tra-1, the terminal regulator of somatic sex detennination (Nusbaum and 

Meyer, 1989). 

Alleles of sdc-2 were isolated in a screen for X-linked hermaphrodite-specific 

lethal mutations, as well as in screens for extragenic suppressors of xol-l lethality. Other 

genes involved in the dosage compensation process also cause XYspecific lethality. 

Mutations in dpy-21, dpy-26, dpy-2 7, dpy-28, and sdc-1 (see above) result in disruption of 

the dosage compensation process and subsequent overexpression of X-linked transcripts 

in XX animals. (Meyer and Casson, 1986); (Villeneuve and Meyer, 1987); (Meneely and 



Wood, 1987); (Plenefisch et al., 1989). Nusbaum and Meyer (1989) showed that sdc-2 

mutations are specific to the XYkaryotype of an animai and not to the sexual phenotype 

by comparing sdc-2 6.~55); her-I XO animals which are phenotypic hermaphrodites (as 

heu-I mutations can suppress the sexual transformation phenotype o f  sdc-2 mutants), 

witb sdc-20155); her-l XXanimals which are also phenotypic hermaphrodites but are X X .  

The mutant XXanimals had extensive dosage compensation defects such as Dpy and Egl 

phenotypes, while the XO animais displayed no such defects (Nusbaum and Meyer, 

1989). Further evidence that sdc-2 mutations dismpt dosage compensation came fiom 

Northern hybridization experhents indicating that X-linked transcript levels are 

substantially higher in sdc-2 mutant XX animals (Nusbaum and Meyer, 1989). 

As mentioned above, Ioss of function mutations in the male-speciSling gene her-l 

can suppress the masculinization phenotype of sdc-2 mutations and thus sdc-2 was placed 

upstrearn of her-I in the regdatory hierarchy of sex determination. In addition to the fact 

that sdc-2 mutants are dependent on the presence of her-l for their rnasculinizing activity, 

it became clear that the dose of her-1 was also important. sdc-2 (y.55) XXanimals that 

were hornozygous for wild type her-l were masculinized, yet sdc-2 (y53 AXanimaimals 

heterozygous for her-l had the masculinization activity of sdc-2 (~~5-5') suppressed. The 

fact that XO animais heterozygous for her-I were completely masculinized or wild type, 

while the sdc-2 @55) mutant Xanimals  heterozygous for her-1 had their 

masculinization suppressed showed that even the residual amount o f  sdc-2 activity of the 

y55 mutant was able to partially repress her-l activity. This was one of the fhst 

indications that sdc-2 may be a direct regulator of her-I activity (Nusbaum and Meyer, 

1989) 



sdc-2 has been cloned and it produces a 9.5 kb transcript that encodes a highly 

charged 2962 amino acid protein. sdc-2 has 19 exons and the detection of a 4.8 kb 

deletion that is associated with the y74 mutation confkned the identity of the transcript 

as sdc-2 (Dawes et al., 1999). 

The role of sdc-2 as the key regulator of hermaphrodite mode of dosage 

compensation is supported by three molecular observations. 

First, immun0 localization experiments showed that sdc-2 was expressed 

exc1usiveIy in XXembryos whereas other components of the dosage compensation 

compIex are expressed throughout the nuclei in both sexes in very early embryos and 

only later Iocalize to the hermaphrodite X chromosomes. This result implies that SDC-2 

is the only dosage compensation protein exclusively expressed in XX animals. 

Second, the initial expression of sdc-2 at the 40-ce11 developmental stage of the 

embryos coincides with the first evidence of assernbly of the dosage compensation 

machinery on the X chromosomes. 

Third, fiom the onset of its expression, SDC-2 is localized to the X chromosome, 

and this localization is necessary for the locaiization of other dosage compensation 

proteins to the Xchromosornes ofXXanimals (Dawes et al., 1999); (Chuang et al., 1994); 

(Lieb et al., 1996); (Lieb et al., 1998) 

Consistent with a role for sdc-2 as the hermaphrodite-specific switch gene, ectopic 

expression of sdc-2 results in extensive XO specinc lethality. This lethality can be 

suppressed by corresponding mutations in the dosage compensation dumpy genes, 

indicating that sdc-2 is capable of initiating dosage compensation (Dawes et al., 1 999). 



Although the lethality of XO animals ectopically expressing sdc-2 is extensive, 

xol-l loss of function mutations are more severe and result in complete XO lethality. This 

result impLies that there are still other factors that contribute to the implementation of 

dosage compensation. sdc-2 ectopic expression causes 83% ofXO animais to die and 

overexpression of sdc-3 causes only 2% lethality of XOs. Ectopic expression of both sdc- 

2 and sdc-3 results in 99% XO lethaiity (Davis and Meyer, 1997). This suggests a 

synergistic facilitative role for sdc-3 in sdc-2 mediated dosage compensation. (see below 

for M e r  discussion of sdc-3). 

Irnmunolocalization experiments showed that ectopic expression of sdc-2 in XO 

anirnals resulted in X chromosome localization of SDC-3. Widtype XO embryos (lacking 

SDC-2) have weak expression of SDC-3, but is not localized to the single X chromosome, 

showing that sdc-2 expression is necessary and sufficient for the recruitment of SDC-3 to 

the X chromosome (Dawes et ai., 1 999); (Davis and Meyer, 1997). 

The protein machine that is involved in globally repressing transcription of the 

two X chromosomes in C. elegans by half is known as the dosage compensation cornplex. 

The dosage compensation complex is comprised of many factors, some of which were 

initially identified in screens for Z-specific lethality. A large group of proteins invoIved 

in such diverse processes as meiosis (DPY-26, DPY-28), mitosis (MIX-l), dosage 

compensation @PY-27), and sex determination and dosage compensation (SDC-2 and 

SDC-3) form a complex that is localized to the two X chromosomes of XXnematodes 

(Hodgkin, 1983); (Lieb et al., 1996); (Chuang et al., 1996); (Lieb et al., 1998); (Dawes et 

al., 1999). 



Members of this complex have been observed to locaiize to the X chromosomes of 

Zhermaphrodites at around the forty ceU stage of embryonic development coincident 

with the hermaphrodite specific expression of sdc-2 (Lieb et al., 1996); (Chuang et al., 

1994)- 

It has been observed that mutations in any one of these proteins prevents the 

other members fiom associating with the Xchromosomes. DPY-26, DPY-27, MX- 1, and 

SDC-3 do not associate with the X chromosomes in animals mutant for other dosage 

compensation genes (sdc-2, sdc-3, and dpy-30). SDC-3 is necessary for the locaiization of 

al1 other dosage compensation proteins to Xexcept SDC-2, and SDC-3 requires SDC-2 

for its localization to X- (Lieb et al., 1996); (Chuang et al., 1996); (Lieb et al., 1998); 

(Dawes et al., 1999). 

SDC-2 however appears to have X chromosome localization regardless of 

mutations in other dosage compensation genes (&y-26, dpy-2 7, dpy-28, dpy-30, sdc-3. as 

weIl as sdc-l and dpy-21) (Dawes et al., 1999). 

This evidence coupled with the sufficiency of sdc-2 expression for temporal and 

spatial X-localization of SDC-3 argues that sdc-2 is the hermaphrodite-specific initiator of 

dosage compensation. The curent molecular mode1 of dosage compensation is that SDC- 

2 and SDC-3 bind to sequences on the X-chromosomes of Xhermaphrodites and recruit 

DPY-26, DPY-27, DPY-28, MM-1, and possibly other factors to X, in order to repress 

transcription of X-linked genes by half. 

In addition to its role as activator of dosage compensation, there is significant 

evidence to support a role for sdc-2 as the key initiator of hermaphrodite sexual 

development. 



The male s p e c w g  gene her-l is the most upstream regulator of sexual fate. In 

XO anirnals her-I activity is high and male sexual development is implernented- In order 

to ensure the hermaphrodite sexual fate, XXanimals need to repress her-l activity by a 

factor of 20 and in so doing ultimately activate ka-1, the terminal regulator o f  somatic 

sexual fate. 

The first evidence that sdc-2 is the key regulator promoting the hermaphrodite 

semal fate, is that loss of function mutations in sdc-2 result in sexual transformation or 

variable masculinization of Xhermaphrodites. Nusbaum and Meyer found that the rare 

sdc-2 mutant XYanimais that were abIe to escape lethal overexpression of X-linked 

transcnpts were durnpy and masculinized. These XYanîmals homozygous for strong sdc- 

2 mutations had male tails and male gonads containing sperm. Almost al1 of the complex 

male tail structures were intact and there was no presence of yolk which is an indicator of 

incomplete masculinization (Nusbaum and Meyer, 1989). 

RNA blot analysis also showed that her-i transcript Ievels were elevated to 

abnonnally high levels in sdc-2 loss of function XXanimals (Trent et al., 199 1). Ectopic 

expression of sdc-2 in XO animals should result in feminization, but the inappropriate 

implementation of dosage compensation results in XO lethality similar to that seen in xol- 

1 mutants due to underexpression of X-linked transcripts. By ectopically expressing sdc-2 

in a dpy-2 7 nul1 mutant background, it is possible to observe the sema1 phenorne while 

the XO lethality is suppressed. Dawes et al. obsewed that approximately 30% of these 

XO animals were sexually transformed to the point that they were fertiIe hermaphrodites 

(Dawes et al., 1999). 



Just as sdc-2 is not the sole activator of dosage compensation, it is clear that other 

factors are involved in activating the hermaphrodite mode of sex determination at the 

same genetic level as sdc-2. While it is known that sdc-l mutations causes weak sexual 

transformation, it appears that sdc-3 (+) plays a fairly important role not only in dosage 

compensation, but also in sex detemiination. 

sdc-3 is unique in the sex determination and dosage compensation group of genes 

in that its two fûnctions (activation of dosage compensation and repression of her-1) are 

separately mutable. Mutant alleles have been isolated that specifically disrupt the sex 

determination role of sdc-3 and variabl y masculinize X X  animals, yet exhibit no dosage 

compensation defects. There are also alleles that disrupt the dosage compensation role of 

sdc-3 and result in XY specific lethality and dumpiness, yet exhibit no sexual 

transformation whatsoever (DeLong et al., 1993). 

sdc-3 has been cloned and it encodes a 250 kD protein. Molecular analysis of the 

various sdc-3 alleles revealed that there are two independent domains that are responsible 

for the two developmental processes. The sex detemiination activity maps to a region 

which has limited hornology to the ATP-binding domain of myosin, while the dosage 

compensation activity of sdc-3 mapped to a domain containing two TFIIIA like zinc- 

fmger motifs (Klein et al., 1993). Analysis of sdc-3 alleles showed that dosage 

compensation mutations in sdc-3 eliminated the zinc finger motifs and fûrther site- 

directed mutagenesis of criticai cysteines of the zinc hgers  abolished their dosage 

compensation role. Furtherrnore, mutations that delete or disrupt the zinc finger motifs 

abolished X-localization of SDC-3 in vivo (Davis and Meyer, 1997). These zinc finger 



mutants were however able to rescue the sex determination phenotype of sdc-3 (Tra) 

deles. Further deletion anaiysis identified another region that is necessary for the dosage 

compensation activity; removal of amino acids 443-978 prevented the protein from 

rescuing D.C. defects (Klein and Meyer, 1993). 

In addition to sex determination alleles and dosage compensation alleles, there is a 

third class of sdc-3 nul1 alleles that result in a paradoxicai phenotype. These null alleles 

disrupt both domains of SDC-3 and result in extensive XXlethality, but the rare escapees 

of X-Iinked overexpression do not show any obvious signs of rnasculinization. This result 

is unexpected because not only is the sex determination domain disrupted, but this same 

null class also fails to complement the sdc-3 (Tra) mutant aileles, indicating that it has no 

ferninizing activity. A clue as to how the nul1 mutations fail to result in masculinization 

came from observations of other dosage compensation mutants, in particular the dpy 

genes. It appears that increases in X-linked transcripts associated with mutations in dpy- 

26, dpy-27, and dpy-28 can suppress the sex determination defects in both sdc-3 (null) 

and sdc-3 (Tra) aileles, presumably through a feedback mechanism that reduces her-I 

transcript Ievels (DeLong et al., 1993). 

Immunolocaiization experiments show that SDC-3 associates with the X 

chromosomes of XXanimals in vivo at around the forty ce11 stage of embryonic 

development and persists in somatic cells throughout adulthood. As expected, mutations 

that disrupt the zinc fingers of SDC-3 prevent its localization to X chromosomes of X.Y 

animals, while mutations in the sex determination domain do not. SDC-3 also Iocalizes to 

the single X chromosomes of dying xol-I mutant XO animals. The xd- I  mutation results 

in the derepression of the sdc genes, and subsequent inappropriate activation of dosage 



compensation consistent with a role for SDC-3 in participating in the assembly of the 

dosage compensation complex on Xchromosomes (Davis and Meyer, 1997). 

Ectopic expression of SDC-3 in XO animals does not result in X chromosome 

localization of the protein indicating the necessity of other hermaphrodite-specific 

factor(s) for localization of SDC-3 to the Xchromosome. As discussed above sdc-2 is the 

likely candidate to regulate ail hermaphrodite development since it is zygotically 

expressed while al1 other dosage compensation and sex determination genes are 

matemally provided. Also SDC-2 accumulates only in hermaphrodites and is expressed 

coincident with the XV-specific assembly of the dosage compensation complex. SDC-2 

is also the likely candidate to recruit or facilitate SDC-3 X localization. Analysis of sdc-2 

mutant embryos showed that besides the transient (short-lived) maternally contributed 

SDC-3, there is no accumulation of SDC-3 in sdc-2 XX>100 ce11 embryos. Also, SDC-3 

does not associate with Xchromosomes in sdc-2 mutants that overexpress SDC-3. 

Together, these observations indicate that SDC-2 is necessary for SDC-3 accumulation 

and X-localization @avis and Meyer, 1 997)- 

Transgenic experiments that 1 describe in greater detaii later, show that SDC-2 

localizes in vivo to the X chromosomes of XXanimals and it also colocalizes with large 

fragments of her-I genomic DNA. Interestingly, it was also observed that SDC-3 is 

necessary for SDC-2 localization to these large genomic her-I regdatory regions and that 

sdc-3 (Tra) mutations abolished SDC-2 localization to these her-1 arrays (Dawes et al., 

1999). 

Additional experiments, revealed that dpy-30 is required for either the expression, 

production, or stability of SDC-3, because mutations in dpy-30 eliminate SDC-3 protein 



fiom XYanimals. Interestingly &y-30 is the o d y  dosage compensation durnpy gene that 

is not regulated by the sdc genes (Hsu et ai., 1995). Mutations in dpy-26, dpy-2 7,and dm- 

28 greatly reduce SDC-3 levels indicating its stability may be dependent upon the 

formation of a complex with DPY proteins and dpy-27 and dpy-28 mutations prevent X- 

localization of SDC-3 (Davis and Meyer, 1997). 

As noted earlier, mutations in dosage compensation genes including sdc-3 (null) 

can suppress the masculinization of sex determination mutations of sdc-3. Molecular 

experiments indicated that this feedback mechanism occurred at, or upstrearn of her-l 

because her-l transcript levels were reduced. This result implicated the presence of 

another negative regulator of her-l other than SDC-3; clearly SDC-2 is a valid candidate 

due to its important role in the regulation of hermaphrodite sexual development. Indeed 

overexpression of SDC-2 results in complete suppression of the sdc-3 (Tra) 

masculinization (Davis and Meyer, 1997). Dosage compensation mutations may increase 

levels of SDC-2 available to negatively regulate her-1, whether it be through increasing 

X-linked sdc-2 expression fiom the derepressed (uncompensated) X chromosomes, or b y 

liberating SDC-2 fiom the disrupted dosage compensation complex, and thus increasing 

the amount of fiee protein available to repress her-1. 

1.3.3 Overview of Genes Involved in Dosage Compensation 

XY-specific activation of the sdc genes results in the subsequent activation of a 

group of genes that cooperatively act to halve the expression of X-linked genes in= 



animals. Many of the genes responsible for dosage compensation ofXchromosomes in 

celegans were identified in screens for X-specific lethal phenotypes associated with 

overexpression of X-linked genes. 

In addition to sdc-1, sdc-2, and sdc-3 genes, another group of genes that are 

required for dosage compensation has been identified. Mutations in dpy-2 1, dpy-26, dpy- 

2 7, dpy-28, and dpy-30 cause XY-specific Iethality and dosage compensation d~unpy 

phenotypes and identw these genes as being involved in C. elegans dosage 

compensation (Hodgkin, 1983); (Meyer and Casson, 1986);(Plenefisch et al., 1989); (Hsu 

and Meyer, 1994). Reverse genetics identified a new protein MIX-1 that is also involved 

in dosage compensation (Lieb et al., 1998) 

+27 encodes a protein that is similar to rnembers of the evolutionarily 

conserved structural maintenance of chromosomes (SMC) family of proteins. SMC 

proteins are involved in the processes of chromosome condensation, chromosome 

segregation, sister chromatid cohesion, and rnitotic recombination repair (Chuang et al., 

1994; Chuang et al., 1996); (Lieb et al., 1998). Although DPY-27 is present in bothXX 

and XO anirnals, it is only localized to the X chromosomes ofXXanimals after the 30 ce11 

stage of embryogenesis and is not involved in mitosis or other fünctions (Chuang et al., 

1994). 

Immunolocalization experiments revealed that sdc-2, sdc-3, and dpy-30 are 

required for the localization of DPY-27 to X chromosomes. Similar experiments also 

revealed that dpy-26 and dpy-28 mutations result in complete loss of DPY-27 detection, 

but not dpy-2 7 transcnpts, indicating that either dpy-2 7 translation or the stability of the 

protein are dependent on dpy-26 and dpy-28. In vivo irnrnuno£luorescence experiments 



and irnmunoprecipitation experiments using nucIear extract m e r  dernonstrated that 

DPY-27 is likely stabilized in a cornplex that contains DPY-26 and DPY-28, as well as 

one other protein (Chuang et al., 1996). 

The dpy-26 gene encodes a 1263 amino acid protein with two small motifs which 

share homology to two mitotic proteins; the X laevis condensin complex member XCAP- 

H, and the Drosophila rnitotic chromosome segregation protein Barren. In addition to its 

role in dosage compensation, dpy-26 is also involved in meiotic chromosome segregation, 

but does not function in mitosis (Lieb et al., 1998); (Lieb et al., 1996). Mutations in +y- 

26 XX animals result in 4% male self-progeny as opposed to the expected 0.2% indicating 

a defect in meiotic chromosome segregation (Lieb et al., 1996). DPY-26 localizes to X 

chromosomes in= as well as xol-I XO anirnals, but not wild type XO anirnals. In 

addition to this, DPY-26 colocalizes with DPY-27 on the X. Pnor to the implementation 

of dosage compensation (< 30 ce11 stage) DPY-26 associates with al1 chromosomes 

undergoing mitosis, but after the 60 ce11 stage when dosage compensation has been 

implemented DPY-26 staining is speciftc to X chromosomes inXanimaIs (Lieb et al., 

1996). 

Like DPY-26, DPY-28, another cornponent of the dosage compensation complex 

associates not only with the Xchrornosomes, but also with meiotic chromosomes in both 

sexes (Albrecht, 1998). 

DPY-28 has homology to a component of the Xenopus 13 S-condensin complex, 

XCAP-D2 and is localized between homologous chromosomes as they pair during 

pachytene (Albrecht, 1 998); (Meyer, 2000). 



Tbe other known component of the dosage compensation complex, MM-1 ( 

mitosis and X- associated protein) was only recently identified biochemically, by co- 

immunoprecipitation with DPY-27, and through its homology to the SMC farnily 

subclass protein XCAP-E. MIX-1 is an essential component of a complex necessary for 

mitotic chromosome segregation in both sexes. MIX- 1 specifically localizes to the 

hermaphrodite X chromosomes to down-regulate gene expression presumably with the 

assistance of hermaphrodite-specific factors. in fact, DPY-27, sdc-2, sdc-3, and dpy-30 

are necessary for the hermaphrodite-specific X localization of MIX-1, but not for the 

chromosome segregation fimction. In addition, dpy-26, and @y-28 are necessary for the 

stabilization of MIX-1 enabling it to filfil1 its role in dosage compensation. dpy-26 and 

dpy-28 are not necessary for mix-Ichromosome segregation fünction (Lieb et al., 1998). 

mix-lwas also identified as the essential gene let-29 and irnmunolocalization analysis of 

mix-l mutants reveded improper localization of dosage compensation proteins and 

failure of a complex to form. In addition, heterozygous mutants of mix-I suppress the 

previously descnbed masculinizing effects of the sdc-3 (Tra) mutations, m e r  

codirming a role for mix-l in repressing transcription of X-linked transcripts through 

dosage compensation (Lieb et al., 1998). 

There are numerous homologies between the dosage compensation components 

and components of the frog 13s condensin complex involved in mitotic chromosome 

condensation @PY-26 G XCAP-H; DPY-27 z XCAP-C; DPY-28 z XCAP-D2 and MIX- 

1 XCAP-E). These homologies, as we11 as the dud roles of m â - I  in dosage 

compensation and mitosis suggest that dosage compensation may have evolved by 



recniiting components (MM-1) fkom an ancient essential process such as mitosis and 

used them for a completely new fiinction, in this case gene regdation. This also dlows us 

to speculate as to the mechanism of dosage compensation. The involvement of MD(-1 

and other homologous factors in chromosome condensation and segregation suggests that 

the chromosome-wide repression of gene expression during dosage compensation may 

result fiom higher order structural changes in the interphase X chromosomes. 



Figure 3: Molecular Models for Dosage Compensation and 

her-l Repression 

A: In XY animals a complex of proteins is recruited to decorate the X 

chromosomes to globally repress transcription by half. SDC-2 is responsible for the 

initiation of al1 aspects of hermaphrodite development including orchestrating the 

formation of the dosage compensation complex on X. Ln addition to the dosage 

compensation specific DPY-27, this complex is cornposed of proteins which are dso  

required for sex determination (SDC-2, SDC-3), proteins involved in meiosis @PY-26 

and DPY-28) as well as a protein essential for mitosis (MIX-1). 

B: Repression of her-l transcription is necessary to implement the hermaphrodite 

program for somatic development. her-l transcription is reduced 20-fold in AXanimals 

and both sdc-3 and particularly sdc-2 gene activity are required for this repression. It has 

recently been shown that SDC-2 protein CO-localizes with large fragments of her-l 

genomic DNA, this localization is dependent on the sex determination domain of SDC-3, 

consistent with a direct repression of her-l mediated by SDC-2 and SDC-3. The site of 

SDC-rnediated repression has not yet been established, nor have additiond factors 

involved in direct her-I repression been identified. Although sdc-I has a role in sex 

determination, it is not known whether it, or other dosage compensation components 

directly interact with her-l to facilitate this strong repression. 
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1.3 -4 Overview of Genes Controlling Somatic Sex Determination 

The hierarchy of genes that regdate somatic semial fate transmit the signal fiom 

the X:A ratio to ultirnately set the level of activity of the terminal regulator of sex 

determination, @a-1. An X:A ratio of 1 .O results in high activity of tra-l to speciSf a 

femaie somatic ce11 fate, while an X:A ratio of O S  results in low ira-1 activity and 

somatic cells adopt a male fate. Seven genes form a hierarchy of negative interactions that 

was elucidated through extensive genetic analyses (Hodgkin, 1980); (Hodgkin, 1986) 

(figure 2)- 

Al1 of the genes involved in somatic sex determination have been cloned and 

sequenced and appear to form a novel signal transduction pathway incorporating cell non- 

autonomous secreted proteins, transmembrane receptor proteins, numerous cytoplasmic 

proteins including proteases, phosphatases, and zinc-finger transcription factors (figure 

6A,6B). 

Al1 of the genes involved are named according to their loss of function 

(her = hermaphroditization [XO animais are transformed into self-fertile 

hermaphrodites], fem = feminization [XO animais are feminized], tra = sexuai 

transformer [XYanimais masculinized]) and c m  be grouped into those that promote male 

development (her-1, fem-1, fem-2, and fem-3) and those required for proper femaie 

development (Pa-1, ira-2, and tra-3). 



Three fem genes @ml, fem-2, fem-3) act at the same genetic lever to negatively 

regulate ira-1, while they in tum are negatively regulated by the other two ira genes (ira- 

2 and ira-3). her-l prornotes the male fate by negatively regulating ira-2 . 

Below 1 summarize the somatic sex determination genes and their products, and the 

known and predicted interactions between them. 

her-1 is the most upstream regulator in the sex determination pathway and is 

required for proper male development. her-I activity is high in wild type XO animals and 

low in XXanirnals- her-l nul1 mutations result in complete sexual transformation of XO 

animais into self-fertile hermaphrodites. her-l is considered a sexual fate switch gene due 

to the fact that constitutive activation of the gene completely masculirrizes animals 

regardless of their X:A ratio proving its sufficiency for male development. 

Initial recessive loss of function hemiaphroditization mutations first defmed her-l 

and it was linked to linkage group V ((Hodgkin, 1980). Two dominant gain of function 

(gB alleles (n69.5) and 01101) were identified as egg-Iaying defective mutants and were 

later characterized as general sexual fate detennination mutations. These two gfalleles 

were subsequently shown to be the same single base pair substitution (a G + A 

transition) resulting in sexual transformation of XYanimals into partially rnasculinized 

animals (Trent et al., 1983); (Trent et al., 1988); (Perry et al., 1994). The allele n695 

resides in the P 1 promoter of her-I, 2 nucleotides upstream of the tl transcriptional start 

site. This mutation results in inappropnate expression of heu-1 in, and subsequent 

masculinization of XXanimals. Sequences closely conserved to the octamer sequence 

highlighted in yellow that n695 is located in (see figure 4), are found three tirnes in the 



her-l locus. This site is known as the gain of function or gf site and may define a site of 

negative regdation of her-l transcription (Perry et al., 1994). 

Weak temperature-sensitive, loss of I'unction mutations were identified in the first 

(P 1) promoter that resuit in feminization of XO animals. n826, nl100, el561 are located 

at approximately -40 to -50 upstream of the first transcriptional start site and are 

indicated by A above the sequence. All three mutations are single nucleotide C to T 

substitutions and the heptamer, containhg n l1  O0 and el561 highiighted in yellow (see 

figure 4) is found four times in the her-I locus and has been designated the loss of 

function site (If site). This I f  site codd defîne a target for a tram-acting constitutive 

activator of her-1. 



Figure 4: her-l Pl  Promoter Region 

The top line depicts the her-l locus on linkage group V. The four her-l exons are 

shown as boxes, White boxes are the 5' and 3' untranslated regions and the yellow boxes 

are translated. P l  and P2 denote the two XO-specific promoters. The loss of function site 

and the three additional consensus Ifsites are indicated above the locus as activation sites. 

The gain of function site and the two additional consensus gfsites are indicated beIow the 

locus as repression sites. An expanded view of the proximal sequence of the P 1 promoter 

is depicted below and the sites of loss of function alleles n826, nll00, and el561 are 

indicated at -52, -46 and, -44 respectively by a A. The wild type consensus lfsite is in a 

yellow box. The wild type consensus g f  site containing the n69j allele is indicated by a 

blue box and the site of the n695 mutation is indicated by a ". 
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her-l is regulated at the transcriptional level and has two tandem promoters P 1 

and P2 (figure 5) that produce two male specific transcripts. her-l has four exons. The 

larger, relatively rare 1.2 kb transcript contains al1 four exons, while the smaller, more 

abundant 0.8 kb transcript expressed fiom the P2 promoter is comprised of only the last 

two exons (Trent et al., 199 1); (Perry et al., 1993) (figure 5). 

The larger 1.2 kb transcript expressed fiom the P l  promoter is the functionai 

regdator of male development and it is transcribed exclusively in XO animals. While 

RNA analysis shows this 1.2 kb transcript is present throughout developrnental stages, 

expression appears to peak in embryos and L1 larvae coinciding with the first signs of 

sexual dimorphism. The 1.2 kb transcript is predicted to encode a novel 175 arnino acid, 

cysteine-rich, 20 kD protein with an N-terminal secretion signal sequence necessary for 

her-l activity. The smdler 0.8 kb transcript is also expressed inXO animals, but iow 

levels of it can also be detected in the ernbryos and L 1 larvae oEXXanimals as weli. 

There is no known function for the smailer transcript. Ectopic expression of the smaller 

transcript alone has no masculuiizing activity and exciusion of the P2 promoter fiom 

constructs carrying the her-l rescuing sequence does not interfere with its ability to 

rescue her-l nul1 phenotypes (Perry et al., 1993). XYanimals that carry the dominant her- 

I gain of function n695 aileles, or sdc loss of function alleles, have elevated levels of both 

the 1.2 kb and the smalier 0.8 kb transcripts indicating that her-I is ectopically expressed 

in n695 mutants, and that transcription of both transcripts is to some level under control 

of the P 1 promoter. The 1.2 kb transcript is rnissing in some her-l nuli and lfrecessive 



mutant strains correlating with the strongest her-l phenotypes (Trent et al., 199 1); (Peny 

et al., 1993); (Perry et al., 1994). 



Figure 5 :  Physical Map of the her-1 Locus 

The top line represents the her-I gene on linkage group V as described in figure 4. 

her-l produces two transcripts fiom two tandem promoters, P l  and P2. her-l has four 

exons and the P2 promoter lies within the large second intron. Yellow boxes indicate 

translated sequence and the grey boxes indicate 5' and 3' UTRs, The larger 1.2 kb 

transcript hep-la encodes the functional regulator of male development E R - 1 .  her-la 

contains al1 four exons and is predicted to encode a 20 kD novel secreted protein that acts 

ce11 non-autonomously to coordinate masculinization of al1 cells. 
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Mosaic anaiysis performed by Hunter and Wood (Hunter and Wood, 1992) 

showed that her-1 acts in a ce11 non-autonomous manner to ensure that al1 cells adopt the 

male sexual fate regardless of their individual genotype {e.g., her-l (-) cells in a her-l 

(+) background were able to adopt a male fate). Consistent with this, the findings of 

Perry et ai. show that HER-1 is likely to be a secreted protein that orchestrates the 

adoption of a male fate (Perry et al., 1993). The likely receptor for this putative signaling 

molecule is the predicted transmembraae protein and downstream target of her-1, TRA- 

2.(see below) 

heu- I expression is genetically negatively regulated by the sdc group of genes, 

and there is growing evidence that SDC-2 and SDC-3 may be direct physical regulators 

of her-I activity as well. Loss of activity of either sdc gene results in the derepression and 

inappropnate expression of her-I indicating that there is constitutive activation of her-1 

transcription with loss of negative regulation. The gain of fünction mutation, 17695, 

described above occurs 2 nucleotides upstream of the first her-1 transcriptional start site 

(cap site) in the Pl  prornoter (Perry et al,, 1994). This mutation occurs in an eight 

nucleotide sequence, RCAG{G+A)GAK, which occurs three times within the her-I 

gene, (and statistically would not be expected to randomly occur as many times)(figure 

4). This sequence could defme a cis-acting site of negative regulation of her- I ,  possibly 

by the products of the sdc genes. 

Ln addition to the gain of function site, temperature-sensitive single nucleotide 

substitutions that occur in the P 1 promoter could define a cis-acting site of constitutive 



activation of her-l transcription. Three C + T transitions (e1561, n826, n1100) occur in 

the -50 to -40 region upstream of the transcriptional start site, that cause weak partial 

feminization of XO animals at the restrictive temperature of 2 5 ' ~  (figure 4) (Perry et al., 

1994). nl l O0 and el561 are Iocated in a heptad sequence GTCTCTT that occurs once 

more at +30 downstrearn of the her-l transcriptional start site and twice more in the P2 

prornoter. This same heptad repeat has been observed near the start of many C. elegans 

genes, suggesting that it may be bound by a general transcriptional activator (Perry et al., 

1993) (Perry et al., 1994). RNA blot analysis showed reduced expression of the large her- 

I transcnpt in the e 1561 ts, indicating that the promoter aiieles are iikely affecting the 

transcriptional activity of her-1. Because both n826 and nllOO were isolated as 

suppressors of the n695 gain of function mutation, we know that this positive activating 

cis-element is necessary regardess of the absence of negative regdatory cis- elements. 

We also know that this element is involved in the constitutive activation of her-l because 

ail that is necessary for activation of the gene is loss of negative regdation (Perry et al., 

1994). Genetic analysis of the sex determination pathway also indicated that her-l is 

regulated by repression and that activation of her-I is constitutive. It is therefore unlikely 

that the lfsite is regulated by the sex determination pathway. 

Recently pubhhed work (Li et al., 1999), as well as my observations described in 

chapter III, show that transgenic XXanimals carrying various fkagments of her-1 genomic 

DNA in extrachromosomal arrays exhibit varying degrees of masculinization as well as 

varying degrees of dumpy morphology, similar to the phenotypes observed in sdc loss of 

function mutations. XO animals are apparently unafEected by the presence of the her-l 



hgments. This sdc Ioss of function mimicry or ccphenocopy" codd resuit fkom in vivo 

sequestration or titration of trans-acting factors necessary for the proper implementation 

of dosage compensation and hermaphrodite sexual specification, such as the sdc gene 

products. 

Further evidence to support a role for SDC-2 and likely SDC-3 as direct physical 

regulators of her-l transcription was provided in a recent publication by Dawes et al. 

(Dawes et al., 1999). In a clever Ilrimunocolocalization experiment, Dawes et al. made 

transgenic strains that carried extrachromosornal arrays containhg either a large 3 -9 kb 

fragment of her-l genornic DNA (including 1253 bp of the P l  promoter, the first two 

exons of hep-l and 2408 bp of the P2 promoter) or a control fiagment of DNA. In 

addition, the arrays carried lac0 repeats as well as a transgene encoding a Lac1::GFP 

fusion protein. This allowed for autofluorescence detection of the array carrying the her-l 

DNA. Anti-SDC-2 antibodies were then used to irnmunolocaiize SDC-2 in vivo. In 

addition to observing that SDC-2 locdized to the Xchromosornes as would be expected, 

Dawes et al, found that a very high percentage of embryos carrying the her-l arrays 

showed colocalization of SDC-2 with the arrays, while the negative control arrays didn't 

show colocalization, implicating a direct role for SDC-2 as a her-1 transcriptional 

repressor (Dawes et al., 1999). 

tra-2 is the downstream target of her-l. In order to ensure that d l  cells in an 

organism adopt the same fate, many multicellular organisms have implemented cell-ce11 

signaling in order to coordinate the develupment of groups of cells. For the process of 

sexual fate determination, it appears that C. elegans utilizes a secreted ligand (HER-1) 



and a transrnembrane receptor (TRA-2) to mediate ce11 communication and ensure al1 

somatic cells adopt the same sexual fate. 

The h-a-2 gene promotes female somatic development in XYanimals. Loss of 

fünction rnutatiom in tra-2 resdt in incomplete masculinization of XXanimais (Hodgkin 

and Brenner, 1977). More recently identified tra-2 "enhanced gain of fimction" (eg) 

alieles have been identified that cause XO anirnals to develop as self-fertile 

hermaphrodites (Hodgkin and Albertson, 1995); (Kuwabara, 1 996a). 

rra-2 has been cloned and molecular analysis of the tra-2 locus showed that it 

expresses three transcripts with sizes of 4.7 kb, 1.9 kb, and 1.8 kb. Only the 4.7 kb 

mRNA encoding TRA-2A with 23 exons contains both the 5' and 3' end of the gene, 

whiie both of the other transcripts contain only the 3' end encoding the carboxy terminus 

of the protein. Mutational analysis, as well as temporal and spatial expression patterns 

revealed that only the 4.7kb transcript fulfilled the primary somatic femuiization role of 

@a-2 (Okkema and Kimble, 199 1); (Hodgkin and Brenner, 1977); (Klass et al., 1976). 

Although this 4.7 kb transcript is normally present in both =and XOs, the transcript is 

15 tirnes more abundant in wild type XXanimals, and is actually regulated in response to 

the phenotypic sex as opposed to the karyotype of the animal, indicating a transcriptional 

regulation feedback loop originating at or downstrearn of ha-l (Okkema and Kimble, 

1991). The mRNA is predicted to encode a 1475 amho acid protein, TRA-2A, with a 

secretion signal sequence. Hydrophobicity plots predict that there are likely either 9 or 1 1 

membrane spanning domains, indicating that it is an integral membrane protein 

(Kuwabara et al., 1992) and it is predicted to be the receptor for the HER-1 protein. In XO 

animals hi& levels of HER-1 likely bind to TRA-2 and inactivate it thus allowing the 



fem genes to negatively regulate ka-] to promote a male sornetic fate. Alternatively in XY 

animais, her-l is transcriptionaily repressed allowing TRA-2 to have hi& activity to 

repress the fem gene products and allow high activity of trn-l to promote the 

hermaphrodite fate (Kuwabara and Kimble, 1992). 

In addition to having a consensus secretion signal sequence and numerous 

hydrophobic helices, TRA-2A is predicted to have N-linked glycosylation sites that 

would be extraceliular, as well as PEST sequences which are sometimes associated with 

proteolysis targeting, and potential serine / threonine phosphorylation sites in the 

intracellular carboxy-terminus (Kuwabara et al., 1992). 

Transgenic studies showed that TRA-2A expressed fiom a heat shock promoter 

codd cause feminization of the soma of ira-2 loss of function mutant XX animals 

(Kuwabara and Kirnble, 1995). In addition to rescuing tra-2 mutants, this same construct 

when ectopically expressed in XO animals was able to cornpletely sexually transform 

them to fertile hermaphrodites, indicating that ira-2 is a developmental switch gene, and 

that the relative ratio of HER-1 to TRA-2A is important for the sexual fate decision. 

Molecular analysis of the ka-2 (eg) alleles have shown that a conservative missense 

mutation in the predicted extracellular N-terminal region may be disrupting the negative 

regulation of ira-2 through loss of interaction between HER-1 and TRA-2 (Kuwabara, 

1996b). 

Fwther transgenic studies showed the predicted intracellular C-terminal T M - 2  

domain (TRA-2B) is capable of partially feminizhg both XO and XX(h-a-2) animals 

presumably through repressive interactions with the fem gene products (Kuwabara and 

Kimble, 1995). Further to this, Mehra et al., (Mehra et al., 1999) demonstrated a direct 



physical interaction between the intracellular TRA-2B and FEM-3, one of the 

downstream targets of rra-2. In this way TRA-2 may sequester an essential fem product, 

preventing the negative regdation of @a-1. This interaction could be a mechanism by 

which tra-2 is able to negatively regdate downstream targets and promote the 

hermaphrodite fate. 

In addition to its role in the soma, @a-2 has an added level of complexity in the 

germline, where it appears that the 1.8 kb transcnpt or the cytoplasrnic domain of TRA- 

2A rnay have a role in germiine sex determination (Kuwabara et al., 1998). 

The tra-3 gene also promotes female development in= hermaphrodites, and loss 

of function tra-3 mutations result in the transformation of XXanimals into pseudomales 

(Hodgkin, 1986). tra-3 encodes an atypical calpain protease that lacks the typical 

caicium-binding EF hands. TRA-3 does however have a calcium-dependent proteolytic 

activity that is necessary for its feminizing activity. TRA-3 proteolytic activity was 

demonstrated by its ability to autolyse in the presence of calcium. Potential target 

proteins for TM-3 proteofysis included TRA-2, and the FEM proteins. Because TRA-3 

was previously suggested to be a cofactor for TRA-2 and calpain proteases are often 

found to regulate their substrates by localization to the membrane, TRA-2 becarne a good 

candidate for a substrate of TRA-3 (Sokol and Kuwabara, 2000); (Suzuki and Sorimachi, 

1998); (Hodgkin, 1986). Also, as mentioned earlier, TRA-2 has PEST sequences which 

are comrnonly associated with targeting a protein for proteolysis. Co-expression of TRA- 

2A with TRA-3 in S B  cells results in two bands that reacted with anti-TRA-2 (C-term) 

antibodies; one corresponds to full length TRA-2, and a 55kD band likely represents the 

C-terminal fragment containkg the FEM-3 binding. Expression of TM-2A done 



resulted in only the larger band being present establishing TRA-2A as a substrate for 

TRA-3. Genetic evidence suggests that TRA-2 proteolysis has biological relevance in 

C.elegans. The ability of ectopically expressed TRA-3 to feminize XO animals is 

dependent on the presence of TRA-ZAY also possibly placing ~ a - 2  epistatic to rra-3 in the 

genetic pathway. TRA-3 is likely to act as a potentiator of TRA-2 activity by cleaving off 

(releasing) the intraceliuiar feminizing domain of TRA-2A. (Sokol and Kuwabara, 2000). 

The fem genes are the downstream targets of tra-2 and ira-3, and act to promote 

male development. The fem genes act by negatively regulating the terminal regulator of 

sex determination tra-l. Activity of al1 three fern genes is necessary for proper 

development; loss of fünction mutations in any fern gene results in the feminization ofXO 

animals as welZ as XXanimals, meaning that the XXare fertile, yet spermless (Doniach 

and Hodgkin, 1984); (Hodgkin, 1986); (Kimble et ai., 1984) 

The fem-l gene produces a single 2.1 kb trmscnpt which is expressed in both 

sexes. This transcnpt encodes a 656 amino acid protein containing seven ankyrin repeats 

(Gaudet et al., 1996); (Spence et al., 1990). Adgrin motifs are known to mediate protein- 

protein interactions in many proteins and in some fem-l alleles the ankyrin-motif- 

encoding sequences are mutated, giving support for a biologically significant role (Chin- 

Sang and Spence, 1996). However, FEM-1-interacting proteins remain to be identified. 

fem-2 is also expressed in both sexes and encodes a 449 amino acid protein that is 

part of the type II C Sermir protein phosphatase farnily (PP2C) (Pilgrim et al., 1995). 

FEM-2 has phosphatase activity that is necessary for proper male development. FEM-2 

interacts with FEM-3 in vitro, but the biological significance of this interaction is not 

clear (Chin-Sang and Spence, 1996). The existence of a phosphatase as a key component 



of the sex detemination pathway suggests that phosphorylation of components of the 

pathway is likely regulated by FEM-2. One possible candidate for a substrate of FEM-2 is 

TRA- 1. FEM-2 and TRA- 1 may have a direct physical interaction, and TRA- 1 has 

different phosphoisoforms in vivo @. L m ,  pers. comm.). 

fem-3 encodes a 388 amino acid protein with no homology to any proteins in the 

databases. As mentioned earlier, FEM-3 interacts with the intracellular C-terminal region 

of TRA-2 and this interaction has been shown to be important for fem activity (Mehra et 

al., 1999). Gain of fimction mutations in the 3' UTR of fem-3 result in derepression of 

fem-3 translation resulting in rnascullliizattion of XX animal germlines (Ahringer et ai., 

1992); par ton et al., 1987). Ectopic expression of fem-3 in Xxanimals results in somatic 

masculinization transforrning XX animals into pseudomales (Mehra et al., 1 999). 

Of al1 the fem genes, the feminizing phenotype seems to be most sensitive to the 

levels of fem-3 activity. fem-3 exhibits haploinsdficiency in the germline resulting in 5- 

1 0% of heterozygous animals having female genn lines. Heterozygous progeny of 

homozygous mothers exhibit sorne feminization in both the germline and the soma, 

indicating that leveIs of fem-3 activity are crucial to male development (Hodgkin, 1986). 

As noted earlier, FEM-3 interacts with FEM-2 but Iittle is known about the nature 

of this interaction (Chin-Sang and Spence, 1996). 

tra-1 is the terminal regulator of somatic sexual determination. Nul1 alleles of tra- 

I result in the complete masculinization of the somatic tissue ofX;Yanirnds, regardless of 

the state of activity of any of the other genes in the sex determination pathway. Dominant 

gfalleles that result in feminization, regardless of genotype or state of other sex 



determination genes, designate @a-l as a switch gene that is both necessary and sutficient 

for hermaphrodite sexual specification (Hodgkin, 1987a); (de Bono et al., 1995) 

tra-l produces a 5 kb transcnpt and a 1.5 kb transcript differing at their 3' ends. 

The 5 kb transcript encodes TRA-1A which is a 1 1 10 amino acid protein, while the 1.5 

kb transcript encodes TRA-1 B a 28 8 arnino acid peptide (Zarkower and Hodgkin, 1992). 

The functional tra-l activity is due to the larger TRA-1A protein which appears to 

be a transcription factor. TRA-1A contains five tandem Kruppel-like zinc-finger motifs 

resembling those found in the human glioblastoma tumor oncogenes of the GLI family, 

as well as the Drosophila cubitus intermptus protein (Zarkower and Hodgkin, 1992). 

TRA-1A is capable of binding to a consensus nonamenc sequence in vitro and 

appears to be nuclear localized (Zarkower and Hodgkin, 1993); (Lum et al., 2000). It is 

believed that T U - 1 A  acts by binding DNA and transcriptionaliy regulating downstrearn 

targets. There is no known function for TRA-1B. 

Mutations in a srnall region (gB in the amino-terminus of TRA-1A protein result 

in a dominant gain of function phenotype, presurnably by releasing TRA- IA frorn post- 

translational negative regdation by the fem gene products (de Bono et ai., 1995) 

Regions of TRA-1A have recently been identified that are capable of interacting 

with the upstream regulator of feminizing activity ïRA-2. It is believed that this 

interaction enhances &a-1-dependent feminizing activity in the soma. Mutations in the 

previously described mx region of TRA-2 (Kuwabara et al., 1998) which masculinize the 

soma, yet feminize the gemrline disrupt this TRA-2/TRA-1A interaction, indicating that 

in the soma this complex fünctions to promote female development while in the germline 



it promotes m a s c m t i o n ,  or production of sperm necessary for hermaphrodite self- 

fertiiity ( L m  et al., 2000). 

Two potential downsîream targets of &a-I have been identified, mab-3 and egl-I. 

mab-3 mutants have a male abnormal phenotype wherein they Iack some of the male tail 

structures and have production of yolk proteins indicative of weak feminization. mab-3 is 

expressed in males and interestingly it contains the TRA- I A consensus binding site. This 

is consistent with a role for TRA-1A as a transcriptionai repressor of a male-specific gene 

(Conradt and Horvïtz, 1999); (Raymond et al., 19%). 

egl-I is also a putative target of TRA-1A regulation. egl-l activity is required for 

the programmed cell death of the hermaphrodite specific neurons (HSNs) that are 

necessary for egg laying. egl-I also has a TRA-1A consensus binding site and is 

expressed in males. TRA-IA regulation of egl-l is mediated through a TRA-1A 

consensus binding site in the 3' end of the gene in order to directly repress egl-I (Conradt 

and Honritz, 1999). 

1 have summarized the known and predicted interactions of the components of the 

sex determination pathway in two molecdar models representing the stztes of activity of 

the two sexual fates in figures 6A and 6B. 



Figures 6A and 6B: A Molecular Mode1 for Sex Determination in 

Caenorhabditis elegans 

Recent molecdar and biochemical analyses have given insight into putative 

molecuiar mechanisrns for the geneticaily defined sex detemination pathway. This has 

allowed the building of a speculative molecular model. 

Fig.6A: In XX animals, SEX- 1, the nuclear hormone receptor homologue, and 

region 1 are synergistically responsible for repressing xol-I transcription, while FOX- 1, 

the putative RNA binding protein and region 2 work together to repress xol-I activity 

post-transcriptionally. This allows for the derepression of sdc-2 transcription, allowing 

the SDC proteins (SDC-2 and SDC-3) to repress her-l transcription. Because her-l is not 

active, TRA-2 the tram-membrane receptor is fiee to inhibit the FEM proteins, likely 

through its interaction with FEM-3. This dlows high tra-l activity and TRA-1 A is able 

to act on its downstrearn transcription targets to speciQ the hermaphrodite sexual fate. 

The activity of TRA-3, the Calpain protease may facilitate the somatic feminizing activity 

of TRA-1 by cleaving the intracellular domain of TRA-2, enabling the interaction 

between TRA- 1 and TRA-2, thereby enhancing feminization. 

Fig.6B: In XO animals, the low dose of X-signal elements allows xol-1 

transcription and translation, resulting in XOL-1 repressing sdc-2 transcription. her-l is 

therefore derepressed, translated and secreted fiom the XO cell allowing it to possibly 

bind to the extracellular domain of the TRA-2 receptor. The intracellular FEM proteins 

are then fiee to act to repress the feminizing activity of TRA-1 and allow specification of 



a male fate. 







Thesis Overview 

The primary focus of my thesis work was to identiQ cis-elements and 

trarzs-acting factors involved in the regdation of the C-elegans male-speciQing gene her- 

1. 1 performed transgenic experkents utilizing a novel titration effect as a phenotypic 

indicator to test the si@cance of various promoter regions. 1 also tested the mode1 that 

fi-agments of her-1 genomic DNA are able to titrate important regulatory factors by doing 

genetic crosses in an attempt to suppress the XO lethal mutation xol-1. These experiments 

indicated that numerous regions in the two her-l promoters are involved in the regdation 

of her-l and that they rnay work in concert to mediate the regulation of her-l. These 

experiments also confirmed prior genetic observations that factors involved in her-l 

regulation are also likely involved in the essential process of dosage compensation and 

are titrated by her-l promoter Eagrnents. 

In order to study factors involved in her-l regulation, 1 used biochemical 

techniques that have rarely been used in celegans. Electrophoretic mobility shifi assays 

indicated that factors present in embryonic nuclear extracts were able to bind specifically 

to the genetically defined @and ifsites. These factors could represent constitutive 

activators and negative regulators of her-1. Supershifis did not ver@ whether SDC-2, the 

putative direct negative regulator of her-1, binds to the gfsite. 

Finally, using DNase I footprinting of the P 1 promoter region, 1 identined many 

new regions that are occupied by factors in C. elegans embryonic nuclear extract which 

may be involved with the regulation of her-l . 



Chapter II: Materials and Methods 

II. 1 Nematode Strains and Culture Methods 

Generd methods for culturing C. eZegm were as described by Brenner (Brenner, 1974). 

C. elegans Bristol strain N2 is the wild type progenitor of all strains used. Genetic 

nomenclature follows H o ~ t z  et ai. (Horvitz et al., 1979). Mutant nematode strains used 

were: 

CB1490 him-5(e1490) V 

NT47 him-j(e1490) unc-76(e911) V 

TY469 unc-32(e189) III; lon-2(e678) xol-1 ( y ï O )  X 

Abbreviations are as follows; dpy ( h p y ) ,  egl (egg laying defective),fem (ferninization), 

her (hermaphroditization), him (hi& incidence of males), lon (long), sdc (sex 

determination and dosage compensation), tra (sexual transformer), unc (uncoordinated), 

and xol (XO lethal). 

Al1 strains were grown on petri dishes containing MYOB (OSSg Tris-HC1, 0.24g 

Tris (base), 4.6g Bacto-Tryptone, 2g NaCl, 8 mg cholesterol, 17g agar per Litre; (Church 

et aI., 1995)) and spotted with OP50 E-coli All incubations were at 19°C unless otherwise 

indicated. Large scale growth in liquid culture is described in section 11.6. 



II.2 Bacterial S trains and Culture Methods 

The E-colt strains used were DHSa, OP50, and BL21 (hDE3, pLysS). 

E-coZi strain DH5a ( supE44 AlacU169 (480 lacZAhd1S) h d R  17 recAl gyrA96 

thi-l relAl ) was used for routine molecdar biology preparations of  plasrnid DNA 

(Sambrook et al., 1989). E-colt strain OP50 is a uracil auxotrophic mutant used to "seed" 

MYOB plates as food for C. elegans. E-coli strain BL2 1 (kDE3, pLysS) [ hsdS gaz( 

hcIts857 indl Sam7 nin5 ZacW5-T7 genel)] was used for stable expression of 

recombinant proteins fkom the IPTG (isopropyl-P-D-thioga1actopyranoside)-inducible T7 

promoter (Studier et al-, 1990). 

The media used for the culture of E-coli were YT and 2 x YT, (16 g Bacto- 

tryptone, 10 g Bacto-yeast, 5 g NaCrnitre )(Sarnbrook et al., 1989), and Super (Temfic) 

broth (4ml glycerol, 24 g Bacto-yeast extract, 12 g Bacto-tryptone, 17 rnM -PO,, 72 

mM K,HPO,/litre) (Tartof and Hobbs, t 987) and incubations were at 3 7°C. The 

concentrations of antibiotics used were: ampicillin 100pghi; chlorarnphenicol25pg/ml; 

kanarnycin 25pg/ml. 



II.3 Construction and List of Plasmids 

The numbering system used for the her-l sequence refers to the her-l gen~mic 

sequence beginning at the DpnI site fiom file Gbwt.Seq. 

pNR12 contains the -3 -4 kb her-l genomic BamHI - artificial BamHI (Iinker 

forrnerly Hinf 1 site) fiagrnent constituting nt 2662 to 6084 ligated into the BamHI 

site of the GFP fusion vector pPD95.77 (Fire et al., 1990). 

pNR13 contains the -2.5 kb HindZCI - Pst1 her-l genomic fi-agment of the Pl 

promoter in Pst1 / Hindm MCS sites of the lac2 fusion vector pPD95.03 v i r e  et 

al., 1990). 

pMG2 contains the - 2.89 kb SphI - BamHI her-l genomic fragment constituting 

nucleotides 3 196 - 6084. Created by deietion of the 0.52 kb SphI-SphI fiagment 

fiom pNR12. 

pMG3 contains the - 2.4kb BamHI - Bgm her-l genomic fragment constituting 

nt. 2662 to 5069. @NR12 A BgZII SmaI). 

pMG4 contains the - 1.88 kb SphI - BgAI her-l genomic fiagment constituting 

nt. 3 196 to 5069. @MG3 A SphI). 

pMG33 contains the 534 bp BamHI - SphI her-l genomic fiagment constituting 

nt. 2662 - 3 196 Iigated into pT7/T3a-18 (Gibco BRL). 

pMG36 contains the 367 bp Aar11 - EcoRV her-I genornic fiagment constituting 

nt. 2082 - 2449 ligated into the HincII site of pT7/T3 a- 1 8 (Gibco BRL). 



pTLV4 contains the -1 -77 kb HindIIï - Hindm her-l genomic kgment  

constituting nt. 3838 - 5609 ligated into pBluescript II SK+ (Stratagene). 

pTLV5 contains the 855 bp HinciI - BamHI her-l genomic fkagment constituting 

nt. 1807 - 2662 ligated into pBluescript II SK+ (Stratagene). 

pTLV8 contains the 1.53 kb Pst1 - HindIII fragment of her-l genomic DNA 

constituting nt. 23 10 -3838 ligated into pBIuescnpt II SIC+ (Stratagene). 

pDB35 contains the PCR arnplified hgment  containing nt. 27-1 39 1 of the sdc-2 

sequence subcloned into the multiple cloning site of one of the pRSETm 

expression vectors (Invitrogen) and encodes 455 aa. of the N-terminal region of 

SDC-2 (provided by Heather Dawes and Barbara Meyer). 

pUNC76 contains the genomic fiagrnent of une-76 capable of rescue of the Unc 

phenotype (Bloom and Horvitz, 1 997). 

Figure 10 shows a graphic representation of the fiagrnents of hep--I genomic DNA 

contained in sorne of these plasrnids. 



II.4 Production of Transgenic Worm Strains 

Healthy L4 NT47 larvae were transferred to separate seeded plates one day pnor 

to injections to provide a source of rninimally fertilized young aduits for injections. The 

worms were immobilized on drïed agarose pads on g l a s  cover slips with a drop of 

hydrocarbon oiI covering the worm to prevent dessication. Microinjection needles were 

prepared b y ccpulling" capillary tubes under high heat. The injection mixture generdly 

consisted of a total of 100-200 n&I of high quality plasrnid DNA (Qiaprep or Prep-a- 

gene), composed of variable concentrations of test DNA (fragments described in results 

section), and carrier DNA @BSII SK+), while the marker DNA (pUNC76) was generdly 

more than half of the mixture. The DNA mixtures were injected using a microinjection 

apparatus into the hermaphrodite distal syncitial gonad where the immature germ-line 

nuclei share syncitial cytoplasm and plasmid DNA can be incorporated into newly 

forming oocytes. Injected animals were recovered in a small drop of M9 buffer and 

transferred to new plates. Progeny of the injected hermaphrodites were transferred to 

separate plates and monitored for the marker plasmid to establish clonal lines of each 

transgenic strain. 



II.5 Large Scale Growth of Celegans strain N2 and Preparation of Gram 

Quantities of Embryos 

Worm populations of Bristol N2 wild type strain were initiaily grown on 

approximately 10 (1 50mm. x 15mm.) petri dishes containing MYOB and spread with 

OP50 E-coli paste. Growth was at 19°C for approximately seven days until the pIates 

were confluent, Worms were harvested by washing the large plates with S basal media 

(Sulston and Brenner, 1974) and the worms were subsequently rinsed with S basal media 

over two layers of Miracloth (Calbiochem) through a Buchner h e l .  These worms were 

used to inoculate 3 x 500 ml liquid cultures of complete S media (Suiston and Brenner, 

1974) supplemented with 40 - 50 ml each of a 50% paste of OP50 in 2500 ml unbaffled 

Fembach flasks. Liquid cultures were incubated at 20°C and shaken at 160 rpm for 4 to 5 

days. The cultures were harvested initially by sedirnentation at 4OC and aspiration of the 

media and subsequent filtration tfirough two layers of Miracloth and numerous washes 

with S basal media. Larva which were able to migrate through the Miracloth into the 

filtrate were used to inoculate a second overnight culture that was grown and harvested in 

the same fashion. The total yield of worms was approximately 70 ml of wet pellet. 

Embryos were prepared by bleaching adults in an alkaline hypochlorite solution 

of 30 ml fresh bleach (4-6%Na HCO,), 15 ml 5M KOH, 105 ml ddH,O and monitoring 

the breakage of adult carcasses to free the eggs. Two rounds of successive bleachings and 

centrifugation in 50 ml conical tubes @ 2900 rpm in a tabletop clinical centrifuge were 



carrîed out for a total time in bleach of approxirnately 20-25 minutes. The worm embryos 

were then washed extensively in distilled water and collected by centrifugation. A typical 

yield of embryos was - 6-8 grams. 

11.6 Nuclear Extract Preparation 

Embryos were resuspended in 3 ml homogenization buffer (15rnM Hepes, pH 7.6, 

10mM KC1,5mM MgCl,, 0.lrnM EDTA, 0.5m.M EGTA, 44mM sucrose, 1mM DTT, 

0SmM PMSF, lpg/ml aprotinin, 1mM sodium metabisulfite ) per starting gram of 

embryos and homogenized in a precooled Wheaton stainless steel tissue homogenizer 

(Jichtsteiner and Tjian, 1 995). This homogenate was filtered through one layer of 

Miracloth and the cellular debris was pelleted at 900 rpm, 4OC for 5 min. in a Sorvall 

SS34 rotor. 

Nuclei were pelleted fiom the supernatant at 8000 rprn., 4OC for 15 min., 

resuspended in 5 ml of HBlgram çtarting embryos and dispersed in an al1 glass dounce 

homogenizer fïtted with the 'Br pestle, and pelleted as before. Nuclei were resuspended in 

1 ml nuclei buffer (25mM Hepes, pH 7.6, lOOmM KC1, 12.5mM MgCl,, O. 1 mM EDTA, 

10% glycerol, 1mM DTT, 0.5rnM PMSF, lpglml aprotinin, ImM sodium metabisulfite) 

and dispersed with 5 strokes of pestie 'BI. Nuclei were transferred to 10 ml Oakridge 

polycarbonate tubes and 0 . 1 ~  vol. of 4M (NH4),S04, pH8 was added to lyse the nuclei 

and strip soluble proteins off of the chromatin. Tubes were inverted and incubated on ice 

for 30 min. 



Chromatin was pelleted by ultracentrifugation at 36,500 rpm/4"C for 1 hr. in a 

Ti75 rotor. The supernatant was transferred to a fiesh 10 ml Oakridge tube. 0.3g of 

ground (NHJ2S0, /ml of supernatant were added and the solution was dissolved at 4.0°C, 

and subsequently incubated on ice overnight to precipitate the nuclear protein. The 

nuclear protein was collected by centrifugation at 36,500 rpd4"C for 15 min. The pellet 

was resuspended i? O. lm1 nuclear dialysis buffer (NDB)(25mM Hepes pH 7.6,20mM 

KCL, O. lmM EDTA, 10% glycerol, 1mM DTT) /g starting eggs using a pipette and 

gentle rocking for 3 hrs. at 4OC. 

Nuclear extract was injected into Pierce Slide-A-Lyzer cassettes (10,000 MW cut 

off) and dialyzed against 100 vol. nuclear dialysis buffer for two hrs. at 4OC, and then 

ovemight with 100 vol. fiesh NDB. Protein concentration was determined by Bio-Rad 

protein assay. Aliquots were quick frozen in liquid N, and stored at -80°C. 

11.7 Oligonucleotide Probes used for EMSA with Embryonic Nuclear 

Extract 

Al1 oligonucleotides synthesized by Genosys Corp. 

MP111 GGCCTACCCGTACGACGTCCCAGATTACGC 

MP112 ATGGGCATGCTGCAGGGTCTAP-TGCGCCGG 



MP130 TTGAGTATCTAAGTCTCTTCAGGTTCTATAT 

CTCATAGATTCAGAGAAGTCCAAGATATAGG 

MP132 TTGAGTATCTAAGTCTTTTCAGGTTCTATAT 

MP133 CTCATAGATTCAGAAAAGTCCAAGATATAGG 

MP134 AACCAAATGACACTGCAGGGATGCCTATCT 

GGTTTACTGTGACGTCCCTACGGATAGAGG 

M P 1 3  6 AACCAAATGACACTGCAGAGATGCCTATCT 

M P 1 3  7 GGTTTACTGTGACGTCTCTACGGATAGAGG 

JAl CTAGCATCTAAGTCTCTTCAGGTTCTA 

GTAGATTCAGAGAAGTCCAAGATGATGATC 

CTAGCATTTAAGTTTTTTCAGGTTCTA 

GTAAATTCAAAAAAGTCCAAGATGATGATC 



11.8 Electrophoretic Mobility Shift Assay 

32- P- labeled double stranded probes were created in the foilowing manner. 

Oligonucleotides (section 11.8) were synthesized by Genosys corp. 10 pmol of one strand 

of each complementary pair was labeled with 3pl6000 Ci /mm01 (Y-~*P) ATP (lOpCi/pl.) 

using 20 units T4 Polynucleotide Kinase (New England Biolabs Inc) in a 20 pl reaction 

(3 7"C, 1 .S hrs.). Enzymes were inactivated at 100°C and 100 pmol of the unlabelled 

complementary strand were added and allowed to anneal slowly to room temperature. 

The 10x excess of "cold" strand prevents the presence of labelled single-stranded 

oligonucleotides which can bind single-stranded DNA binding proteins in the nuclear 

extract and cause spurious shifis (Stroeher et al., 1994). The reaction was phenol 

extracteci, and unincorporated nucleotides were removed by Sephadex G-25 micro-spin 

coluwi chromatography (Pharmacia Biotech). 

AIthough parameters varied between experiments, typical gel shifts were 20 pi 

reactions which contained 0.1-0.4 pmol of labeled oligonucleotide probe, 12-1 8 pg of 

crude embryonic nuclear protein, 100ng poly (dI-dC) competitor BNA, in a bufEer 

resulting in h a l  concentration of 10 mM Hepes, (pH 7.9), 50 mM KC1,O-5 m .  EDTA, 

1 mM DTT, O - 0.2pM ZnSO,, 10% glycerol. Reagents were added in this order: ddH,O, 

buffer, poly (dI-dC), nuclear extract, +/- cold competitor oligos, or +/- antibodies, 

labelled probe. 



Reactions were incubated at either room temperature or as indicated for particular shifis 

for 1 hr. and loaded on pre-run 4-6% nondenaturing polyacry lamide gels. Running buffer 

was 0Sx TBE ( 0.045 M Tris base, 0.00 1M EDTA ), except for reactions that contained 

ZnSO,, which used OSx TB (-EDTA) supplemented with .2pM ZnSO,. Gels were also 

supplemented with 0.2pM ZnSO,, and used 0.5X TB instead of OSX TBE when binding 

reactions used zinc- Wells were preloaded with binding buffer and gels were run at 160 

volts until the bromphenol blue dye ran approximately 2/3 the length of  the gel. Gels 

were dried and exposed to Kodak Biomax W. 

11.9 Purification of SDC-2 Antigen 

The plasmid pDB35 was kindly supplied by Heather Dawes and Barbara Meyer 

(University of California at Berkeley). pDB35 contains nucleotides 27-1391 of the sdc-2 

sequence subcloned into the multiple cloning site of one of the pRSETTMvectors ( 

Invitrogen ) and encodes 455 aa. of the N-terminal region of SDC-2 (Berlin, 1995). 

pDB3 5 was transformed into the E-coli straui BL2 1 (h DE3)pLysS and plated on 

TY plates supplemented with 25 p g h l  chlorarnphenicol and 100 p g / d  ampicillin. Plates 

were incubated ovemight at 37°C. A single colony was picked and used to inoculate a 1.5 

ml starter culture which was subsequently inoculated into a 1 litre liquid culture of 2 x 

TY/25 pg /d  chloramphenicol and 100 &ml ampicillin. The culture was grown at 37°C 

until the O.D.,,, = 0.9. T7 RNA polymerase was induced by the addition of O.4ml of 1M 

IPTG to give a h a 1  concentration of 0.4 mM IPTG. The culture was induced for three 

hours at 37OC until the O.D,,, =1.37. Cells were harvested by centrifugation, and 



resuspended in 10 ml of b e e r  A (6M guanidine hydrochloride, O.1M NaHZPO, ,0.0 1M 

Tris pH8.0) supplemented with 100.0 pg/ml PMSF, 2.0 p g h i  aprotinin, 2.0 pg/ml 

pepstatin, and 2.0 p g / d  leupeptin and fiozen at -80°C. Cells were thawed (and lysed), 

refrozen in liquid N,, thawed again and spun at 10,000 rpm to pellet cellular debris. The 

6x-his-tagged fusion protein in the supernatant was bound to 4.0 ml of Ni2'NTA resin 

pre-equilibrated in buf5er A by nutation at room temperature. The resin was washed in 

buffer A, and buffer C (8M urea, -1 M NaH,PO, ,0.O 1 M Tris, pH adjusted to 6.3),and 

bound protein was then eluted with 250 mM imidazole in buffer C. Aliquots of al1 

fiactions were run on two 10.0% SDS polyacrylamide gels. One gel was fixed in MeOH- 

HOAc and stained with Coomassie Brilliant Blue, and the other was electroblotted to a 

nitrocellulose filter using a semi-dry transfer apparatus at 375m.A for 30 min. After 

transfer, the filter was stained with Ponceau S for 5 min. and lanes and MW markers were 

marked with a lead pencil. The filter was then destained and incubated in BLOTTO (Tns- 

buffered saline, 0.2% Tween, 5% non-fat milk powder) and probed with r1497 crude anti- 

SDC-2 antisera (figures 7 and 8). 



Figure 7 & 8; Purification of pDB35 SDC-2 Antigen 

Figure 7: Coomassie stained 10% SDS-PAGE gel 

Lane 1 : MoIecular weight markers 

Lane 2: Pre-induction lysate 

Lane 3 : Post-induction precleared iysate 

Lane 4: Post-induction cleared lysate 

Lane 5:  Unbound (flowthru) supernatant 

Lane 6: Buffer C washff 1 

Lane 7: B&er C wash#2 

Lane 8: Elution 1, 1.5 ml of 250 mM imidizole, SM urea in buffer C 

Lanes 9- 14: Elutions 2-7, 1 -5 ml of 250 rnM imidizole, 8M urea in buffer C .  

The strong band indicated as full Iength pDB35 corresponds to the 75-80 kD band 

previously observed by Heather Dawes (personal communication). 

Figure 8: Western Blot of pDB3 5 Purification 

Al1 lanes are the same as above. Primary incubation; 1/10,000 r1497 crude rabbit 

sera in TBST & 5% milk. 3 washes in TBST & 5% milk, and secondary incubation 

1/10,000 anti-rabbit POD. Developed by ECL cherniluminescent detection system. The 

band corresponding to full-length pDB35 antigen running at - 75 kD reacts specifically 

with the crude anti-SDC-2 sera as do degradation products visualized in lanes 9 and1 O. 



Fi-mes 7 & 8: Purification of pDB35 SDC-2 Antiaen 

4- Full Length 
pDB35 

Figure 8 

Full Length 
pDB35 



II. IO Affinity Purification of Anti-SDC-2 Polyclonal Antisera 

Pooled elution fiactions E, to E, of the purified SDC-2 antigen were diaiyzed 

against 20 mM MES dialysis bufYer pH 6.0 with successively decreasing concentrations 

(4M - c 2M) of urea until a precipitate formed. Attempts to resolubilize the protein by 

adding 8M GuFiCI and 10% NP40 to final concentrations of 200m.M GuHCl and 0.125% 

NP40 were unsuccessful. Precipitate which contained high concentration of the expected 

peptide was resuspended in protein sample buffer, boiled and nin on a 10 % SDS 

polyacrylamide gel in a wide well. The gel was transferred to nitrocellulose filter at 320 

mA for 45 minutes and the protein was easily visualized by Ponceau S staining. The band 

corresponding to the expected full size protein moiety was cut out and blocked ovemight 

against BLOTTO. The blot was rinsed in distilled water. 

Cnide rabbit sera raised against the same N-terminal fiagrnent of SDC-2 (r1497) 

was kindly supplied by Heather Dawes and Barbara Meyer fkom the University of 

CaIifomia at Berkeley. 1 .O ml of 1/10 dilution of the sera in TBST (Tris-buffered saline, 

0.2% Tween) was incubated with the nitrocellulose blot in a 15.0 ml conical tube while 

nutating for over two hours. The affinity-purïfied antibodies were eluted by rinsing the 

filter with three 300 p1 diquots of 100 mM Tris-glycine pH 2.3 and neutrdized 

irnrnediately with 1/10 vol. of 1 M Na,HPO,. The eluates were pooled and stored in 0- 1 % 

BSA, 0.02% Na azide (Smith and Fisher, 1984). 

Samples of the antigen purification elutions, as well as nuclear extract, and BL21 

(hDE3)pLysS bacterial lysate as a negative control were run on a 7.5% SDS 

polyacrylamide gel and transferred to a nitrocellulose filter, lanes were marked and 



transfer was c o n f i e d  after visualization with Ponceau S staining. P d e d  antibodies 

were dihted 1 /SOO in TBST and milk and incubated with the nitrocellulose Hter 

overnight at room temperature while nutating. The blot was washed 3 times in TBST with 

milk and incubated with 1/10,000 dilution of anti-rabbit IgG-POD (POD = horseradish 

peroxidase) (Boehringer Mannheim GmbH) for 1 hour at room temperature, the blot was 

washed 3 times and developed by ECL western blot detection reagents (Amersham 

Pharmacia Biotech)(figure 9). 



Figure 9: Afnnity Purification of Anti-SDC-2 Antibodies 

Western Blot of a 7.5% SDS-Page gel using 1 : 500 dilution of affinity purifîed 

anti-SDC-2 antibody, and 1 : 10,000 dilution of secondary anti-rabbit-POD. 

Immunoreactivity was detected by ECL cherniluminescent detection system. 

Lane 1 : molecular weight markers 

Lane 2: BL2 1 (hDE3)pLysS bacterial lysate 

Lane 3: elution aliquot of pDB35 (antigen purification # 3) 

Lane 4: elution aliquot of pDB35 (antigen purification # 4) 

Lane 5: 20 pl (- 60 pg) C.elegans N2 embryonic nuclear extract. 

Purified anti-SDC-2 Ab reacts with the expected molecular weight band in the 2 

antigen lanes (3 and 4), and there is virtually no background in the bacterial lysate Iane. 

There is no observable reaction with nuclear extract £rom mixed sexual population 

(99.8% hermaphrodites) from the anti-SDC-2 antibody. This could be due to levels of 

SDC-2 in the nuciear extract below the threshold for detection. 



Figure 9: Anti-SDC-2 Antibody Purification 

4- Full length 



II. 1 1 Preparation of Probes for DNase 1 Footprinting 

Linear restriction fkigmerit probes were prepared as described by Spiro and 

McMurray (Spiro and McMurray, 1995)The 368 bp Aat II to Eco RV fiagrnent (208 1- 

2449) of the her-l P l  promoter was blunted with the Klenow fragment of Exoli DNA 

Polymerase 1 (New England Biolabs), gel purified (MoBio Utraclean 15) and subcloned 

into the shrimp alkaline phosphatased (Arnersham Life Sciences) HineII site of the MCS 

of pT7/T3cr-18 to create pMG36. pMG36 kvas cleaved at two outer restriction sites in the 

MCS (Hind III and Eco RI) to release a - 420bp fragment containing numerous 

convenient inner restriction sites in the MCS. This fragment was dephosphorylated with 

shrimp alkaline phosphatase and gel purified. The purified fiagrnent was S'-end Iabelled 

with 3 2 ~  y-ATP using T4 polynucleotide kinase in the buffer supplied (NEB). The 

reactions were incubated at 37OC for 1 hour and heat-killed at 70°C for 10 minutes. The 

reactions were phenol/chloroform extracted and nin on a Sephadex G-25 microspin 

column (Pharmacia Biotech) to remove unincorporated nucleotides. 1 .O p1 of the probe in 

5.0 ml of Aquasol L.S.C. cocktail (New England Nuclear) was counted in a Pharmacia 

Liquid Scintillation Beta Counter. Typical incorporation resulted in - 5 x 1 Os cpm /pl. 

Pnor to DMS modification or DNase 1 footprinting, the linear probe would be split into 

two aliquots and digested with either Sph 1 or Barn HI leaving two sets of single end- 

Iabelled probes at opposite ends. 



II. 12 DMS Modification and Cleavage of Footprinting Probe 

Single end-labelled probe was diluted 111 O in DMS modification b e e r  (50 mM 

Na-cacodylate, pH 8.0, 150 mM KCl, 1 mM EDTA) to a total vol. of 200 p1. 5pl of 

fieshly diluted 1M DMSEtOH was added and incubated for 1 min. at KT.. The reaction 

was stopped by the addition of 200 pl of DMS quench (2 M NH,OAc, 1M B- 

mercaptoethanol, O. 136 m g h l  sonicated salmon sperm DNA) and ethanol precipitated in 

a dry ice ethanol bath for 15 minutes. The DNA was pelleted and drïed completely and 

resuspended in 20 pl KHPO, EDTA. The DNA was denatured at 90aC for 10 min. and 

put on ice and centrifuged at 14 K rpm for 6 min. The DNA was cleaved by the addition 

of 2.0 pl IM- NaOH and incubated at 90°C for 5 min. 200 pl of cleavage stop solution 

(1 -8 ml TE pH 8.0,0.2 ml 3M. NaOAc, 4 pl tRNA (1 Omg/ml)) was added and the DNA 

was ethanol precipitated and washed in 70% ethanol, dned and resuspended in 

sequencing buffer. 

II. 13 DNase 1 Footprinting 

Lhear restriction fragment probes for footprinting were prepared as described 

above and in (Spiro and McMurray, 1995). Appropriate concentrations of DNaseI were 

detennined by pnor titration, RQ 1 RNase-Free DNaseI (Promega) was diluted into 

20rnM Hepes-KOH, 20% glycerol, 0.2m.M EDTA, O. 1M KCl, O. 1p&l BSA, 28mM P- 

mercaptoethanol, 40mM CaCl,. The concentrations of DNaseI necessary to cleave the 



probes incubated with nuclear extract were considerably higher than for those without 

nuclear extract and were determined empirically by titration. A typical 8x volume 

reaction cocktail would include 30pl of DNA probe Iabeled on one strand 

(-8x 1 04cpm/pl), 0 .8pl poly (dI-dC) (O. lmghl) ,  8pl BSA (O.Smg/ml), 1 pl P- 

mer~aptoethanol(14M)~ 39.5~1 buf5er D (20m.M Hepes-KOH, 20% glycerol, 0.2mM 

EDTA, 0.1M KCl), 0.1~1 NP40. This cocktail was aliquoted into 7 silanized eppendorf 

tubes ( 1 0 ~ 1  each) and appropriate arnounts of nuclear extract or buffer D were added to 

bring the volume to 40pl. These binding reactions were incubated at room temperature 

for 1-1 -5 hrs. and occasionally overnight at 4OC. 

A time course was initiated by the addition of 20p1 of M ~ Z ' / C ~ ~ '  supplement 

(50mM MgCl,, lOmM CaCl,, 1 OmM Tris-HCl pH 7.5) (essential ~ g Z ' / c a >  were left out 

of the binding incubation to prevent endogenous nuclear extract nuclease activity prior to 

initiation of time course) to the tube and immediate incubation at 30°C for 7 min. pnor to 

the addition of 5pl of the appropriate concentration of DNaseI. Digestion was for 2 min. 

at 30°C and the reaction was stopped by the addition of 6Spl of stop solution (O-O2M 

EDTA, 4M m 4 0 A C ,  40pg/ml sonicated salmon sperrn DNA, 0.2% SDS, 0.1% 

proteinase K) and the tube was immediately put on ice. Proteinase K was then activated 

by incubation at 5S°C for 15 min. 

2 x phenoVchloroform extractions were performed and the DNA was ethanol precipitated, 

washed in 80% ethanol, dried and resuspended in formamide loading buffer. Reactions 

were run on a 6% polyacrylamide, 8M urea sequencing gel using DMS modified and 

NaOH cleaved probes as a reference G-ladder. Gels were dried and exposed to Kodak 



Biomax film. 



Chapter III: Results 

III. 1 Fragments of her-l Genornic DNA Cause Sdc-Like Phenotypes in 

Transgenic Worms 

In order to identifj. regions of the her-l locus that may harbor cis-elements 

important to the regdation the her-1, 1 used transgenic studies of individual her-l 

genomic fragments as an assay. As previously noted, transgeric animals canying 

extrachromosomal arrays containhg numerous copies of her-l genomic DNA ofien 

exhibit phenotypes similar to those seen in anirnals with sdc loss of function mutations. 

Transgenic XX anirnals carrying these arrays exhibit variable masculinization, including 

shortening of the female whip tail, abnormal female gonad development, egg laying 

defects, abnormal vulval development, and variable male tail structure deveIopment. In 

addition to showing sex defects, these XYanimals also have dosage compensation 

defects, such as the dumpy phenotype (short, stumpy, and generally unhealthy) and XY- 

specific lethality due to overexpression of X-linked genes (M.D.Perry, pers.comm.; 

Villeneuve and Meyer, 1987; Nusbaum and Meyer, 1989). No abnormal phenotypes are 

observed in XO anirnals carrying the same arrays. 

It has been suggested that non-coding regions of her-l may be titrating away one 

or more factors that are necessary for the implernentation of dosage compensation, 

resulting in the dismption of the dosage compensation complex and subsequent 



overexpression of X-linked transcrïpts, leading to lethality (M-D-Perry, persxomm.; Li et 

a1.,1999) (Figure 11). Masculïnization ofXYanimals indicates that the genomic copies of 

her-l on linkage group V have been derepressed implying that factors necessary for her- 

I repression may also have been sequestered allowing their inappropriate expression. 1 

used this "Sdc phenocopy" phenotype as an assay to identm regions of the her-l 

promoters that may contain cis-elements important for the regdation of heu-1. 

Plasmids containing the fragments shown in figure 10 were injected dong with 

the une-76 marker plasmid and pBS carrier DNA into the strain NT47 him-5 unc-76. This 

strain allows detection of transgenic animals by rescue of the uncoordinated phenotype 

and increases the percentage of XO progeny due to the hirn-5 mutation (see Materials and 

Methods). The progeny (FI, F2, and F3) of injectedXYherrnaphrodites were scored, and 

the results are shown in Figure 10. Those fiagrnents that caused masculinization and 

dosage compensation defects of transgenic XXanimals are indicated in figure 10. Due to 

the possibility that some constructs could result in extensive XX lethality, any transgenic 

non-Unc XO male progeny were crossed with NT47 hermaphrodites to propagate the 

Iines. 

Consistent with recently published results to be discussed later (Li et al., 1999), 1 

found that the large 3.4kb her-l intron 2, containing the P2 promoter, appeared capable of 

titrating factors necessary for feminization of animals. In other words, pNR12 caused XX- 

specific mascuIinization and dosage compensation defects. The three subfkagments of 

pNR12 that 1 tested (in plasmids; pMG33, pMG2, and pTLV4) also caused SDC 

phenocopy in the F 1, F2, and F3 generations. 1 observed consistent extensive 

mascdinization and dosage compensation defects by the construct pMG33 in nurnerous 



(> 10) transgenic lines and in hundreds of progeny (FI, F2, and F3). pMG2 and pTLV4 

also exhibited simikir phenotypes. 

The constnict pTLV5 contains the proximal P 1 prornoter region and behaved 

consistently as a strong mascuiinizing constnict in transgenic anirnals. pTLVS X;Y 

animals exhibited herniated vulvae, masculinized tails and intersexual gonads, as well as 

extensive dosage compensation durnpy defects, including XX-specific lethality. This 

result suggests that the fragment of her-l genomic DNA carrïed in pTLV5 was capable of 

titrating factors required for sex detennination and dosage compensation. 

As had previously been observed in our laboratory, XYanimais carrying pNR13 

exhibited both sexual transformation, as well as dosage compensation dumpy pheno-es. 

The two constnicts, pMPN17-1 and pCTl L 1, had previously been tested and defined the 

extemal limits of her-l DNA capable of SDC phenocopy (Marc Perry, pers. corn.) ,  1 

did not test these two constnicts. As appropnate negative controls, injections of either the 

marker plasmid (pUNC-76), or injections of the pBSII SK+ vector resulted in no sexud 

transformation or durnpy phenotype of transgenic animals. My experiments with 

transgenic animds carrying her-l genomic DNA suggest that regions of both the P 1 and 

PZ promoters are uivolved in the cis-regulation of her-l activity. 



Figure 1 0: her- 2 DNA Fragments Assayed for Sdc Phenocopy 

Fragments of her-l genomic DNA diagrammed were subcloned into vectors and 

injected into NT47 him-5 unc76 V as described in Materials and Methods. Transgenic 

lines containing constructs carryiing fragments with a" + " exhibited XX-specifk variable 

masculinization andior dosage compensation defects such as dumpiness (short, fat and 

generally unhealthy) or XX-specific lethality (described in results). XO animals were 

unaffécted. 





Figure 1 1 : Titration Mode1 of Sdc Phenocopy in XXAnimals 

A mode1 that explains how fiagments of her-l genomic DNA could cause 

phenotypes similar to those obsewed for sdc loss of h c t i o n  mutations in XYanimals. 

InXYanimals sdc gene activity is hi& in order to repress X-linked transcription 

and her-l expression. The ability of some her-I fragments to cause Sdc phenocopy may 

be due to their ability to titrate factors necessary for the implementation of dosage 

compensation, and repression of her-l transcription. Numerous copies of her-l promoter 

fiagments may sequester a limiting factor for dosage compensation thereby resulting in 

the dissociation or disruption of the dosage compensation complex. The resdtant X- 

linked overexpression causes dosage compensation dumpy defects and lethality 

s p e ~ ~ c a l l y  in XXanimals. In addition to this, these same animals are often variably 

rnasculinized. This masculinization is due to inappropriate expression of her-l in XY 

animals. This is likely due to the titration of limiting factors necessary for her-l 

repression. 





III.2 One Large Genomic Fragment of her-l DNA is able to Suppress xol-l 

Mutations in XO Animals 

In order to test our titration mode1 proposed to explain the Sdc-phenocopy 

observed in transgenic XX animals carrying her-l genomïc fragments, 1 carried out 

genetic crosses utilizing the XO lethal mutation, xol-1. If her-I promoter elements indeed 

titrate factors essential for dosage compensation, then these same cis-elements may 

suppress the XO lethdity of xol-l mutations by relieving the inappropriate repression of 

the single X chromosome (Figure 12). This xol-I suppression assay provides a more 

stringent test of the role of a cis-element in dosage compensation. 

After establishing stable transgenic lines and assaying their phenotypes, males 

nom the lines carrying the extrachromosornal arrays described in Figure 10 were crossed 

to hermaphrodites homozygous for the XO lethal mutation xol-I. xol-I is on the X-linkage 

group and Xchromosornes carrying the xol-l (y70) mutation were marked with the 

recessive X-linked Ion-2 mutation, which results in a Lon (long) phenotype. These 

hermaphrodites were homozygous for the recessive unc-32 mutation (uncoordinated 

phenotype) on the third linkage group to facilitate the identification of al1 cross progeny 

(non-Unc) . 

A control cross was carried out to see if any of the cross progeny non-Unc 

animais were also Lon which would indicate that they had only one X chromosome and 

that it had corne fiom the hermaphrodite, (i.e. any Lon, non-Unc progeny would be 



escapees of XO-specific lethality). No Lon, non-Unc progeny were observed. The him-5 

mutation results in increased incidence of meiotic non-disjunction and a correlating high 

incidence of males. el490 is a strong him-5 allele that results in 33% XO zygotes at 

20°C. This mutation was used to increase the number of XO zygotes for analysis, The 

control and test crosses are descnbed in detaii below. 

Negative control cross 

XO: CB 1490 him-j(el490) V 

X 

XX: TY469 unc-32(el89) 111; Zon-2(e678) xol-l(y70) X 

Any cross progeny should be non-Wnc (wild type) with respect to coordination. 

Any XXcross-progeny should be Zon-2 / -f- and therefore non-Lon. Any XO cross-progeny 

should be lon-2 xol-l / O and therefore Lon, but also Xol and therefore should die as 

embryos. From numerous successfid crosses (observation of non-Lon, non-Unc cross 

progeny {m, n = 63), no Lon, non-Unc progeny were ever observed, indicating that 

without extrachromosornal arrays the cross would not yield live XO animals, 

Test Cross 

XO: NT47 him-5(el490) une-76(e911) V; ucEx (test pZusmid), pUNC76 



Figure 12: Titration Mode1 for Suppression of xol-l Mutations In XO 

animals 

In wild type XO animais xol-I activity is high and represses the sdc gene activity. 

Because sdc activity is low, dosage compensation is not implemented and there is fiil 

expression of X-linked transcripts fiom the single X chromosome. In xol-1 mutant XO 

animals, sdc activity is not repressed and the inappropriately expressed SDC-2 

orchestrates the implementation of dosage compensation on the single X chromosome. 

The resulting underexpression of X-linked transcripts causes embryonic lethality of al1 

XO animds. These dead embryos are often feminized, due to inappropriate repression of 

her-1. XO animals that are mutant for xol-I and have a second loss of fûnction mutation 

in either sdc-1 , sdc-2, or sdc-3 are rescued. 

If fragments of heu-1 genomic DNA are also able to titrate factors necessary for 

dosage compensation in XO animals, then they may be able to disrupt the dosage 

compensation process similar to the sdc If mutations, and dlow sufficient X-linked 

transcription fiorn the single X chromosome to suppress the lethality. 



Figure 12: Titration Mode1 for Suppression of xol-1 Mutations 
in XO Animals 

Inappropriately 
expressed dosage 
compensation proteins 

her-1 promoter fragments in 
extrachromosomal arrays 

Single X chromosome 
96 her-1 gene on chromosome V 



The her-l genomic fkagrnents in the extrachromosomal arrays carried by the transgenic 

XO males are diagrammed in figure 13. Of dl the fragments tested, only the relatively 

large fragment pNR12 (which had previously been shown to suppress xol-l mutations), 

resulted in Lon, non-Unc progeny. These resdts indicate that oniy very large fkagments 

containing most of the P2 promoter region are capable of xol-l rescue, and that the Sdc- 

like phenotypes of the transgenic XXanirnals bearing fragments of her-l promoter are 

due to titration of factors necessary for dosage compensation and sex cietennination . 



Figure 1 3 : her-I DNA Fragments Assayed for Suppression of xol-I in XO 

Transgenic male anirnals fiom lines carrying the diagrammed fragments were 

crossed with TY469 hermaphrodites (descriptions above and in Materials and Methods). 

Both XXand XO cross-progeny fi-om the matings are heterozygous for unc-32 III, and are 

therefore non-Unc. XXreceive one X chromosome fkom each parent, and therefore are 

heterozygous for [on-2 as well as xol-1 , and have non-Lon phenotype and are unaffected 

by xol-1. XO anirnals are hernizygous for lon-2 and xoZ-l and are therefore Lon, but also 

Xol and hence die as young embryos. If hgments of her-l are able to titrate factors 

necessary for dosage compensation, they may be able to suppress xol-l mutations in XO 

animals. Such animais would be Lon and non-Unc. Transgenic lines containing 

constructs that gave Lon non-Unc cross progeny are indicated by a "+". 



Figure 13: her-1 DNA Fragments Assayed 
for Suppression of xol-1 in XO animals 
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III.3 Factors in C. elegans Embryonic Nuclear Extracts Specifically Bind 

her-l Promoter Regions in vitro 

Previous genetic studies defhed sites in the her-I P 1 promoter that rnay represent 

target sites for tram-acting regulators of her-l activity. As described in the introduction, 

the gain of fimction site, d e h e d  by the mutation n69.5, could represent a target site for 

negative regulators of her-l transcription. SDC-2 is a candidate protein to fulfilI the role 

of direct negative reguiator of her-I. The loss of fùnction site rnay define a target for 

constitutive activation of her-l transcription (Figurel4). In order to identiQ whether these 

sites were actual targets for regulatory nuclear factors, I carried out a series of 

electrophoretic mobility shift assays. 

III.3.1 Loss of Function Site Gel Shifts 

To assay whether factors in nuclear extracts bind genetically defined her-l 

regulatory regions, 1 incubated 32~-labeled synthetic oligonucIeotides (MP l3O/l3 1 Figure 

14), spanning the her-l loss of function site, with C-elegans embryonic nuclear extracts. 

Several complexes were detected, indicating that the crude nudear extracts contain 

factors able to bind retard the migration of these oligonucleotides through native 

PAGE gels (FiDwe 15). To test binding specificity, 1 assayed the ability of a 6 x molar 

excess of the input uniabeled oligonucleotide or a mutated oligonucleotide to compete for 

formation of the various complexes. 1 incubated the binding reactions with a 6 x molar 

excess of either the wild type oligo or an oligo containing al1 three temperature sensitive, 



complex represented by the top band labeled "A" was not significantly competed by a 6- 

fold molar excess of either the wild type or mutant oligo (Figure 15, lanes 2-4). In 

contrast, complexes labeled "CM and "D" were specifically competed by a 6x molar 

excess of both wild type and mutant oligo. The mutant labeled probe was also able to 

bind the factors represented by the C complex, and the formation of this complex was 

partiaily competed by an 8x molar excess of unlabelled mutant oligo. In order to test the 

specificity of the binding of complex "A", 1 aIso used a 10-fold and 40-fold molar excess 

of unlabeled oligo as cold competitor in binding reactions in my gel shifts (compared to a 

6-fold molar excess in Figure 15, lane 3). This Kgher concentration of cold oligo to 

labeled oligo is also a greater total quantity of oligos able to sequester a larger proportion 

of factors present in the constant volume of nuclear extract. At this concentration of cold 

competitor, both the wild type and the mutant her-l loss of h c t i o n  site unlabeled oligos 

competed for formation of dl complexes (Figure 16, lanes 2-5). hterestingly, in 

experiments with labeled mutant probe, the intensity of complex "A" was much reduced 

relative to the labeled wild type probe (Figure 15,lmes 2-4 VS. lane 5). This result 

suggests that the mutations in JA3lJA4 dismpt the binding of some of the factors to the 

loss of fùnction site probe. However, there are soma inconsistencies between these two 

experiments and they need to be repeated including controls that attempt competition for 

the complexes with an unrelated unlabeled oligo. ~ t h e r  experiments that titrate 

complexes formed on wild type probes with bath unlabeled mutant and wild type oligos 



Figure 14: her-l Promoter Region and Synthetic Oligonucleotides for 

Electrophoretic Mobility Shift Assays 

The top black Iine represents the her-l locus as previously described in figures 4 and 5. 

The sequence below is the expanded view of the P 1 promoter proximal region. The + l  

transcriptional start site of the P 1 promoter is indicated above the sequence and al1 other 

numbering is in reference to it. 

Synthetic oligonucleotides were produced and 32~-labeled as described in Materials and 

Methods. The Ioss of function site is highlighted in yellow and the gain of fünction site is 

highlighted in blue. 

MP 130/13 1 contains the wild type sequence of the loss of function site from base pairs - 

58 to -30 upstream of the her-I PZ transcriptional start site. 

JA3/JA4 contains the sequence Çom -54 to -33 upstream of the her-l P 1 transcriptional 

start site including the three temperature sensitive, loss of fünction mutations n826, 

n1100, and e1561. 

MP 134/135 contains the wild type sequence of the gain of fhction site from base pairs - 

18 to +10 relative to the P 1 transcriptional start site. 

MP136/137 contains the n695 mutation in the same sequence as MP 134/135. 



Figure 14: her-1 Pl Promoter Region and 
Svnthetic Oligonucleotides for Electrophoretic Mobility Shift Assays 
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Figure 15 : Electrophoretic Mobility Shift Assay of her-l Loss of Function 

Site Oligos using Ernbryonic Nuclear Extract 

Lane 1: 0.1 pmol MP130/131 -5.6 x 105 cpm, 

Lane 2: 0.1 pmol MP l3O/l3 1, - 12 pg nuclear extract protein, 100 ng 

poly (dI-dC) 

Lane 3 : 0.1 pmol MP 130/13 1, - 12 pg nuclear extract protein, 100 ng 

poly(d1-dC), 0.60 pmol unlabelled MP l3O/l3 1 

Lane 4: 0.1 pmol. MP 13O/l3 1, - 12 pg nuclear extract protein, 100 ng poly(dI- 

dC), 0.60 pmol unlabelled JA3/JA4 

Lane 5: 0.1 pmol JAYJA4, - 12 pg nuclear extract protein, 100 ng poly(d1-dC) 

Lane 6: 0.1 pmol JA3/JA4, - 12 pg nuclear extract protein, 100 ng poly(d1-dC), 

0.80 pmol unlabelled JA3/JA4 

Experhental conditions: binding reactions were set up as per Materials and 

Methods, except incubations were at 25.0°C for 1 hr., reactions were not supplemented 

with ZnSO,, and al1 binding reactions contained EDTA. These probes were annealed with 

equimolar amounts of each labelled strand. 

The letters A, B, C, D in the left hand margin point to complexes discussed in the text. 



Figure 15 : Electrophoretic Mobilitv ShiR 
Assav of her-l Loss of Function Site Oligos 

using Embryonic Nuclear Extract 
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Figure 16: Electrophoretic Mobility Shift Assay using her-l Loss of 

Function Oligonucleotides and Embryonic Nuclear Extract. 

Lane 1: 0.2 pmol MPl3OVl3 1 -3.9 x 1 Os cpm, 100 ng poly(d1-dC) 

Lane 2: 0.2 pmol MP l3OVl3 1 -3.9 x 1 O' cpm, - 12 pg nuclear extract protein, 

100 ng poly(dI-dC) 

Lane 3 : 0.2 pmol MP130*/13 1, - 12 pg nuclear extract protein, 100 ng poly(d1- 

dC), 2.0 pmol unlabelled MP130/13 1 

Lane 4: 0.2 pmol MP130V13 1, - 12 pg nuclear extract protein, 100 ng poly(d1- 

dC), 8.0 pmol unlabelled MPl3O/l3 1 

Lane 5: 0.2 pmol MP l3O*/l3 1, - 12 pg nuclear extract protein, 100 ng poly(d1- 

dC) 8.0 pmol unlabelled JA3/JA4 

Lane 6: 0.2 pmol JA3*/JA4, - 12 pg nuclear extract protein, 100 ng poly(d1-dC) 

Experirnental conditions: Binding reactions were set up as per Materials and Methods, 

incubations were at room temperature (-22OC) for 1 hr., ZnSO, was not added to binding 

reactions, and d l  binding reactions contained EDTA. These probes were annealed using a 

ten times molar excess of the unlabelled complementary strand in order to prevent 

spurious results from labelled wianneded single stranded DNA binding ssDNA binding 

proteins in the nuclear extract. 

* = Labelled strand 



Fimire 16: Electro horetic Mobiliîy Shift Assay of 
her- l Loss of Function Site Single Strand Labeled 

Oligos usina Embryonic Nuclear Extract 

Nuclear extract - + + + + + 
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would compare the relative affinities of the various complexes as weli as the Werent 

oligos. Together, m y  competition experiments suggest that complexes "A" through "D" 

represent binding of factors specificdly to the her-l loss of function site probes, and that 

biologically relevant mutations in the sequence disnipt the binding of some of these 

factors. These resuIts are encouraging because these complexes may represent 

constitutive activators of her-l transcription bound to the loss of fùnction site. 

III.3.2 Gain of Function Site Gel Shifts 

To examine whether the gain of function site in the her-l P 1 promoter is binding 

putative negative regdators of her-1, electrophoretic mobility shift assays were 

perforrned with Iabelled wild type gain of function site oligonuc1eotides (MP 1 M*/l3 5 )  

incubated with embryonic nuclear extracts. These oligonucleotides were also able to 

specifically bind factors in the embryonic nuclear extract. A single complex was detected 

that was cornpeted by a 5x molar excess of the same unlabelled oligo (MP134/135); 

Figure 17, Ianes 2 and 3). By contrast, a 5 x molar excess of a random cold oligo 

(MT 1 1 1 /112) was unable to compete for complex formation (Figure 17, lane 4). 

Interestingly, Iabeled probe appears to be retained specifically in the wells of the binding 

reactions (Figure 17 lanes 2-4), suggesting that a large protein complex may be binding 

the probe and causing retention of the complex in the well. Additional competition 

expenments were performed with single strands of unrelated oligo (MP111) as well as 

single stranded MP 134 revealing that the band was specific to double stranded 

MP134/135 (results not shown). The specific bands obsemed in these reactions could 



represent binding of tram-acting, negative regulators of her-I transcription found in C. 

elegans embryonic nuclear extract. Possible candidates for these factors are the SDC 

proteins, and in paaicular SDC-2. 

ILI.3.3 Gain of Function Site anti-SDC2 Supershift 

To ask whether SDC-2 is a component of the complexes observed in the gain of 

function site gel shifts, 1 designed an antibody ccsupershift'' experiment. Preincubation of 

the binding reaction with antibodies directed against a DNA binding protein may resdt in 

the formation of a protein-antibody cornplex. If the protein is still able to bind its DNA 

site, the added mass of the antibody will result in further retardation of the complex 

through the gel and the presence of a new slower migrating band. If the antibody 

sterically hinders the binding of the protein to the DNA, then there may be the loss of a 

band. 

My initiai attempts to supershifi bands observed in the gain of function gel shifts 

using anti-SDC-2 crude anti-sera resulted in high background and no observable shift or 

loss of bands. 1 subsequently affinity purified the anti-SDC-2 antibodies and attempted to 

supershifi the &gel shifi bands. The wild type gain of function probes again showed 

specific binding of factors in the nuclear extract (Figure 18). As before, bands were 

specifically competed away by a 15 x rnolar excess of the same wild type gf oligos 

(Figure 18, lanes 2 and 3). Interestingly, more bands were detected in this experiment 

than in the assays shown in Figure 17. This could be due to the increased porosity 

(reduced cross-linking) of the gel used in Figure 18 (80: 1 vs. 37.5: 1) allowing additional 

complexes to migrate out of the wells. However 1 obtained no evidence for either a loss 



of a band or the addition of a slower migrating complex "supershifi" upon pre-incubation 

of the nuclear extract with ad-SDC-2 antibodies (Figure 1 8, lane 4). Therefore this assay 

is not informative about the presence of SDC-2 in the observed complexes. 



Figure 17: Electrophoretic Mobility Shift Assay of her-l Wild Type Gain of 

Function Site Oligos using Embryonic Nuclear Extracts 

Lane 1: 0.4 pmol MP134*/ 135 -5.0 x 10S cpm 

Lane 2: 0.4 pmol MP l34*/l35, - 12 pg nuclear extract protein, 100 ng poly (dl-dC) 

Lane 3: 0.4 pmol Ml?134*/135, - 12 pg nuclear extract protein, 100 ng poly (dI- 

dC), 2.0 pmol udabelled MP134/135 

Lane 4: 0.4 pmol Ml?134*/13 5, - 12 pg nuclear extract protein, 100 ng poly (dI- 

dC), 2.0 pmol unlabelled MPZ 11/112 

Experimental conditions: Buiding reactions were set up as descnbed in Materials and 

Methods, except ZnSO, was added to fmal concentration of 1pM7 and EDTA was not 

added. Reactions were run on a pre-run 4.0% 30:0.8 cross-lulking polyacrylamide gel at 

120V at room temp. No EDTA was used in running buffer, or in gel buEer. ZnSO, was 

added to 1 pM in buffer and gel. 

* = Labelled strand, ns = non-specific cornpetition 



Figure 17: Electrophoretic Mobility Shift Assay of 
her- l Wild Tme Gain of Function Site Oligos 

using Embrvonic Nuclear Extracts 
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Figure 18: Electrophoretic Mobility Shift Assay of Gain of Function Site 

Oligos in the Presence of anti-SDC-2 Antibodies 

Lane 1 : 0.2 pmol MP 134*/ 135 -5.0 x 1 Os cpm, 150 ng poly (dI-dC) 

Lane 2: 0.2 pmol MP134*/135, - 21 pg nuclear extract protein, 150 ng poly (dI-dC) 

Lane 3 : 0.2 pmol MP l34*/13 5, - 2 1 pg nuclear extract protein, 150 ng poly (dI- 

dC), 3.0 pmol unlabelled MP134/135 

Lane 4: 0.2 pmol MPlM*/l3 5, - 12 pg nuclear extract protein, 100 ng poly (dI- 

dC), 2.0 pl affinity purified anti-SDC-2 antibodies 

Lane 5: 0.2 pmol. MP134*/135, - 12 pg nuclear extract protein, 100 ng poly (dl- 

dC), 0.5 pl 10 mglrnl BSA 

Experimental conditions: Binding reactions as described in Matenals and Methods 

except; nuclear extract was preincubated with anti-SDC-2 at room temperature for 2 

hours pnor to overnight incubation with probe at 4OC. Binding buf5er: sarne as described 

except; ZnSO, was added to final concentration of lpM, and no EDTA was added. 

Reactions were run at 180V on a pre-run 4.0% 80: 1 cross-linking polyacrylarnide gel at 

room temp. No EDTA was used in nuining buffer or in gel buffer.(TB buffer), ZnSO, 

was added to 1 pM in buffèr and gel. 



Figure 18: Electrovhoretic Mobility Shift Assay 
of Gain of Function Site Oligos 

in the Presence of Anti-SDC-2 Antibodies 
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III.4 Factors in C. elegum N2 Embryonic Nuclear Extract Protect Regions 

in the her-l Promoter fiom DNase 1 Digestion in vitro 

M.4.1 DNase 1 Footprint of the PI Promoter Region of her-l 

Although earlier genetic experirnents defmed some of the regdatory elements of 

her-1 such as the &and lfsites previously described, it becarne clear fiom rny transgenic 

experirnents that there are numerous additional cis-elements involved in the regulation of 

her-1 that have not yet been finely mapped In order to ident* new elernents that may be 

involved in her-l regulation, 1 used DNase 1 footprinting to analyze part of the P l  

promoter region including the Ifsite, the gfsite, a consensus Zfsite, the transcriptional 

start site, and the translational start site. The - 250 bp Aat II / Eco RV fiagrnent 1 used 

for this experiment is diagramrned in Figure 19. Although the resolution of diese 

experiments allowed analysis of only one s m d  in each area of the fiagrnent, the primary 

goal of the experiment was realized. Footprinting of this region identified sites that are 

occupied by factors present in the nuclear extract. These sites may be targets of truns- 

acting factors involved in the regulation of her-1 transcription (Figures 20 and 21). 

Autoradiographs showing the regions of the her-1 P 1 promoter that are protected from 

DNase I digestion by nuclear extracts are shown in figures 20 and 2 1. DNase 1 

hypersensitive sites are also highlighted. 1 varied the amount of DNase 1 in the binding 

reactions to find the optimum concentrations necessary to equalize the arnount of DNA 



digestion between reactions that contained nuclear extract to those that don't. Higher 

concentrations of protein (nuclear extract) in the reactions is known to inhibit DNase 1 

digestion and therefore a corresponduigly higher concentration of DNase 1 is necessary to 

correct for this. Future experiments will use a fked arnount of DNase 1 for reactions 

containing nuclear extract and a fixed arnount for those that don? contain any protein 

source. 1 detected a number of protected regions and hypersensitive sites consistent with 

the binding of factors to numerous regions throughout the her-l P 1 promoter, including 

the loss of fimction site and gain of function site as  1 had expected (results not shown). 

My results also agree with the earlier fûnctional ttansgenic results which suggested the 

involvement of numerous cis-elements in the regdation of her-1. Interestingly it appears 

that a repeating 10 bp ladder of protection may be evident. Such patterns of protection are 

characteristic of regions occupied by positioned nucleosomes (Wang W. et al., 1996) and 

could also possibly indicate factors binding on only one side of the DNA helix as may 

occur when the DNA is looped a r o d  a complex of proteins and only one face of the 

heIix is left exposed for DNase digestion. These results implicate the possible 

involvement of a protein complex binding the her-l Pl promoter region. Additionai 

DNase 1 footprints were carried out and yielded further information on the state of 

occupation of the her-I PI promoter region, but have not been shown. A schematic 

diagram compiling al1 results of the protected regions and hypersensitive sites fiom the 

various experiments is shown in figure 22. 



Figure 19: her-l Genomic DNA Fragment Used in DNase 1 Footprinting 

The top line depicts the her-l tocus on linkage group V. The four her-1 exons me 

shown as boxes. White boxes are the 5' and 3' untranslated regions and the yellow boxes 

are translated. P l  and P2 denote the two XO-specific promoters. The loss of fünction site 

and the three additionai consensus lfsites are indicated above the locus. The gain of 

function site and the two additional consensus gfsites are indicated below the locus. An 

expanded view of the 250 bp Aat II - Eco RV fragment compnsing the 3' end of the her-l 

P 1 promoter is diagrarnrned below the top line. This restriction fiagrnent contains the loss 

of function site, gain of function site, transcriptional start site and the translational start 

site close to the 3' end, and was prepared for DNase 1 footprînting as described in the 

Materials and Methods section. 



Figure 19: her-1 Genomic DNA Fragment 
Used in DNase 1 Footprinting 

GTCTCTT GTCTCTT AAGAGAC GTCTCTT 

i 
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Figure 20: DNase 1 Footprint of Bottom Strand of her-l P l  Prornoter 

Region 

Lane 1: DMS modified G-ladder of Aar II / Eco RV fiagrnent 

Lane 2: 5pl of 256pg/p1 DNase 1 ,20 pl nuclear extract 

Lane 3: 5pl of 512pglpl DNase 1 , 20  pl nuclear extract 

Lane 4: 5pl of 5 12pg/pl DNase 1 ,40 pl nuclear extract 

Lane 5: 5pl of 64pg/pi DNase 1 

Lane 6: 5pl of 128pg/pl DNase 1 

Lane 7: 5p1 of 512pglpl DNase I,20 pl nuclear extract 

Lane 8: 5p1 of 32pg/pl DNase 1 

Lanes 7 and 8 are Tom a separate gel and are upstream of al1 6 lanes in the left hand gel. 

Regions that show protection are indicated. 

Regions hypenensitive to DNase 1 digestion are indicated as HS. 

Binding conditions and ninning conditions are descnbed in the Materials and Methods. 



Figure 20: DNase 1 Footprint o f  Bottom Strand of 
her-l P 1 Promoter Region 

Lanes 1 2 3 4 5 6  
Nuclear extract - +++- - 

Lanes 7 8 
NucIear extract + - 

7 Protection From r- DNaseI Digestion 



Figure 2 1 : DNaseI Footprint of P 1 Promoter Region 

Bottom Strand: 

Lane 1 : DMS modified G-ladder of Aar II / Eco RV fiagment 

Lane 2: O DNase 1, O nuclear extract, (probe alone) 

Lane 3 : O DNase 1, 10 pl nuclear extract 

Lane 4: 5 pl of 5 12 pg / pl DNase I,40 pl nucIear extract 

Lane 5: 5 pl of f O00 pg / pl DNase I,60 pl nuclear extract 

Lane 6: 5 pl of 64 pg / pl DNase 1 

Lane 7: 5 pl of 128 pg / pl DNase 1. 

Top Strand: 

Lane 8: DMS modified G-ladder of Aar II / Eco RV fiagment 

Lane 9: O DNase 1, O nuclear extract, (probe alone) 

Lane 10: O DNase 1, 10 pl nuclear extract 

Lane 1 1 : 5 pI of 5 12 pg / pl DNase I,40 pl nuclear extract 

Lane 12: 5 pl of 1000 pg / p1 DNase I,6O pl nuclear extract 

Lane 13: 5 pl of 64 pg / p l  DNase 1 

Lane 14: 5 pl of 128 pg l p1 DNase 1. 

Regions that show protection are indicated by a "P" 

Regions hypersensitive to DNase 1 digestion are indicated as HS. 

Binding conditions and runnïng conditions as described in the Materials and Methods. 

Data for protected region 22654272 is not shown. 



m e  2 1 : DNase 1 Foomrint of P 1 
Promoter Region 



Figure 22: Protection of Genomic heu4 DNA Fragment fkom DNase 1 

Digestion 

This schematic diagram shows regions protected from DNase 1 digestion, as well 

as regions hypersensitive to DNase 1 digestion. Al1 regions are described in figure 19. The 

yellow line indicates the - 250 bp Aat II I Eco RV fiagment that was labelled and 

subjected to footprinting. The results on the nght-hand side indicate protected regions 

that were observed in the bottom strand, and putative occupying factors are schematicaily 

represented on the diagram by ovals residing primarily on the bottom of the strand. The 

protected regions on the left were observed in the top strand and are diagrarnmed as such. 

DNase 1 hypersensitive bases are indicated by an "HS". 



Figure 22: Protection of Genomic her-1 DNA Fragment 
from DNase 1 Digestion 
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Chapter IV: Discussion 

IV. 1 Numerous Regions of the ker-I Locus are Involved in its Regulation 

One of the purposes of my thesis work was to iden te  cis-acting regions involved 

in the regdation of her-1.1 used in vivo and biochemical methods to identi*, and more 

finely map these putative regulatory regions. The results of my transgenic experiments 

cornpiled in figure 10 show that many genomic fragments of the her-l locus are able to 

cause masculinization of XXanimais as well as XX-specific durnpiness and lethality. The 

phenotypes that 1 observed are similar to those of sdc loss of function mutations, and 

these ftagments may be able to mimic Sdc phenotypes by titrating lirniting tram-acting 

factors. Masculinizatiun of XXanimals is due to inappropriate derepression of her-1. This 

implies that the factors binding these regions and hence the regions themselves are 

involved in the negative regulation of her-1. The dumpy phenotype observed in XX 

animals is due to the disruption of dosage compensation and subsequent overexpression 

of X-linked transcripts. This data implies that these fragments are binding factors that are 

necessary for her-l regulation and the essential process of dosage compensation. 

Nurnerous regions in both the P l  and P2 promoters were able to cause an Sdc phenocopy, 

indicating that negative regulation of her-I is not limited to the P l  promoter 5' of the her- 

I transcriptional start site. Many of the sarne regions 1 identified as having the potential 

for SDC-phenocopy were independently confirmed in a similar study by Li et al. (Li et 

al., 1999). Like Li et al., 1 found that transgenic lines with fiagments contained in the 



plasmids pNR12 and pMG2 exhibit phenotypes similar to those seen in sdc (Zf)mutants. 

The fragment contained in pTLV4 is also capable of Sdc phenocopy, but was not assayed 

by Li et al., although some larger fragments containing it exhibited masculinization, 

while one hgment  they tested @BG4), which was missing a 0.4 kb fiagrnent of pTLV4 

was unable to masculinize. 

Lnterestingly, contrary to my observations, Li et al@ et al., 1999), did not 

observe any masculini;.ing effects in transgenic animais that camed fragments 

encompassing the fiagment contained in pMG33. Three of their constructs containing this 

fragment were scored as non-mascdinizing @BG6, pBG7, and pRHL4). Also, 1 saw that 

the constnict pTLV5, which contains the proximal P 1 promoter region, behaved 

consistently as a masculinizing constnict in transgenic animals, while Li et al. reported 

that a larger 2.8 kb Pl  promoter fragment @RHl), containing the her-l sequence fiom 

pTLV5, did not show masculinizing activity. This is particularly interesting because this 

fragment contains the genetically identified gain of function site which is most likely a 

site of negative regdation of her-l transcription. 

There are several differences in experimental design which may account for the 

conflicting results observed in the two studies. Firstly, experimental parameters in the 

creation of transgenic lines can Vary, such as plasmid copy nurnber due to differences in 

injection volumes and DNA concentration resulting in variable titrating ability. Secondly, 

Li et al. tested the ability of constructs to masculinize XYxoZ-l mutant animals, while my 

assay tested the ability of constructs to masculinize and cause dosage compensation 

defects in him-5 XX animals. Li et al. conducted their experirnents in a xol-I background 

in order to enhance masculinization phenotypes as has previously been observed in ha-2, 



and heu-l(@ mutants (Rhind et al., 1995). However, using a xol-I (73 background 

automatically excludes the possibility of recovering any XO animals that rnay be c a m g  

the extrachromosomal arrays. Because some of these arrays cause XX-specific lethality, 

similar to strong Sdc phenotypes, there is the possibilty that no transgenic animais (XO or 

would be recovered. These arrays could contain some of the most potent titrating 

fiagrnents, harboring important cis-acting elements. 

The construction of my transgenic strains incorporated the him-5 mutation to 

specificaily optimize for recovery of fiagments that cause strong Sdc phenocopy. If the 

fragment was XX-specific lethal, it would be immediately noticed, due to the recovery of 

prirnarily male animals, and the lines could still be maintained by crossing to wild type / 

him-5 strains. 1 did not, however, fmd any fragments that caused such extensive XX- 

specific lethaiity as to skew the ratio of Zaa ima l s  to XO animals so severely as to 

account for the lack of observatioo of masculinization by Li et al. in the lines rnentioned 

above. 1 separateIy analyzed suppression of ml-l by crossing these extrachromosomal 

arrays over to ml-l hermaphrodites, to look for XO progeny regardless of their sexual 

phenotype. 

As mentioned, many of these fiagments caused senous dosage compensation 

defects inXX animals, yet were unable to suppress ml-1 mutations. This could be due to 

different lethai thresholds for high and low levels of X-linked expression. For example, a 

fragment that causes an increase in X-linked expression by 50% would result in an 

increase fiom 1 x to 1 . 5 ~  X-linked transcription in XX animals that may cause serious 

dosage compensation defects yet may not be lethal, but the corresponding increase of -5 



to -75 in xol-I XO animals may not result in sufficient X-linked expression to suppress 

lethality. 

My initial goal was to refine the minimum fiagments necessary to cause Sdc 

phenocopy in order to identiG important cis-acting elements. However 1 discovered that 

many of the fragments seem capable of titrating factors involved in her-l repression and 

implementation of dosage compensation. My results suggest that the regdation of her-1 

rnay be concerted between numerous elements dong the gene, and could involve 

synergism between cis-elements. 

IV.2 The Large P2 Promoter Fragment of her-l is able to Suppress xol-l 

Mutations in XO Animals 

1 wished to address whether the XY-specific lethality, and apparent sex 

determination defects observed in transgenic animals carrying her-1 promoter fragments 

were due to a titration of factors involved in sex determination and dosage compensation. 

The genetic crosses were designed to exploit the fact that mutations in the sdc genes are 

able to suppress m l - l  mutations. If her-l promoter fiagments are titrating factors 

necessary for dosage compensation, they may also be able to suppress xol-I mutations. 

Assays using the large P2 promoter fragment confirmed that her-l DNA was likely able 

to titrate factors necessary for dosage compensation and allowed suppression of the XO 

specific lethality of xol-l mutations. This indicated a direct physical correlation between 

sex determination and dosage compensation. The fact that no smaller fragments were able 

to suppress xol-I mutations in XO animals means that these fragments were unable to 



solely raise the Ievel ofX-Iinked transcription to a threshold suficient for an animal to 

live. In fact, these results support a mode1 where multiple elements act in cis, possibly 

through the involvement of chromatin, to synergistically or cooperatively coordinate the 

strong repression of her-l transcription, thus regulating sex determination. 

IV.3 C. elegans Embryonic Nuclear Extracts Contain Factors Capable of 

Specifically Binding her- I Regulatory Regions in vitro 

IV.3.1 Loss of Function Site 

My inability to use a transgenic approach to identL& distinct her-l regulatory 

elements necessitated the development of biochemical assays to search for her-l 

regulators. Electrophoretic mobility shift assays would indicate whether genetically 

defined regulatory regions are targets for factors found in C. elegans ernbryonic nuclei. 

1 predicted that if the Ifsite is a target for constitutive activators of her-l,  then 

factors that bind the site would probably be present in both XO and Mr'animals. I also 

predicted that constitutive activators of her-l would be present in a predominantly 

hermaphrodite nuclear extract. Gel shift assays using labelled synthetic oligos containing 

the loss of function wild type consensus sequence dernonstrated that factors present in the 

embryonic nuclear extracts 1 prepared were capable of specifically binding to the If site. 

1 observed nurnerous shifted bands, suggesting that multiple complexes were 

forming on the oligos. Further support for this argument stems fiom my observation that 

each complex exhibited characteristic and unique behaviours when one of the 

experimental conditions varied. Band A rnay represent a complex containing an abundant 



activator that binds the wild type loss of fuction site (Figure 15). 1 was able to ask 

whether the Zfmutations that disrupt the expression of her-l in vivo also affect the 

binding of factors to the site NI vitro. The stability of the complex represented by band A 

shows sensitivity to the three Zfmutations (Figure 15, lanes 5 and 6). 1 predicted that if the 

complex represented by band A contains a relatively abundant factor, then a higher 

amount of unlabeled ~Iigonucleotide may be necessary to compete for the formation of a 

complex. Figure 16 shows that this is true: A greater concentration of cornpetitor 

oligonucleotide successfiilly cornpetes away al1 of the bands. The fact that the mutant loss 

of function site probes are still capable of binding factors in the extract is not unexpected. 

The three loss of function mutations are known to be weak temperature sensitive 

mutations and may disrupt functional binding of only some factors. Band C may 

represent a complex that contains a less abundant transcription factor binding to the loss 

of function region that is sensitive to cornpetition, regardless of mutations (Figure 15). 

The loss of function site could represent a target for constitutive activation of her- 

1. The cornpiexes observed in the gel shifts may contain general transcription factors 

necessary for her-1 transcription, but with no functional role in sex-specific regdation- 

This sarne loss of function consensus sequence has been observed 5' of other C. elegans 

genes, and it is dispersed throughout the C-elegans genorne. Considering these 

observations, sorne factors binding the loss of Eunction site may be abundant general 

transcriptional activators. 



TV.3.2 Gain of Function Site and Negative Regdatory Sequences 

The her-l gain of function site has been proposed to be a target for negative 

regulation of her-l transcription (Trent et al., 1991); (Perry et al., 1994). The specific 

bands observed in the gel shifis may represent factors involved in the negative regulation 

of her-l bound to the gfsite. One candidate for a tram-acting negative regulator of her-l 

transcription is the initiator of hermaphrodite development; SDC-2. Attempts to 

" supershift" the bands using anti-SDC-2 antibodies did not result in either a retarded shift 

or discernibfe loss of bands. These results suggest that factors other than SDC-2 may be 

binding the gfsite, and hence be involved in the negative regulation of her-1. 

Unpublished results fiom yeast-one-hybrïd screens in our lab using both the Ifsite 

and the gfsite as bait have lent support to our mode1 of her-l regulation. Screens using 

the Ioss of function site as bait consistently pulled out a 360 aa TFIILA-type zinc fmger 

containing protein, consistent with a role as a general transcription factor (N. Rajwans, 

pers- comm.). Yeast-one-hybrid screens using the gain offunction site as bait identified a 

protein with homology to p66, a protein associated with the large histone deacetylase 

complex in Xenopus, Mi-2-NuRD (N. Rajwans, pers. comm.) (Ahnnger, 2000). Histone 

deacetylases are generaliy associated with closed chromatin and repressed gene 

expression. The presence of complexes specificdy retained in the wells in the gain of 

function site gel shifts suggests that a very large complex may be forming that cannot 

enter the gel. ViIim et al. have observed that the upper lirnit of inclusion and separation 

on a 1 -3%- 10% gradient polyacrylamide gel is - 2MDa (Vilim and Krajickova, 199 1). 

The Mi-2-NuRD complex is approximately 2 MDa in size, and in a complex with the p66 



homologue and the double stranded synthetic oligonucleotide may surpass the upper 1 U t  

for inclusion in the gel. These results suggest that different factors may be involved in 

her-l negative regulation at different locations in the her-l locus, 

This conelates well with new results fiom Jason Lieb and Heather Dawes fkom 

Barbara Meyer's Lab in Berkeley. Recent evidence has suggested that SDC-2 exerts its 

role in her-I regulation at a significant distance fiom the her-l PL promoter and gfsite. 

Lieb found that protein members @PY-26, DPY-27, and MIX-1) of the dosage 

compensation complex colocalize with two 250 bp fiagrnents of the her-l P3 promoter. 

Identical copies of a fifieen bp sequence occur within each of these two fragments (Lieb, 

1999). These sequences occur approximately 1 kb and 2 kb downstream of the P 1 

promoter in the large second intron containing the P2 promoter. Heather Dawes showed 

that SDC-2 protein colocalized with a large fragment of her-l genomic DNA, as well as 

directing the assembly of the dosage compensation complex on X (Dawes et al., 1999). 

Interestingly, four members of the dosage compensation complex have homology to 

members of the 13s condensin complex responsible for rnitotic chromosome 

condensation in Xenopus (Meyer, 2000). Knowing that SDC-2 and SDC-3 are required 

for DPY localization in dosage compensation, the negative regulation of her-l may 

involve SDC-2 and SDC-3 recniiting members of the dosage compensation complex to 

the her-l P2 promoter in order to facilitate transcriptional repression of her-1. 

Because it appears that numerous regions in both the P2 and P 1  promoters are 

involved in the negative regulation of her-1, yet many havent been identified genetically, 

a methodical biochemical approach may be necessary to first i d e n t e  specific regions 

occupied by factors, and secondly to identiQ the factors that are binding these regions. 



DNase 1 footprinting of the two 250 bp fi-agments and the regions surrounding them can 

identi& sequences that are occupied by more abundant factors, while gel mobility shifi 

experiments provide a sensitive assay for testing specific sequences (such as the two 

fifieen bp sequences) for their ability to interact with regulatory partners. Gel shifts using 

in vitro translated protein of the p66 homologue identified in the yeast- 1 -hybrid screen 

can CO- its interaction with the gfsite and it can be tested for interaction with the 

other gfconsensus sequences found in the her-l locus. 

IV.4 Multiple Regions of the her-I P 1 Promoter are Occupied by Factors 

Present in Hermaphrodite Embryonic Nuclear Extract. 

In order to M e r  understand the role of the PI  promoter in her-l regulation 1 

wanted to see what regions of it were occupied by potential regulators of her-1. Results 

fiom my footprinting analysis of the Pl  promoter region indicate that there are numerous 

sites occupied by factors present in embryonic nuclear extracts prepared from a primarily 

hermaphrodite population, presumably containing negative regulatory factors of her-l. 

Occupied regions include the gain of function, and loss of function sites as we would 

expect, as well as many others, consistent with transgenic experirnents implicating the 

involvement of multiple cis-elements in her-I regulation. Identification of binding 

partners of these occupied regions may help to resolve the molecular mechanism of her-l 

regulation in XX animals. As mentioned in section m.4.1, an alternative explanation of 

the footprint observed in the P 1 promoter region involves the participation of a positioned 

nucleosome resulting in a repeating 10 bp ladder in a DNase I footprinting assay. 



Although the protocol used to prepare the embryonic nuclear extract is designed to 

remove chromatin, there is the possibiiity that some histones and other DNA-associated 

proteins are still present in the extract and c m  reassemble to form a nucleosome. The 

prospect of a nucleosome positioning itself over the her-l Pl  promoter is an attractive 

mode1 for a mode of repression of her-l transcription and is consistent with a speculative 

mode1 where the recently identified p66 homologue binds the gain of fûnction site and 

facilitates repressive chromatin through its association with a histone deacetylase 

complex. 



Chapter V: Conclusion 

The results of my work can be used in conjunction with recent results fiom other 

groups to postdate a mode1 for heu-l regulation inXXanÏma.1~ as well as XO animals. 

It appears fi-om the most up-to-date information that the negative regulation of 

her-l in XXanimals may in part be mediated by the remodelling of the chrornatin 

structure of the her-1 locus in order to down-regulate expression of her-I transcription, 

Many regions of the her-l locus have been implicated as cis-acting elements, including, 

but not limited to: the gain of fimction site and possibly additional consensus sequences 

of it, two fifteen bp sequences in the P2 promoter which rnay be targets for SDC-3, SDC- 

3, or possibly other rnembers of the dosage compensation complex, as well as the loss of 

fùnction site and its consensus sequences. Additional sequences that have not yet been 

"narrowed" to distinct elernents are also likely involved and rnay reside in regions such as 

those contained in the plasmid pMG33, considering this fragment's ability to phenocopy 

Sdc in transgenic anirnals. Additional evidence that the regulation of her-l is dependent 

on action at a distance and may be mediated by chromatin effects is shown by the fact 

that the single bp gfmutation n695 in the P 1 promoter is able to activate transcription 

fiom the P2 promoter almost 4 kb downstrem of it (Perry et al., 1994). Delong et al. 

showed by Northem blot that her-1 mRNA steady state levels in n695 (gB mutants 

increase in an sdc-3 background (DeLong et al., 1993). This means that n695 mutant 



animals are still sensitive to M e r  derepression of her-1, irnplying that there are 

different levels, or modes of regulation involved in her-l regulation. 

Our knowledge about îruns-acting negative regulators of her-1, initially defmed 

by genetics, has been supplernented by immunolocalization experiments, yeast-one- 

hybrid screens and EMSA. Although it is not known how her-I is negatively regdated, a 

mode1 is emerging that rnay have SDC-2 playing the limiting and cntical roIe of initiating 

her-l repression. sdc-2 is expressed specifically in XX animals, and expression of sdc-2 at 

the 40-ce11 stage of development immediately precedes the onset of localization of dosage 

compensation durnpy proteins to X. Also, sdc-2 expression precedes the onset of her-l 

expression in XO anïmals at approximately the 100-ce11 stage of embryogenesis allowing 

for the proper time fiame for repression of her-l inXXanimals. SDC-2, in cooperation 

with SDC-3, is likely responsible for recruiting members of a repression complex to 

various sites dong the her-l locus, possibly inducing the subsequent formation of 

repressive chromatin. My results support a mode1 where many regicns and factors may 

mediate this repression through long distance cis-interactions. Indeed, the discovery that 

the C-eïegans homologue of p66, a histone deacetylase associated protein, binds to the 

gain of fùnction site implicates the possible involvement of the nucleosome remodelling 

and histone deacetylation (NuRD) complex in cooperation with an SDC-2 mediated 

regdatory mode to repress her-I activity (Ahringer, 2000). The involvement of a histone 

deacetylase complex in addition to an SDC/ DC complex could explain the differences in 

levels of repression observed behveen dosage compensation and her-I regulation. In XO 

animals this repression would be relieved by the absence of SDC-2, preventing the 



assembly of a repressive complex, and allowing the comtÏtutive activation of her-l by 

general transcription factors. 

These recent results are very exciting in that her-I regulation may be one of the 

frrst examples in C. elegans of the possible involvement of histone deacetylation and 

chromatin effects as a mode of developmental regdation. This proposed model for the 

regulation of sex determination certainly invites new avenues of experimentation to 

elucidate the true mechanism of her-l regdation, 

Generation of antibodies against the newly discovered p66 homologue would 

allow for CO-irnmunoprecipitation experiments to search for interacting partners that may 

also be involved in her-I regulation, and possibly general regdation of chromatin. Yeast- 

2-hybrid screens couid also identie binding partners of the p66 homologue, and confirm 

the involvement of the NuRD/HDAC complex in sex determination. RNA interference 

experiments can target the endogenous RNA of the newly described p66 for degradation 

and in so doing possibly knockout the wildtype gene fwiction. In vivo chromatin 

immunoprecipitation experiments and in vivo footprinting would be informative for 

observing the chromatin state of the her-I Iocus and i den t iwg  the regions involved in 

the repression complex in hermaphrodites vs. males (Strahl-Bolsinger et al-, 1 997). 

Further footprulting of the P2 promoter can be used to identie prospective regulatory 

regions, which c m  be fùrther analyzed through gel-shift experiments with nuclear extract 

and in vitro translated proteins. Production of DNA f i t y  columns using defined 

regulatory sites can isolate trans-acting factors which can be analyzed by MALDI-TOF 

spectroscopy of trypsin digests to identiQ factors that may be involved in her-l 

regulation. 
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