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Introduction and Aims 

The Hox (Homeobox) genes are located in clusters in the majority of Bilaterian animal 

genomes. Their protein products are helix-turn-helix type, DNA binding domain-containing 

transcription factors. The HOX proteins regulate the expression of their target genes during 

bilaterial animals development, and specify cell fates along the anteroposterior body axis. The 

HOX binding site is a strictly conserved DNA sequence, the specificity of the binding being 

ensured by so called HOX co-factors. Such co-factors are orthologs of the Drosophila 

melanogaster EXD (Extradenticle) and HTH (Homothorax) protein families. The co-factors 

stabilize the HOX-DNA binding and support the long-term regulation. The DNA binding and 

the co-factor recruitment is allowed by the 60 amino acid long, three α-helix containing helix-

turn-helix domain. Despite their biomedical and developmental importance, a relatively small 

number of HOX target genes has been identified so far. The identification of target genes is 

often difficult, because a given HOX protein can connect to several binding sites, and the 

variations of the co-factors further increase the number of the possible target gene 

combinations. 

The genome of the nematode Caenorhabditis elegans contains six Hox genes: lin-39 

(abnormal cell lineage), ceh-13 (C. elegans homeobox), mab-5 (male abnormal), egl-5 (egg 

laying defective), php-3 (posterior hox gene paralog) and nob-1 (knob-like posterior). The 

aim of my work was to define new CEH-13 protein target genes. An in silico screen was 

performed to identify conserved CEH-13/LAB/HOXB1+CEH-20/EXD/PBX (TGATggATgg) 

composit binding sites in the C. elegans genome. Further analysis was performed on those 

genes where in the regulatory region the binding site of the UNC-62/HTH/MEIS-PREP was 

present within 40 bp distance from the specified CEH-13+CEH-20 binding site. To verify the 

possible evolutionary conservation of these sites, another in silico screen was carried out to 

search for LAB+EXD and HTH binding sites in the genomes of different Drosophila species.  

After the genome-wide binding site analysis in C. elegans, two genes were chosen for 

further analyzis, the Notch receptor paralogs encoding lin-12 and glp-1 (abnormal germ line 

proliferation). The Notch signaling pathway plays a key role in several developmental and 

physiological events, such as the development and function of the nervous system. 

Impairments of the pathway are at the root of several serious diseases in humans, e.g. learning 

and memory disorders, cancer, stroke, and neurodegenerative lesions. 

First, I characterized the expression of the ceh-13 Hox gene and, due to its similar 

binding site, I have also extended the analysis to the lin-39 Hox gene. I assumed that the two 



Hox genes may have overlapping functions during development, and tried to test this 

hypothesis through expression and viability rescue studies.  

Testing the potential CEH-13 - lin-12/glp-1 regulatory relations, I compared the 

morphology and viability of Hox(-) and Notch(-) mutant nematode strains. Furthermore, co-

expression of Hox and Notch genes was tested with expression reporter systems. 

Translational, transcriptional and enhancer region containing heterologous reporter constructs 

were used to determine the in vivo expression of the lin-12 and glp-1 genes. 

Previously, our group identified a binding site of the feminising TRA-1 sex-

determination factor in the promoter region of the Hox gene lin-39. Somatic sex-

determination is regulated by the sex-determination genetic cascade whose terminal 

transcription factor is the TRA-1 protein. TRA-1 is the nematode ortholog of the Drosophila 

Ci (Cubitus interruptus) and mammalian Gli (glioma-associated) proteins, integral 

components of the Hedgehog signal transduction pathway. The readout of the sex-

determination pathway is the activation or inhibition of the tra-1 gene. The normal 

development of the nematode vulva tissue requires the tra-1 and lin-39 genes, both of them 

being expressed in the VPCs (vulval precursor cells). An in vitro DNA-protein binding 

experiment showed that the TRA-1 protein can connect the predicted binding site. 

Furthermore, we planned to examine in vivo the functionality of the TRA-1 binding site in the 

regulatory region of the lin-39 gene as well. 

Materials and methods 

In silico binding site analysis 

Using the Worm Enhancer program I identified conserved HOX+EXD binding sites in 

the coding or regulatory regions of 234 genes from the C. elegans genome. For further 

analysis I dealt only with those potential target genes, in which the predicted binding sites 

showed high similarity to the consensus binding site of HOX proteins (TGATnnATnn 

sequence). This test reduced the number of candidates to 15 potential target genes, from 

which two paralog genes, the lin-12 and glp-1 Notch receptor encoding ortologs were selected 

for further analysis. The conserved HOX binding sites from the lin-12 and glp-1 genes were 

analyzed in the genome of related Nematode species (C. briggsae and C. remanei) with 

Sequence Finder and ClustalW programs. The orthologous sequences were downloaded from 

WORMBASE.  



To verify the predicted evolutionary conservation, in the next step I carried out the 

analysis of LAB+EXD binding sites in the Drosophila Notch genes. The functionality of the 

hypotetical cis-regulatory regions was assumed, if the Drosophila orthologs contained the 

strictly conserved binding site. The binding site analysis of Drosophila Notch genes were 

performed with the Sequence Finder program, however the conservation was tested with 

ClustalW2 and WebLogo3 programs. 

RNA interference 

To reduce tra-1 gene function, I used mutant alleles and tra-1 specific RNA 

interference (RNAi). dsRNA was produced from tra-1-specific cDNA containing RNAi effect 

generating vector. During nutrition the dsRNA of the bacterium get into the C. elegans 

intestine, where it is absorbed and results in gene silencing. 

Generating transgenes and transgenic animals 

After the isolation of genomic DNA I amplified the afore mentioned lin-12 and glp-1 

fragments with a high fidelity DNA polymerase and cloned them into reporter constructs, 

lacking other enhancer elements. I have also created pes-10 enhancer element containing 

heterologous gfp expression reporter constructs that include wild type, point mutant and 

deletion fragments of the predicted CEH-13+CEH-20 binding site. The transgenes were 

linearized together with unc-119(+) rescuing constructs and were co-bombarded into 

paralyzed unc-119(ed3) (uncoordinated) mutant animals. After 14-21 days selection was done 

for transgenic animals with normal movement. 

Analysis of transgene expression 

Expression of the lin-12 and glp-1 genes was analyzed with transcriptional and 

translational fusion reporter systems. In addition, the CEH-13+CEH-20 and UNC-62 binding 

site containing intronic regions of the predicted target genes were examined with heterologous 

constructs. In this reporter systems the pes-10 enhancer element was used to enhance the 

expression of the wild type, point mutant and deletion variants. The transgenic animals 

carrying the different reporter systems were studied by fluorescent microscopy. 

Microscopy and co-localization analysis 

Nematode phenotypes were analyzed with a Leica stereomicroscope or an Olympus 

BX51 light microscope. Neurons of the transgenic animals were identified using DiI staining. 



DiI indicated nerve cells of the amphid (anterior sensory): ASK, ADL, ASI, ASH, ASJ cells, 

and neurons of the phasmid (posterior sensory): PHA and PHB with red colour. 

Theses of the Doctoral Dissertation 

1, The C. elegans Notch receptor paralogs encoding lin-12 and glp-1 genes contain 

conserved CEH-13/LAB+CEH-20/EXD binding sites in the second intron 

The TGATnnATnn sequence (the conserved HOX+CEH-20 binding site) was found in 

the coding or regulatory regions of 234 C. elegans genes. Among the predicted targets, in 14 

genes the binding site showed high similarity to the composite TGATggATgg CEH-13+CEH-

20 regulatory element, and one was similar to the LIN-39+CEH-20 regulatory element. From 

the potential CEH-13 target genes the lin-12 and glp-1 genes were selected for further 

analysis. Conserved CEH-13+CEH-20 (HOX+EXD) and UNC-62 (HTH) binding sites were 

identified for both genes in the second intronic region. The binding sites were conserved in 

the orthologous genomic regions of the C. briggsae and C. remanei species. The LAB+EXD 

and HTH consensus binding sites were also shown to be present in the second intron of the D. 

melanogaster Notch gene, orthologous with the lin-12 and glp-1. This observation strongly 

suggests a potential evolutionary conservation. The 15th predicted HOX binding site in the 

first intronic lin-12 region showed similarity to the consensus LIN-39+CEH-20 binding sites. 

2, The expression domains of the ceh-13 and lin-39 Hox genes overlap 

Before truning my attention to the putative target genes, I examined the expression of 

the potential regulators, the HOX protein encoding ceh-13 and lin-39 genes. Expression of the 

two Hox genes was analyzed by using the transcriptional reporter pceh-13::gfp, and the 

translational reporter systems pceh-13::CEH-13::GFP and plin-39::LIN-39::GFP. The pceh-

13::gfp was active in embryonic and larval stages only in the ventral nerve cord (VNC) and 

caudal neural precursors cells, in the mature adult nematode transgene expression was strong 

in the VNC and tail neurons. By contrast, the pceh-13::CEH-13::GFP and plin-39:: IN-

39::GFP reporters were expressed in anterior positions as well, and several neurons showed 

high fluorescence in the pharyngeal nerve ring. Furthermore, the two translational constructs 

were expressed in the VNC precursors and in mature VNC and tail neurons. I concluded, that 

the ceh-13 and lin-39 expression domains significantly overlap. Finally, using the DiI neural 

marker, I also verified that the ceh-13 is expressed in the ASK, ASI, ASJ, ASH (pharyngeal 

nerve ring) neurons and and in PHB (caudal neuronal) cells. 



3, Extra copies of the lin-39 gene rescued the mortality of the ceh-13(-) mutants  

The presence of the extrachromosomal plin-39::LIN-39::GFP transgene partially 

rescued low viability of the ceh-13(-) mutants. The viability changed from 3% to 20% in the 

plin-39::LIN-39::GFP transgene containing ceh-13(-) mutant nematode. Increasing the lin-39 

gene dosage significantly extended the survival of the ceh-13(-) mutants. This difference is 

statistically significant. (P ≤ 0.001). 

4, The ceh-13(-)  single mutant phenotype is similar to the lin-12(-) glp-1(-) double 

mutant phenotype  

The viability of the ceh-13(-)mutant animals was similar to the viability of the lin-12(-

) glp-1(-) double mutants (P ≥ 0.1). The predicted CEH-13 controll on the lin-12 and glp-1 

genes was confirmed by the fact, that the morphology of the ceh-13(-) single mutant and lin-

12(-) glp-1(-) double mutant phenotypes was analogous. Anterior and posterior deformities of 

the larvae were present in both of the ceh-13(-) and lin-12(-) glp-1(-)strains. 

5, The expression of the lin-12 and glp-1 reporters without the pes-10 enhancer element 

was weak 

During my experiments the translational plin-12::LIN-12::GFP reporter expressed 

only in the VPC-s, gonadal AC (anchor cell) and VU (ventral uterine precursor) cells in wild 

type and Hox mutant genetic backgrounds. The expression of the afore mentioned transgene 

in the RIG neurons was also observed previously. 

The transcriptional lin-12 and glp-1 reporters, generated in our laboratory, without the 

pes-10 element showed only weak transgene expression in unspecified posterior tail cells and 

intestinal cells. To increase the expression intensity, I cloned the potential LIN-39 and CEH-

13 binding site containing first and second intronic fragments of the lin-12 and glp-1 genes 

into a pes-10 element containing vector, bombarded the reporters and analyzed the expression 

of the transgenic strains. 

6, The first intronic region of the lin-12 gene activates reporter gene expression in the 

VPC-s and in two somatic gonadal cells 

The first intronic fragment of the lin-12 gene [lin-12 (1in_1408)] was able to drive 

transgenic gfp expression in the VPC-s and their descendants, and in the gonadal AC and VU 

cells. The expression corresponded to the known plin-12::LIN-12::GFP expression. 



7, The second intronic regions of the lin-12 and glp-1 genes regulate neural activity 

The second intronic fragment of the lin-12 gene activated the gfp reporter gene in the 

VNC neurons during development and in the adulthood (expression was visualized by the 

pes-10 enhancer element containing heterologous reporter). The second intronic fragment of 

the glp-1 gene also activated the reporter gene expression in the C. elegans nervous system in 

the early and later larval stages and in the adulthood. The glp-1 fragment was expressionally 

active in the VNC-s, head and tail neurons. Taking advantage of the DiI staining, I showed 

that the glp-1(2in_493) cis-regulatory region induced transgenic expression in the ASK, ADL, 

ASI and ASH pharyngeal nerve ring and in the PHB tail neurons. 

8, pes-10 enhancer element containing reporter constructs carrying point mutated 

variants of the lin-12 and glp-1 second intronic binding sites, show the same expression 

pattern as the wild type constructs 

It was previously demonstrated, that changing 2 bases in the CEH-13+CEH-20 

binding site results in an altered expression pattern (Streit et al., 2002). Based on this 

observation I introduced point mutations into the conserved CEH-13+CEH-20 binding sites of 

the reporter strains containg the fragment from the second intron of lin-12 or glp-1. 

Interestingly, contrary to my expectation, the expression pattern did not changed compared to 

the wild type. 

9, Removing the CEH-13+CEH-20 binding site abolished the expression of the lin-12 

and glp-1 reporters  

Using site directed mutagenesis the conserved CEH-13+CEH-20 binding sites were 

removed from the reporters harboring the fragment from the second intron of lin-12 and glp-1. 

Eliminating this conserved binding site abolished the neural expression activity of the 

transgenes. Both reporters gave only basal background expression caused by the pes-10 

enhancer element. 

10, The expression of the lin-39 gene is regulated by the sex-determination TRA-1 

transcription factor in the VPC-s 

Our group previously identified a conserved TRA-1 binding site in the promoter 

region of the lin-39 gene. The pontential binding site was present in the orthologous lin-39 

genomic regions of the C. elegans and C. briggsae species as well. We examined the 



expression of the lin-39 gene in the VPC-s with the translational fusion plin-39::LIN-39::GFP 

reporter system in wild type and tra-1(-) mutant genetic background. I found that during L2-

L3 larval stages (thus during the vulva induction period) in the absence of the TRA-1 activity 

a stronger lin-39 expression was seen in the VPC-s, compared to the wild type genetic 

background. 

Conclusions 

- I demonstrated the expression of the C. elegans Hox genes ceh-13 and lin-39 in the neurons 

of adult nematodes. This indicates the essential role of the HOX proteins for the normal 

function of differentiated neurons. 

- I provided evidence for the redundant roles of the CEH-13 and LIN-39 HOX proteins in the 

C. elegans neural system. 

- Using an in silco approach, I identified combined HOX+EXD conserved binding sites in the 

lin-12 and glp-1 genomic regions. The fragment from the first intron of the lin-12 gene 

contains a conserved LIN-39+CEH-20 binding site. This predicted regulatory element drove 

the expression of a transgenic reporter construct in the VPC-s. The role of the LIN-12 and 

LIN-39 proteins was already demonstrated in vulval development and the observed lin-12 

expression pattern was identical to the dynamics of the lip-1 (a Notch pathway component) 

expression pattern. This data suggested that the reporter constructs I generated in this purpuse 

indeed reflected the endogenous expression patterns of the respective genes. It is noteworthy 

that for succesfull reporter function, the presence of the pes-10 minimal promoter element 

was essential as in its absence I could not detect significant fluorescence in the transgenic 

worms. 

- Based on the observed expression patterns, I speculated that the C. elegans paralogs of the 

Notch receptor may regulate several nerve functions in the animals. Disfunction of the lin-12 

and glp-1 genes can cause changes in the octanol detection response, movement disfunctions, 

increased reversal rate and prolonged moulting phase. However, lin-12 expression was 

detectable so far only in the RIG neurons. My analysis clearly showed that the nematode 

Notch receptors are present in the nervous system, even at the adult stage. The cis-regulatory 

elements located in the second introns of the lin-12 and glp-1 genes were sufficient to drive 

reporter gene expression in the nervous system. lin-12 was expressed in the VNC neurons, 

whereas glp-1 was present in the complete nematode nervous system.  



-  The observed gene expression patterns of lin-12 and glp-1 overlapped with the neural 

expression of the ceh-13 and lin-39 Hox genes. The target genes and their potential regulators 

were expressed in the same neuronal cells, which is in agreement with the presumed cell 

autonomous transcriptional control mechanism. However, introducing point mutations in the 

cis-regulatory elements used for generating reporters did not eliminate the neural expression 

of the genes. This is presumably because the CEH-13 protein, or a functionally redundant 

HOX protein (eg. LIN-39) can still bind the mutated binding site and is able to activate gene 

expression. Deleting the potential CEH-13 binding sites in the cis-regulatory elements from 

the second introns of the lin-12 and glp-1 reporter genes abolished the transgene expression in 

the nervous system. This demonstrated that the 10 bp long putative HOX binding site was 

functional and it was required for the lin-12 and glp-1 neuronal expression. 

- Previous expression studies were unable to show lin-12 or glp-1 neural expression in adult 

animals. The heterologous lin-12 and glp-1 reporter systems, created in our lab, showed 

evident fluorescence in several neurons of adult nematodes, confirming our previous 

assumptions. A number of papers presumed, hitherto with little expression evidence, that the 

Notch homolog proteins were essential for the normal functions of mature neurons. For 

example the movement of lin-12(-) and glp-1(-) single mutants was characterized to be 

abnormal due to neuronal disfunctions. 

- The overlapping expression resulted of the ceh-13, lin-12 and glp-1 domains suggested that 

the lin-12 and glp-1 genes might not be expressed in the ceh-13(-) mutants. The absence of 

the Notch homologs could generate abnormal neuronal differentiation and/or function, and 

this might be the causative reason behind the lethality of ceh-13(-) mutants. It would be 

interesting to see if overexpression of lin-12 or glp-1 can partially suppress the Ceh-13 

phenotype. 

- Finally, I showed with in vivo experiments that the feminising factor TRA-1 repressed the 

expression of lin-39 in the VPC-s. This newly identified target gene of the sex-determination 

cascade might let us to better understand how vulva tissue formation in the hermaphroditic 

animals is controlled. 
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