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Abstract 
 

CxxC finger protein 1 (Cfp1) is an evolutionally conserved CpG binding protein that 

binds to unmethylated CpG-rich promoters. This conserved epigenetic regulator is a 

part of the complex of proteins associated with Set1 (COMPASS) complex that 

contains Set1 in mammals and SET-2 in C. elegans as a histone 3 lysine 4 

trimethylation (H3K4me3) methyltransferase. The canonical function of Cfp1 is to 

link the COMPASS complex to CpG island promoters to subsequently deposit 

H3K4me3 marks at the 5′ end of genes. Previous studies have indicated the 

importance of Cfp1 in embryonic stem cell differentiation and cell fate specification. 

However, neither the function nor the mechanism of action of Cfp1 is well 

understood at the organismal level.  

To further investigate the conserved function of Cfp1, I used Caenorhabditis 

elegans cfp-1(tm6369) and set-2(bn129) mutants. I observed that deletion of cfp-1 or 

set-2 results in a drastic reduction of H3K4me3 levels and the stronger expression of 

heat shock and salt-inducible genes. That suggests H3K4me3 could play a 

repressive role in gene induction. Surprisingly, I found that despite both genes being 

essential for H3K4me3 deposition and gene induction, only loss of CFP-1 (but not 

SET-2) function can suppress an organogenesis defect caused by aberrant epidermal 

development. I next carried out the small genetic screen to identify the genes that 

can enhance or suppress CFP-1 function in the epidermal development. Results 

indicated that CFP-1 could interact genetically with Histone deacetylases (HDACs) 

to regulate epidermal development.  

To further investigate the genetic interaction between CFP-1 and HDACs, I 

conducted RNAi of HDACs on the cfp-1(tm6369) mutant and measured the effects 

on fertility. It was observed that CFP-1 but not SET-2 genetically interacts with 

HDAC1/2 complexes to promote fertility. In summary, this study suggests that apart 

from the function of CFP-1 in the H3K4me3 deposition, CFP-1 could interact with 

HDAC1/2 complexes in C. elegans development.  
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Chapter 1 

 Introduction 
 

1.1 Tightly controlled gene expression programme at the organismal level  

 

Genes encode proteins that dictate cellular activity. Therefore, genes must be 

expressed correctly in a cell to determine the appropriate function of a cell. Gene 

expression is a process by which information stored in genes are transcribed to 

produce mRNA which is later translated to proteins (Shandilya and Roberts, 2012, 

Buratowski, 2009). Higher organisms are composed of diverse cell types that 

perform specialised and specific functions, however, each of these cells contains the 

entirety of the genome. In order to have specialized and specific functions, each cell 

must employ a tightly regulated gene expression. In addition, these cells are 

continuously exposed to extracellular and intracellular cues, leading to a change in 

the gene expression programme to provide an appropriate response. Expression of 

the gene is tightly regulated at two interconnected levels. Transcription factors (TFs) 

and the cellular transcription apparatus are involved at the first level, and chromatin 

and chromatin regulators are involved at the second level (Lee and Young, 2013).  

 

1.1.1 Transcription 

 

RNA polymerase II (Pol II) catalyses the transcription of all the protein-coding 

genes. It uses DNA as a template to synthesise mRNA. Various TFs help to recruit 

Pol II at promoter regions to initiate transcription. As shown in Figure 1.1, 

transcription is initiated with the binding of the transcription factor IID (TFIID) 

complex to DNA after which TFIIA and TFIIB are recruited subsequently. TFIIA 

and TFIIB stabilise the TFIID complex and recruit Pol II and TFIIF. TFIIF acts as a 

bridge between Pol II and the assembling transcriptional complex. Once Pol II is 

recruited, TFIIE joins the complex and recruits TFIIH (Shandilya and Roberts, 

2012). The Pol II contains a C-terminal domain (CTD), which consists of multiple 

repeats of the 1Tyr-Ser-Pro-Thr-Ser-Pro-Ser7 sequences. Once, transcription is 

initiated, serine 5 of the CTD tails is phosphorylated by TFIIH (Shandilya and 



2 

  

Roberts, 2012, Buratowski, 2009). The Pol II synthesises small oligonucleotides of 

4-5 nt before it forms longer hybrids (Shandilya and Roberts, 2012). The P-TEFP 

complex, which contains CDK9 kinase, phosphorylates CTD serine 2 of 

heptapeptide repeat sequences. This causes Pol II to escape from initiation and enter 

into elongation (Shandilya and Roberts, 2012, Sikorski and Buratowski, 2009). The 

phosphorylation at serine 2 is also needed to release Pol II from a paused state 

(Adelman and Lis, 2012). Negative elongation factor (NELF) along with DSIF 

(DRB-sensitivity-inducing factor containing SPT4/SPT5) prevents the forward 

movement of Pol II and keeps it in a paused state downstream of the TSS (Figure 

1.1) (Adelman and Lis, 2012). The CDK9 kinase phosphorylates the NELF and 

DSIF. After phosphorylation NELF and DSIF dissociate and Pol II is released from 

the promoter (Adelman and Lis, 2012). Enhancers can promote the release of Pol II 

by recruiting cofactors such as p300 and bromodomain-containing protein 4 

(BRD4) that either recruit and stimulate CDK9 or directly affect the release of 

paused Pol II. Subsequently, other elongation factors such as ELL, TFIIS, Paf 

complex and super elongation complex (SEC) bind to establish a steady rate of 

transcription (Levine, 2011, Smith et al., 2011, Zhou et al., 2012, Luo et al., 2012). 

The transition of CTD state from unphosphorylated to phosphorylated state also 

allows Pol II to interact with factors that are required for downstream events such as 

termination, cleavage, mRNA splicing and 3ʹ polyadeadenylation (Orphanides and 

Reinberg, 2002). During elongation, Pol II moves in a 5ʹ to 3ʹ direction along the 

target DNA. Termination occurs when Pol II reaches the end of the encoding DNA 

template (Orphanides and Reinberg, 2002). The mRNA transcript is then exported 

from the nucleus to the cytoplasm. In the cytoplasm, mRNA is translated into a 

functional protein (Orphanides and Reinberg, 2002). 
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Figure 1.1: Transcription regulation from core promoters 

(a) Pre-initiation complex (PIC) assembly and Pol II recruitment. PIC contains 

Pol II and general transcription factors (GTFs): TFIIA, TFIIB, TFIID, TFIIE, 

TFIIF and TFIIH (image on the left). Enhancers can promote the assembly of the 

PIC by recruiting TFs and co-factors (COF) that interact with GTFs or Pol II 

(right image). (b) Transcription initiation. After PIC assembly, transcription is 

initiated by the Pol II at the transcription start site (TSS). Once, transcription is 

initiated, serine 5 and 7 of the CTD tails of Pol II is phosphorylated by TFIIH 

(image on the left). Enhancers can promote this process by recruiting COFs such as 

histone acetyltransferase p300 or the Mediator complex (MED) (image on the 

right). (C) Promoter pausing and elongation. Negative elongation factor (NELF) 

along with DSIF (DRB-sensitivity-inducing factor containing SPT4/SPT5) prevents 

the forward movement of Pol II and keeps it in a paused state downstream of the 

TSS. The paused Pol II is released by the phosphorylation of DSIF and NELF by 

the CDK9 kinase of the P-TEFP complex (image on the left). Enhancers can 

promote the release of Pol II by recruiting cofactors such as p300 and 
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bromodomain-containing protein 4 (BRD4) that either recruit and stimulate 

CDK9 or directly affect the paused Pol II release (image on the right). The picture 

was taken from Haberle and Stark (2018). 
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1.1.2 Transcription factors and gene expression 

 

Pol II cannot independently recognise or bind to promoter regions and therefore 

requires the TFs. TFs bind to regulatory elements upstream to the transcription 

initiation site and facilitates the recruitment of Pol II in a context-dependent manner 

(Lee and Young, 2013). TFs make sequence specific contact with the target DNA by 

using their DNA-binding domain and make protein-protein interaction with other 

factors via a regulatory domain. These interactions allow TFs to make specific 

contacts with DNA and protein, therefore regulating the expression of cell-type 

specific genes. Each TF binds to a 6–12 bp-long specific DNA sequence. However, 

the specific DNA sequence is often not enough to identify the target sites of TFs. 

For example, in the mouse genome, if one TF recognises specific 8 bp sequences, a 

number of potential binding sites could be ∼45000 (Niwa, 2018). This suggests that 

another mechanism is required for the target gene activation. One of the mechanisms 

is combinatorial occupancy. In the enhancer regions with clusters of different TF 

binding sites, TFs interact with each other and regulate discrete and precise patterns 

of transcriptional activity (Spitz and Furlong, 2012). For example, the myocyte-

specific enhancer factor 2 (Mef2) TFs family of MADS-box proteins act as a central 

regulator of cell survival, proliferation, differentiation and apoptosis in a range of 

cell types, including cardiac, skeletal, and smooth muscle, brain, bone and 

lymphocytes (Potthoff and Olson, 2007, Cunha et al., 2010). The diverse function of 

Mef2 is mediated by cooperative activity with specific regulators and extracellular 

signals (Potthoff and Olson, 2007, Cunha et al., 2010). Another TF, Yin Yang 1, can 

act as a transcriptional initiator, activator or repressor depending on the presence or 

absence of additional factors (Shi et al., 1997). Similarly, in Drosophila 

melanogaster, pMAD (the phosphorylated form of MAD) which is the effector of 

bone morphogenetic protein and decapentaplegic signalling, regulates particular cell 

fates by interacting with cell type-specific TFs. pMAD interacts with Scalloped in 

the wing imaginal disc and Tinman in the dorsal mesoderm, thereby restricting a 

specific cell fate to only those cells which have both pMAD and the second TF (Lee 

and Frasch, 2005, Guss et al., 2001, Spitz and Furlong, 2012).  
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Depending upon the developmental stages or conditions, TFs often occupy diverse 

sets of enhancers. Some of the TFs are exclusively expressed at specific stages 

whereas some are always present but only bind during specific developmental 

stages. For example, during D. melanogaster embryogenesis, some mesoderm-

specific TFs bind to enhancers at either early or late developmental stages, even 

though they are always present and available (Spitz and Furlong, 2012). The 

concentration of TFs also plays a crucial role in target gene expression. For 

example, in D. melanogaster, Dorsal, a Rel-containing sequence-specific TF, 

controls dorsal–ventral patterning and gastrulation by regulating target genes in a 

concentration-dependent manner (Papatsenko and Levine, 2005, Stathopoulos et al., 

2002). Low level of Dorsal regulates the neurogenetic gene in ventrolateral regions 

of the embryo, whereas high Dorsal levels activate enhancers in the ventral region 

(Spitz and Furlong, 2012, Zinzen et al., 2006). Additionally, post-translational 

modifications (PTMs) of TFs also play a role in gene regulation. For example, 

during environmental changes, transcription of specific genes may need to be 

altered, this could be mediated by ubiquitination of TFs for degradation (Salghetti et 

al., 2001). Similarly, additional PTMs of TFs, such as acetylation, phosphorylation 

and methylation could alter the activity, subcellular localization, or ability to 

recognize binding sites on DNA (Zhang and Reinberg, 2001). 

 

The timing of expression, the timing of DNA occupancy, PTM of TFs, the 

concentration of the individual TF, interaction with other TFs or proteins control the 

genetic network that drives developmental progression (Spitz and Furlong, 2012).  

 

1.1.3 Role of TFs in development 

 

TFs regulate important parts of development; therefore, the deletion of TF genes 

results in developmental abnormalities. For example, deletion of the Gap gene, 

buttonhead, in D. melanogaster results in loss of mandibular, intercalary, and 

antennal head segments (Schock et al., 1999, Wimmer et al., 1996). Similarly, 

mutation of a hox gene, antennapedia, results in the development of an antennal 

imaginal disc into legs instead of antennae (Beira and Paro, 2016). Another hox 

gene Ultrabithorax (Ubx) functions as a major determinant of segment identity in 
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the abdominal and thoracic region. Ubx represses appendage development and 

initiates abdominal development (Castelli-Gair and Akam, 1995). Mutation of the 

antennapedia homologue, mab-5, in Caenorhabditis elegans results in cell death, 

alterations in a number of neuronal cell fates and cell migrations (Kenyon, 1986). 

Deletion of the muscle-specific helix-loop-helix TF, hlh-1 results in defects in 

muscle and mutant animals die as larvae or young adults (Chen et al., 1994). Similar 

to D. melanogaster and C. elegans, in mammals, Hox genes specify developmental 

boundaries and are required for cell fate determination during morphogenesis (Innis, 

1997). Pioneer TFs FoxA and GATA, play important roles in gut development and 

are evolutionarily conserved in all metazoans (Zaret and Carroll, 2011). 

 

1.1.4 Gene regulation and development in the context of chromatin 

 

Chromatin and chromatin regulators also play a crucial role in gene regulation.  

 

1.1.4.1 Chromatin  

 

In higher organisms, the organisation of DNA is complex. DNA associates with 

histone proteins to form a complex structure called chromatin (Kornberg, 1974, 

Kornberg and Lorch, 1999). Histones provide a base to organise DNA into 

structures called nucleosomes (Figure 1.2) (Kornberg, 1974, Kornberg and Lorch, 

1999). A nucleosome consists of less than two turns of DNA (146 bp) wrapped 

around an octameric protein which is made up of two molecules each of Histone 2A 

(H2A), Histone (H2B), Histone 3 (H3) and Histone 4 (H4) (Kornberg, 1974, 

Kornberg and Lorch, 1999). Histone 1 proteins link the nucleosomes together to 

form a compact structure (Kornberg, 1974, Kornberg and Lorch, 1999). The 

classical model suggests that an 11 nm nucleosome makes a polymer and folds into 

a 30 nm structure, which further folds into chromosomes (Baumann, 2017). 

However, a recent study using chromatin electron microscopy tomography imaging 

suggests that the chromatin is organised into a flexible and disordered chain of 5 nm 

to 24 nm lengths (Baumann, 2017, Ou et al., 2017). Flexible fibres bend at various 

lengths and contact between and within themselves to achieve structural compaction 

(Baumann, 2017, Ou et al., 2017). Based on the structure and function, chromatin is 
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divided into two territories viz., heterochromatin and euchromatin. Heterochromatin 

is highly condensed, and genes in this region are transcriptionally silent. In contrast, 

euchromatin is less condensed, and genes in this region are transcriptionally active 

(Allshire and Madhani, 2018).  

 

1.1.4.1.1 Heterochromatin 

 

Heterochromatin regions are highly condensed, and when stained with DNA binding 

dyes, they appear as dark irregular particles (Allshire and Madhani, 2018, Holmquist 

et al., 1982). The DNA in heterochromatin regions is less accessible to proteins such 

as TFs (Allshire and Madhani, 2018). Heterochromatin is further divided into 

constitutive heterochromatin and facultative heterochromatin (Grewal and Jia, 

2007). Constitutive heterochromatin is transcriptionally inactive throughout the cell 

cycle. It encompasses the region containing highly repetitive DNA sequences such 

as satellite DNA, centromeres, telomeres, and the mating type loci (Grewal and Jia, 

2007). On the other hand, facultative heterochromatin encompasses DNA that is 

inactive in particular cells or at a phase in development but may become active on 

certain cell types. For example, during the X chromosome inactivation in female 

mammals, one X chromosome is active while another X chromosome is inactivated 

(Grewal and Jia, 2007, Allshire and Madhani, 2018).  

 

1.1.4.1.2 Euchromatin  

 

Euchromatin is less condensed and forms light bands when stained with DNA-

binding dyes. The less condensed structure allows different proteins, such as RNA 

polymerase and TFs, to bind and initiate transcription (Annelie Strålfors, 2011). In 

contrast to heterochromatin, euchromatin regions are enriched in transcriptionally 

active genes (Annelie Strålfors, 2011). However, unlike heterochromatin, not all 

euchromatin regions are similar. Euchromatin regions are enriched for different 

types of modifications (Bannister and Kouzarides, 2011). For example, histone 3 

lysine 4 (H3K4) mono-methylation (-me1) modification is enriched at enhancer 

regions, whereas H3K4 trimethylation (-me3) is highly enriched at promoter regions 

(Santos-Rosa et al., 2002, Barski et al., 2007). 
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1.1.4.1.3 Role of chromatin in gene expression and development. 

 

For the transcription to occur, DNA must be accessible to TFs. Therefore, 

nucleosomes must be displaced to open the chromatin structure and give access to 

TFs. Occupancy of TFs is highly corelated with nucleosome-depleted regions 

(NDRs) (Li et al., 2011, Degner et al., 2012, John et al., 2011, Liu et al., 2006). This 

suggests that the position of nucleosome helps to determine the TFs occupancy sites. 

Displacement of nucleosomes is particularly required for the occupancy of low-

affinity motifs, therefore in some cases, chromatin remodelling is required before TF 

binding. For example, in mammals, chromatin remodelling by SWI/SNF enzyme 

BRG1 is required for the recruitment of glucocorticoid receptor at a number of sites 

(John et al., 2008). BRG1 is also essential for the expression of the β-globin gene 

during embryonic erythropoiesis (Ho and Crabtree, 2010). Similarly, hormone-

responsive elements require the chromatin remodelling by Brahma-associated factor 

(BAF) and P300/CBP-associated factor (PCAF) to facilitate receptor binding 

(Vicent et al., 2009, Spitz and Furlong, 2012). In D. melanogaster, chromatin 

remodelling by BAP complex is required for specifying segmentation and depletion 

of components of the BAP complex in zygote results in multiple defects in organ 

formation and is lethal at late embryogenesis (Ho and Crabtree, 2010). 

 

PTMs of histone tails can also influence the TFs occupancy. The X-ray crystal 

structure of the nucleosome shows that the tails of histones protrude outside of the 

core particle to contact neighbouring histones (Figure 1.2) (Luger et al., 1997). 

Amino acids present in these protruded histone tails can be post-translationally 

modified by methylation on lysine or arginine, phosphorylation on threonine or 

serine residues, ubiquitylation and sumoylation of lysines, and acetylation of lysines 

(Bannister and Kouzarides, 2011). Some of the histone modifications can alter the 

chromatin structure by changing the histone charge and regulate gene expression. 

For example, histone acetylation neutralises the positive charge present on the lysine 

residues of histone, thereby decreasing their affinity to DNA (Kouzarides, 2007). 

Histone modifications can also act as binding sites for a diverse array of chromatin 

remodelers and DNA-interacting proteins that contribute to transcriptional control 
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(Kouzarides, 2007). For example, trimethylation of histone 3 lysine 9 (H3K9me3) 

which is considered to be a hallmark of heterochromatin helps in the maintenance 

and formation of heterochromatin by recruiting heterochromatin protein 1 (HP1) 

(Lehnertz et al., 2003, Bannister et al., 2001). Loss of function of histone 3 lysine 9 

(H3K9) methyltransferase Suv39h1 and Suv39h2 in mice results in the death of 

some embryos, and the inactivation of another histone H3K9 methyltransferase, 

G9a, leads to early embryonic lethality (Li, 2002). Similar to H3K9me3, histone 3 

lysine 27 trimethylation (H3K27me3) is also involved in gene repression. 

H3K27me3 is mainly found in facultative heterochromatin regions, and it represses 

the expression of key transcriptional regulators during development (Bernstein et al., 

2006). In D. melanogaster, Polycomb (Pc) genes, which deposit H3K27me 

modifications, contribute to Hox gene expression and is required for proper 

segmentation. Inactivation of Pc genes results in developmental defects (Pirrotta, 

1998, Ingham and Whittle, 1980, Shilatifard, 2012). In C. elegans, PcG genes play 

a role in the regulation of gene expression, the specification of germ cells, vulval 

development and development of embryos (Reinke et al., 2013, Ahringer and 

Gasser, 2018). 

 

In contrast to H3K9me3 and H3K27me3, Histone 3 lysine 36 trimethylation 

(H3K36me3) is associated with gene activation and is enriched in actively 

transcribed genes (Bannister et al., 2005). H3K36me3 prevents erroneous 

transcription initiation by recruiting histone deacetylase (HDAC) complexes 

(Carrozza et al., 2005, Joshi and Struhl, 2005). Another histone modification that is 

associated with active transcription is H3K4me (Shilatifard, 2008, Shilatifard, 

2012). H3K4 can be mono-, di- or tri-methylated and these different methylation 

levels are enriched at different regions of the genes (Barski et al., 2007, Wang et al., 

2009). For example, H3K4me3 are enriched at promoters, and H3K4me2 are present 

at promoters regions downstream of H3K4me3, whereas H3K4me1 are enriched at 

enhancer regions (Santos-Rosa et al., 2002, Barski et al., 2007, Shilatifard, 2012, 

Bernstein et al., 2002). H3K4me3 can recruit plant homeodomain (PHD) containing 

proteins, such as inhibitors of growth 2 (ING2) and bromodomain and PHD finger 

transcription factor (BPTF). ING2 is a native subunit of repressive Sin3a-HDAC1 

histone deacetylase complex. Binding of ING2 helps in the recruitment of Sin3a-
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HDAC1 histone deacetylase complex to regulate proliferation-related genes during 

DNA damage (Shi et al., 2006). BPTF is a subunit of nucleosome remodelling factor 

(NURF), an ISWI-containing chromatin-remodelling complex. Binding of BPTF 

helps in the recruitment of the NURF complex to regulate Hox gene expression 

(Wysocka et al., 2006). Taken together these findings suggest that chromatin 

regulators and chromatin modifications can indeed contribute to gene expression. 

My project investigated the role of CxxC finger protein 1 (Cfp1) in C. elegans 

development. Cfp1 is required for H3K4me3 modifications. Thus, I will next 

describe H3K4me3 and Cfp1 in detail. 
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Figure 1.2: Chromatin and histone modifications  

Eukaryotic DNA forms a compacted structure with histone proteins. Structural 

studies of nucleosomes show that the tails of histones protrude outside of a core 

particle to contact neighbouring histones. Amino acids present in these protruded 

histone tails can be post-translationally modified. The figure shows H3 and H2B 

modifications. Taken from Shilatifard (2012).  
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1.2 H3K4me3 

 

H3K4me3 is one of the most studied histone marks and is considered to be a 

hallmark of active genes (Santos-Rosa et al., 2002, Barski et al., 2007, Shilatifard, 

2012, Bernstein et al., 2002). H3K4me3 is distributed around the transcription start 

sites and is conserved in yeast, D. melanogaster, C. elegans and higher eukaryotes 

(Santos-Rosa et al., 2002, Barski et al., 2007, Shilatifard, 2012, Bernstein et al., 

2002, Xiao et al., 2011, Ardehali et al., 2011). H3K4me3 peaks around the 

transcription start sites are not specific to the sense strand, as H3K4me3 peaks are 

also present in the promoters of antisense transcripts at the 3' ends of genes in yeast 

and mammals (Margaritis et al., 2012, Lavender et al., 2016). 

Correlation studies suggest that the amount of H3K4me3 and the levels of nascent 

sense transcription is co-related, and that highly expressed genes have strong 

H3K4me3 peaks (distribution of H3K4me3 signals are narrow and higher) (Howe et 

al., 2017, Guillemette et al., 2011, Dong and Weng, 2013, Araki et al., 2009). 

Similarly, the breadth of H3K4me3 is also positively correlated with gene 

expression (Benayoun et al., 2014, Chen et al., 2015). For example, the broad 

H3K4me3 levels (H3K4me3 signals covering at least 500 bp to 3,500 bp) are 

associated with an increase in transcription elongation and enhancer activity 

(Benayoun et al., 2014, Chen et al., 2015). The broad H3K4me3 levels are also an 

epigenetic signature of tumour suppressor genes, and shortening of broad H3K4me3 

peaks is associated with reduced expression of tumour suppressor genes (Chen et al., 

2015, Howe et al., 2017). While H3K4me3 is predominantly associated with active 

genes, leading to a strong correlation with gene expression, H3K4me3 also plays an 

essential role in maintaining the genomic stability and development of an organism 

(Pena et al., 2008, Adam et al., 2018, Acquaviva et al., 2013, Sommermeyer et al., 

2013). Perturbation of the H3K4me3 mark is associated with developmental defects, 

changes in cell fate and different diseases such as Huntington’s disease, chronic 

glomerular diseases, colorectal cancer (Salz et al., 2014, Shilatifard, 2012, Bertero et 

al., 2015, Lefevre et al., 2010, Dong et al., 2015). However, neither the function nor 

the mechanism of action of H3K4me3 is well understood. 
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1.3 Histone lysine methyltransferase (HMT) 

 

An evolutionarily conserved complex of proteins associated with the Set1 

(COMPASS) complex deposits the H3K4me3 mark at 5′ sites of the target genes 

(Mohan et al., 2011, Shilatifard, 2012, Krogan et al., 2002, Miller et al., 2001). Set1 

is the key catalytic subunit, responsible for lysine methylation, while the associated 

proteins help in assembly and regulation of H3K4 methylation (Miller et al., 2001, 

Lee et al., 2007a, Ardehali et al., 2011, Xiao et al., 2011, Qu et al., 2018, Hsu et al., 

2018). Set1 contains a 130- to 140-amino-acid motif known as the SET domain 

(Su(var)3–9, Enhancer of zeste (E(z)), and trx), which is essential for 

methyltransferase (KMT) activity (Kim et al., 2009). There are several SET domain-

containing KMTs which are divided into eight different classes (Tschiersch et al., 

1994, Stassen et al., 1995, Allis et al., 2007). Set1 belongs to the KMT2 class and 

was first identified in yeast (Miller et al., 2001, Shilatifard, 2012). As shown in 

Figure 1.3, Set1 is conserved from yeast to mammals (Miller et al., 2001, Lee et al., 

2007a, Ardehali et al., 2011, Xiao et al., 2011).  

In yeast, there is only one COMPASS complex, whereas there are three orthologues 

of the Set1/COMPASS complex: dSet1, Trx and Trr, in D. melanogaster (Figure 

1.3) (Ardehali et al., 2011). In humans, there are six of these complexes present: 

SET1A, SET1B and four Mixed Lineage Leukaemia protein complexes (MLL1, 

MLL2, MLL3 and MLL4) (Shilatifard, 2012, Lee et al., 2007a, Hughes et al., 2004). 

In C. elegans there are two COMPASS complexes SET-2 and SET-16 (Figure 1.3) 

(Li and Kelly, 2011, Xiao et al., 2011, Simonet et al., 2007). Set1 in yeast, dSet1 in 

D. melanogaster, SET1A/B in mammals and SET-2 in C. elegans are responsible 

for the majority of the H3K4me3 modification observed, whereas the Trx and Trr in 

D. melanogaster, MLL1, MLL2, MLL3 and MLL4 in mammals, SET-16 in C. 

elegans are responsible for H3K4me3 modification of only a subset of genes 

(Shilatifard, 2012). Trx, Trr, MLL1, MLL2, MLL3, MLL4 and SET-16 are also 

called COMPASS-like complexes (Shilatifard, 2012). In addition to Set1, its 

associated subunits are also important for H3K4 methylation and are conserved from 

yeast to human (Figure 1.3 and Table 1.1) (Miller et al., 2001, Lee et al., 2007a, 

Ardehali et al., 2011, Xiao et al., 2011, Hughes et al., 2004, Simonet et al., 2007).  
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Figure 1.3: Diagrammatic representation of the COMPASS complex indicating 

the conservative nature  

The SET domain-containing enzymes are shown in red, and conserved subunits are 

shown in the same colour. Set1 COMPASS was first found in yeast, and it is a 

founding member of the COMPASS family. In C. elegans there are two COMPASS 

complexes; SET-2 and SET-16. In D. melanogaster, there are three COMPASS 

complexes; Set1, Trx and Trr. In humans, there are 6 COMPASS complexes 

SET1A/B and MLL1/2/3/4. SET1A/B are orthologues of yeast Set1, and 

MLL1/2/3/4 are orthologues of D. melanogaster Trx and Trr like complexes. 
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Table 1.1: Conserved subunits of the COMPASS and COMPASS-like 

complexes 

Conserved subunits of the COMPASS and COMPASS-like complexes. Adapted 

from Shilatifard (2012).  

 

 

  

Yeast  

 

Drosophila  

  

Mammalian Function 

Set1  Set1, Trx, Trr SET1A/B, 

MLL1–4 

It is the major catalytic 

subunit of COMPASS. 

Cps60 

(Bre2)  

Ash2 ASH2L  Required for H3K4me3/ 

H4mek4me2 

Cps50 

(Swd1)  

RbBP5  RBBP5  Required for assembly 

Cps40 

(Spp1)  

CxxC1 (dCfp1) CxxC1 (CFP1) Required for major H3K4me3 

Cps35 

(Swd2)  

Wdr82 WDR82 Required for proper H3K4 di- 

and Trimethylation 

Cps30 

(Swd3)  

Wds WDR5 Required for assembly 

Cps25 

(Sdc1)  

Dpy30 DPY30 Required for H3K4me2/3 

 HCF1  HCF1 Components of Set1 

complexes 

 Menin  Menin Trx and MLL1/MLL2 

specific 

 PTIP, PA1, 

NCOA6, UTX  

PTIP, PA1, 

NCOA6 

Trr and MLL3/MLL4 specific 
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1.3.1 Yeast Set1/COMPASS complex and its orthologues 

 

Yeast Set1/COMPASS complex is the founding member of the COMPASS 

complex. Set1 is the main catalytic enzyme of the complex, and its deletion results 

in the loss of H3K4 mono-, di- and tri-methylation (Miller et al., 2001, Krogan et al., 

2002, Roguev et al., 2001). Even though Set1 is a key enzyme, other subunits are 

require for the enzymatic activity and to stabilise Set1 (Schneider et al., 2005, 

Schlichter and Cairns, 2005, Dehe et al., 2006, Shilatifard, 2008). The other subunits 

of the Set1/COMPASS complex include COMPASS (Cps) 25, Cps30, Cps35, 

Cps40, Cps50 and Cps60, respectively (Table 1.1) (Miller et al., 2001). The Cps25, 

Cps35 and Cps60 subunits are required for H3K4 di- and tri-methylation, whereas 

Cps40 subunit is only required for H3K4 tri-methylation. Cps30 and Cps50 are 

responsible for maintaining the stability of the COMPASS complex (Table 1.1) 

(Schneider et al., 2005, Schlichter and Cairns, 2005, Dehe et al., 2006, Shilatifard, 

2008).  

 

Mammalian SET1A and SET1B COMPASS complexes are the orthologues of the 

yeast Set1/COMPASS complex (Shilatifard, 2012, Lee et al., 2007a, Hughes et al., 

2004). Along with Set1, all the associated subunits of the Set1/COMPASS are 

conserved in mammals. SET1A and SET1B COMPASS complexes contain unique 

subunits, CxxC-finger protein-1 (CFP1) and WDR82, which are not present in 

MLL1/2/3/4 complexes (Shilatifard, 2012, Lee et al., 2007a, Hughes et al., 2004). 

SET1A and SET1B COMPASS complexes are responsible for the majority of 

H3K4me3 modification as knockdown of SET1A and SET1B result in bulk loss of 

H3K4me3 modification (Wu et al., 2008, Lee et al., 2007a, Lee and Skalnik, 2005). 

Even though both SET1A and SET1B are required for H3K4methylation, they also 

have non-overlapping functions and are required at different stages of development. 

In mice, the SET1A orthologue, Setd1a deleted embryos fail to gastrulate suggesting 

that it is required for early embryonic development (Bledau et al., 2014, Fang et al., 

2016). Setd1a is also required for embryonic stem cells (ESCs) viability and 

maintenance of the self-renewal circuit (Fang et al., 2016, Cao et al., 2017). 

Knockdown of Setd1a increases the apoptosis of ESCs as well as severely affecting 

the proliferation of ESCs (Cao et al., 2017, Fang et al., 2016, Bledau et al., 2014, 
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Sze et al., 2017). Setd1b knockout embryos can gastrulate and grow as normal until 

7.5 days post conception (dpc) but show abnormal growth after 7.5 dpc and die 

before 11.5 dpc (Bledau et al., 2014).  

 

SET-2 and SET-16 COMPASS complexes are the C. elegans orthologues of the 

COMPASS complex (Li and Kelly, 2011, Xiao et al., 2011, Simonet et al., 2007). 

SET-2 is the orthologue of yeast Set1, while SET-16 is the orthologue of 

mammalian MLL family (Li and Kelly, 2011, Xiao et al., 2011, Simonet et al., 

2007). SET-2 plays a major role in the deposition of H3K4me3 modification (Li and 

Kelly, 2011, Xiao et al., 2011, Simonet et al., 2007, Robert et al., 2014). SET-2 

antagonises heterochromatin protein 1 (HP1) which is associated with gene 

repression, suggesting that SET-2 plays a role in establishing and/or maintaining 

euchromatin in C. elegans (Simonet et al., 2007). Similar to yeast and mammalian 

Set1/COMPASS, SET-2/COMPASS also contains conserved core subunits: CFP-1 

(Cps40), WDR-5 (Cps30), RBBP-5 (Cps50), DPY-30 (Cps25) and ASH-2 (Cps60) 

(Figure 1.3). These subunits play an important role in the deposition of 

H3K4me2/me3 in embryos (Li and Kelly, 2011, Wang et al., 2011b, Xiao et al., 

2011). SET-2 and core subunits of COMPASS complex also play a role in longevity 

as suggested by the findings that wdr-5 and set-2 mutants live longer whereas RNAi 

knockdown of ash-2 and rbbp-1 shortens the lifespan of worms (Greer et al., 2010). 

Some of the core subunits of the COMPASS complex also function within other 

complexes. For example, DPY-30 also functions within the dosage compensation 

complex (DCC) to target DCC to both X chromosomes of hermaphrodites to repress 

gene expression (Pferdehirt et al., 2011). WDR-5 and its paralog WDR-5.2 play a 

role in spermatogenesis-oogenesis transformation which is independent of their role 

in the COMPASS complex (Li and Kelly, 2014).  

D. melanogaster dSet1 is the orthologue of yeast SET1 and plays a significant role 

in the deposition of H3K4me2/3 marks (Ardehali et al., 2011, Mohan et al., 2011, 

Hallson et al., 2012). Similar to other organisms, dSet1 also exists within a 

macromolecular complex, dSet1/COMPASS, which enhances its enzymatic activity 

(Ardehali et al., 2011). The core subunits of the Set1/COMPASS complex are also 
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conserved in the dSet1/COMPASS complex (Figure 1.3) (Ardehali et al., 2011, 

Hallson et al., 2012). 

1.3.2 Trx and its orthologues MLL1 and MLL2  

 

D. melanogaster Trx COMPASS complex shares four core components (Wds, 

Rbbp5, Ash2 and Dpy30) with the dSet1/COMPASS complex but lacks the Wdr82 

and Cfp1 subunits (Figure 1.3) (Mohan et al., 2011). Trx plays a regulatory role in 

homeotic gene expression and is known to antagonise the action of the PolyComb 

group (PcG) complex (Klymenko and Müller, 2004). In D. melanogaster, trx 

mutation results in partial transformations of halteres into wings (Philip Ingham, 

1980, Ingham, 1981, Shearn, 1989, Shearn et al., 1987, Shilatifard, 2012). Halteres 

are a pair of lobe-like projections that lie behind the wings. They inform the insects 

about the position of the body during a flight (Philip Ingham, 1980, Ingham, 1981, 

Shearn, 1989, Shearn et al., 1987). Trx also plays a role in apoptosis, X chromosome 

inactivation, cell fate specification and survival (Gonzalez and Busturia, 2009, 

Siebold et al., 2010). Trx COMPASS complex deposits H3K4me3 on specific gene 

loci, such as Hox genes and enhancer regions (Shilatifard, 2012). 

 

The structure and function of Trx are also conserved in mammals. MLL1 and MLL2 

are the mammalian orthologues of Trx and play an important role in the homeotic 

phenotype (Figure 1.3) (Shilatifard, 2012). MLL1 plays an essential role in the 

deposition of H3K4me3 in a subset of Hox genes (Guenther et al., 2005). However, 

deletion of menin, a subunit presents in both MLL1 and MLL2 complexes, resulted 

in a reduction of the majority of H3K4 methylation at entire Hox loci. This suggests 

that both MLL1 and MLL2 are require for H3K4methylation at Hox loci (Thiel et 

al., 2012, Dreijerink et al., 2009, Thiel et al., 2013, Shilatifard, 2012). Recent 

findings have suggested that MLL2 deposits broad H3K4me3 in the untranscribed 

region during oogenesis and is responsible for bulk H3K4me3 in oocytes (Dahl et 

al., 2016, Hanna et al., 2018).  
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1.3.3 Trithorax related: the orthologue of MLL3/MLL4 

 

D. melanogaster Trithorax-related (trr) gene is a homologue of trx (Sedkov et al., 

1999). trr encodes a SET domain, but does not play a major role in the regulation of 

Hox genes. Even though trr is a homologue of trx, deletion of the trr gene results in 

embryonic lethality suggesting that trr and trx have a non-redundant role in 

development (Eissenberg and Shilatifard, 2010, Sedkov et al., 1999). Trr colocalises 

with ecdysone receptor (EcR), a major receptor for steroid hormone in D. 

melanogaster and helps in the deposition of H3K4me3 (Sedkov et al., 2003). 

Deletion of the SET domain of Trr resulted in a decrease in H3K4me3 marks and 

transcription rate (Sedkov et al., 2003). Trr also deposits H3K4me1 at enhancer 

regions (Herz et al., 2012).  

 

MLL3/4, the mammalian orthologues of Trr, also exists in complex and share core 

units with Set1/A/B and MLL1/2 (Shilatifard, 2012). They lack WDR82 and CFP1 

but contain specific subunits: H3K27 demethylase, the pax transactivation domain 

interacting protein (PTIP), PTIP associated 1 (PA1), and nuclear receptor 

coactivator (NCOA6) (Figure 1.3) (Cho et al., 2007, Wu et al., 2008). MLL3/4 co-

precipitate with the estrogen receptor, and their knockdown by small interfering 

RNA (siRNA) results in reduced receptor-dependent transcription (Goo et al., 2003, 

Lee et al., 2006, Mo et al., 2006). Like Trr, MLL3/4 can also methylate H3K4. 

RNAi of both MLL3 and MLL4 reduces H3K4me3 of the retinoic acid receptor 

target genes (Lee et al., 2006). MLL3/4 regulates enhancer activity by depositing 

H3K4me1 and promoting H3K27ac (Agger et al., 2007, Herz et al., 2012, Tie et al., 

2012, Pasini et al., 2010). The SET domain of MLL3/4 helps in the deposition of 

H3K4me1, and H3K27 demethylase subunit removes methylation from H3K27. 

Removal of methylation by H3K27 demethylase facilitates the acetylation of H3K27 

(Agger et al., 2007, Herz et al., 2012, Tie et al., 2012, Pasini et al., 2010).  

 

C. elegans SET-16 is the orthologue of Trr/MLL3/MLL4, and it also exists in a 

similar type of complex called COMPASS-like complex (Fisher et al., 2010). 

Similar to the mammalian MLL3/4 complex, SET-16 has a specific subunit not 

found in the SET-2/COMPASS complex (Figure 1.3). It contains UTX-1, a JmjC 
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domain-containing protein, which demethylates H3K27me3/H3K27me2 (Fisher et 

al., 2010, Vandamme et al., 2012). UTX plays a vital role in the development: loss 

of function of UTX-1 results in sterility, development defects and embryonic 

lethality (Vandamme et al., 2012, Fisher et al., 2010, Vandamme and Salcini, 2013). 

A recent study suggested that the role of UTX-1 in embryonic and postembryonic 

development is independent of its demethylase activity, and it can be mediated by its 

function within the SET-16/COMPASS complex (Vandamme and Salcini, 2013, 

Vandamme et al., 2012). 

 

1.3.4 Deposition of H3K4me3 

 

Global proteomic analysis in yeast suggested that monoubiquitylation of H2B by 

Rad6 is essential for proper H3K4 methylation (Schneider et al., 2004, Dover et al., 

2002). Rad6 is recruited to the chromatin by Bre1 (C3HC4 RING finger-containing 

protein), an E3 ligase (Schneider et al., 2004, Hwang et al., 2003). Cps35, a subunit 

of Set1/COMPASS, mediates the crosstalk between H2B monoubiquitination and 

H3K4 methylation (Zheng et al., 2010, Vitaliano-Prunier et al., 2008, Lee et al., 

2007b). Similar to yeast, the role of H2B monoubiquitination in H3K4me3 is also 

conserved in D. melanogaster and mammals (Zhu et al., 2005, Wang et al., 2008, 

Mohan et al., 2010).  

 

1.3.5 Recruitment of COMPASS complex on chromatin 

 

The exact mechanism of how the COMPASS complex is recruited to chromatin is 

still not clear, and it is a major area of current research. Based on previous studies in 

yeast, mammals and D. melanogaster, the COMPASS complex could be recruited 

by four different mechanisms: (i) DNA sequence, (ii) long non-coding RNA 

(lncRNA), (iii) basal transcription factors, and (iv) nuclear hormones and DNA 

damage pathways. 
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1.3.5.1 Recruitment of the COMPASS complex by DNA sequence 

 

Most promoter regions contain high CpG-rich DNA sequences called CpG islands 

(CGIs) (Deaton and Bird, 2010). Introduction of CpG rich elements without 

promoter sequences in the genome showed acquisition of H3K4me3 modifications 

suggesting that CGIs can act as a specific DNA sequence to recruit COMPASS and 

COMPASS-like complexes (Thomson et al., 2010, Brown et al., 2017, Clouaire et 

al., 2012). One of the key subunits of the COMPASS complex is Cfp1, it contains a 

DNA-binding domain and can bind to unmethylated CGIs (Voo et al., 2000, Carlone 

et al., 2002). Cfp1 is located at 81% of unmethylated CpG-rich DNA sequences, and 

most of these sites are methylated at H3K4 (Thomson et al., 2010, Brown et al., 

2017, Clouaire et al., 2012). This suggests that Cfp1 can aid the recruitment of 

COMPASS complexes for deposition of H3K4 methylation (Figure 1.4). Similarly, 

MLL1 and MLL2 also contain a CxxC domain and could recruit MLL1 and MLL2 

complexes (Cierpicki et al., 2010, Birke et al., 2002, Ayton et al., 2004). 
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Figure 1.4: Recruitment of Set1/COMPASS complex  

Most promoter regions contain unmethylated CpG-rich DNA sequences. Cfp1 

contains a DNA binding domain that can bind to unmethylated CpG islands. Cfp1 

binds to the unmethylated CpG islands and tethers the Set1/COMPASS complex.  
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1.3.5.2 Recruitment of the COMPASS complex by long non-coding RNA 

(lncRNA)  

 

LncRNA can also be involved in recruiting the COMPASS complex. The WDR5 

subunit of COMPASS and COMPASS-like complexes contain RNA binding 

domains and can bind to lncRNA to recruit the COMPASS complex (Malek et al., 

2017, Wang et al., 2011a, Yang et al., 2014, Bochynska et al., 2018). In human 

fibroblasts, it has been observed that during HOXA6 and HOXA7 gene expression, 

the lncRNA HOTTIP, which is transcribed from the HOXA locus, interacts with 

WDR5 (Wang et al., 2011a). Perturbation of this interaction impairs global 

H3K4me3 levels, suggesting that lncRNA could interact with WDR5 subunits to 

recruit the COMPASS complex to chromatin (Malek et al., 2017, Wang et al., 

2011a, Yang et al., 2014, Bochynska et al., 2018). Similarly, in mice, HoxBlinc, a 

lncRNA encoded by a gene in the Hoxb cluster helps in the recruitment of 

COMPASS complex at Hoxb cluster. Loss of HoxBlinc results in reduced 

recruitment of the COMPASS complex in Hoxb cluster (Deng et al., 2016).  

 

1.3.5.3 Recruitment of COMPASS complexes by TFs 

 

In yeast, TFs have been suggested to be involved in the recruitment of the 

COMPASS complex. Global proteome analysis of yeast indicated that the 

polymerase association factor 1 (Paf1) complex, which is associated with the 

elongating Pol II, can recruit the COMPASS complex (Krogan et al., 2003, Wood et 

al., 2003, Shi et al., 1996). Furthermore, studies show that the Paf1 complex plays a 

dual role in the deposition of H3K4me3. They serve as a landing pad for the 

Set1/COMPASS on RNA Pol II, and promote H2B monoubiquitination through 

Rad6/Bre1, hence promoting H3K4me (Krogan et al., 2003, Wood et al., 2003, Shi 

et al., 1996, Shilatifard, 2012). 

 

In mouse ESCs, the COMPASS subunit Wdr5 interacts with TFs such as Oct4, Sox2 

and Nanog (Ang et al., 2011). These TFs play an essential role in the maintenance of 

self-renewal or pluripotency of ESCs (Ang et al., 2011). Upon differentiation, levels 

of Oct4, Sox2 and Nanog decrease, and this is accompanied by a reduction in levels 
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of H3K4me3. This suggests that Oct4, Sox2 and Nanog could recruit the 

COMPASS complex to deposit H3K4me3 by binding with WDR5 (Ang et al., 

2011). Moreover, Oct4 also interacts with the C-terminal region of Set1a and this 

interaction is independent of the interaction mediated via Wdr5. This suggests that 

Oct4 could recruit the COMPASS complex by two different mechanisms (Fang et 

al., 2016).  

 

1.3.5.4 Recruitment of COMPASS complex by nuclear hormones and DNA 

damage pathways 

 

Signalling pathways, such as the nuclear receptor signalling pathways and DNA 

damage signalling pathways, can also mediate the recruitment of the COMPASS 

complex (Sedkov et al., 2003, Lee et al., 2009a, Lee et al., 2009b). For example, 

recruitment of MLL3/4/COMPASS complexes can be regulated by the nuclear 

hormone receptor signalling pathway. The ecdysone receptor, in the presence of 

ecdysone hormone, forms a heterodimeric complex. This complex translocates to 

the nucleus with MLL3 and MLL4 COMPASS complexes to activate ecdysone-

dependent gene expression (Sedkov et al., 2003). Similarly, MLL3 and MLL4 

COMPASS complexes can also be recruited by p53-mediated DNA damage 

signalling. During the DNA damage response, the NCOA6 subunit of MLL3 and 

MLL4 COMPASS complex binds to p53 and recruits the complexes to the 

promoters of p53 target genes (Lee et al., 2009a). 

 

1.4 Role of H3K4me3 in the regulation of gene expression 

 

H3K4me3 has emerged as an important player in the regulation of gene expression 

(Pena et al., 2008, Wysocka et al., 2006, Doyon et al., 2006, Li et al., 2006). A 

strong correlation between H3K4me3 modification and gene expression levels 

suggests that H3K4me3 promotes gene expression. It is believed that H3K4me3 

contributes to the regulation of gene expression by functioning as a binding site for 

TFs and chromatin modifiers (Pena et al., 2008, Wysocka et al., 2006, Doyon et al., 

2006, Li et al., 2006). For example, the nucleosome remodelling factor (NURF) 

complex contains the H3K4me3 binding domain and can bind to H3K4me3 in vitro. 



26 

  

The NURF complex increases the accessibility of the chromatin to the 

transcriptional machinery by re-modulating the histone proteins (Wysocka et al., 

2006). Similarly, studies in yeast and mammals suggest that H3K4me3 can act as 

binding sites for the recruitment of histone acetyltransferases (HATs) such as p300 

(Clouaire et al., 2014, Taverna et al., 2006, Doyon et al., 2004, Hung et al., 2009). 

HATs increase the accessibility of the chromatin by acetylating histones (Clouaire et 

al., 2014, Taverna et al., 2006, Doyon et al., 2004, Hung et al., 2009). H3K4me3 can 

also act as a binding platform for some histone demethylases such as JMJD2C also 

known as KDM4C/GASC1, which bind to H3K4me3 and contribute to 

transcriptional regulation by removing the H3K9me3 mark (Canovas et al., 2012, 

Huang et al., 2006, Pedersen et al., 2014).  

 

H3K4me3 could also play a role in gene expression by directly recruiting basal 

transcription factors and post-transcriptional machinery. H3K4me3 interacts with 

TAF3/TFIID to enhance p53-dependent transcription by directly stimulating pre-

initiation complex (PIC) formation and facilitates selective gene activation in 

response to DNA damage (Lauberth et al., 2013). Similarly, H3K4me3 also 

contributes to gene expression by promoting post-transcriptional gene regulation. It 

could act as a binding site for the pre-mRNA splicing complex. Sims et al. (2007) 

found that in humans, CHD1 interacts with H3K4me3 to facilitate the recruitment of 

SF3a, a sub-complex of U2 snRNP, for pre-mRNA splicing. siRNA knockdown of 

ASH2, a subunit of SET1/COMPASS complex, and CHD1 reduced the association 

of U2 snRNP components, which decreases the pre-mRNA splicing on active genes 

(Sims et al., 2007). 

 

1.5 H3K4me3 in gene repression 

 

Despite H3K4me3 being associated with active gene expression, growing evidence 

has provided a convincing argument that Set1/COMPASS-dependent H3K4me3 can 

also contribute to gene silencing. Yeast Set1 has also been reported to play a 

regulatory role by repressing Ty1 retrotransposons and cryptic transcription (Lorenz 

et al., 2014, Mikheyeva et al., 2014). The gene expression profile of SET1 mutants 

with low levels of H3K4me3 in yeast has shown the de-repression of subsets of 
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stress response genes, TF2 retrotransposons, lncRNA and pericentromeric repeats 

(Lorenz et al., 2014). In mammals, H3K4me3 marks act as binding sites for 

inhibitors of growth 2 (ING2) which recruit the Sin3/HDAC complex to silence 

transcription of genes responsible for promoting cell proliferation (Pena et al., 

2008). In C. elegans, the loss of the key H3K4me3 methyltransferase, SET-2, leads 

to the ectopic expression of somatic genes in the germline (Robert et al., 2014). 

 

These findings are generated from genetic model organisms and strongly suggest 

that H3K4me3 can play a crucial role in gene repression under physiological 

conditions. It is also possible that the repressive role of H3K4me3 is context-

dependent at the organismal level. Nevertheless, the mechanistic action of 

H3K4me3 in regulating gene expression remains to be better elucidated. 

 

1.6 H3K4me3 in genomic stability 

 

Over the past decade, various studies have emphasised the role of H3K4me3 in 

maintaining genomic stability. For example, the loss of H3K4me3 has been 

associated with increased DNA breaks, delay in DNA repair, inability to promote 

DNA-damage-induced apoptosis, and increased chromosomal abnormalities (Pena 

et al., 2008, Doyon et al., 2006, Palacios et al., 2010, Faucher and Wellinger, 2010, 

Shilatifard, 2012). H3K4me3 helps in maintaining genomic stability by acting as a 

binding site for different proteins or complexes. For example, H3K4me3 interacts 

with the C-terminal plant homeodomain (PHD) finger of inhibitors of growth 

1(ING1) and helps in its recruitment to activate the p53 gene (Pena et al., 2008). 

Perturbation of the interaction between the C-terminal PHD of ING1 and H3K4me3 

prevents cells from DNA repair or to promote DNA-damage-induced apoptosis 

(Pena et al., 2008).  

 

Similarly, in mice, during DNA damage, an ING2 subunit of the repressive Sin3a-

HDAC histone deacetylase complex binds to H3K4me3 and helps in the recruitment 

of the Sin3a-HDAC complex at the promoters of genes responsible for cell cycle 

progression (Shi et al., 2006). This complex deacetylates the histone and shuts off 

transcription of genes responsible for promoting cell proliferation to prevent the 
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propagation of cells with damaged DNA (Shi et al., 2006, Pena et al., 2008). 

H3K4me3 also helps in the formation of the PIC by interacting with TAF3/TFIID 

and facilitates selective gene activation by p53 in response to DNA damage 

(Lauberth et al., 2013). 

 

In yeast, Set1 is the only enzyme responsible for H3K4me3 modification and loss of 

function of Set1 results in increased sensitivity to DNA damage-inducing agents (Li 

et al., 2006). Set1-deficient fission yeast cannot respond to replication stress and are 

deficient in non-homologous end joining repair (Pan et al., 2012). Similarly, in C. 

elegans deletion of set-2 which is responsible for the majority of H3K4me3 

modifications, results in increased sensitivity to DNA damage-inducing agents, 

defects in double-strand DNA break (DSB) repair and chromosome fragmentation 

(Herbette et al., 2017). These findings reflect that H3K4me3 plays an important role 

in DSB repair and maintaining the genomic stability. 

 

1.7 Cfp1 

 

Cfp1 is one of the major subunits of the COMPASS complex (Lee and Skalnik, 

2005, Ardehali et al., 2011, Shilatifard, 2012). Cfp1 is evolutionarily conserved and 

is essential for the deposition of H3K4me3 marks at promoter regions of active 

genes (Lee and Skalnik, 2005, Ardehali et al., 2011, Shilatifard, 2012, Yu et al., 

2017, Clouaire et al., 2014, Clouaire et al., 2012, Van De Lagemaat et al., 2018, Sha 

et al., 2018). Loss of Cfp1 function results in a significant reduction of H3K4me3 

levels at active promoters (Lee and Skalnik, 2005, Ardehali et al., 2011, Shilatifard, 

2012, Yu et al., 2017, Clouaire et al., 2014, Clouaire et al., 2012). Cfp1 contains a 

DNA binding domain (CxxC domain), which binds to unmethylated CGIs (Voo et 

al., 2000, Lee and Skalnik, 2005, Brown et al., 2017, Clouaire et al., 2012). Cfp1 

binds to the unmethylated CGI and targets the Set1/COMPASS complex at the 

promoter regions of active genes (Voo et al., 2000, Lee and Skalnik, 2005, Brown et 

al., 2017, Clouaire et al., 2012). Cfp1 helps to restrict the Set1/COMPASS complex 

at the promoter regions of active genes and also prevents the aberrant accumulation 

of H3K4me3 at ectopic regions (Clouaire et al., 2012). 
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1.7.1 Characterisation of Cfp1 

 

Cfp1 was first identified in a ligand screen to find effectors that are specific for 

unmethylated CpG dinucleotides (Lee et al., 2001, Voo et al., 2000). The presence 

of methylation on DNA ablates the binding of Cfp1 to DNA (Lee et al., 2001, Voo 

et al., 2000). Selection of Cfp1 binding sites from a pool of random oligonucleotide 

sequences revealed that the CpG motif is necessary and sufficient to act as a binding 

site for Cfp1. The presence of cytosine or adenine nucleotides adjacent to the CpG 

dinucleotide strengthens the binding (Lee et al., 2001). Chromatin 

immunoprecipitation sequencing (ChIP-seq) revealed that most of the Cfp1 (91.5%) 

peaks are present at non-methylated islands (NMIs) suggesting that Cfp1 binds to 

NMI. It occupies 38.1% of total NMIs and most of those occupied NMI are 

annotated TSSs and had elevated RNA Pol II and H3K4me3 (Brown et al., 2017). 

Consistently, Cfp1 is enriched at 81% of unmethylated CpG islands in vivo 

(Thomson et al., 2010).  

 

Cfp1 contains two copies of the PHD, basic and acidic stretches, a coiled-coil 

domain, the Set1 interacting domain (SID), and a highly conserved CXXC domain 

(Figure 1.5) (Lee et al., 2001). The CXXC DNA binding domain is required for the 

Cfp1-DNA interaction, as a mutation in cysteine (C169A) residue within the CXXC 

domain ablates the interaction between Cfp1 and DNA (Lee et al., 2001). The SID 

domain at the C-terminal end is required for the interaction between Cfp1 and the 

Set1, as a mutation in the cysteine (C375A) residue ablates the interaction between 

Cfp1 and the Set1 complex (Butler et al., 2008). The PHD fingers bind to H3K4me3 

and are required for appropriate enrichment of Cfp1 at NMIs region (Brown et al., 

2017).  

 

Cfp1 is localised to the nucleus and exhibits a punctate or speckled distribution 

which is highly concentrated at euchromatin (Lee and Skalnik, 2002). Furthermore, 

it is co-localised with acetylated H3 and acetylated H4. Both, H3 and H4 acetylation 

are markers of euchromatin. Multiple domains that include acidic, basic, and coiled-

coil domains contribute cooperative signals for the speckled nuclear distribution of 
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Cfp1 (Lee and Skalnik, 2002). Interestingly, the CXXC domain is required for DNA 

binding but is not needed for the localisation of Cfp1 at euchromatin regions 

suggesting that this localisation is mediated by protein-protein interactions (Lee and 

Skalnik, 2002, Skalnik, 2010).  

 

Cfp1 is highly mobile in the nucleoplasm (Brown et al., 2017). Interestingly, a two 

amino acid substitution mutations in an alpha helix of the SID domain results in a 

dramatic increase in the mobility of Cfp1, which is further enhanced by a combined 

mutation on PHD, CXXC and SID domains (Brown et al., 2017). These suggest that 

Set1 restricts the mobility of Cfp1.  
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Figure 1.5: Diagrammatic representation of the mammalian Cfp1 protein  

Different domains are shown in different colours. The plant homeodomains 1/2 

(PHD1/2) help in binding with H3Kme3 and are required for appropriate enrichment 

of Cfp1 at NMIs region. The DNA-binding domain (CXXC) helps in binding at 

unmethylated CGIs. The SID helps to interact with Set1. Acidic, basic, and coiled-

coil domains contribute cooperative signals for the speckled nuclear distribution of 

Cfp1 
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1.7.2 Cfp1 and Set1 interaction  

 

Cfp1 plays a vital role in the stability of Setd1a (Tate et al., 2010). Loss of Cfp1 

function in mice ESCs (Cfp1−/−) results in a significant decrease in the expression 

levels of Setd1a, which can be restored by the expression of the full length or N/C- 

terminal domains of Cfp1 (Tate et al., 2010). SID, which lies between the conserved 

basic and coiled-coil domains of Cfp1, is required for the interaction of Cfp1 with 

Setd1a/Setd1b. However, the SID domain alone is not sufficient for the interaction 

and requires the C-terminal end with the PHD2 domain for the interaction (Butler et 

al., 2008). Mutations in the SID domain such as a single alanine substitution at 

cysteine 375 (C375A) or a triple alanine substitution at tyrosine 390, cysteine 391, 

and serine 392 (YCS→AAA), ablates the interaction with the Setd1 complexes. 

Similarly, a single alanine substitution at cysteine 580 (C580A) within the PHD 

domain also ablates the interaction with the Setd1 complexes (Butler et al., 2008).  

 

Cfp1 is required for the localisation of the Setd1a at euchromatin as deletion of Cfp1 

results in a significant increase in the localisation of Setd1a and H3K4me3 at 

heterochromatin (Tate et al., 2010). Only full-length expression of Cfp1 restores the 

localisation of Setd1a and H3K4me3 (Tate et al., 2010). Consistent with this, 

chromatin immunoprecipitation showed an ectopic gain of H3K4me3 in the Cfp1−/− 

ESCs (Clouaire et al., 2012). Loss of Cfp1 in mice ESCs resulted in a major 

reduction on the occupancy of Set1 at TSS (Clouaire et al., 2012, Clouaire et al., 

2014). Similarly, deletion of the Cfp1 orthologue in D. melanogaster results in a 

drastic reduction of dSet1 on the polytene chromosomes (Ardehali et al., 2011). 

These studies suggest that Cfp1 functions as an unmethylated CpG reader, which 

recruits the SET1/COMPASS complex and prevents inappropriate drift of Set1 from 

unmethylated CpG regions (Figure 1.4).  

 

1.7.3 Cfp1 and cytosine methylation  

 

Cfp1 also plays an essential role in cytosine methylation as Cfp1−/− ESCs exhibited 

a ∼60% decrease in global cytosine methylation levels (Carlone et al., 2005). 
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Cytosine methylation deficiency was observed in all genes tested, including 

repetitive DNA elements, imprinted genes and single copy genes (Carlone et al., 

2005). Similarly, deletion of the Cfp1 orthologue in zebrafish resulted in a 60% 

reduction of global cytosine methylation (Young et al., 2006). The deficiency in 

cytosine methylation in Cfp1−/− ESCs is rescued by the introduction of Cfp1 

(Carlone et al., 2005).  

 

Co-immunoprecipitation experiments indicate that Cfp1 physically interacts with 

DNA methyltransferase 1 (Dnmt1) (Butler et al., 2008). Dnmt1 can interact with 

Cfp1 through its N-terminal and C-terminal domains. The N-terminal (aa 169–493) 

protein fragment which contains a nuclear localisation signal (NLS) and a large 

portion of the targeting sequence (TS) that directs the Dnmt1 to heterochromatin 

region, mediates the interaction with Cfp1 (Butler et al., 2008). Several conserved 

domains of the Cfp1 mediate the interaction with the Dnmt1 (Butler et al., 2008). In 

murine Cfp1−/− ESCs, levels of the Dnmt1 were reduced by 50% (Carlone et al., 

2005). Similarly, in Cfp1 depleted oocytes, DNA methylation levels were 

significantly decreased (Yu et al., 2017). These findings suggest that Cfp1 plays an 

important role in DNA methylation. 

 

1.7.4 Role of Cfp1 in development 

 

Cfp1 plays an essential role in the development of an organism (Carlone and 

Skalnik, 2001, Carlone et al., 2005, Young et al., 2006). In mice, Cfp1 depletion 

results in embryonic lethality between 3.5 – 6.5 dpc stage (Carlone and Skalnik, 

2001). Cfp1 deleted blastocysts appear normal, but these embryos fail to gastrulate 

(Carlone and Skalnik, 2001, Carlone et al., 2005). Surprisingly, ESCs that lack the 

Cfp1 gene are viable, but unable to differentiate (Young and Skalnik, 2007). Cfp1−/− 

ESCs exhibited a longer doubling time compared to wild-type ESCs, and the 

number of apoptotic cells is significantly higher (Carlone et al., 2005). Similarly, 

RNAi knockdown of the CFP1 in a human PLB-985 myeloid cell line resulted in 

reduced clonal survival, reduced cell growth, and impaired cellular differentiation 

(Young and Skalnik, 2007). Conditional knockdown of the Cfp1 in adult mice leads 
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to failure of haematopoiesis, a dramatic loss of lineage-committed progenitors, and 

death within 14 days (Chun et al., 2014). Furthermore, injection of the cfp1 

transcript-specific antisense morpholino oligonucleotides in zebrafish results in 

embryo runting, failure of primitive haematopoiesis, cardiac oedema, incomplete 

vasculature formation, increased apoptosis, and death (Young et al., 2006). These 

findings suggest that Cfp1 is required for early and post-embryonic development.  

 

1.8 Histone acetylation  

 

Histone acetylation, one of the most common chromatin marks, plays an important 

role in gene regulation. Lysine residues on the N-terminus of histones are positively 

charged, and they interact with the negatively charged phosphate group of DNA 

(Bannister and Kouzarides, 2011). HATs acetylate the lysine residues in histones. 

Lysine acetylation by the HATs neutralises the positive charge of histones, thereby 

reducing the affinity of histones for DNA. As a consequence, the closed chromatin 

is transformed into an open state which can facilitate the transcription process 

(Carrozza et al., 2003). Acetylated histones can act as binding sites for various 

chromatin remodulators which regulate gene expression. Hyper-acetylation of 

histone is often associated with transcriptionally active genes whereas hypo-

acetylation of histones is associated with transcriptionally silent genes (Marmorstein 

and Zhou, 2014).  

 

1.8.1 HATs 

 

Histone acetyltransferase 1 (HAT1) and the general control non-repressible 5 

(Gcn5) HAT are the first HATs which were shown to acetylate histones (Kleff et al., 

1995, Brownell et al., 1996). Since the isolation of the HAT1 and Gcn5, many other 

HATs have been identified. Some of these HATs, such as the PCAF and HAT1 have 

conserved sequences with the Gcn5 and many other HATs such as MYST (MOZ, 

Ybf2, Sas2, and Tip60), and CREB-binding protein (CBP)/p300 have limited 

sequences conserved (CBP)/p300 (Marmorstein and Zhou, 2014). Based on 

localisation, HATs are divided into two classes, Type A and Type B (Lee and 
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Workman, 2007, Chakravarty et al., 2014). Type A HATs are localised in a nucleus 

and are responsible for acetylation of nucleosomal histones. Type B HATs are 

localised in the cytoplasm and are responsible for the acetylation of free histones 

(Chakravarty et al., 2014). Based on the structure and sequence homology, HATs 

are classified into different families. Out of these families, four HAT families have 

been studied extensively, which includes Gcn5-related histone N-acetyltransferases 

(GNAT) family, p300/CBP family, MYST family and Rtt109 family (Marmorstein 

and Zhou, 2014). GNAT and MYST families are conserved from yeast to human but 

the p300/CBP family members are only found in metazoans, and the Rtt109 family 

is fungal-specific (Marmorstein and Zhou, 2014). There are other HATs subfamilies 

such as the steroid receptor coactivators (ACTR/AIB1, SRC1, TAF250, and 

CLOCK), whose HAT activities have not been studied as extensively as compared 

to the four major families (Spencer et al., 1997, Kawasaki et al., 2000, Mizzen et al., 

1996, Doi et al., 2006).  

 

The GNAT families consist of HATs such as PCAF, Hat1, Elp3, Hpa2, Hpa3, Nut1 

and ATF-2 which have high structural and sequence similarity to Gcn5 (Roth et al., 

2001, Lee and Workman, 2007). These HATs acetylate Histone H2B, H3 and H4 

(Roth et al., 2001, Lee and Workman, 2007). MYST is the largest family and 

consists of KAT6A (MOZ), KAT6B (MORF), KAT7 (HBO1), KAT8h (MOF) and 

KAT5 (Tip60) (Marmorstein and Zhou, 2014, Avvakumov and Cote, 2007, 

Sapountzi and Cote, 2011, Roth et al., 2001). All of the MYST family members 

possess a common MYST domain, which is also a primary catalytic region 

(Marmorstein and Zhou, 2014). The MYST family can acetylate Histone H2B, H3 

and H4 (Roth et al., 2001, Avvakumov and Cote, 2007). The p300/CBP HAT 

consists of p300 and CBP HATs which are present in higher eukaryotes (Chen et al., 

1997). The p300 and CBP have high sequence homology and are often collectively 

called p300/CBP (Kalkhoven, 2004). The p300 and CBP acetylate histone H2A, 

H2B, H3 and H4 (Roth et al., 2001, Lee and Workman, 2007). Rtt109 is named for 

its initial identification as a regulator of Ty1 transposition gene product 109. Like 

the p300/CBP family, Rtt109 has limited sequence homology to other known HATs 

(Marmorstein and Zhou, 2014). The Rtt109 acetylates histone H3 (Han et al., 2007a, 

Han et al., 2007b). Rtt109 on its own has very low acetyltransferase activity and 
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requires one of two histone chaperone proteins, Vps75 or Asf1, for stimulated 

acetylation (Han et al., 2007a, Han et al., 2007b). 

 

1.8.2 Histone deacetylases (HDACs) 

 

HDACs remove the acetyl group from the histones which result in a compacted, 

transcriptionally silent closed chromatin structure. They are often associated with 

gene repression. In mammals, based on the structure, function and their localisation 

within the cells, HDACs are divided into four major classes (Class I, IIa, IIb, IV) 

(De Ruijter et al., 2003, Delcuve et al., 2012, Seto and Yoshida, 2014). The Class I 

HDACs are homologues of yeast Rpd3, a founding member of yeast HDACs 

(Taunton et al., 1996). Class I contains HDACI, HDAC2, HDAC3, and HDAC8 and 

are expressed ubiquitously (Seto and Yoshida, 2014). These HDACs are 

predominantly localised in the nucleus. The HDAC1 and HDAC2 are 85% identical 

in their structure (Gregoretti et al., 2004). Even though they share a high degree of 

homology, they have some non-redundant function. For example, deletion of the 

HDAC1 homologue in mice results in embryonic lethality but mice lacking the 

HDAC2 homologue survive until the prenatal period (Lagger et al., 2002, Zhang et 

al., 2014, Zupkovitz et al., 2006). HDAC1 and HDAC2 can form homo- and hetero-

dimers which are required for HDAC activity (Taplick et al., 2001, Luo et al., 2009, 

Brunmeir et al., 2009).  

 

HDAC1 and HDAC2 are generally found as a part of a multi-protein complex, 

including Sin3, nucleosome remodelling and histone deacetylase (NuRD) and 

Corepressor of REST (CoResT) complexes (Yang and Seto, 2003, De Ruijter et al., 

2003, Yang and Seto, 2008). As shown in Figure 1.6, the Sin3 complex contains 

HDAC1/HDAC2, Sin3A/B, SAP18, SAP30, retinoblastoma-associated protein 46 

and 48 (RbAp46 and RbAp48) (Silverstein and Ekwall, 2005, Hayakawa and 

Nakayama, 2011, Kelly and Cowley, 2013). The Sin3 complex plays an important 

role in nucleosome remodelling, histone methylation, DNA methylation and N-

acetylglucosamine transferase activity (Silverstein and Ekwall, 2005, Hayakawa and 

Nakayama, 2011, Kelly and Cowley, 2013). The composition of the NuRD complex 
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varies depending upon external stimuli and cell types. The NuRD complex contains 

HDAC activity and ATP-dependent chromatin remodelling activity (Figure 1.6) 

(Delcuve et al., 2012). The HDAC activity is carried out by HDAC1 and HDAC2, 

whereas the ATP-dependent chromatin remodelling is carried out by the Mi-2α and 

or Mi-2β (Delcuve et al., 2012). The other important subunits of the NuRD complex 

are p66α or p66β, metastasis-associated protein family (MTA) MTA1, MTA2 or 

MTA3, RbAp46/RbAp48 and the methyl-CpG-binding domain-containing proteins 

(MBD2 or MBD3) (Spensberger et al., 2008, Denslow and Wade, 2007, Hayakawa 

and Nakayama, 2011). Similar to the SIN3 and NuRD complex, the CoREST 

complex contains HDAC1 and HDAC2, and other subunits such as KDM1/LSD1 

demethylase, CoREST and BHC80, a PHD domain-containing protein (Figure 1.6) 

(Delcuve et al., 2012). 

 

HDAC3 is found in two highly related complexes, namely the silencing mediator of 

retinoic acid and thyroid hormone receptor (SMRT or NCOR2), and nuclear 

receptor corepressor (NCoR or NCOR1) complexes (Hayakawa and Nakayama, 

2011, Kelly and Cowley, 2013, Perissi et al., 2010). These complexes consist of 

HDAC3, SMRT, NCOR1, G-protein pathway suppressor 2 (GPS2), TBL-related 1 

(TBLR1) and transducin β-like 1 (TBL1). HDAC8, unlike other class I HDACS, 

functions independently and is not associated with any known complexes (Delcuve 

et al., 2012).  

 

The Class II HDACs includes HDAC4, HDAC5, HDAC6, HDAC7, HDAC9 and 

HDAC10 and are expressed in both the cytoplasm and nucleus (Delcuve et al., 

2012). In response to the signal, they exhibit cell type-specific expression and 

shuttle between the cytoplasm and nucleus (Majdzadeh et al., 2008, Lu et al., 2000). 

The HDAC6 and HDAC10 contain two catalytic sites and are sometimes kept in a 

separate subclass (Class IIb). Other remaining HDACs (HDAC4, HDAC5, HDAC7 

and HDAC9) are kept in Class IIa (Verdin et al., 2003, De Ruijter et al., 2003). In 

contrast to other HDACs, expression of the class IIa HDACs is restricted. For 

example, HDAC5 and HDAC9 are highly enriched in heart, muscle and brain, the 

HDAC4 is highly expressed in skeleton and brain, and the HDAC7 is expressed in 

thymocytes 34 (T-cell precursors derived from the thymus) and endothelial cells 
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(Zhang et al., 2002, Chang et al., 2004, Chang et al., 2006). HDAC6 is the main 

cytoplasmic deacetylase, and targets proteins such as cortactin, transmembrane 

proteins such as the interferon receptor IFNαR, and chaperones such as HSP90 

(Haberland et al., 2009).  

 

Class III HDACs (Sirtuins) are homologues of the yeast silent information regulator 

2 (Sir2) and are structurally different from other classes of HDACs. Class III 

HDACs depend on the NAD+ for deacetylation, and thus the deacetylase activity is 

controlled by the [NAD+]/[NADH] ratio (Dai and Faller, 2008). There are seven 

members in this class viz., SIRT1—SIRT7. Among the seven members, as for the 

function/structure studies, SIRT1 which is also called as Sir2α, the closest 

orthologue of yeast Sir2, has been the most extensively studied (Seto and Yoshida, 

2014, Schwer and Verdin, 2008, Dai and Faller, 2008, Frye, 2000). Sirtuins are 

ubiquitously present and are known to deacetylate histones H1 lysine 26 

(H1K26Ac), H3 lysine 9 (H3K9Ac) and H4 lysine 16 (H4K16Ac) (Liu et al., 2009). 

They also deacetylate non-histone substrates such as forkhead box type O 

transcription factors (FOXO), p53, peroxisome proliferator activated receptor-γ 

(PPARγ), and nuclear factor-κB (NFκB) (Dai and Faller, 2008, Liu et al., 2009).  

 

In the class IV family, there is only one member, HDAC11. HDAC11 shares 

homology with the catalytic domain of Class I and II HDACs (Gao et al., 2002). 

HDAC11 is enriched in the heart, kidney, brain, muscle and testis. The localisation 

of HDAC11 varies according to cell types and/or environmental cues (Gao et al., 

2002, Yanginlar and Logie, 2018). 
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Figure 1.6: HDAC1/HDAC2 multi-protein complexes 

The Sin3 complex contains HDAC1/HDAC2, Sin3A/B, SAP18, SAP30, 

retinoblastoma-associated protein 46 and 48 (RbAp46 and RbAp48). The NuRD 

complex contains HDAC1/HDAC2 p66α or p66β, MTA, RbAp46/RbAp48, MBD 

and Mi2. The CoREST complex contains HDAC1 /HDAC2, KDM1/LSD1 

demethylase, CoREST, BHC80, a PHD domain-containing protein. 
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1.9 Crosstalk between H3K4me3 and acetylation 

 

The interplay between the highly dynamic histone acetylation and H3K4me3 

modifications plays an essential role in shaping the structure and function of 

chromatin (Zhang et al., 2015, Clouaire et al., 2014). Previous studies suggest that 

H3K4me3 present at the promoter regions helps in the recruitment of the HATs to 

facilitate the transcription process. For example, SGF29, a subunit of the SAGA 

HAT complex contains a tudor domain that binds to H3K4me3 and helps to recruit 

the SAGA HAT complex (Bian et al., 2011). Yng1, a component of the NuA3 HAT 

complex, contains a PHD domain that binds H3K4me3 and promotes the NuA3 

HAT activity (Taverna et al., 2006, Doyon et al., 2004). Similarly, mammalian 

HBO1 histone acetyltransferase complex interacts with the H3K4me3 via its native 

subunit ING4 inhibitor of growth 4 (ING4) to acetylate H3 (Hung et al., 2009). The 

p300 (HAT) promotes the association of COMPASS complex at the p21/waf-1 (p53 

regulated gene) promoter (Tang et al., 2013). In ESCs, a lack of H3K4me3 results in 

a reduced recruitment of the Gcn5 at CDKN1A promoters leading to a reduction in 

histone 3 lysine 9 (H3K9) acetylation and H3K4 methylation (Clouaire et al., 2014). 

MOZ and MLL coordinate with each other for the expression of the HOX genes 

(HOXA5, HOXA7, and HOXA9) in human cord blood CD34+ cells (Paggetti et al., 

2010). 

 

Different studies have suggested that similar to HATs, HDAC complexes also 

contain H3K4me3 binding domains (Doyon et al., 2006, Margaritis et al., 2012). A 

recent finding has indicated that pre-existing H3K4me3 marks on histones, promotes 

dynamic turnover of H3 acetylation, which is mediated by the combined action of 

HAT p300/CBP and HDACs (Crump et al., 2011). These findings suggest that the 

H3K4me3 could act as an epigenetic mark at the promoter regions to facilitate the 

dynamic turnover of acetylation modification, which plays a key role in 

transcriptional regulation. 
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1.10 Caenorhabditis elegans: a powerful genetic model 

 

C. elegans is a multicellular genetic model used to understand various biological 

events. C. elegans is a free-living non-parasitic nematode and is small in size (1 

millimetre long). C. elegans is easy to grow, they feed on bacteria and have a very 

short lifecycle (Figure 1.7) (Corsi, 2006, Brenner, 1974). C. elegans has skin, guts, 

neurons, muscles, gonads, and other tissues which are similar in function to those of 

other animals (Corsi et al., 2015). Thus, it can be used as a model to understand the 

genetic regulatory circuit present in these tissues. It is transparent in nature, with the 

help of Nomarski (differential interference contrast, DIC) optics, individual cells 

and subcellular details are easily visible. This allowed for the visualisation of 

development and differentiation process at a single cell resolution. Additionally, 

with the use of different fluorescence markers, numerous biological events can be 

easily studied (Corsi, 2006). C. elegans are hermaphrodites which can self-fertilise, 

and males, which only comprise ∼0.02% of the total natural population (Sulston and 

Horvitz, 1977, Kimble and Hirsh, 1979, Fay, 2006). Therefore, it is easy to maintain 

the mutants over generations and also to create desired double-, triple- or more 

mutants by crossing the mutants with each other (Corsi, 2006). Another key feature 

of C. elegans is that it is amenable to RNA interference (RNAi). Thus any gene can 

be easily knockdown by RNAi feeding (Fire et al., 1998). This makes C. elegans an 

ideal model to examine the function of genes and knockdown phenotypes associated 

with the genes. Additionally, genetic screens are used in C. elegans to identify the 

gene function. It can be used to discover the genes responsible for a specific 

phenotype (forward genetics) or conversely, the gene can be modified to analyse the 

phenotypic effects (reverse genetics) (Sin et al., 2014, Kutscher and Shaham, 2014). 

With the help of forward genetics and reverse genetics in C. elegans, many genes 

involved in the development and biological process have been identified (Corsi, 

2006).  

 

Importantly, the function of the COMPASS complex is conserved in C. elegans. It 

contains two COMPASS complexes, (i) the SET-2/COMPASS, which is the 

orthologue of yeast Set1/COMPASS, and (ii) the SET-16/COMPASS, which is the 

orthologue of mammalian MLL3/4/COMPASS (Fisher et al., 2010, Simonet et al., 
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2007). The SET-2/COMPASS is responsible for the majority of H3K4me3 

deposition. CFP-1 is a key subunit of the Set-2/COMPASS complex and plays an 

important role in the development of an organism. However, how it contributes to 

gene regulation and development is not yet clear. I herein used C. elegans as a 

model to investigate the contribution of CFP-1 towards H3K4me3 deposition and its 

effect on gene regulation, and development of an organism. Furthermore, I used 

vulval development in C. elegans as a system to investigate the role of CFP-1 in cell 

fate specification and to identify its novel regulators. 
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Figure 1.7: Life Cycle of C. elegans  

C. elegans life cycle is comprised of the embryonic stage, four larval stages (L1, L2, 

L3 and L4) and adult stage. If the environmental conditions are not favourable, 

worms may enter the dauer stage at the end of the L2 stage. C. elegans has two 

sexes, male and hermaphrodite. Adult hermaphrodites have wider girth and a 

tapered tail whereas the adult male has slimmer girth and a fan-shaped tail. Males 

and hermaphrodites can be easily distinguished at the L4 stage. The picture is taken 

from Corsi et al. (2015). 
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1.11 Vulval development in C. elegans 

 

The vulval development in C. elegans is an excellent system to study cell-fate 

specification, organogenesis events and signal transduction. C. elegans has six 

vulval precursor cells (VPCs) P(3-8).p, also called Pn.p cells. These cells have an 

ability to give rise to the vulva (Sternberg and Horvitz, 1986, Sulston and Horvitz, 

1977). However, only three (P5.p, P6.p and P7.p) out of six adopt the vulval fate 

naturally and the other three (P3.p, P4.p and P8.p) fuse with the hypodermis (Figure 

1.8). At the beginning of the third larval stage, Ras-mediated inducing signal (LIN-

3; a ligand of Ras signalling pathway) from the anchor cell (AC) causes P5.p, P6.p 

and P7.p cells to adopt the vulval cell fate. P(5-7).p cells divide further and gives 

rise to 22 descendants which form the vulva (Sulston and Horvitz, 1977). The 

P(3,4,8).p cells which are far from the AC do not receive sufficient inductive signal 

to adopt the vulval cell fate (Figure 1.8). These cells divide once and fuse with the 

hypodermis. Even though the P(3,4,8).p cells fuse with the hypodermis, different 

studies have suggested that they can adopt the vulval cell fate (Thomas et al., 1990, 

Kimble, 1981). The ability of Pn.p cells to adopt the vulva fate is depended upon the 

inductive signal from the AC. In wild-type worms, P(5-7).p cells are near to the AC 

cells and receive strong inductive signals to adopt the vulva cell fate, but if the P(5-

7).p cells are removed by laser ablation then the P(3,4,8).p cells will adopt the 

vulval fate (Sulston and White, 1980). Conversely when the AC is removed by laser 

ablation, then all the VPC cells adopt the non-vulval fates (Kimble, 1981, Sulston 

and White, 1980).  
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Figure 1.8: Vulva development at the third larval stage  

Inductive signals from the anchor cell (green) induced the vulval cell fate (yellow) 

in the P6.p, P7.p and P8.p cells. Cells not receiving the inductive signal adopt the 

non-vulval cell fates (blue) and fuse with the hyp-7 (orange). The figure is taken 

from Andersen (2007).  
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1.11.1 Receptor Tyrosine Kinase (RTK)/Ras GTPase/MAP kinase (MAPK), 

Notch and Wnt signalling promotes vulval development  

 

Mutants defective in vulval cell fate specification result in either a vulvaless (Vul) 

phenotype or a multivulva (Muv) phenotype (Horvitz and Sulston, 1980, Cui et al., 

2006b, Harrison et al., 2006). If none of the VPC cells adopts a vulval fate, then the 

worms display Vul phenotype, whereas if all six VPC cells express vulval fates, then 

the worms display Muv phenotype. Three signalling pathways (Notch, receptor 

tyrosine kinase (RTK)/Ras/Mitogen-activated protein kinase (MAPK) and Wnt) 

interact with each other to direct vulval cell-fate specification (Cui et al., 2006b, 

Harrison et al., 2006). 

 

A mutation that causes the loss of function in components of the RTK/Ras/MAPK 

pathway causes none of the six VPCs to adopt the vulval cell fate and display a 

vulvaless (Vul) phenotype (Aroian et al., 1990, Beitel et al., 1990, Han et al., 1990, 

Hill and Sternberg, 1992). Mutations that cause a gain of function in components of 

the RTK/Ras/MAPK pathway cause more than three cells to adopt the vulval cell 

fate resulting in the formation of ectopic pseudovulvae, the Muv phenotype (Aroian 

et al., 1990, Beitel et al., 1990, Han et al., 1990, Hill and Sternberg, 1992, Katz et 

al., 1996). RTK/Ras/MAPK signals from AC specify the fate of P5.p, P6.p and P7.p 

cells. The ACs express LIN-3, an epidermal growth factor (EGF)-like growth factor, 

which acts as an inductive signal to regulate the vulval development (Hill and 

Sternberg, 1992). LIN-3 is found in either membrane-bound or secreted forms. The 

AC mostly uses secreted LIN-3 to control vulval development. However, it can also 

use membrane-bound LIN-3 for vulval induction (Thomas et al., 1990, Aroian et al., 

1990). As shown in Figure 1.9, LIN-3 binds to the LET-23 EGFR in the VPCs to 

specify the vulval fate (Koga and Ohshima, 1995, Simske and Kim, 1995).  

 

The LET-23 epidermal growth factor receptor (EGFR) forms a complex with LIN-2 

(membrane-associated guanylate kinase (MAGUK) protein), LIN-7 (PDZ domain-

containing proteins) and LIN-10 (PDZ domain-containing proteins) for proper 

localisation at the basolateral side of the cell junction (Figure 1.9) (Hoskins et al., 

1996, Simske et al., 1996, Whitfield et al., 1999). Mutation in lin-2, lin-7, or lin-10 
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results in mislocalisation of the LET-23 (Hoskins et al., 1996, Simske et al., 1996, 

Whitfield et al., 1999).  

 

The LET-23 EGFR, LIN-2, LIN-7 and LIN-10 complex is required to receive the 

LIN-3 inductive signal from the anchor cell (Kaech et al., 1998). Once LIN-3 binds 

to the LET-23, LET-23 dimerises and autophosphorylates its C-terminal regions. 

These phosphorylated tyrosines act as a docking site for the adapter protein SEM-

5(Grb2) (Clark et al., 1992). Docked SEM-5(Grb2) recruits SOS-1/LET-341, a 

Guanine Nucleotide Exchange Factor, and subsequently activates the LET-60/Ras 

(Figure 1.9) (Clark et al., 1992, Chang et al., 2000). Activated Ras activates the 

serine/threonine kinase LIN-45/RAF, which in turn activates the MAPK cascade by 

phosphorylating the serine/threonine kinase MEK. MEK phosphorylates and 

activates the MAP kinase homolog MPK-1/SUR-1 (Han et al., 1993, Kornfeld et al., 

1995, Lackner et al., 1994, Wu and Han, 1994, Wu et al., 1995). Two TFs LIN-1 

and LIN-31 regulate vulval development function directly downstream of the 

RTK/Ras/MAPK signalling pathway. LIN-1, an E26 transformation-specific TF, 

negatively regulates the vulval fate and loss of function mutation in the lin-1 gene 

results in the Muv phenotype (Beitel et al., 1995). While LIN-31, a winged helix TF, 

acts as both a positive and negative regulator and loss of function of the lin-31 gene 

leads to a mix of the Muv and Vul phenotypes (Miller et al., 1993). In addition to 

the key genes of the RTK/Ras/MAPK signalling pathway, there are many other 

positive and negative regulators of Ras signalling in C. elegans (Sundaram, 2006).  

 

Similar to RTK/Ras/MAPK signalling pathway, Notch signalling also plays a 

crucial role in vulval cell fate specification. Delta/Serrate/LAG-2 (DSL) are ligands 

that bind to LIN-12, Notch receptor, to activate the Notch signalling pathway 

(Henderson et al., 1994, Chen and Greenwald, 2004). The APX-1 and LAG-2 are 

transmembrane ligands for the Notch receptor LIN-12, whereas the DSL-1 is a 

secreted ligand for the LIN-12 (Henderson et al., 1994, Tax and Thomas, 1994, 

Mello et al., 1994). Notch signalling is required for the specification of the AC (Lai, 

2004, Greenwald, 1998). Cell-cell interactions mediated by the Notch signalling 

determine the AC and ventral uterine (VU) cell fate. Gain of function mutations of 

lin-12 cause two VU to be specified whereas loss of function mutations of lin-12 



48 

  

cause two AC formation (Lai, 2004, Greenwald, 1998). In the VPC cells, Notch 

signalling promotes secondary (2º) vulval fate (Sternberg, 2005). Gain in the 

function of Notch signaling causes ectopic 2º cells, and the reduction in Notch 

signaling causes no 2º cells to be specified (Sternberg, 2005). The primary (1º) 

vulval cell expresses the Notch signaling ligands to promote the 2º vulval fate in 

P5.p and P7.p cells (Sternberg, 2005, Yoo et al., 2004). Once the Notch ligand binds 

to LIN-12, LIN-12 gets activated. After activation, LIN-12 is cleaved in the 

membrane, and the cytoplasmic domain of LIN-12 binds to CBF1/Su(H)/LAG-1 

(CSL) transcription cofactor LAG-1, which promotes the expression of 2º vulval 

fates (Yoo et al., 2004, Sternberg, 2005, Christensen et al., 1996).  

 

In addition to RTK/Ras/MAPK signalling and Notch signalling, Wnt signalling is 

also required for vulval cell fate specification. The Wnt signalling promotes the 

adoption of 1º and 2º vulval fate by preventing the fusion with the hypodermal 

syncytium hyp7 (Sternberg, 2005). Wnt signalling is also required for the 

asymmetric cell divisions of 2º cell descendants (Sternberg, 2005, He, 2004, Inoue 

et al., 2004). 

 

1.11.2 Determination of Vulval fate 

 

During vulval development, among the three VPC cells, P6.p adopts 1° fate, and 

P5.p and P7.p adopt 2° fate. The determination of 1° and 2° fate is regulated by 

crosstalk between the RTK/Ras/MAPK and Notch signalling pathways (Chen and 

Greenwald, 2004, Shaye and Greenwald, 2002, Yoo et al., 2004). Ras signalling is 

mostly responsible for the 1° fate adopted by P6.p, whereas a combination of Ras 

signalling and Notch signalling plays an important role in the adoption of 2° fate by 

P5.p and P7.p (Figure 1.9) (Katz et al., 1995).  

 

Among the three VPCs, P6.p is closest to the AC, it receives the strongest LIN-3 

signal and adopts the 1° fate (Katz et al., 1995). P5.p and P7.p cells are further from 

the AC and receive a lesser LIN-3 signal. The P6.p cell subsequently signals to P5.p 

and P7.p cells to adopt the 2° fate (Figure 1.9). The P6.p cell signals to adjacent 
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VPCs via APX-1, LAG-2 or DSL-1 (Simske and Kim, 1995, Yoo et al., 2004). 

LAG-2 is present in all VPCs before induction and its expression increases in the 

P6.p cell. On the other hand, expression of the apx-1 and dsl-1 is initiated by the 

P6.p cell to inhibit neighbouring cells to adopt the 1° fate, thereby inducing them to 

adopt the 2° fate (Chen and Greenwald, 2004, Wilkinson et al., 1994). The Notch 

signalling in neighbouring cells results in the activation of a number of negative 

regulators of Ras signalling such as the MAP kinase phosphatase LIP-1, the tyrosine 

kinase ARK-1 and the lst genes (Yoo et al., 2004, Chen and Greenwald, 2004, 

Wilkinson et al., 1994). In the P6.p cell, Ras signalling downregulates the Notch 

signalling pathway to maintain the 1° fate. In mosaic C. elegans in which both P5.p 

and P7.p cells have lost let-23 but P6.p has wild-type let-23, P5.p and P7.p can still 

adopt the 2° cell fate (Koga and Ohshima, 1995, Simske and Kim, 1995). These 

studies suggest that Notch signalling alone, without Ras signalling, can specify the 

2° fate of VPCs. 
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Figure 1.9: Determination of Vulval fate 

The anchor cells release LIN-3 EGF-like ligands, which bind to the LET-23 and 

activates the RTK/Ras/MAPK signalling pathway to specify the vulval cell fates. 

The LIN-2/LIN-7/LIN-10 complex mediates basolateral localisation of the LET-23 

EGFR and helps in the activation of the pathway. P6.p cell which is near to the 

anchor cell receives strong lin-3 signal and adopts the 1°fate. The two adjacent cells 

(P5.p and P7.p) receive less lin-3 signals and an inhibitory Notch signalling from the 

P6.p cell. Activation of the Notch signalling in (P5.p and P7.p) cells downregulates 

MPK-1 MAPK thereby, inducing them to adopt the 2° fate. The figure is adapted 

from Gauthier and Rocheleau (2017) 

  



51 

  

1.11.3 Synthetic Multivulva (SynMuv) genes  

 

Excessive RTK/Ras/MAPK signalling can cause a Muv phenotype in which all 

VPCs adopt vulval fates. To prevent the aberrant development of ectopic vulva at 

the ventral surface of the worms, a set of genes called SynMuv genes antagonise the 

activity of the RTK/Ras/MAPK signalling (Ferguson and Horvitz, 1989, Lu and 

Horvitz, 1998). The SynMuv genes are classified into three main classes viz., A, B 

and C. Worms with a single mutation in any class of SynMuv genes have normal 

vulval development, but a combination of mutation of SynMuv genes from two 

different classes (AB, AC, and BC) exhibit the SynMuv phenotype (Ferguson and 

Horvitz, 1989, Fay and Yochem, 2007). Worms with two class A SynMuv 

mutations or two class B SynMuv mutations or two class C SynMuv mutations 

produce normal vulva (Fay and Yochem, 2007). This suggests that the SynMuv 

genes within each class function together, either in the same pathway or in a 

molecular complex, whereas the SynMuv genes in different classes are functionally 

redundant and act in parallel pathways. There are four class A SynMuv genes, 24 

class B SynMuv genes and four class C SynMuv genes (Fay and Yochem, 2007). 

Additionally, three new genes, smo-1, uba-2 and ubc-9 have been identified, which, 

when mutated, can cause the Muv phenotype in class A, B, or C SynMuv genes (Fay 

and Yochem, 2007, Poulin et al., 2005). smo‐1 encodes for SUMO enzyme which is 

responsible for SUMOylation, uba‐2 encodes for SUMO activating enzyme and 

ubc-9 encodes for a SUMO conjugating enzyme (Fay and Yochem, 2007). 

 

In SynMuv class A, there are four genes lin-8, lin-15a, lin-38 and lin56, which code 

for putative TFs. lin-8 encodes for a novel acidic nuclear protein that interacts with 

the lin-35 SynMuv gene (Davison et al., 2005). lin-38 encodes a C2H2-type zinc-

finger protein (Cayrol et al., 2007, Dejosez et al., 2008, Clark et al., 1994, Huang et 

al., 1994). lin-56 and lin-15A encode THAP domain proteins which repress the 

transcription of many genes potentially by aiding in the recruitment of corepressor 

proteins (Cayrol et al., 2007, Dejosez et al., 2008, Clark et al., 1994, Huang et al., 

1994). LIN-56 and LIN-15A interact with each other and are likely to function in a 

complex together (Davison et al., 2011). 
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The SynMuv Class B genes encode for TFs and chromatin-modifying complexes 

that play an important role in transcriptional regulation. The Class B SynMuv genes 

encode for the components of chromatin modulators such as met-2 (histone H3 

lysine 9 histone methyltransferases) and hpl-2 (heterochromatin protein 2) which are 

responsible for gene repression (Lu and Horvitz, 1998, Couteau et al., 2002, 

Coustham et al., 2006, Poulin et al., 2005). It also contains genes such as let-418 

(homologue of Mi-2) which are key components of the NuRD complex (Tong et al., 

1998, Zhang et al., 1998).  

 

Class B genes also include TFs which bind to specific DNA sequences to regulate 

gene expression (Korenjak et al., 2004, Lewis et al., 2004, Fay and Yochem, 2007). 

lin-35 (orthologue of mammalian retinoblastoma protein Rb), dpl-1 (homologue of 

DP), efl-1, lin-9, lin-37, lin-52, lin-53 and lin-54 encode for the components of the 

DREAM (DP, Retinoblastoma [Rb]-like, E2F, and MuvB) complex (Lu and 

Horvitz, 1998, Lipsick, 2004, Ceol and Horvitz, 2001). The DREAM complex is 

conserved in mammals, D. melanogaster and C. elegans, and plays a repressive role 

in gene expression (Korenjak et al., 2004, Lewis et al., 2004, Fay and Yochem, 

2007). Some of the class B genes such as lin-13, lin-15B, and lin-36 do not have 

obvious homologs in mammals (Huang et al., 1994, Clark et al., 1994, Melendez 

and Greenwald, 2000, Reddy and Villeneuve, 2004, Thomas et al., 1990). 

 

Similar to class A and B, class C SynMuv genes are also involved in chromatin 

regulation. There are four genes in class C, epc-1, mys-1, ssl-1 and trr-1, and they 

encode for the component of the TIP60 HAT chromatin remodelling complex (Fay 

and Yochem, 2007, Ceol and Horvitz, 2004, Ceol et al., 2006, Thomas et al., 2003). 

Sometimes the class C genes are considered to be a subset of the class B genes as 

they form only a weak Muv phenotype with the class B genes and a strong Muv 

phenotype with class A genes (Ceol and Horvitz, 2004). 
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1.12 Outline of the thesis 

 

Previous studies have indicated the importance of Cfp1 in ESC differentiation and 

cell fate specification. However, early embryonic death due to loss of Cfp1 function 

in mammals prevented an assessment of the Cfp1 role during development. To 

investigate the function of Cfp1, a cfp-1(tm6369) loss-of-function C. elegans mutant 

was used in this study. 

 

Chapter 3 of this thesis describes the role of CFP-1 in C. elegans development as 

investigated by using the cfp-1(tm6369) allele. The H3K4me3 levels were measured 

in cfp-1(tm6369) mutants and compared to those reported for a set-2(bn129) loss of 

function mutant. It was observed that in cfp-1(tm6369) mutants, H3K4me3 levels 

were significantly reduced and the levels of H3K4me3 were similar to those in a set-

2(bn129) mutant. To investigate the functional consequences of loss of function of 

cfp-1 in C. elegans development, fertility was assayed at 15 °C, 20 °C and 25 °C, 

and growth was assayed at 60 h. It was found that the fertility of both the cfp-

1(tm6369) and the set-2(bn129) mutants was significantly reduced at 15 °C, 20 °C 

and 25 °C. Furthermore, it was observed that in both the cfp-1(tm6369) and the set-

2(bn129) mutants development was delayed compared to the wild-type. These 

findings suggested that both the CFP-1 and the SET-2 are required for the fertility 

and development of C. elegans. 

 

Chapter 4 of the thesis describes the role of CFP-1 in stress-induced gene regulation 

as investigated by using a salt stress reporter assay and measurement of stress-

inducible gene expression by quantitative RT-PCR. It was observed that the 

induction of the stress-inducible reporter gene was significantly higher in both the 

cfp-1(tm6369) and the set-2(bn129) mutants. Furthermore, the role of CFP-1 during 

stress-dependent gene induction was confirmed by measuring the endogenous gene 

expression of the salt-inducible and heat shock genes. It was observed that after 

induction the expression of the salt-inducible gene and heat shock genes was 

significantly higher in cfp-1(tm6369) and set-2(bn129) mutants. These findings 

suggested a potential role of CFP-1 and SET-2 in stress-dependent gene induction. 
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Chapter 5 of this thesis describes the function of CFP-1 in organogenesis as 

investigated by using vulval development in C. elegans as a model. It was observed 

that only loss of function of CFP-1, but not SET-2 could suppress the SynMuv 

phenotype. A mini RNAi screen was conducted to identify genes that either enhance 

or suppress the function of CFP-1 in the SynMuv phenotype. sin-3, hda-1 and gtbp-

1 genes were found to enhance the function of cfp-1 whereas pbrm-1 was found to 

suppress the function of cfp-1 in SynMuv development. The data presented in this 

Chapter suggests cfp-1 interacts genetically with other chromatin modulators such as 

hda-1 and sin-3 to regulate the vulval development.  

 

Chapter 6 of the thesis describes the genetic interaction between CFP-1 and HDACs 

as assayed using a fertility assay. RNAi knockdown of hda-1, hda-2, hda-3 and key 

subunits of HDAC1/2 complexes significantly reduced the brood size of cfp-

1(tm6369) mutants. In contrast, the brood size of set-2(bn129) mutants was not 

significantly affected. Furthermore, it was observed that fertility of cfp-1(tm6369) 

mutants was significantly reduced when treated with Trichostatin A, a class I/II 

HDAC inhibitor. Taken together, findings in this Chapter suggest that that CFP-1, 

but not SET-2 interacts with HDAC1/2 complexes. 

 

Chapter 7 summarises the findings of this project. It also discusses the contribution 

of this work to the current understanding of the CFP-1 role in gene regulation and 

development, as well as potential further study. 
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Chapter 2 

 Materials and Methods 
 
 

 

2.1 Strains and their Maintenance 

C. elegans strains were maintained at 20 °C under standard growth condition unless 

otherwise stated. They were grown on Escherichia coli OP50 seeded nematode 

growth medium (NGM) petri plates (Brenner, 1974). Strains used in this study are 

listed in Table 2.1. 

 

Table 2.1 List of strains used in this study 

Table showing the strain name, genotype of strains and number of times they have 

been outcrossed. There is no strain name yet associated with the strains indicated 

with a star *. 

Strain name Genotype Outcrossed 

KC565  sin-3(tm1276) I; him-5(e1490) V 4 

VC1815 spr-1(ok2144) V 4 

PS1839 let-23(sa62) II Not outcrossed 

VP198 kbIS5[gpdh-1p::GFP + rol-6(su1006)] 4 

MT2124 let-60(n1046) IV Not outcrossed 

MT1035 lin-12(n137n460) III Not outcrossed 

MT8189 lin-15B&lin-15A (n765) X 5 

MH2430 cbp-1 (ku258) III Not outcrossed 

cfp-1 mutant * cfp-1(tm6369) IV  5 

set-2 mutant * set-2(bn129) III  5 

mys-4 mutant * mys-4(tm3161) I  5 

N2 Bristol N2 (wild-type hermaphrodite)  

N2 Bristol N2 (wild-type male)  
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2.1.1 Preparation of NGM 

 

To prepare NGM, agar, peptone, NaCl and water were mixed (see section 2.21.1) 

and autoclaved. The mixture was cooled down to 55 °C, and sterile cholesterol, 

MgSO4, CaCl2 and KPO4 were added. The mixture was poured into a petri dish 

using a sterile peristaltic pump under a sterile hood. Solidified plates were turned 

upside down and dried for a week at room temperature. OP50 bacteria culture was 

spotted on the plates which were then incubated at room temperature for 3 days 

before using.  

 

2.2 Genotyping by single-worm PCR 

 

Single-worm PCR was done to confirm the genotype of wild-type, single and double 

mutants used in this experiment. For single-worm PCR, worm gDNA was extracted 

by lysing the worm in 10 µl of PK worm-lysis buffer using the “PK digestion 

program” on a thermocycler, as shown in Table 2.2. Once the digestion cycle was 

completed, 2.5 µl of the extracted gDNA template was mixed with PCR mixture (5 

µl of Phusion HF buffer, 0.5 µl 20 mM dNTP (Applied Biosystems), 1.25 µl each of 

10 mM reverse and forward primer (Integrated DNA Technologies) (Table 2.3) and 

14.75 µl of nuclease-free H2O). The PCR program used is shown in Table 2.4.  

 

For analysis, 1.2% agarose gel, containing Ethidium bromide (Invitrogen), was 

prepared by dissolving 1.2 g agarose (SERVA) in 100 ml of 0.5 X Tris acetate and 

Ethylenediamine tetraacetic acid (EDTA) buffer (20 mM Tris acetate and 0.5 mM 

EDTA) (Severn Biotech, UK). The solution was heated in a microwave until the 

agarose was completely dissolved. Molten agar was then allowed to cool down to 

50°C and 3 µl of 20 mg/ml Ethidium bromide was added. The gel was poured into 

gel trays and left at room temperature for 1 h to polymerise.  

 

The PCR product was mixed with Orange G loading dye (50% glycerol, 0.05% 

orange G) and loaded into 1.2% agarose gel. The gel was then run on an 

electrophoretic tank containing 0.5 X Tris Borate EDTA buffer at 100 V for 20 min. 
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The gel was removed and visualized under the FastGene® FAS Digi imaging 

system, equipped with a Pentax MX 1 camera.  

 

Table 2.2: PK digestion program 

Step Temperature 

(°C) 

Time (min) Cycle 

Worm lysis 55 40  1  

Worm lysis 65 30  1 

Enzyme 

inactivation 

95 20  1 

 

Table 2.3: Primers used for genotyping 

Gene name Allele Primer sequence (F-forward primer) (R-reverse 

primer) 

cfp-1  tm6369 F:5ʹ-TGG AAG AGT TAG TGG AGA ATT 

TGG-3ʹ 

R: 5ʹ-TGT GCG AAA AAT GCA GTG C-3ʹ 

set-2 

 

bn129 F: 5ʹ-AAC ACC AAG AGC ACC ATC ATC-3ʹ 

R: 5ʹ-CGT AGA AAG CAT CTG GCA GTC-3ʹ 

mys-4 tm3161 F: 5ʹ-TCT CAA CTT CCC GGA ATT CTT-3ʹ 

R: 5ʹ-TCT CCT TCG AAT TCC AGT TCA-3ʹ 

lin-15AB n765 F: 5ʹ-TTC AGG CTA GAC AGC AAC A-3ʹ 

R: 5ʹ-TAT CGA TCC TGT GAT GGT C-3ʹ 

spr-1 ok2144 F: 5ʹ-GGT ACT CCC GTT TGG TTG AA-3ʹ 

R: 5ʹ-AGG CTT CAT GCA GCT TGT TT-3ʹ 

sin-3 tm1276 F: 5ʹ-AAG GGC CAA CAG TCA ACA AC-3ʹ 

R: 5ʹ-CCA AGA ACA AGT TCC GGT GA-3ʹ 
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Table 2.4: PCR program 

Step Temperature (°C) Time  Number of 

cycles 

Initial 

denaturation 

98 5 min 1 

Denaturation 

Annealing 

Extension 

98 

56-62 (depending upon 

primers) 

72 

10 sec 

20 sec 

40 sec 

 

31 

Final extension 72 5 min 1 
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2.3 Genetic crosses 

 

To generate double mutants, wild-type (N2 Bristol) males were crossed with L4 

mutant hermaphrodites in a 3:1 ratio (Figure 2.1). From the crossed plate, 

heterozygous F1 males were picked and then crossed with hermaphrodites 

containing another mutation (Figure 2.1). From the crossed plate, eight L4 

hermaphrodites (F1) were singled onto individual plates. Once the hermaphrodites 

reached the adult stage and started laying eggs, the hermaphrodites were picked for 

single-worm PCR to check for heterozygosity for both mutations. After the 

confirmation of heterozygosity, sixteen F2 hermaphrodites from the heterozygous 

plate were singled out. Once the F2 hermaphrodites started laying eggs, they were 

picked and analysed by single-worm PCR for homozygosity for both mutations. If 

F2 animals were homozygous for both mutations, they were further confirmed using 

single-worm PCR. For further confirmation, four C. elegans from a homozygous 

plate were separated in individual plates, and once they started laying eggs, they 

were picked for single-worm PCR. If isolated F2 progeny was homozygous for one 

mutation but heterozygous for another mutation, another 8 hermaphrodites (F3) 

were singled out and analysed by single-worm PCR for homozygosity for both 

mutations. For animals expressing a fluorescently tagged reporter gene, hetero or 

homozygosity was assayed by visualising fluorescence under a fluorescent 

dissecting microscope.  
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Figure 2.1: Genetic cross  

Schematic representation of a double mutant generation. Hermaphrodites carrying 

the mutation A was crossed with a wild-type male. Heterozygous males from the 

crossed plate were picked and crossed with hermaphrodites carrying the mutation B. 

L4 (F1) hermaphrodites from the cross plate were singled, allowed to lay eggs, and 

single-worm PCR was performed on the F1 animal to confirm the presence of both 

mutations (heterozygosity). L4 (F2) animals of the heterozygous plate were singled 

out, allowed to lay eggs and single-worm PCR was perfomed to determine 

homozygosity of both mutations.  
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2.3.1 Double mutants generated in this study 

 

set-2(bn129);mys-4(tm3161), cfp-1(tm6369);mys-4(tm3161), cfp-1(tm6369);kbIs5, 

set-2(bn129);kbIs5, set-2(bn129);spr-1(ok2144), cfp-1(tm6369);spr-1(ok2144), set-

2(bn129);sin-3(tm1276), cfp-1(tm6369);sin-3(tm1276), cfp-1(tm6369);lin-

15AB(n765), set-2(bn129);lin-15AB(n765), set-2(bn129);cfp-1(tm369). 

 

2.4 Outcrossing  

 

To remove or dilute the background mutations, set-2(bn129), cfp-1(tm6369), mys-

4(tm3161), kbIs5, spr-1(ok2144), sin-3(tm1276) and lin-15AB(n765) mutant animals 

were outcrossed four-five times with wild-type males. For outcrossing, wild-type 

males were crossed with mutant hermaphrodites (L4 stage) in a 3:1 ratio (Figure 

2.2). After 3-4 days, eight F1 hermaphrodites were picked from the crossed plate 

and transferred individually to eight separate seeded NGM plates. Once the F1 

hermaphrodites reached the adult stage and started laying eggs, they were picked for 

single-worm PCR to check for heterozygosity. After the confirmation of 

heterozygosity, eight L4 hermaphrodites from the heterozygous plate were singled 

out and analysed by single-worm PCR for homozygosity. After obtaining the 

homozygous mutant, they were further confirmed using single-worm PCR. For 

further confirmation, four C. elegans from a homozygous plate were separated in 

individual plates, and once they started laying eggs, they were picked for single-

worm PCR.  
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Figure 2.2: Outcrossing of single mutants 

Schematic representation of outcrossing of single mutants. A hermaphrodite 

carrying mutation A was crossed with a wild-type male. F1 from the crossed plates 

were separated, and single-worm PCR was performed to check for heterozygosity. 

L4 hermaphrodites from the heterozygous plate were singled out and single-worm 

PCR was performed to check for homozygosity of mutation A.  
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2.5 Synchronization of C. elegans by bleaching 

 

Animals were washed from agar plates with M9 buffer when more than 60% of the 

population reached the adulthood. An equal volume of bleach solution was added to 

tubes and left for 5 min. Tubes were centrifuged at 2000 rpm for 2 min at 20 °C, and 

the supernatant was aspirated. Pellets were washed with sterile water twice and once 

with M9 buffer. After the final wash, pellets were re-suspended in 10 ml of M9 

buffer and left overnight on a shaker at 23 rpm at room temperature. Age 

synchronised L1 hatchlings were plated onto NGM agar plates seeded with OP50 

bacteria.  

 

2.6 Western Blot  

 

To measure the levels of H3K4me3 in wild-type, cfp-1(tm6369) and set-2(bn129) 

mutants, a western blot analysis was performed. Embryos obtained from bleached 

adult worms were transferred in 15 mL Falcon tubes containing 10 mL of M9 

buffer. Tubes were left on a shaker overnight at 20 °C to obtain starved L1 worms. 

Starved L1 (3.2-3.5 x103) larvae were pelleted in M9 buffer and snap-frozen in 

methanol and dry ice, and stored at −80 °C. Pellets were resuspended in 200 µl lysis 

buffer (50 mM Tris-Cl (pH 8), 300 mM NaCl, 1 mM PMSF, 1 mM EDTA, 0.5% 

Triton X-100) and protease inhibitor cocktail (Sigma Aldrichâ) and sonicated at 

20% amplitude (4 Watt) for 5-10 seconds and this step was repeated two times. 

Lysed samples were centrifuged at 13,523 g for 15 minutes at 4 °C, and supernatants 

were collected. Protein concentration in the supernatant was measured by the 

Bradford method of protein estimation (Kruger, 1994), and 50 µg of total protein 

was loaded onto a sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE, electric current condition: 45 mAmp, 45 minutes) in each well. To 

visualise H3K4me3 which is of similar molecular weight as H3, two sets of the 

same samples were loaded onto the same gel. One set of samples was used for H3 

detection and another for H3K4me3 detection. Following electrophoresis, proteins 

were transferred from the gel to a nitrocellulose membrane, pre-soaked in transfer 

buffer (15 mM Tris.HCl, 150 mM glycine, 0.02% (w/v) SDS, 20% (v/v) methanol, pH 

8.3), using Biorad TransBlot Turbo semidry Transfer apparatus at 25V, 1 A for 1 h. 
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After the transfer, the membrane was cut horizontally into two parts to be able to 

probe for tubulin (top) and, both Histone 3 and H3K4me3 (bottom). Furthermore, 

the bottom membrane was cut vertically into two parts to separate the two sets of 

samples and to be able to probe for H3K4me3 and Histone 3, which have 

approximately the same molecular weight (~15 kDa). Membranes were incubated 

with 5% non-fat milk in TBST buffer (20 mM Tris.HCl 150 mM NaCl, pH 7.4, 0.1% 

tween-20) for 1 h for blocking purpose. The membrane was washed with TBST and 

subsequently incubated overnight at 4 °C with 1:5,000 mouse monoclonal anti-

H3K4me3 (Wako chemicals), 1:5,000 polyclonal rabbit anti‐total H3 (Abcam) or 

1:5,000 mouse monoclonal anti‐tubulin (Sigma) antibodies diluted in blocking 

buffer (5% non-fat milk in TBST buffer). The membrane was washed twice with 

TBST for 10 minutes and incubated with 1:5,000 dilutions of HRP-linked secondary 

antibodies (goat anti rabbit (Abcam) or horse anti mouse Ig (New England 

Biolabs)). After incubation with the secondary antibody, the membrane was washed 

thrice with TBST for 10 min and once with TBS (20 mM Tris.HCl, 150 mM NaCl, 

pH 7.4). After the wash step, the western blot was developed using 

chemiluminescence (Pico Plus Kit, Thermo Scientific) and imaged using Alliance 

Q9 advanced gel imager (Uvitec, Cambridge). 

 

2.7 Brood size assay 

 

2.7.1 Brood size at 15 °C and 20 °C 

 

C. elegans was grown at respective temperatures for four generations. Either 10 L4 

larvae were picked and transferred to an individual plate, or 3-5 L4 larvae per plate 

were picked onto two to three plates. After the animals reached the adult stage, they 

were left for ~24 h on the plate to lay eggs. After ~24 h, animals were transferred to 

new plates every day or every other day until egg laying stopped (Figure 2.3). Old 

plates were counted for a total number of eggs on plates. These plates were stored at 

respective temperatures for ~24-48 h and were scored for the number of live 

progeny. Eggs that were not hatched after ~24 h incubation were counted as dead. 

Statistical analysis was performed using a one-sided t-test. A p-value of 5% or lower 
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was considered to be statistically significant. Animals that crawled out of the plates 

and were lost were not included in the study.  

 

 

 

 

 

 

Figure 2.3: Schematic representation of worm transfer for fertility assessment 

at 20 °C and 15 °C 

L4 larvae maintained at respective temperatures were transferred into plate A. After 

animals reached the adulthood, they were left for ~24 h on the plate A for egg 

laying. After ~24 h animals were transferred to a fresh plate B, and after ~24-48 h 

the adult animals were transferred to new plate C and left for ~24-48 h. 
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2.7.2 Brood size at 25 °C  

 

For the brood size assay at 25 °C, twenty L4 (P0) larvae were picked from 20 °C 

and transferred to new OP50 seeded plates. They were allowed to lay eggs overnight 

at 25 °C. The next day, all mother (P0) hermaphrodites were picked and transferred 

to new plates and left for another 5-6 h (Figure 2.4). Mothers (P0) from new plates 

were removed, and eggs were allowed to reach L4 (F1) at 25 °C. Ten L4 stage F1 

animals were picked and transferred to an individual plate. After the animals 

reached the adult stage, they were left for ~24 h on the plate to lay eggs. After ~24 

h, animals were transferred to new plates every day or every other day until egg 

laying stopped (Figure 2.4). Old plates were counted for a total number of eggs on 

plates. These plates were stored at 25 °C for ~24-48 h and were scored for the 

number of live progeny. Unhatched eggs after ~24 of incubation were counted as 

dead. A one-sided t-test was used to measure the level of significance. A p-value of 

5% or lower was considered to be statistically significant. 
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Figure 2.4: Schematic representation of worm transfer for fertility assessment 

at 25 °C  

L4 larvae maintained at 20 °C were transferred into plate A at 25 °C. After ~24 h the 

animals were transferred to a fresh plate B and left for 5-6 h. L4 (F1) animals from 

plate B were transferred to new plate C. After the animals reached the adulthood, 

they were left for ~24 h on the plate C to lay eggs. After ~24-48 the adult animals 

were transferred to new plate D and left for ~24-48 h. 
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2.8 Development assay 

 

Twenty to forty synchronised L4 (P0) larvae were picked from 20 °C and then 

transferred onto fresh OP50 seeded plates. They were allowed to lay eggs overnight 

at 20 °C. The next day, all mother hermaphrodites (P0) were picked and transferred 

to new plates to lay eggs and left for 5-6 h. Mothers (P0) from the new plates were 

removed, and eggs were allowed to grow for the indicated number of hours. F1 

animals were transferred to Eppendorf tubes, washed twice with M9 buffer, fixed 

with 95% methanol, frozen for 1 h at -20 °C, washed twice with M9 buffer and 

stained with 1 ng/mL 4′,6-diamidino-2-phenylindole (DAPI) (Sigma) for 10 min. 

After staining, animals were washed three times with M9. C. elegans were 

transferred onto microscope slides and visualized by fluorescence microscopy. I 

scored the development stage of the animals using gonad structure (Figure 2.5). 

Animals were scored as L3 larvae if gonads were extended outwards but not turned. 

I scored animals as L4 larvae if gonad arms were extended outwards and turned. I 

also checked for the presence of sperm and immature vulva in L4 larvae. Animals 

with completely turned gonad and had oocytes or/and embryos along with matured 

vulva were scored as an adult.  
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Figure 2.5: Scoring scheme for development assay  

L3: gonad arms are extending outwards but not turned. L4: gonad arms are 

extending outwards and turned, sperm is present and vulva is immature. Adult: 

gonad arms are completely turned and positioned at midline, oocytes or/and 

embryos are present, and the vulva is matured. The figure is taken from (Lints, 

2009). 
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2.9 Analysis of chromosomal abnormalities 

 

Synchronised young adult animals were DAPI stained as described in section 2.8. 

Animals were imaged using a Zeiss LSM880 confocal microscope through a 63x/1.4 

or 40x/1.4 oil DIC M27. The excitation and emission wavelengths used for DAPI 

was 405 nm and 459 nm, respectively. DAPI-stained bodies present within 

diakinesis (DI) nuclei were imaged as collapsed Z-stacks. The total number of DAPI 

stained bodies present within DI nuclei were counted. In the wild-type DI nucleus, 6 

DAPI stained bodies were present. Chromosomal abnormalities were identified by 

the presence of more than six or less than six DAPI stained bodies in DI nucleus. 

For the presentation, images were processed using CorelDraw software.  

 

2.10 Agar pad preparation 

 

For agar pads, 2-5% agarose (Life Science, UK) was mixed in distilled water and 

kept on a heat block at 65 °C. Two glass slides, each with tape attached to increase 

the elevation, were placed on either side of a clean glass slide. 150 μl of the molten 

agarose was added at the centre of the middle slide, and a clean glass slide was 

placed on the top (perpendicular to the centre slide). After the agar settled, the top 

glass slide was gently removed. For imaging, C. elegans was anaesthetised in 10-25 

mM sodium azide (Acros Organics) and positioned on the agar pad with the help of 

an eyelash.  

 

2.11 SynMuv suppressor screen 

 

For the SynMuv suppression screen, twenty L4 larvae were picked from 15 °C and 

transferred to OP50 seeded plates at 20 °C. They were allowed to lay eggs 

overnight. Next day, all mothers were picked and transferred to new plates. Eggs on 

the new plates were incubated until 80-90% reached the adult stage. C. elegans were 

observed under a Nomarski microscope for protrusions on the ventral side, and the 

number of protrusions was scored (Cui et al., 2006b).  
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2.12 RNAi plates 

 

RNAi clones were streaked on LB agar plates containing ampicillin (100 μg/mL) 

and tetracycline (12.5 μg/mL) and incubated overnight at 37 °C. RNAi clones were 

obtained from the Ahringer RNAi library. The overnight culture was inoculated in 2 

ml LB broth with ampicillin (100 μg/mL) and incubated for 6-8 h at 37 °C in a 

shaking incubator. The grown bacterial culture was seeded on dried NGM plates 

containing 1 mM IPTG (Generon, UK) and ampicillin (100 μg/mL). Seeded plates 

were dried at room temperature for 3 days. For the RNAi negative control, 

HT115(DE3) containing the empty L4440 RNAi feeding vector was used. 

 

2.12.1 Fertility assay at 20 °C  

 

For all fertility experiments using RNAi bacteria, except for hda-1, L1 larvae were 

spotted on RNAi plates, and their progeny (F1) were used for the experiments 

(Figure 2.6). For hda-1 RNAi, spotted L1 (P0) were used for the experiments. 

Fertility was assayed as described in section 2.7.1 at 20 °C.  

 

2.12.2 Fertility assay at 15 ° C.  

For fertility assay at 15 °C, synchronised adult C. elegans maintained at 15 °C for at 

least 4 generations were bleached and hatched L1 larvae were seeded onto RNAi 

plates. Plates were incubated at 15 °C and fertility of their progeny (F1) were 

assayed as described in section 2.7.1 at 15 °C. 

 

2.12.3 Fertility assay at 25 ° C 

Synchronised adult animals maintained at 20 °C were bleached and hatched L1 

larvae were seeded onto RNAi plates. When animals reached the L4 (P0) stage, they 

were picked from 20 °C and transferred to fresh RNAi plates and incubated 

overnight at 25 °C. The next day, animals were picked and transferred to fresh 

RNAi plates and left for another 5-6 h for laying. After 5-6 h, mothers (P0) were 

removed and eggs were allowed to reach L4 (F1) at 25 °C. Fertility of F1 was 

assayed as described in section 2.7.2.   
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Figure 2.6: Schematic representation of worm transfer for fertility screen 

L1 larvae maintained at 20 °C were transferred into RNAi plate A. L2/L3 (F1) 

larvae were transferred to a fresh RNAi plate B. After animals reached the adult 

stage, they were left for ~24 h on the plate B for laying. After ~24 h the larvae were 

transferred to a fresh RNAi plate C. After ~24-48 h the adult larvae were transferred 

to new RNAi plate D and left for ~24-48 h. 
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2.12.4 SynMuv suppressor screens 

 

Synchronised L1 larvae were grown at 15 °C on RNAi plates until they reached 

young adulthood. Young adults were bleached, and embryos were re-suspended in 

10 ml of M9 buffer and left on a shaker at 23 rpm overnight at 15 °C. Hatched L1 

larvae were spotted on an RNAi plate, and the plates were incubated for 3 days at 20 

°C. After 3 days, animals were scored for the Muv phenotype under a 

stereomicroscope and/or Nomarski microscope. For lin-12(n137n460), strain plates 

were incubated for 3 days at 15 °C. 

 

2.12.5 Egg laying defective assay 

 

C. elegans grown at 20 °C were bleached, and embryos were re-suspended in 10 ml 

of M9 buffer and left on a shaker at 23 rpm overnight at 15 °C. Hatched L1 larvae 

were spotted on desired RNAi plates, and the plates were incubated for 3-4 days at 

20 °C. After 3-4 days, animals were scored for the egg-laying defective (Egl) 

phenotype. An animal was scored as egl if it retained its eggs (bagged) or its 

progeny had hatched internally. 

 

2.12.6 Development assay 

 

L1 larvae were spotted onto an RNAi plate, and when they reached the L4 stage, 

twenty to forty synchronised L4 larvae were picked and transferred to a fresh RNAi 

plate. They were allowed to lay eggs overnight at 20 °C. Next day, all mother 

hermaphrodites were picked and transferred to new RNAi plates and left to lay eggs 

for 5-6 h. Mothers from the new plates were removed, and eggs were allowed to 

grow for an indicated number of hours. After a respective time, animals were 

transferred to Eppendorf or falcon tubes, washed twice with M9, frozen for 1 h at -

20 °C, DAPI stained and observed under a Nomarski microscope. 
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2.13 Fertility assay of TSA treated C. elegans 

 

NGM plates containing 4 µM Trichostatin A (TSA) (Sigma) or Dimethyl sulphoxide 

(DMSO) (Fisher Bioreagents) were prepared. TSA was dissolved in DMSO, 

therefore DMSO was used as the control. OP50 containing 4 µM TSA or DMSO 

was seeded onto the respective plates. L1 (P0) larvae were transferred into TSA or 

DMSO plates and incubated at 20 °C. Either ten L4 (F1) larvae were singled onto 

individual plates, or 3 L4 (F1) larvae per plate were picked onto three TSA or 

DMSO plates. Fertility was assayed as described in section 2.7.1, at 20 °C.  

 

2.14 T-test for fertility assays 

 

A student t-test was performed to investigate the potential interaction between the 

two genes. Under the null hypothesis, where no genetic interaction between two 

genes is assumed, the expected brood size of the double mutants (or RNAi 

knockdown of a gene in a single mutant) is the product of the brood size of the 

single mutants (or single mutant and the RNAi knockdown of the gene in a wild-

type) divided by the average brood size of wild-type. A one-sided t-test is done to 

compare the expected (under null-hypothesis) brood size with the observed brood 

size of double mutants (or RNAi knockdown of a gene in a single mutant).  
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2.15 Fisher’s exact-test for multivulva assays 

 

Fisher’s exact-test was performed to investigate the potential interaction between 

two genes. Under the null hypothesis, where no genetic interaction between two 

genes is assumed, the expected percentage of multivulva in double mutants (or 

RNAi knockdown of a gene in a single mutant) is the product of the percentage of 

multivulva in the single mutants (or single mutant and the RNAi knockdown of the 

gene in a lin-15AB(n765) mutants) divided by the average percentage of multivulva 

in lin-15AB(n765) mutants. Fisher’s exact-test was done to compare the expected 

(under null-hypothesis) percentage of multivulva with the observed percentage of 

multivulva in double mutants (or RNAi knockdown of a gene in a single mutant). 

 

 

2.16 Heat Shock experiments  

 

Synchronised L1 larvae were grown at 20 °C until they reached young adulthood. 

For heat shock, plates containing desired strains were tightly parafilmed and placed 

into a pre-heated water bath at 33 °C for 1 h. After heat shock, animals were washed 

off from the plate with M9 buffer, collected into Eppendorf tubes, centrifuged (2000 

rpm for 2 min) and washed three times in M9 buffer. Pellets were then snap frozen 

in methanol and dry ice, and stored at -80 °C.  

 

2.17 Salt induction experiments 
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2.17.1 Salt induction reporter assay 

 

For the salt induction assay, NGM plates containing 52 (control) and 200 mM NaCl 

were prepared. Starved L1-stage larvae expressing a salt-stress inducible reporter 

gene (gpdh-1p::GFP) were placed on NGM plates with 52 or 200 mM NaCl. Plates 

were incubated at 20 °C until animals reached the adult stage (~72 h). Animals were 

visualized using a Leica fluorescence microscope and scored for the expression of 

GFP.  

 

2.17.2 Fluorescence Image Quantification  

L1-stage larvae were seeded onto NGM-Agar plates supplemented with 52 mM 

(control) or 200 mM NaCl concentration. Plates were incubated at 20 °C. Once the 

animals reached the adult stage, they were anesthetised in 5 mM levamisole solution 

and mounted on 2% agar pads. C. elegans were positioned on the agar pad using a 

worm pick. C. elegans were imaged using a Zeiss LSM700 confocal microscope 

through a 10x/1.0 numerical aperture objective. The excitation and emission 

wavelengths used for GFP was 488 nm and 518 nm, respectively. Image settings 

were kept constant and images were analysed with ZEN 2.6 software. The 

expression of GFP during osmotic stress (200 mM NaCl) compared to control was 

quantified. For the quantification of gpdh-1p::GFP fluorescence intensity, ImageJ 

software was used. Mean fluorescence intensity per animal was calculated for three 

biological replicates (n > 15). 

 

2.17.3 Salt induction experiment for qPCR 

 

For qPCR, starved L1-stage larvae were placed on NGM plates containing 52 mM, 

and 150 mM NaCl. After ~72 h, animals were collected in Eppendorf tubes by 

washing off the animals with M9 buffer, and centrifuged (2000 rpm for 2 min). 

Collected animals were washed three times in M9 buffer. Pellets were then snap 

frozen in methanol and dry ice, and stored at -80 °C.  
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2.18 RNAi efficiency experiment for qPCR. 

 

L1 larvae were seeded onto plates containing RNAi bacteria and incubated at 20 °C. 

Once they reached the adult stage, they were bleach-synchronised, and eggs were 

hatched overnight at room temperature. Hatched L1 larvae were spotted onto fresh 

RNAi plates and grown at 20 °C until they reached young adulthood (Day 1 adults). 

Animals were picked and transferred to unseeded NGM plates (transfer plate) to 

minimise bacterial contamination. Animals were washed off from the transfer plate 

with M9 buffer and collected into Eppendorf tubes on ice. To remove residual 

bacteria, animals were washed three times with M9 buffer. For washing, animals 

were left in tubes on ice for 3-5 minutes to settle down on the bottom of the tube. 

M9 buffer present in the tube was carefully aspirated, without disturbing the C. 

elegans pellet in the bottom. Fresh M9 was added and the above steps were repeated 

3 times. Pellets were then snap frozen in liquid nitrogen, and stored at -80 °C.  

 

2.19 RNA extraction and qPCR  

 

2.19.1 RNA extraction 

 

RNA was extracted using a Direct-zol RNA miniprep kit. Frozen animals were 

homogenized in 600 μl of TRIzol by vigorous shaking for 15 min. After 

homogenization, an equal volume of 100% ethanol was added, mixed thoroughly 

and centrifuged at 10,000 g for 30 sec (all following centrifuge steps were done at 

this speed for 30 sec). The supernatant was transferred into a Zymo-Spin™ III CG 

column in a collection tube and centrifuged. Flow-through was discarded, and the 

column was transferred into a new collection tube. 400 μl of RNA wash buffer was 

added to the column and centrifuged. In an RNase-free tube, 5 µl DNase I (6 U/µl) 

and 75 µl of DNA digestion buffer were added. This mixture was directly loaded 

into the top of the column and left to incubate at room temperature for 15 min. 400 

μl of Direct-zol™ RNA prewash was added to the column and centrifuged, and the 

flow-through was discarded. This step was repeated once. 700 μl of RNA wash 

buffer was added to the column and centrifuged for 2 min 10,000 g. The column was 

transferred into an RNase-free tube. To elute RNA, 50 µl of DNase/RNase-free 
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water was added directly to the column matrix and centrifuged. The extracted RNA 

was stored at -80 °C. 

 

2.19.2 cDNA synthesis 

 

Before cDNA synthesis, RNA sample quality was assessed by running the sample 

on an agarose gel. I checked whether 18S and 28S rRNA appeared as sharp bands 

after electrophoresis. A clear and sharp band indicates the presence of intact RNA 

and smeared bands indicate degraded mRNA. I also checked whether the intensity 

of 28S rRNA was approximately twice as intense as the 18S rRNA. The 

concentration of RNA was measured using a nanodrop. Extracted RNA was reverse 

transcribed to obtain cDNA using Thermo Scientific™ RevertAid first strand cDNA 

synthesis kit. For cDNA synthesis, an equal concentration of RNA was used. 5 μl of 

the RNA with 1 μl of a random primer, 4 μl 5X reaction buffer, 6 μl nuclease-free 

water, 2 μl dNTP mix (10 mM), 1 μl RiboLock RNase inhibitor (20 U μl-1) and 1 μl 

RevertAid M-MuLV RT (200U μl-1). The mixture was incubated for 5 min at 25 

°C, 60 min at 42 °C and for 5 min at 70 °C in the thermocycler.  

 

2.19.3 qPCR  

 

qPCR was performed with SYBR® Green (Biorad). For qPCR, a reaction mix 

containing 10 μl SYBR Green supermix, 1.5 μl (2 μM) forward primer, 1.5 μl (2 

μM) reverse primer (Table 2.5), 3 μl cDNA and 4 μl nuclease-free water was 

prepared. The reaction mix was loaded as technical duplicates or triplicates onto a 

96-well plate, and the plate was then placed into a thermal cycler (Stratagene 

Mx3000P) to perform the qPCR (see Table 2.6 for the program). For higher qPCR 

efficiency (90-100%), the reaction was optimized by changing the concentration of 

primers and the concentration of templates (see “efficiency of primers” below). 

mRNA abundance was measured using 1/2−ΔCt formula.  

 

ΔCt (cycle threshold) = Ct (a target gene) – Ct (average of Ct value of two reference 

genes). 
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mRNA abundance = 1/2−ΔCt 

A t-test was performed in ΔCt values. 

 

Table 2.5: Primers used for qPCR 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Gene name Primers F-forward and R-reverse 

C12C8.1 F:5ʹ-TCA ATG GGA AGG ACC TCA ACT-3ʹ 

R:5ʹ-AGT GGG ACA ACA TCA ACG AGT-3ʹ 

F44E5.4 F:5ʹ-ATC TAT CAG AAT GGA AAG GTT GAG A-3ʹ 

R:5ʹ-CTG GAT TAC GAG CTG CTT GA-3ʹ 

hsp-16.11 F:5ʹ-CTC CAT CTG AAT CTT CTG AGA TTG T-3ʹ 

R:5ʹ-GAA TTG ATA ATG TAT GTC CAT CCA AA-3ʹ 

tba-1 F:5ʹ-TGA TCT CTG CTG ACA AGG CTT AC-3ʹ 

R:5ʹ-GCA CTT CAC CAT TTG GTT GG-3ʹ 

pmp-3 F:5ʹ-GCT TGA TAA TCC AGA TCA ACG TCT-3ʹ 

R:5ʹ-GGA CCA ATC CAA CCG GAA C-3ʹ 

gpdh-1 F:5ʹ-GTG ATA AGC CGC TCC GAG T-3ʹ 

R:5ʹ-AAC ATC CTG AGC TGT TGG CG-3ʹ 

cfp-1 F:5ʹ-CTCTGGGAATGGAGGAGCTG-3ʹ 

F:5ʹ-CGGGTTCTGCATTCAACTGT-3ʹ 
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Table 2.6: qPCR program 

Step Temperature (°C) Time  Cycle 

Initial 

denaturation 

95 30 sec 1 

Denaturation 

Annealing 

Extension 

95 

60 

72 

30 sec 

30 sec 

40 sec 

 

40 

Final extension 72 5 min 1 
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2.20 Efficiency of primers 

 

Template cDNA was serially diluted in a 1:10 ratio (10, 100, 1000, 10000, 10000). 3 

μL of appropriate template dilution was added to the wells of 96-well plate 

containing 10 μl SYBR Green Supermix, 1.5 μl (2 μM) forward primer, 1.5 μl (2 

μM) reverse primer and 4 μl nuclease-free water. The reaction mix was loaded in 

duplicates/triplicates in a 96-well plate, and the plate was then placed into a thermal 

cycler (qPCR) program (Table 2.6). The Ct values were used to obtain a calibration 

curve. Ct (Y-axis) values were plotted against template concentration (X-axis) and a 

straight linear curve with correlation coefficient >0.98 was obtained. Efficiency was 

calculated by using the formula below: 

Efficiency (E) = (10^(-1/slope)-1)*100 

The concentration of template and/or primers and/or the annealing temperature was 

changed to obtain 90-100% efficiency. 

 

2.21 The composition of media and buffers 

 

2.21.1 The composition of NGM media 

• 17 g agar (Sigma Aldrichâ) 

• 3 g NaCl (Acros Organics) 

• 2.5 g peptone (Sigma Aldrichâ) 

• 1 mL of 5 mg/mL cholesterol (Sigma) dissolved in ethanol 

• 1 mL of 1 M MgSO4 (Sigma Aldrichâ) 

• 1 mL of 1 M CaCl2 (Sigma Aldrichâ) 

• 25 mL of 1 M KPO4 (Sigma Aldrichâ) buffer pH 6.0. 

• H2O to 1 litre 

2.21.2 The composition of Luria-Bertani (LB) medium 

• 10 g Bacto-tryptone (Sigma Aldrichâ) 

• 5 g Bacto-yeast (Sigma Aldrichâ) 

• 5 g NaCl (Acros Organics) 
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• 15 g agar (Sigma Aldrichâ) 

• H2O to 1 litre, pH 7.5  

Note: For LB broth, agar was not added. 

 

2.21.3 The composition of M9 buffer 

• 3 g KH2PO4 (Sigma Aldrichâ)  

• 6 g Na2HPO4 (Sigma Aldrichâ) 

• 5 g NaCl (Acros Organics)  

• 1 ml 1 M MgSO4 (Sigma Aldrichâ) 

• H2O to 1 litre 

 

2.21.4 The composition of the bleach solution 

 

• 3 ml of 4.99% NaClO (Sigma Aldrichâ) 

• 1 ml of 10 M NaOH (Sigma Aldrichâ) 

• 6 ml of sterile water 

 

2.21.5 The composition of TBST buffer solution 

• 20 mM Tris HCl 

• 150 mM NaCl 

• 0.1% Tween 20 

 

2.21.6 The composition of PK lysis buffer 

• 7 µl of nuclease-free H2O (Ambion, UK) 

• 2 µl of Phusion High-Fidelity Buffer (New England Biolabs) 

• 1 µl of 20 mg/ml proteinase K (Thermo Scientific, UK) 
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Chapter 3 

 Investigating the role of CFP-1 in C. elegans development 
 

 

 

3.1 Introduction 

 

Chromatin regulation controls almost all biological processes in the nucleus. 

Chromatin can be modified by enzymatic complexes that coordinately regulate 

chromatin composition and structure. One of the major forms of chromatin 

modifications is histone modification, which plays a central role in cellular gene 

expression, underpinning cellular physiology and developmental processes 

(Kouzarides, 2007, Portela and Esteller, 2010, Shilatifard, 2012, Shilatifard, 2008, 

Tessarz and Kouzarides, 2014, Salz et al., 2014, Bertero et al., 2015). Perturbation 

of histone modifications is associated with different developmental defects and 

diseases, including cancer (Shilatifard, 2012, Allis and Jenuwein, 2016, Salz et al., 

2014, Bertero et al., 2015). However, it is unknown how histone modifications 

contribute to these events.  

 

Histone 3 lysine 4 tri-methylation (H3K4me3) is a histone lysine methylation 

modification often found at active promoters (Barski et al., 2007, Pokholok et al., 

2005). H3K4me3 is mainly deposited by the evolutionarily conserved Complex 

Proteins Associated with the Set1(COMPASS) complex. The COMPASS complex, 

first identified in yeast, is conserved from yeast to mammals (Miller et al., 2001, Lee 

et al., 2007a, Ardehali et al., 2011, Xiao et al., 2011). In addition to yeast Set1, other 

subunits of the yeast Set1/COMPASS complex are also evolutionarily conserved 

and play an important role in H3K4 methylation (Miller et al., 2001, Lee et al., 

2007a, Ardehali et al., 2011, Xiao et al., 2011, Hughes et al., 2004, Simonet et al., 

2007). One of the major subunits of the COMPASS complex is Cfp1 (Chun et al., 

2014, Chen et al., 2014, Thomson et al., 2010, Shilatifard, 2012).  

 

Cfp1 is an evolutionarily conserved epigenetic regulator that recognises non-

methylated CG dinucleotides (CpGs) (Chun et al., 2014, Chen et al., 2014, Thomson 
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et al., 2010). Cfp1 binds to 81% of unmethylated CpG islands in vivo (Thomson et 

al., 2010). Cfp1 is required for H3K4me3 deposition in mammalian promoter 

regions (Lee and Skalnik, 2005, Ardehali et al., 2011, Shilatifard, 2012, Yu et al., 

2017, Clouaire et al., 2014, Clouaire et al., 2012, Thomson et al., 2010). 

Additionally, Cfp1 is important during the early stage of mammalian development 

(Carlone and Skalnik, 2001, Young and Skalnik, 2007, Chun et al., 2014, Young et 

al., 2006). However, as the deletion of Cfp1 causes early embryonic lethality, it is 

not clear how exactly Cfp1 contributes to the development of an organism.  

 

To understand the role of Cfp1 in development, in this study, the cfp-1(tm6369) C. 

elegans mutant was phenotypically characterised and compared with the reported 

set-2(bn129) loss-of-function mutant allele, which has low levels of H3K4me3. It 

was observed that in the cfp-1(tm6369) mutant, H3K4me3 levels were significantly 

reduced and the level of H3K4me3 was similar to that reported in the set-2(bn129) 

mutant. Furthermore, cfp-1(tm6369) mutants or wild-type animals during cfp-1 

RNAi have a significant reduction in fertility at 15 °C or 20 °C and were nearly 

sterile at 25 °C. I also found that the development of the cfp-1(tm6369) mutant was 

delayed compared to wild-type animals. Additionally, I observed chromosomal 

abnormalities in the cfp-1(tm6369) mutant oocytes. Taken together, these results 

suggest that CFP-1 is required for global H3K4me3, and plays an important role in 

maintaining the fertility and the development of C. elegans. 
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3.2 Results 

 

3.2.1 The global level of H3K4me3 is drastically reduced in the cfp-1(tm6369) 

mutant 

 

Reports show that the deletion of Cfp1 homologues in yeast and mammals results in 

lower levels of H3K4me3 at 5′ sites of active genes (Voo et al., 2000, Lee and 

Skalnik, 2005, Brown et al., 2017, Clouaire et al., 2012). The function of SET-2 and 

CFP-1 in H3K4me3 deposition is also conserved in C. elegans. It has been reported 

that both set-2(bn129) loss of function mutant and RNAi knockdown of cfp-1 in C. 

elegans lead to a significant reduction in global H3K4me3 levels (Robert et al., 

2014, Simonet et al., 2007, Xiao et al., 2011). To further investigate the role of CFP-

1 in development, I used cfp-1(tm6369) mutants. cfp-1(tm6369) is a deletion allele, 

in which 254 bp encompassing part of intron 4, exon 5 and part of intron 5 is deleted 

(Figure 3.1 A). This deletion is predicted to produce a truncated CFP-1 protein. The 

cfp-1(tm6369) mutant was confirmed by genotyping before conducting experiments 

(Appendix 9.1 A) and outcrossed 5 times. 

 

To investigate whether cfp-1(tm6369) is a loss of function allele, the global 

expression levels of H3K4me3 in cfp-1(tm6369) mutants was measured by western 

blot analysis. Western blot analysis was carried out in collaboration with Dr Amit 

Kumar (Brockwell Laboratory, University of Leeds). The cfp-1(tm6369) mutant 

repeatedly showed a drastic reduction of the H3K4me3 levels compared to wild-type 

animals (Figure 3.1 B)(Pokhrel et al., 2019). The set-2(bn129) loss of function 

mutant was used to compare H3K4me3 levels with the cfp-1(tm6369) mutant. The 

set-2(bn129) mutant was genotyped (Appendix 9.1 B) and outcrossed 5 times 

before further use. In the set-2(bn129) mutant, global levels of H3K4me3 were 

similar to those in the cfp-1(tm6369) mutant (Figure 3.1 B and Appendix 9.2) 

(Xiao et al., 2011, Robert et al., 2014, Herbette et al., 2017). This suggests that cfp-

1(tm6369) is a loss of function allele and has a similar impact on H3K4me3 

deposition as the loss-of-function set-2(bn129) mutant.  
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Figure 3.1: Molecular characterization of the cfp-1(tm6369) allele  

(A) Diagrammatic representation of the cfp-1(tm6369) allele. The sequence of exon 

5 of F52B11.1a.1 is conserved in all other transcripts of the cfp-1 gene. 254 bp 

encompassing exon 5 of the F52B11.1a.1 and part of the intron upstream and 

downstream region is deleted. Black colour denotes the exons. (B) Western blot 

analysis showing that the H3K4me3 levels were significantly reduced in cfp-

1(tm6369) and set-2(bn129) mutants compared to wild-type (wt). Histone 3 (H3) 

and tubulin were used as loading controls. The molecular weight of H3K4me3 and 

H3 is approximately similar. Therefore, to probe H3K4me3 and H3, I loaded three 

samples (wt, set-2(bn129) and cfp-1(tm6369)) twice on the same SDS gel (Appendix 

9.2). The image on the left shows the levels of H3K4me3 and corresponding tubulin 

levels (loading control) in wt, cfp-1(tm6369) and set-2(bn129) mutants. The image 

on the right shows the levels of H3 and corresponding tubulin levels in wt, cfp-

1(tm6369) and set-2(bn129) mutants. 
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3.2.2 CFP-1 promotes fertility 

 

Loss of H3K4me3 in set-2(bn129) mutants is reported to be accompanied by a 

reduction in the brood size at 15 °C and 20 °C (Xiao et al., 2011, Herbette et al., 

2017). Since CFP-1 and SET-2 are the major subunits of the SET-2/COMPASS 

complex and are required for the majority of H3K4me3 (Figure 3.1 B), they might 

have a similar phenotype. To explore the role of CFP-1 in fertility, wild-type (N2) 

animals were treated with cfp-1 RNAi or RNAi negative control (empty vector) and 

the brood size was measured, distinguishing between live and dead animals, at 15 

°C and 20 °C. The average live brood size of wild-type animals treated with cfp-1 

RNAi was significantly reduced compared to RNAi negative control, at both 

temperatures (Figure 3.2 A and B). However, no significant changes in the number 

of dead progeny was observed (Figure 3.2 A and B). To confirm that the observed 

reduction of brood size of cfp-1 RNAi-treated animals is due to reduced cfp-1 

mRNA levels, mRNA transcript levels were measured by qRT-PCR. Upon cfp-1 

RNAi, levels of the cfp-1 mRNA were significantly reduced in wild-type animals, 

and the level of reduction was 74% compared to RNAi negative control (Figure 3.2 

C). This result supports that the loss of function of CFP-1 results in a significant 

reduction of brood size.  

 

To further confirm that the observed reduction of brood size upon cfp-1 RNAi was 

due to the loss of CFP-1 function, brood size of the cfp-1(tm6369) mutant was 

measured at 15 °C and 20 °C. Consistent with the RNAi results, the average live 

brood size of cfp-1(tm6369) animals was significantly reduced compared to the 

wild-type by 59% and 57% at 15 °C and 20 °C, respectively (Figure 3.2 D and E). 

Additionally, the level of reduction was similar to published data for the set-

2(bn129) loss of function allele (Figure 3.2 D and E) (Xiao et al., 2011). The 

average live brood size of set-2(bn129) animals was reduced by 49% and 54% at 15 

°C and 20 °C, respectively (Figure 3.2 D and E). Similar to RNAi results, I did not 

observe any significant change in the percentage of dead eggs in cfp-1(tm6369) and 

set-2(bn129) mutants. Taken together, these results suggest that both SET-2 and 

CFP-1 play a vital role to promote C. elegans fertility. 

 



 

 

88 

 

 

 

Figure 3.2: CFP-1 is required for fertility  

(A and B) The average brood size of C. elegans treated with cfp-1 RNAi compared 

to RNAi negative control (control) at 15 and 20 °C. The average live brood size of 

wild-type animals during cfp-1 RNAi was significantly reduced compared to 
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control. The data represent three biological replicates (n=9 in each replicate). (C) 

cfp-1 mRNA transcript levels in C. elegans treated with control RNAi (grey) and 

cfp-1 RNAi (blue). pmp‐3 and tba‐1 genes were used for normalisation. The figure 

represents the average of three biological replicates (n = 50 in each replicate). ** = 

P<0.01. (D and E) Total brood size (dead and live) assay for wild-type, cfp-

1(tm6369) and set-2(bn129) mutants at 15 and 20 °C. The average live brood size of 

cfp-1(tm6369) and set-2(bn129) mutants was significantly reduced compared to wild 

type at both temperatures. Two biological replicates were combined for the figure 

(n=10 in each experiment). P-values were calculated using a student t-test: ** = 

P<0.01. Error bars represent ± standard error of the mean (SEM). 
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3.2.3 Loss of CFP-1 function results in temperature-sensitive sterility 

 

C. elegans are maintained at 20 °C, and their fertility decreases with an increase in 

temperature (Mcmullen et al., 2012). For example, when C. elegans are shifted to 25 

°C, they become less fertile (Xiao et al., 2011, Mcmullen et al., 2012). The previous 

study has reported that loss of SET-2 function results in a further reduction of 

fertility at 25 °C (Xiao et al., 2011). To investigate the impact of the loss of CFP-1 

function in the fertilty at 25 °C, the brood size of C. elegans treated with cfp-1 RNAi 

was measured. RNAi-mediated knockdown of cfp-1 resulted in a drastically reduced 

live brood size by 83% compared to wild-type animals upon RNAi negative control 

(Figure 3.3 A). This suggests that CFP-1 is required for fertility at 25 °C. The role 

of CFP-1 in maintaining C. elegans fertility was further confirmed by using the cfp-

1(tm6369) mutant. The average brood size of cfp-1(tm6369) mutants was reduced by 

96% at 25 °C. The level of reduction was similar to the reported set-2(bn129) 

mutants (Figure 3.3 B). Additionally, 70% (n = 20) of both the cfp-1(tm6369) and 

the set-2(bn129) mutants were sterile. These results suggest that both CFP-1 and 

SET-2 are required to maintain C. elegans fertility at 25 °C.  
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Figure 3.3: cfp-1(tm6369) and set-2(bn129) display temperature-sensitive 

sterility  

(A) The average brood size (dead and live) of wild-type animals upon cfp-1 RNAi 

(blue) and RNAi negative control (control) (grey) at 25 °C. Fertility of C. elegans 

treated with cfp-1 RNAi (blue) was severely compromised at 25 °C. The figure 

represents the average of three biological replicates (n = 9 in each experiment). (B) 

The average brood size of wild-type (grey), cfp-1(tm6369) (blue) and set-2(bn129) 

(red) mutants at 25 °C. The brood sizes of cfp-1(tm6369) and set-2(bn129) mutants 

was severely compromised with 70% of both the cfp-1(tm6369) and the set-

2(bn129) mutants being sterile. The figure represents the average of two 

independent experiments (n = 10 in each experiment). P-values were calculated 

using a student t-test: ** = P<0.01. Error bars represent ± SEM. 
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3.2.4 CFP-1 promotes C. elegans development 

 

To further explore the impact of the loss of CFP-1 function in C. elegans 

development, the cfp-1 levels were depleted by RNAi and a developmental assay 

was performed. C. elegans embryos pass through four larval development stages 

(L1, L2, L3 and L4) to reach adulthood (Figure 3.4 A). I scored the development 

stage of the animals using gonad structure (see methods).  

 

RNAi-mediated knockdown of cfp-1 resulted in a developmental delay: after 60 h, 

92% of animals treated with RNAi negative control reached the adult stage, whilst 

only 45% of cfp-1 RNAi treated animals reached the adult stage (Figure 3.4 B). 

Similar to the RNAi result, it was observed that the development of cfp-1(tm6369) 

mutant animals was delayed compared to the wild-type (Figure 3.4 C). 

Additionally, the development of the set-2(bn129) mutant was also delayed (Figure 

3.4 C). The observed delays in development from embryo to adult upon cfp-1 RNAi 

and in both the cfp-1(tm6369) and the set-2(bn129) mutants suggest that CFP-1 and 

SET-2 play an important role in the development of the organism. 

 

Together, the present findings confirm that cfp-1(tm6369) is a loss of function allele 

and is phenotypically similar to the set-2(bn129) mutant.  
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Figure 3.4: cfp-1(tm6369) and set-2(bn129) mutants development is delayed  

(A) The life cycle of C. elegans. The generation time of C. elegans is only three 

days. C. elegans embryos pass through four larval development stages (L1, L2, L3 

and L4) to reach adulthood. The picture was taken from Wolkow (2015). (B) 

Developmental progress of C. elegans grown on cfp-1 RNAi and RNAi negative 

control (control) for 60 h after hatching at 20 °C. cfp-1 RNAi delayed development 

into adulthood. The figure represents the average of three biological replicates (n > 

30 per strain in each experiment. Combined number of animals from three 

replicates: WT during control RNAi (149) and cfp-1 RNAi (113)). (C) 

Developmental assay of cfp-1(tm6369) and set-2(bn129) mutants compared to wild-

type animals after 60 h at 20 °C. After 60 h most of the control animals reached 

adulthood, whereas both the cfp-1(tm6369) and the set-2(bn129) mutants displayed 
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delays in development from an embryo into a young adult. The figure is the average 

of two independent experiments (n > 30 per strain in each experiment. Combined 

number of animals from two replicates: WT (172), cfp-1(tm6369) (101), set-

2(bn129) (137)). 
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3.2.5 Loss of CFP-1 function results in gross chromosomal changes in germ 

cells. 

 

Loss of function of CFP-1 or SET-2 resulted in a significant reduction of brood size. 

Previously in our lab, it was observed that 1-2% of cfp-1(tm6369) mutants 

developed spontaneously into males, which is significantly greater compared to 

∼0.02% males in wild-type animals (Hanouf et al. unpublished data) (Fay, 2006). 

This high incidence of males (Him phenotype) in the cfp-1 mutant suggests an 

increase in chromosomal aberration in germ cells. Similarly, previous studies have 

suggested that the loss of function of SET-2 results in reduced fertility accompanied 

by increased chromosomal aberration (Xiao et al., 2011, Herbette et al., 2017, 

Robert et al., 2014). It is possible that the reduced fertility in the cfp-1(tm6369) loss 

of function mutant may be due to chromosomal abnormalities in germ cells. To 

investigate whether the poor fertility phenotype in the cfp-1 mutant is associated 

with chromosomal aberration, the germ lines of cfp-1(tm6369) animals were 

analysed by DAPI staining. All unfertilised wild-type oocytes (n=136 oocytes) 

contain six DAPI-stained bodies Figure 3.5 A. In the cfp-1(tm6369) mutant, 6 % of 

oocytes (n= 229 oocytes) contained three or four or five DAPI-stained bodies 

(Figure 3.5 B-D), and 2 % of oocytes contained more than six DAPI-stained bodies 

at diakinesis (Figure 3.5 E and F). The presence of fewer or more than expected 

DAPI-stained bodies in the cfp-1(tm6369) mutant indicates chromosomal fusions 

and fragmentation, respectively. These defects are usually associated with errors in 

meiosis, suggesting a role of CFP-1 in maintaining meiotic fidelity (Hillers and 

Villeneuve, 2009, Xiao et al., 2011).  
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Figure 3.5: CFP-1 deficiency results in defects in chromosome segregation 

during meiosis  

Representative images of DAPI-stained diakinetic chromosomes from oocytes (prior 

to spermatheca entry) of wild-type animals and the cfp-1(tm6369) mutants. (A) 

Diakinetic nuclei of wild-type animals (n=136 oocytes) showing six DAPI-stained 

bodies. (B-F) Diakinetic nuclei of cfp-1(tm6369) mutants (n=229 oocytes) showing 

fewer (B-D) or more (E and F) than six DAPI-stained bodies. A Fisher’s exact test 

was used to assess the chromosomal abnormalities in cfp-1(tm6369) mutants 

compared to wild-type animals, and was found to be significant (p<0.01). Scale bar, 

1 μm. 
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3.2.6 Reduced fertility in cfp-1(tm6369) and set-2(bn129) mutants is not due to 

increased apoptosis in germ cells 

 

Loss of CFP-1 and SET-2 function resulted in gross chromosomal changes in germ 

cells Figure 3.5 (Xiao et al., 2011). The increase in genomic instability in these 

mutants may lead to an increase in the number of apoptotic events in the germ cells 

and thereby contribute to fertility defects. Therefore, I hypothesised that if the 

observed drop in brood size of cfp-1(tm6369) and set-2(bn129) mutants is due to an 

increase in the apoptosis of germ cells, then the knockdown of apoptotic-inducing 

genes such as cep-1 should rescue the brood size.  

 

To explore this, expression of cep-1, an orthologue of the p53 gene which promotes 

DNA damage-induced apoptosis, was reduced by RNAi-mediated knockdown in 

both the cfp-1(tm6369) mutant and the set-2(bn129) mutant and brood size was 

subsequently measured at 20 °C (Hoffman et al., 2014, Schumacher et al., 2001). 

Interestingly, it was observed that the average live brood size of wild-type animals 

was significantly reduced upon cep-1 RNAi (Figure 3.6). However, no significant 

change in the number of dead eggs was observed (Figure 3.6). On the other hand, 

RNAi knockdown of cep-1 in the cfp-1(tm6369) and set-2(bn129) mutants did not 

result in any significant change on the total brood size (live and dead progeny) 

(Figure 3.6). Additionally, RNAi-mediated knock-down of hus-1, which acts 

upstream of cep-1 and is required for DNA damage-induced apoptosis and cell cycle 

arrest (Hofmann et al., 2002, Gartner et al., 2008), did not result in a reduced brood 

size (Figure 3.6). Similarly, the average brood size of the cfp-1(tm6369) mutant did 

not change upon RNAi-mediated knockdown of hus-1 (Figure 3.6). On the other 

hand, the average live brood size of set-2(bn129) animals grown on hus-1 RNAi was 

increased compared to RNAi negative control (Figure 3.6). However, the increment 

was not statistically significant. Taken together, these finding suggests that a 

reduction in fertility in cfp-1(tm6369) and set-2(bn129) is not due to an increase in 

cep-1 mediated apoptosis.  

 

Previously, it has been observed that kri-1 activates DNA damage-dependent cell 

death which is independent of cep-1 (Ito et al., 2010). It is possible that there could 
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be an apoptosis event, independent of cep-1. To investigate this, kri-1 was knocked 

down by RNAi in cfp-1(tm6369) and set-2(bn129) mutants, and fertility was 

assayed. The knockdown of kri-1 in wild-type animals did not have a significant 

impact on the average brood size (Figure 3.6). Similarly, the average brood size of 

cfp-1(tm6369) and set-2(bn129) mutants treated with kri-1 RNAi remained 

unchanged (Figure 3.6). In conjunction, these findings suggest that the loss of 

fertility in cfp-1(tm6369) and set-2(bn129) mutants was not due to an increase in 

apoptotic events in the germ cells. Consistent with these findings, Herbette et al. 

(2017) observed that a number of apoptotic cells in set-2(bn129) mutants animals 

was similar to wild-type animals. 
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Figure 3.6: Knockdown of key apoptotic genes did not rescue the poor fertility 

of cfp-1(tm6369) and set-2(bn129) mutants 

The average brood size of wild-type (WT) (grey), cfp-1(tm6369) (blue) and set-

2(bn129) (red) mutants grown on cep-1, hus-1 or kri-1 RNAi compared to RNAi 

negative control (control). The brood size of the cfp-1(tm6369) mutant was slightly 

reduced during RNAi mediated knockdown of cep-1. However, the reduction was 

not statistically significant. cep-1 or kri-1 RNAi had no significant impact on the 

average brood size of cfp-1(tm6369) mutants whereas hus-1 RNAi slightly increased 

the brood size of set-2(bn129) mutants but the increment was not statistically 

significant. A null hypothesis t-test (refer to the methods section) was used to test 

the genetic interactions. The figure is the average of two biological repeats (n=10-15 

in each repeat). P-values were calculated using a one-tailed student t-test. Error bars 

represent ± SEM. L= live brood and D=dead eggs.  
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3.3 Discussion  

 

The importance of Cfp1 in different biological processes is emphasised by various 

previous research. Cfp1 is a major subunit of the Set1/COMPASS complex, and 

characterisation studies show that the role of Cfp1 in H3K4me3 deposition is 

conserved in mammals and yeast (Voo et al., 2000, Lee and Skalnik, 2005, Brown et 

al., 2017, Clouaire et al., 2012, Ardehali et al., 2011, Shilatifard, 2012, Yu et al., 

2017, Clouaire et al., 2014). Cfp1 depleted mice are not viable, and Cfp1−/− 

embryonic stem cells cannot differentiate (Young and Skalnik, 2007, Carlone and 

Skalnik, 2001, Carlone et al., 2005). However, the contribution of Cfp1 in 

development is not clearly elucidated. Here, to investigate the role of Cfp1 in 

development, a cfp-1(tm6369) C. elegans mutant was used. I found that cfp-

1(tm6369) mutants have dramatically reduced H3K4me3 levels suggesting that the 

CFP-1 is responsible for the bulk of H3K4me3 deposition. Furthermore, phenotypic 

characterisation of the cfp-1(tm6369) mutant suggests that CFP-1 is required for the 

fertility and development of C. elegans.  

 

In both the set-2(bn129) and the cfp-1(tm6369) mutants, the level of H3K4me3 was 

drastically reduced, suggesting that CFP-1 and SET-2 are both required for 

H3K4me3 modification. I also investigated the impact of the loss of CFP-1 function 

for fertility by depleting the levels of cfp-1 by RNAi-mediated knockdown in wild-

type animals. Upon cfp-1 RNAi, the brood size was significantly reduced at 15 °C 

and 20 °C. Furthermore, fertility was severely compromised at 25 °C. The role of 

CFP-1 in fertility was further confirmed by using the cfp-1(tm6369) genetic mutant. 

Consistent with the RNAi result, the fertility was reduced dramatically, and the level 

of reduction was higher in the genetic mutant compared to animals treated with cfp-

1 RNAi. The less severe phenotype upon cfp-1 RNAi compared to the cfp-

1(tm6369) mutant could be due to the fact that cfp-1 RNAi did not result in a 

complete knockdown. Indeed, cfp-1 mRNA levels as measured by qRT-PCR were 

reduced by 74% during cfp-1 RNAi, thus it is possible that the remaining 26% could 

partially contribute to CFP-1 function. 
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The observed reduction in the brood size of both the set-2(bn129) and the cfp-

1(tm6369) mutants combined with the dramatically reduced levels of H3K4me3 

suggests a role of H3K4me3 in promoting fertility. Furthermore, previous studies 

suggest that knockdown of wdr-5, ash-2 and rbbp-5, subunits of the COMPASS 

complex, which are responsible for H3K4me3 modification, results in a significant 

reduction in the brood size at 20 °C and 25 °C (Wang et al., 2011b, Xiao et al., 

2011). These findings strongly suggest that H3K4me3 is required to maintain 

fertility. 

 

The observed reduced fertility in cfp-1 or set-2 loss of function mutants could be due 

to the accumulation of heritable cellular damage, which leads to genomic instability. 

This can be supported by the fact that the loss of CFP-1 or SET-2 function results in 

gross chromosomal changes (Figure 3.5 and (Xiao et al., 2011)). Xiao et al. (2011) 

reported that the set-2(bn129) mutant exhibits more or fewer than six DAPI-stained 

chromosomal bodies. Similarly, in this study, less or more than six DAPI- stained 

structures were observed in cfp-1(tm6369) mutants. A reduced number of DAPI-

stained bodies could be due to chromosomal fusions and more than six DAPI-

stained bodies could be due to fragmentation (Hillers and Villeneuve, 2009, Xiao et 

al., 2011). Furthermore, a recent study reported that set-2(bn129) mutants are 

sensitive to DNA damage-causing agents and 90% of set-2(bn129) L1 larvae treated 

with ionising radiation developed into sterile adults (Herbette et al., 2017). This 

suggests that CFP-1 and SET-2 could function to regulate chromatin structure to 

maintain meiotic fidelity, and that loss of function of either could result in increased 

chromosomal aberrations leading to genomic instability in germ cells that could affect 

fertility.  

 

The reduced genomic stability in cfp-1 or set-2 loss of function mutants could 

potentially increase the apoptotic events resulting in a rediced number of germ cells 

that are able to fertilise the oocyte. However, the brood size of both the cfp-

1(tm6369) and the set-2(bn129) mutants did not increase in RNAi knockdown of 

key genes responsible for apoptosis. Furthermore, a number of apoptotic cells in set-

2(bn129) mutants were similar to wild-type animals (Herbette et al., 2017). These 

observations suggest that a reduction in brood size of cfp-1(tm6369) and set-
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2(bn129) mutants is not due to an increase in the apoptotic event in germ cells. It is 

possible that the increase in genomic instability in germ cells results in failure to 

fertilise rather than apoptosis. As an increase in genomic instability does not always 

lead to apoptosis (Jaramillo-Lambert et al., 2010). 

 

Alternatively, the reduced brood size could be due to a loss of pluripotency and 

premature differentiation of germ cells resulting in a reduction in the number of 

germ cells capable of fertilisation. This is alined with the fact that H3K4me3 

maintains the pluripotency of germ cells by repressing the somatic gene expression 

in the C. elegans germline (Robert et al., 2014, Cui et al., 2006b, Wang et al., 

2011b). Similarly, in mammals, H3K4me3 maintains the pluripotency of germ cells 

by maintaining the late developmental genes in a silenced state poised for activation 

(Lesch and Page, 2014, Sachs et al., 2013). Silenced state genes have a bivalent 

chromatin domain: chromatin that has both active (H3K4me3) and repressive 

(H3K27me3) marks. The loss of the bivalent domain results in a loss of pluripotency 

of the cells (Lesch and Page, 2014). Together, these findings suggest that a loss of 

H3K4me3 could change the germline transcriptional program and result in the 

precocious expression of late development genes or expression of somatic genes in 

cfp-1(tm6369) and set-2(bn129) germline. This is most likely to contribute to the 

observed loss of fertility.  

  

I also observed that the depletion of set-2 or cfp-1 results in a development delay. 

After 60 h, most of the wild-type animals reached the adult stage whereas most of 

the cfp-1(tm6369) and set-2(bn129) mutants were in the L4 stage. The observed 

delay in development could be due to the reduced or late expression of genes 

required for stage transitions. Further research will shed light on the actual 

mechanism behind the observed development delay.  
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Chapter 4 

 Investigating the role of CFP-1 and SET-2 in gene induction 
 

 

4.1 Introduction 

 

The trimethylation of histone 3 lysine 4 (H3K4me3) is a well-recognised “active 

promoter” chromatin mark, frequently found in active promoter regions. The loss of 

H3K4me3 can lead to developmental defects in both mammals and C. elegans, 

indicating that H3K4me3 plays a key role in epigenetic control during metazoan 

development (Shilatifard, 2012, Shilatifard, 2008, Xiao et al., 2011). Therefore, it is 

important to understand how H3K4me3 is regulated, and how this controls gene 

expression in metazoan development. H3K4me3 is mainly deposited by the major 

H3K4me3 methyltransferase, called SET-2 in C. elegans and Set1A in mammals, 

which is a part of the pan-eukaryotic Set1/COMPASS complex that places 

H3K4me3 modifications at active promoters (Santos-Rosa et al., 2002, Barski et al., 

2007, Shilatifard, 2012, Bernstein et al., 2002, Xiao et al., 2011, Ardehali et al., 

2011). In addition to H3K4me3 methyltransferase, all the other subunits of the pan-

eukaryotic Set1/COMPASS complex are also conserved in C. elegans (Shilatifard, 

2012). Within the complex, CXXC1/CFP-1 is a key subunit essential for H3K4me3 

modifications (Shilatifard, 2012).  

 

CFP1 is a conserved epigenetic regulator that binds to unmethylated CpG-rich DNA 

sequences known as CpG islands (CGIs) (Chun et al., 2014, Chen et al., 2014, 

Thomson et al., 2010). CFP1 helps in the recruitment of the SET1/COMPASS 

complex at the promoter region of active genes (Clouaire et al., 2012, Tate et al., 

2010). In mammals, CFP1 is reported to be important for cell differentiation and cell 

fate specification (Clouaire et al., 2014, Mahadevan and Skalnik, 2016). Using 

Cxxc1 conditional knock-out mES, Brown et al. recently reported that Cxxc1 plays a 

role in shaping the context-dependent gene expression in mice (Brown et al., 2017). 

However, the molecular principle of CFP-1’s role in gene expression regulation is 

yet to be better elucidated at the organismal level. 
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Several genome-wide analyses have been carried out in yeast, Drosophila and 

mammals to understand the interplay between H3K4me3 and gene transcription. 

These genome-wide studies have shown that the relative level of H3K4me3 is 

strongly correlated with the gene expression level, suggesting that H3K4me3 can 

promote gene expression (Howe et al., 2017, Guillemette et al., 2011, Dong and 

Weng, 2013, Araki et al., 2009). Despite H3K4me3 being associated with gene 

expression, loss of H3K4me3 however, results in very little change in global gene 

expression level (Howe et al., 2017, Clouaire et al., 2014). Most of these studies 

were conducted in steady-state conditions.  

 

In contrast, single gene studies of chromatin regulators including COMPASS 

subunits suggest that chromatin regulators play important roles in a dynamic process 

that are masked in steady state conditions (Weiner et al., 2012). For example, 

H3K4me3 plays a repressive role in galactose-inducible GAL genes (Margaritis et 

al., 2012, Zhou and Zhou, 2011). As both cfp-1(tm6369) and set-2(bn129) mutants 

exhibit low H3K4me3 levels, I wanted to understand the transcriptional role of 

H3K4me3 during stress conditions in these mutants. Heat and osmotic stress were 

chosen, as these have been shown to play a role in dramatic and rapid change in 

gene expression in C. elegans (Lamitina et al., 2004, Lamitina et al., 2006, Choe and 

Strange, 2007, Kultz, 2007, Brunquell et al., 2016, Li et al., 2016b).  

 

During heat stress, heat shock transcription factor 1 (HSF1) binds to the heat shock 

response elements and upregulates the transcription of heat shock chaperones such 

as heat shock protein (Hsp)90, Hsp70 and the small HSPs (Hentze et al., 2016, 

Gomez-Pastor et al., 2018, Labbadia and Morimoto, 2015). These chaperones help 

to maintain protein structure by maintaining unfolded proteins in non-native states, 

which can refold to the final native states (Hentze et al., 2016, Gomez-Pastor et al., 

2018, Ritossa, 1962).  

 

Similar to heat shock response, when the salt concentration is increased 

(hypertonic), the body starts to produce osmolytes to prevent water loss, and failure 

to do so results in cell shrinkage and protein aggregations (Lamitina et al., 2004, 

Choe and Strange, 2007, Kultz, 2007). When there is low salt concentration, the 
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body releases the osmolyte and also reduces its production to prevent excessive 

water uptake. For example, when C. elegans are treated under hypertonic conditions, 

the expression level of the gpdh-1 gene is significantly upregulated (Lamitina et al., 

2004, Lamitina et al., 2006). The gpdh-1 gene encodes a glycerol- 3- phosphate 

dehydrogenase (GPDH-1), which induces the synthesis of the glycerol (Lamitina et 

al., 2004, Choe and Strange, 2007). Accumulation of the glycerol in cells increases 

the osmolyte concentration and prevents fluid loss (Lamitina et al., 2004, Lamitina 

et al., 2006).  

 

In Chapter 3, I observed that both the cfp-1(tm6369) and the set-2(bn129) mutants 

have a drastic reduction in the H3K4me3 levels. Furthermore, it was observed that 

CFP-1 and SET-2-dependent H3K4me3 plays an essential role in maintaining the 

fertility and the development of the whole organism. Here, in this Chapter, I 

observed that the induction of the salt-inducible reporter gene was significantly 

higher in both the cfp-1(tm6369) and the set-2(bn129) mutants compared to wild-

type animals. Furthermore, the role of H3K4me3 in gene induction was confirmed 

by measuring the endogenous gene expression of the salt-inducible gene and heat 

shock chaperones. Collectively, findings from this Chapter suggest that H3K4me3 

may play a repressive role in gene induction.  
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4.2 Results 

 

4.2.1 A salt-inducible reporter gene is strongly expressed in cfp-1(tm6369) and 

set-2(bn129) mutants 

 

To investigate the role of H3K4me3 in gene regulation, a salt-inducible reporter 

strain (VP198 (kbIs5 [gpdh-1p::GFP + rol-6(su1006)]), which contains the green 

fluorescent protein (GFP) reporter gene downstream of the salt-inducible gene gpdh-

1 promoter was used (Lamitina et al., 2004, Lamitina et al., 2006). This reporter 

strain was genetically outcrossed four times into the wild-type C. elegans (N2 

Bristol) to remove any background mutations. After outcrossing, the reporter strain 

was genetically crossed into the background of cfp-1(tm6369) and set-2(bn129) 

mutant strains to generate cfp-1(tm6369);kbIs5 and set-2(bn129);kbIs5 mutants. C. 

elegans is normally grown on a salt (NaCl) concentration of 52 mM. Thus 52 mM 

was used as a control throughout this study. 

 

gpdh-1p::GFP reporter strains harbouring either the cfp-1(tm6369) or the set-

2(bn129) mutant allele were treated with salt (NaCl) concentrations of either 52 mM 

(control) or 200 mM (stress condition) and GFP expression of the reporter was 

monitored under a fluorescence microscope. At salt concentrations of 52 mM, the 

salt-inducible GFP reporter was not expressed in either mutant strain background 

tested, cfp-1(tm6369) or set-2(bn129). Interestingly, at 200 mM salt concentration, 

expression of gpdh-1p::GFP in both cfp-1(tm6369);kbIs5 and set-2(bn129);kbIs5 

mutants was induced compared to kbIs5 control animals (Figure 4.1). In both 

mutants, GFP was strongly visible in the intestine and hypodermis compared to 

kbIs5 animals (Figure 4.1 A). As shown in the Figure 4.1 B, the average intensity 

of GFP expression was increased 3-fold in cfp-1(tm6369);kbIs5 and 2.3-fold in set-

2(bn129);kbIs5 mutants when compared to the kbIs5 animals.  

 

Thus, the level of stress-inducible gpdh-1 gene expression is increased in the cfp-1 

and set-2 mutants.  
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Figure 4.1: Loss of CFP-1 or SET-2 function results in stronger expression of 

GFP protein  

(A) Representative images of kbIs5, cfp-1;kbIs5, set-2;kbIs5 animals expressing 

GFP under the control of the gpdh-1 promoter, during control conditions (52 mM 

salt) and osmotic stress (200 mM salt concentration). Differential interference 

contrast (DIC) Nomarski and GFP images. Expression of GFP was higher in cfp-

1;kbIs5 and set-2;kbIs5 animals compared to kbIs5 animals. Scale bar 20 μm. (B) 

Quantification of average GFP fluorescence intensity in kbIs5, cfp-1;kbIs5, set-

2;kbIs5 animals expressing gpdh-1p::GFP during osmotic stress compared to the 

control. For the image quantification, I performed a basic pixel intensity analysis by 

ImageJ, which quantifies grey levels (corresponding to GFP intensity levels) across 

a selected area of the image relative to background. Average GFP fluorescence 

intensity per animal in cfp-1;kbIs5 and set-2;kbIs5 mutants is significantly higher 

compared to the kbls5. The figure shows an average of three biological replicates (n 

> 15). P-values were calculated using student t-test: **= P<0.01. Error bars 

represent ± standard error of the mean (SEM). 
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4.2.2 The gpdh-1 gene is strongly induced in cfp-1(tm6369) and set-2(bn129) 

mutants 

 

To further confirm the observation that salt-inducible expression of gpdh-1 was 

increased in the set-2 and cfp-1 mutants, endogenous transcript levels of gpdh-1 

were measured using qPCR. For efficient qPCR, and to avoid genomic DNA 

contamination, primers were designed that bind to the exon-exon junction, i.e. one 

half of the primer hybridises to the 3′ end of one exon and another half of the primer 

binds to the 5′ site of an adjacent exon. Primers were optimised by changing the 

concentration of primer, template and reaction mixture to achieve more than 90% 

efficiency (see methods).  

 

Wild-type, cfp-1(tm6369) and set-2(bn129) mutants were grown on control plates 

(containing 52 mM salt) or plates containing a higher concentration of salt (150 

mM). Animals treated with 52 mM salt were used as a control, and tba-1 and pmp-3 

genes were used as reference genes as the expression levels of tba-1 and pmp-3 are 

stable compared to other housekeeping genes in C. elegans (Zhang et al., 2012). 

Interestingly, mRNA transcript levels of gpdh-1 in cfp-1(tm6369) and set-2(bn129) 

mutants were already induced during the control condition and significantly higher 

than measured in control wild-type animals (Figure 4.2 and Appendix 9.3). During 

salt stress, the levels of gpdh-1 transcripts were further induced: 7-fold in wild-type 

animals, 10-fold in the set-2 mutant and 9-fold in cfp-1 mutants compared to control 

animals (Figure 4.2). Thus, the expression level of gpdh-1 transcripts in the mutants 

remained higher than compared to wild-type animals, even after exposure to salt 

stress.  

 

This result suggests that the expression of the salt-inducible gene gpdh-1 is 

increased in the cfp-1 and set-2 mutants.  

 

 

 

 

 



 

 

110 

 

 
Figure 4.2: The expression of gpdh-1 is higher in cfp-1(tm6369) and set-2(bn129) 

mutants 

gpdh-1 transcript levels as measured by qPCR during control (52 mM salt) 

conditions and osmotic stress (150 mM) in wild-type (grey), cfp-1(tm6369) (blue) 

and set-2(bn129) (red) mutants. pmp-3 and tba-1 genes were used for normalisation. 

During osmotic stress (150 mM), gpdh-1 expression levels remained higher in cfp-

1(tm6369) and set-2(bn129) mutants than wild-type animals. The bar graph is the 

average of four biological replicates (n=130-150 in each experiment). P-values were 

calculated using a student t-test: * = P<0.05, ** = P<0.01. Error bars represent ± 

standard error of the mean (SEM). 
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4.2.3 Loss of CFP-1 or SET-2 function results in increased transcription of 

heat inducible genes 

 

I observed that CFP-1 and SET-2 regulate the induction of a salt-inducible gene. It is 

possible that they may also regulate other stress responses. To further investigate the 

role of CFP-1 and SET-2 in stress gene induction, the mRNA expression levels of 

heat-inducible genes, hsp-70 (C12C8.1 and F44E5.4) and hsp-16.2, were measured 

in wild-type, cfp-1(tm6369) and set-2(bn129) mutants. C12C8.1, hsp-16.2 and 

F44E5.4 are heat inducible chaperones and are expressed during heat stress (Prahlad 

et al., 2008, Snutch et al., 1988, Jones et al., 1986, Brunquell et al., 2016). Similar to 

the gpdh-1 gene, primers that bind to the exon-exon junction were designed and 

optimised by changing the concentration of primer, template and reaction mixture to 

achieve greater than 90% efficiency.  

 

Wild-type, cfp-1(tm6369) and set-2(bn129) animals were heat shocked at 33 °C for 

1 h, and the endogenous mRNA transcript levels of C12C8.1, hsp-16.2 and F44E5.4 

genes were measured. Non-heat shocked animals were used as a control, and tba-1 

and pmp-3 were used as reference genes. Interestingly, expression levels of all three 

chaperons were significantly upregulated in cfp-1(tm6369) and set-2(bn129) animals 

before heat shock (Figure 4.3 and Appendix 9.4). After heat shock, transcript 

levels of C12C8.1, hsp-16.2 and F44E5.4 were strongly induced in cfp-1(tm6369) 

and set-2(bn129) mutants compared to wild-type animals (Figure 4.3 and 

Appendix 9.4). The transcript levels of C12C8.1 were induced 167-fold in wild-

type animals, 260-fold in the set-2(bn129) mutant and 454-fold in cfp-1(tm6369) 

mutants, compared to non-heat shock controls. Similarly, the mRNA expression of 

F44E5.4 was induced 798-fold in wild-type animals, 953-fold in the set-2(bn129) 

mutant and 2100-fold in the cfp-1(tm6369) mutant, compared to non-heat shock 

controls. The expression of hsp-16.2 was induced 61-fold in wild-type animals, 128-

fold in the set-2(bn129) mutant and 110-fold in the cfp-1(tm6369) mutant, compared 

to non-heat shock controls (Figure 4.3).  
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These findings illustrate that similar to a salt inducible gene, expression of heat 

shock chaperones is strongly induced in cfp-1(tm6369) and set-2(bn129) mutants 

compared to wild-type animals.  
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Figure 4.3: Heat shock response genes are strongly expressed in cfp-1(tm6369) 

and set-2(bn129) mutants.  

qPCR of transcripts of heat shock genes, (A) C12C8.1, (B) hsp-16.2 and (C) 

F44E5.4 in wild-type (grey), cfp-1(tm6369) (blue) and set-2(bn129) (red) mutants 

after heat shock at 33 °C for 1 h. After heat shock, the expression levels of C12C8.1, 

hsp-16.2 and F44E5.4 were significantly higher in both the cfp-1(tm6369) and the 

set-2(bn129) mutants compared to wild-type animals. The bar graph is a combined 

average of three biological replicates (n=130-150 in each experiment). P-values 

were calculated using a student t-test: **= P<0.01. Error bars represent ± SEM. 
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4.3 Discussion 

 

H3K4me3 is commonly known as an active promoter mark and is associated with 

active genes. The role of H3K4me3 in gene expression is still debatable. Previous 

studies have shown that the level of H3K4me3 is correlated with an expression of a 

subset of genes (Howe et al., 2017, Guillemette et al., 2011, Dong and Weng, 2013, 

Araki et al., 2009). However, recent findings in yeast have pointed towards the 

repressive role of H3K4me3 in gene expression (Margaritis et al., 2012, Zhou and 

Zhou, 2011, Lorenz et al., 2014, Lorenz et al., 2012). Additionally, in C. elegans, 

H3K4me3 represses somatic gene expression in the germline to maintain the 

pluripotency of germ cells (Robert et al., 2014, Cui et al., 2006b). Consistent with 

the repressive role of H3K4me3 in the germline, in this study, it was observed that 

in both the cfp-1(tm6369) and the set-2(bn129) mutants the induction of heat and 

salt stress response genes was significantly higher than in wild-type animals. This 

suggests that H3K4me3 could play a repressive role in gene induction (Figure 4.4).  

  

Data presented here show that endogenous gene expression levels of the gpdh-1 

gene were induced in the cfp-1(tm6369) and set-2(bn129) mutants during control 

and osmotic stress conditions. While no induction of the gpdh-1p::GFP reporter in 

cfp-1;kbIs5 and set-2;kbIs5 mutants was detected during control conditions, GFP 

expression was clearly induced during osmotic stress and was also higher in cfp-

1;kbIs5 and set-2;kbIs5 animals than in kbIs5 animals. The observed difference in 

reporter assay and qPCR could be credited to the higher sensitivity of measuring 

endogenous mRNA transcript levels by qPCR as opposed to GFP fluorescence 

intensity.  

 

The expression of stress inducible genes (gpdh-1, C12C8.1, hsp-16.2 and F44E5.4) 

were already induced during control conditions in the set-2(bn129) mutants and cfp-

1(tm6369) mutants. This suggests that CFP-1 and SET-2 repress transcription of 

stress inducible genes under control conditions. The expression levels during stress 

conditions (osmotic or heat stress) were also strongly induced in both mutants 

compared to wild-type animals. It is possible that during stress, the transcription of 

stress inducible genes results in an increase in deposition of H3K4me3 at the 
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promoter region which could contribute to the repression of gene induction in the 

presence of functional CFP-1 and SET-2. 

 

The observed hyper-induction of salt and heat-inducible genes in the cfp-1(tm6369) 

and set-2(bn129) mutants could be due to the pausing of RNA polymerase II (Pol 

II). Promoter pausing is one of the regulatory mechanisms to control gene 

transcription (Teves and Henikoff, 2013). Poised promoters are primed for 

transcription activation in response to a stimulus (Teves and Henikoff, 2013). The 

presence of paused Poll II helps to maintain the accessible promoter region that can 

be bound by transcription factors and activators resulting in efficient activation of 

genes (Teves and Henikoff, 2013, Shopland et al., 1995, Samarakkody et al., 2015). 

Studies in D. melanogaster show that heat shock response genes also contain the 

paused Pol II downstream of the transcription start sites (TSS) even in uninduced 

conditions (Teves and Henikoff, 2013, Shopland et al., 1995, Samarakkody et al., 

2015). Furthermore, Shopland et al. (1995) showed that Pol II pausing is required 

for gene activation during heat stress, and loss of Pol II pausing results in decreased 

binding of HSF-1 at heat shock protein promoter regions. Paused regions have an 

open chromatin structure, and H3K4me3 is often found at the promoter of active 

genes. H3K4me3 could act as a regulator to maintain paused Pol II and prevent the 

burst of transcription before induction. This could be a reason for the increased 

expression of stress-inducible genes (gpdh-1, C12C8.1, hsp-16.2 and F44E5.4) in 

cfp-1(tm6369) and set-2(bn129) mutants.  

 

Alternatively, H3K4me3 could act as a binding site for repressor complexes to block 

transcription and the loss of H3K4me3 could result in a reduced recruitment of 

repressor complexes, thus facilitating transcription. This could be supported by the 

fact that in yeast, H3K4me2/3 represses subsets of gene expression by recruiting 

repressor complexes (Margaritis et al., 2012, Zhou and Zhou, 2011, Lorenz et al., 

2014, Lorenz et al., 2012). For example in Saccharomyces cerevisiae, H3K4me2/3 

represses the GAL1 gene induction by recruiting histone deacetylase complex called 

RPD3S, and also act as a memory to repress the GAL1 reactivation by recruiting 

Isw1 ATPase, which limits the Pol II activity (Margaritis et al., 2012, Zhou and 

Zhou, 2011). Similar to S. cerevisiae, in S. pombe Set1C interacts with Clr3; class II 
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histone deacetylase to repress a subset of genes, including stress response genes 

(Lorenz et al., 2014). Since HDACs and Isw1 ATPase are also conserved in C. 

elegans, their function could also be conserved.  

 

CFP-1 and SET-2 are required for bulk H3K4me3 modification which is associated 

with various biological events including gene expression (Howe et al., 2017, 

Guillemette et al., 2011, Dong and Weng, 2013, Araki et al., 2009). It is also 

possible that the observed hyper-induction of stress inducible genes in both the cfp-

1(tm6369) mutant and the set-2(bn129) mutant could be due to an indirect effect of 

loss of H3K4me3. The loss of H3K4me3 could result in a decrease in expression of 

genes which play a repressive role in gene induction or increase in expression of 

genes which contribute to the systematic enhancement of resistance to stress 

(Ermolaeva et al., 2013). Alternatively, the observed stronger induction of heat and 

salt inducible genes in cfp-1(tm6369) and set-2(bn129) mutants could be due to 

activation of other biological pathways which can contribute to the hyper-induction 

phenotype. For example, Ermolaeva et al. (2013) have reported that the DNA-

damage and innate immunity pathways mediated by MPK-1/MAPK can contribute 

to the activation of stress response pathways. Chapter 3 shows that the loss of cfp-1 

results in increased chromosomal aberrations in germ cells. It is likely that the 

DNA-damage pathways may be activated in the loss of function of CFP-1, which 

then contribute to the increased expression of stress-inducible genes. Another 

hypothesis for the observed hyper-induction phenotype could be that CFP-1 and 

SET-2 may play an important role in maintaining the structure of chromatin by 

interacting with other chromatin regulators, and the loss of function of CFP‐1 or 

SET-2 results in an increase in chromatin accessibility. Therefore, the loss of CFP‐1 

or SET‐2 function could increase the rate of recruitment of HSF‐1 or other 

transcription factors, thereby contributing to the hyper-induction.  

 

Recently, Labbadia and Morimoto (2015) found that C. elegans germline stem cells 

(GSCs) play a repressive role in the stress response by providing a signal for the 

H3K27 demethylase jmjd-3.1. The signal from GSCs reduces the activity of jmjd-

3.1 at heat shock response genes, resulting in an increase in the H3K27me3 

repressive mark. Their study suggests that the heat shock response starts to decrease 
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at day 1 of adulthood when egg laying starts. GSC number continues to increase 

after the onset of egg laying. They observed that reducing GSC number upholds a 

heat shock response, preserves the expression of jmjd-3.1 and enhances the stress 

resistance during adulthood. They also found that this repressive role of GSCs is not 

confined to the heat shock response, as they observe similar repressive role in other 

stress responses including osmotic stress (Labbadia and Morimoto, 2015). In 

Chapter 3, it was reported that both the cfp-1(tm6369) and set-2(bn129) have a 

fertility defect at 20 °C and the defect is more severe at 25 °C. The hyper-induction 

phenotype observed in cfp-1(tm6369) and set-2(bn129) mutants could be due to 

deformed germline which might have reduced number of GSCs.  

 

The increased expression of heat and salt inducible genes observed in this study 

suggests that H3K4me3 may play a repressive role in gene expression. However, it 

is possible that the main role of H3K4me3 is not in gene regulation, rather it may 

play a role in fine tuning the gene expression. Stress inducible genes are either not 

expressed or expressed at low levels before induction, but are strongly induced 

during stress. H3K4me3 may play a role in repressing the expression of stress 

inducible genes during normal growth conditions, therefore loss of H3K4me3 results 

in increased expression of stress inducible genes under control condition. Similarly, 

during stress, H3K4me3 may repress the transcription of stress inducible genes to 

some degree, so as to avoid an “over-induction” of stress response pathways. 

 

In summary, in this study, I observed that the expression of heat- and salt-inducible 

genes were upregulated in cfp-1 and set-2 mutants. This suggests that CFP-1 and 

SET-2 may play a repressive role in gene regulation. However, findings from this 

study cannot distinguish whether the CFP-1 and SET-2 play a direct or indirect role 

in the transcription of stress inducible genes. Further research is required to 

understand the mechanistic action of CFP-1 and SET-2 in gene induction. 
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Figure 4.4: Model showing regulation of gene induction by H3K4me3 

The SET-2/COMPASS complex deposits H3K4me3 modifications near the 

promoter of stress-inducible genes (e.g. heat shock response genes). When there is 

normal SET-2/COMPASS complex, the expression of stress-inducible genes is 

normal. Loss of H3K4me3 due to deletion of cfp-1 or set-2 cause stronger induction 

of stress-inducible genes. 
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Chapter 5 

 SET-2/COMPASS independent function of CFP-1 in vulval 
development 

 
 

 

5.1 Introduction 

 

Cfp1 is an evolutionarily conserved key subunit of the Set1/COMPASS complex 

which catalyses the H3K4me3 modification at promoter regions (Lee and Skalnik, 

2005, Ardehali et al., 2011, Shilatifard, 2012, Yu et al., 2017, Clouaire et al., 2014, 

Clouaire et al., 2012, Thomson et al., 2010). Cfp1 plays an essential role in 

vertebrate development; for example, mouse embryos lacking Cfp1 (Cfp1 −/−) 

exhibit a pre-implantation death, and they fail to gastrulate (Carlone and Skalnik, 

2001, Carlone et al., 2005). Furthermore, injection of cfp1 transcript-specific antisense 

oligonucleotides in zebrafish resulted in shorter embryos, failure of primitive 

haematopoiesis, and cardiac oedema (Young et al., 2006). Additionally, knockdown 

of the Cfp1 gene in adult mice leads to haematopoiesis failure, dramatic loss of 

lineage-committed progenitors, and death within two weeks (Chun et al., 2014). 

Cfp1 −/− mice embryonic stem cells (ESCs) are viable, but they are unable to 

differentiate and exhibit a longer doubling time compared to wild-type ESCs 

(Carlone and Skalnik, 2001, Carlone et al., 2005). Upon removal of leukaemia 

inhibitory factor for the induction of differentiation, Cfp1 −/− ESCs fail to induce 

lineage-restricted markers and fail to downregulate pluripotency markers of stem 

cells, such as alkaline phosphatase and Oct4 (Carlone and Skalnik, 2001, Carlone et 

al., 2005). Taken together, previous data suggest that Cfp1 is required for cell fate 

specification and pre- and post-embryonic development. Importantly, the early death 

of Cfp1 knocked down mouse embryos prevents an assessment of Cfp1 during 

development and cell fate specification. Cfp1 is also conserved in C. elegans. 

Furthermore, cfp-1 depleted C. elegans are viable. Previous studies have reported 

that cfp-1 plays a role in vulval development (Cui et al., 2006b, Simonet et al., 

2007).  

 



 

 

120 

 

 

In this study, vulval development in C. elegans was used to investigate the role of 

CFP-1 in organogenesis and to identify its genetic regulators (please see section 1.11 

for detailed information regarding vulval induction). Three signalling pathways, 

Notch, Receptor Tyrosine Kinase (RTK)/Ras/Mitogen-activated Protein Kinase 

(MAPK) and Wnt, interact with each other for the proper development of vulva (Cui 

et al., 2006b, Harrison et al., 2006). Mutations that eliminate or reduce the function 

of RTK/Ras/MAPK signalling results in vulvaless (Vul) animals. In contrast, a 

mutation that increases the activity of RTK/Ras/MAPK signalling results in the 

aberrant development of ectopic vulva at the ventral surface of the animals called 

the multivulva (Muv) phenotype (Figure 5.1). A large set of genes, collectively 

known as Synthetic Multivulva (SynMuv) genes, antagonise the activity of 

RTK/Ras/MAPK signalling and prevent the aberrant development of ectopic vulva 

(Cui et al., 2006b, Fay and Yochem, 2007). Animals with a mutation in SynMuv 

genes from any two classes have a Muv phenotype called synthetic multivulva 

(please see section 1.11.3 for detailed information regarding SynMuv genes and 

classes). In a SynMuv suppressor screen, it was found that a number of genes, 

including cfp-1, suppress the SynMuv phenotype (Cui et al., 2006b).  

 

Chapter 3 shows that both CFP-1 and SET-2 are required for H3K4me3, and both 

play an essential role in fertility and development. Here, results show that CFP-1 but 

not SET-2 promotes the multivulva phenotype in SynMuv mutants, suggesting the 

non-overlapping function of CFP-1 and SET-2 for vulval development. 

Furthermore, a small RNAi screen was conducted to identify genes that could either 

enhance or repress the role of cfp-1 in the SynMuv phenotype. I found that cfp-1 

interacts genetically with other chromatin regulators to regulate the multivulva 

phenotype in SynMuv mutants. 
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Figure 5.1: Synthetic multivulva phenotype  

(A)  Wild-type animals have one vulva (black arrow). (B) SynMuv mutants have 

one normal vulva (black arrow) and one or more vulva like protrusions (red arrows).  
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5.2 Results 

5.2.1 CFP-1 promotes vulval induction in a SynMuv mutant 

 

To investigate the role of CFP-1 in VPC fate decision, a lin-15AB(n765) strain was 

used. It contains an insertion that destroys the open reading frame of genes lin-15A 

and lin-15B (Cui et al., 2006b, Fay and Yochem, 2007). lin-15A is a SynMuv class 

A gene and lin-15B is a SynMuv class B gene. Loss of function of both lin-15A and 

lin-15B genes result in the SynMuv phenotype at 20 °C (Cui et al., 2006b, Fay and 

Yochem, 2007). The lin-15AB(n765) strain was confirmed by genotyping 

(Appendix 9.1 C) and outcrossed five times into the wild-type C. elegans (Bristol 

N2) to remove any background mutations. After outcrossing, the cfp-1 was knocked 

down by RNAi in the lin-15AB(n765) mutant and percentage of the SynMuv 

phenotype was scored.  

 

As shown in Table 5.1, at 20 °C during RNAi negative control conditions, all lin-

15AB(n765) animals had the SynMuv phenotype, which is exhibited as 2.35 ± 0.09 

vulva-like protrusions (ectopic/synthetic vulva) on average (Figure 5.1 B and Table 

5.1). Worms with normal vulva i.e. one vulva without extra protrusions were 

counted as zero protrusions. Wild-type (Bristol N2) animals had 0 vulva-like 

protrusions, i.e. no synthetic multivulva (Figure 5.1 A and Table 5.1). RNAi 

mediated knockdown of cfp-1 partially suppressed the SynMuv phenotype (Table 

5.1) (Cui et al., 2006b). Furthermore, the average number of protrusions in lin-

15AB(n765) mutants treated with cfp-1 RNAi was also reduced (Table 5.1). This 

suggests that depletion of cfp-1 expression suppressed the SynMuv phenotype of lin-

15AB(n765) mutants.  

 

To confirm that the suppression of the SynMuv phenotype was indeed due to cfp-1 

depletion, I measured levels of the cfp-1 mRNA in lin-15AB(n765) mutants treated 

with cfp-1 RNAi. The levels of cfp-1 mRNA were reduced by 89% (Figure 5.2), 

suggesting that the partial suppression of the SynMuv phenotype of lin-15AB(n765) 

mutants is due to depletion of cfp-1. 
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Table 5.1: Percentage of lin-15AB(n765) mutant animals with the SynMuv 

phenotype during cfp-1 RNAi. 

The percentage of the SynMuv phenotype was scored in lin-15AB(n765) mutants 

treated with RNAi negative control (control) or cfp-1 RNAi. The average number of 

vulva-like protrusions were counted. Animals with wild-type vulva were counted as 

0 protrusions. Experiments were conducted at 20 °C. The table represents the 

average of three biological replicates. n is total animals from three replicates. **P < 

0.01. P-value was derived using a Fisher’s exact test. SEM, standard error of the 

mean.  

 

Genotype (RNAi) Percentage of SynMuv  

± SEM (n) 

Avg number of 

protrusions ± SEM 

lin-15AB(n765 ) (control) 100 (142) 2.35 ± 0.09 

lin-15AB(n765) (cfp-1) 78 ± 1.15 (207) ** 1.45 ± 0.03 

Wild-type (control) 0 (66) 0 
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Figure 5.2 : Expression levels of the cfp-1 mRNA upon RNAi negative control 

and cfp-1 RNAi.  

Levels of the cfp-1 transcript in wild-type animals were significantly reduced during 

cfp-1 RNAi (blue) compared to RNAi negative control (control) (grey). pmp-3 and 

tba-1 genes were used for normalisation. The figure represents the average of three 

biological replicates (n = 50 in each replicate). P-values were calculated using a 

student t-test: ** = P<0.01. Error bars represent ± standard error of the mean (SEM). 
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5.2.2 The cfp-1(tm6369) genetic mutant confirmed the role of CFP-1 in the 

SynMuv phenotype. 

 

To further confirm the role of CFP-1 in the SynMuv phenotype, I crossed the lin-

15AB(n765) strain with the cfp-1(tm6369) mutant to generate cfp-1(tm6369);lin-

15AB(n765) double mutants. Consistent with the RNAi result, I observed a 

significant reduction in the SynMuv phenotype in cfp-1(tm6369);lin-15AB(n765) 

mutants. In addition, the average number of protrusions were also reduced (Table 

5.2). This strongly suggests that the loss of cfp-1 function suppressed the SynMuv 

phenotype of lin-15AB(n765) mutants.  

 

In the previous studies, it has been observed that histone methyltransferases can 

suppress the SynMuv phenotype (Cui et al., 2006b, Fay and Yochem, 2007, 

Andersen, 2007). CFP-1 and SET-2 are the key subunits of the H3K4me3 

methyltransferase and loss of CFP-1 or SET-2 function results in a drastic reduction 

of H3K4me3. The suppression of SynMuv in the cfp-1(tm6369);lin-15AB(n765) 

mutant could be due to loss of H3K4me3. To investigate this hypothesis, double 

mutants of set-2(bn129) and lin-15AB(n765) were generated. In contrast to cfp-

1(tm6369);lin-15AB(n765) mutants, all of set-2(bn129);lin-15AB(n765) mutants 

displayed the SynMuv phenotype (Table 5.2) suggesting that the loss of function of 

SET-2 does not suppress the SynMuv phenotype of lin-15AB(n765) mutants. 

Additionally, the average number of protrusions were similar to the average number 

of protrusions in the lin-15AB(n765) mutant (Table 5.2). This finding suggests that 

the suppression of SynMuv in the cfp-1(tm6369);lin-15AB(n765) mutant was not 

due to loss of H3K4me3, indicating a non-overlapping role of CFP-1 and SET-

2/H3K4me3 in vulva development. 
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Table 5.2: Percentage of animals with the SynMuv phenotype and the average 

number of protrusions 

The percentage of SynMuv and the average (Avg) number of protrusions were 

scored in lin-15AB(n765), cfp-1(tm6369);lin-15AB(n765) and set-2(bn129);lin-

15AB(n765) mutants. Experiments were conducted at 20 °C. The table combines the 

results of three biological replicates. n is total animals from three replicates. **P < 

0.01. P-Value was derived using Fisher’s exact test. SEM, standard error of the 

mean. 

 

Genotype Percentage of SynMuv  

± SEM (n) 

Avg number of 

protrusions ± 

SEM 

lin-15AB(n765) 100 (264) 2.31 ± 0.09 

cfp-1(tm6369);lin-15AB(n765) 76 ± 5 (341) ** 1.39 ± 0.11 

set-2(bn129);lin-15AB(n765) 100 (258) 2.34 ± 0.05 

Wild-type 0 (80) 0 
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5.2.3 Role of CFP-1 in the RTK/Ras/MAPK pathway during vulval 

development 

 

RTK/Ras/MAPK signalling plays an important role in vulval development as gain or 

loss of this signalling results in the Muv or vulvaless phenotype, respectively 

(Sundaram, 2006, Thomas et al., 2003). Previous studies suggest that SynMuv genes 

antagonise RTK/Ras/MAPK signalling to prevent ectopic vulva development (Cui et 

al., 2006a, Cui et al., 2006b). CFP-1 might act in the RTK/Ras/MAPK signalling in 

vulva development. Thus, loss of function of CFP-1 might have resulted in 

downregulation of RTK/Ras/MAPK signalling. To explore this possibility, cfp-1 

was knocked down in the Ras gain of function mutant strain MT2124 [let-

60(n1046)]. LET-60 is the C. elegans orthologue of mammalian Ras; it stimulates a 

MAPK cascade consisting of the kinases MEK-2, MPK-1 and LIN-45 (Kornfeld et 

al., 1995, Lackner et al., 1994, Wu and Han, 1994, Wu et al., 1995). let-60(n1046) is 

a non-lethal gain of function let-60 (Ras) allele and has 97% penetrance of the Muv 

phenotype (Singh and Han, 1995). If the loss of cfp-1 function results in 

downregulation of RTK/Ras/MAPK signalling in vulval development, then RNAi-

mediated knockdown of cfp-1 in let-60(n1046) mutants would suppress the Muv 

phenotype of this mutant. Surprisingly, knockdown of cfp-1 did not decrease the 

Muv phenotype of let-60(n1046) mutants (Table 5.3), which suggests that CFP-1 

does not act on RTK/Ras/MAPK signalling. However, it is possible that CFP-1 

might act upstream of LET-60 in RTK/Ras/MAPK signalling.  

 

To explore this, the let-23 (receptor of Ras signalling) gain of function mutant, 

PS1839 [let-23(sa62)] was used (Katz et al., 1996). The let-23(sa62) mutant has 97 

± 1.16% penetrance of the Muv phenotype (Table 5.3). Interestingly, RNAi 

knockdown of cfp-1 had no significant impact on the Muv phenotype of let-23(sa62) 

mutants (Table 5.3). Since there is no suppression of the Muv phenotype, CFP-1 

may not interact genetically with the RTK/Ras/MAPK pathway in vulval 

development.  
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Table 5.3: Percentage of let-60(n1046), let-23(sa62) and lin-12(n137n460) 

mutants exhibiting the Muv phenotype during RNAi-mediated knockdown of 

cfp-1  

The percentage of Muv was scored in let-60(n1046), let-23(sa62) and lin-

12(n137n460) mutants treated with cfp-1 RNAi compared to RNAi negative control 

(control). Two biological replicates were combined for the table. n is total animals 

from two replicates. SEM, standard error of the mean. 

 

Genotype (RNAi) Percentage of Muv ± SEM 

(n) 

let-60(n1046) (control) 95 ± 0.6 (146) 

let-60(n1046) (cfp-1) 95 ± 1.16 (190) 

let-23(sa62) (control) 97 ± 1.16 (185) 

let-23(sa62) (cfp-1) 100 (217) 

lin-12(n137n460) (control) 96 ± 1.16 (198) 

lin-12(n137n460) (cfp-1) 96.5 ± 0.3 (135) 
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5.2.4 Role of CFP-1 in the Notch pathway during vulval development 

 

The Notch pathway also plays an essential role in vulval induction. CFP-1 might act 

in a Notch pathway to regulate vulval induction. To explore this possibility, cfp-1 

was knocked down in the MT1035 [lin-12(n137n460)] strain by RNAi. lin-

12(n137n460) is a gain of function mutant, which shows a wild-type phenotype at 

25 °C and displays Muv and egg-laying defective (Egl) phenotype at 15 °C (Lussi et 

al., 2016). RNAi-mediated knockdown of cfp-1 in the lin-12(n137n460) mutant did 

not further reduce the percentage of animals exhibiting the Muv phenotype (Table 

5.3). This suggests that CFP-1 may not act on the Notch pathway to regulate vulval 

development.  

 

5.2.5 Suppressor/enhancer screen 

 

Mutations causing the loss of cfp-1 function (cfp-1(tm6369)) or depletion of cfp-1 

mRNA levels by RNAi suppresses the SynMuv phenotype of lin-15AB(n765) 

mutants. Interestingly, RNAi-mediated knockdown of cfp-1 could not suppress the 

Muv phenotype of Ras and Notch gain of function mutants. It is possible that some 

other genes might regulate cfp-1 in vulval induction. To identify gene(s) that could 

either enhance or suppress the SynMuv phenotype of cfp-1(tm6369);lin-15AB(n765) 

mutants, a small RNAi screen was carried out. For the RNAi screen, 15 genes that 

have been reported to suppress or promote the SynMuv/Muv phenotype or linked 

with H3K4me3 were selected (Margaritis et al., 2012, Zhou and Zhou, 2011, Lorenz 

et al., 2014, Lorenz et al., 2012, Cui et al., 2006b, Lehner et al., 2006). Loss or 

reduction of function of gtbp-1, ham-3, mes-6, mys-4, phf-15, sin-3 or sumv-1 genes 

is reported to suppress the SynMuv phenotype (Cui et al., 2006b, Lehner et al., 

2006). RNAi of athp-1, hda-1 or rbp-11 enhances the Muv phenotype (Wannissorn, 

2016, Poulin et al., 2005, Dufourcq et al., 2002, Slaughter et al., 2018). egl-18 

promotes vulval development (Sternberg, 2005). ape-1, cec-1, pbrm-1 and hat-1 

orthologues are associated with H3K4me3 (Kim and Buratowski, 2009, Beilharz et 

al., 2017, Lorenz et al., 2014, Engelen et al., 2015, Slaughter et al., 2018). In 

addition to their role in the Muv/SynMuv phenotype, athp-1, egl-18, hda-1, and sin-
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3 orthologues are also associated with H3K4me3 (Margaritis et al., 2012, Zhou and 

Zhou, 2011, Lorenz et al., 2014, Lorenz et al., 2012, Cui et al., 2006b, Lehner et al., 

2006, Ang et al., 2016, He et al., 2013, Morishita et al., 2014, Wannissorn, 2016). 

 

As shown in Table 5.4, more than 96% of lin-15AB(n765) mutants treated with cec-

1, egl-18, hat-1 or rpb-11 RNAi exhibited the SynMuv phenotype. RNAi mediated 

knockdown of the same genes in cfp-1(tm6369);lin-15AB(n765) mutants had no 

significant effect (Table 5.4). RNAi-mediated knockdown of mys-4 in lin-

15AB(n765) mutants resulted in an 11% reduction. However, RNAi-mediated 

knockdown of mys-4 in cfp-1(tm6369);lin-15AB(n765) mutants did not decrease the 

percentage of cfp-1(tm6369);lin-15AB(n765) mutants exhibiting the SynMuv 

phenotype (Table 5.4). This suggests that these genes do not suppress or enhance 

the function of cfp-1 in the SynMuv phenotype.  

 

On the other hand, individual RNAi knockdown of ape-1, athp-1 or ham-3 on cfp-

1(tm6369);lin-15AB(n765) mutants further decreased the percentage of the SynMuv 

phenotype by 2-5% (Table 5.4). Similarly, individual RNAi of mes-6, sumv-1 or 

phf-15 further decreased the percentage of cfp-1(tm6369);lin-15AB(n765) mutants 

expressing the SynMuv phenotype by 10-18% (Table 5.4). These results suggest 

that individual RNAi of athp-1, ham-3, ape-1, mes-6, sumv-1 or phf-15 may 

partially suppress the SynMuv phenotype in cfp-1(tm6369);lin-15AB(n765) mutants. 

However, the suppression was not strong and statistically significant (P>0.1) to 

suggest a genetic interaction between cfp-1 and athp-1, ham-3, ape-1, mes-6, sumv-1 

or phf-15.
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Table 5.4: RNAi screen identified three genes that could enhance and one gene that could suppress the role of cfp-1 in the vulval 

development 
The percentage of SynMuv was scored in the lin-15AB(n765) and cfp-1(tm6369);lin-15AB(n765) background following RNAi of each 

candidate genes. 2-5 biological replicates were combined for the table. n is combined total animals from at least two replicates. **P < 0.01. P-

value was derived using a Fisher’s exact test. SEM, standard error of the mean. SEM, standard error of the mean. 

 

  lin-15AB(n765) cfp-1(tm6369);lin-15AB(n765) Reason for selection References 

RNAi Percentage of SynMuv ± 
SEM (n) 

Percentage of SynMuv ± SEM 
(n) 

  

control 99.3 ± 1 (1191) 68 ± 7.8 (907)   

ape-1 95 ± 0.29 (153) 65 ± 0.6 (141) Linked with H3K4me3 (Kim and Buratowski, 2009, 

Beilharz et al., 2017) 

athp-1 98 ± 1.16 (184) 63.5 ± 3.8 (67) Enhancer of Muv 

Linked with H3K4me3  

(He et al., 2013, Morishita et al., 

2014, Wannissorn, 2016) 

cec-1 98 ± 1.16 (272) 72.5 ± 2.03 (64) Linked with H3K4me3 (Lorenz et al., 2014) 

egl-18 98.5 ± 1 (105) 67.5 ± 3.8 (81) Role in vulval induction 

Linked with H3K4me3 

(Sternberg, 2005) 

(Ang et al., 2016) 

gtbp-1 95.75 ± 1.1 (180) 34 ± 9.6 (165) ** Muv suppression (Cui et al., 2006b) 
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ham-3 93 ± 0.58 (249) 66.5 ± 1.45(44) Muv suppression (Lehner et al., 2006) 

hat-1 100 (59)  80.5 ± 3.19 (118) Linked with H3K4me3 (Engelen et al., 2015) 

hda-1 100 (109) 45 ± 9.3 (136) ** Promotes SynMuv  

Linked with H3K4me3 
(Dufourcq et al., 2002, Cui et al., 

2006b, Lorenz et al., 2014). 

mes-6 67.5 ± 0.29 (50) 52 ± 1.45 (138) Muv suppression (Cui et al., 2006b) 

mys-4 89 ± 2.32 (69) 72 ± 0.3 (75) Muv suppression (Cui et al., 2006b) 

pbrm-1 100 (277) 97 ± 1.3 (342) ** Linked with H3K4me3 (Slaughter et al., 2018) 

phf-15 73 ± 7.55 (119) 50 ± 8.2 (262) Muv suppression (Cui et al., 2006b) 

rpb-11 99 ± 0.58 (175) 66.5 ± 0.29 (101) Promotes SynMuv (Poulin et al., 2005) 

sin-3 66 ± 13.37 (366) 20.6 ± 8.48 (332) ** Muv suppression 

Linked with H3K4me3 

(Cui et al., 2006b, Lorenz et al., 

2014) 

sumv-1 65.5 ± 20 (464) 58.25 ± 17 (349) Muv suppression 

 

(Cui et al., 2006b) 
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5.2.6 PBRM-1 suppresses the function of CFP-1 in vulval induction  

 

pbrm-1 is an orthologue of the mammalian PBRM1 gene which encodes a BAF180 

protein, a subunit of the switch/sucrose non-fermentable (SWI/SNF) complex 

(Shibata et al., 2012). I found that most of the cfp-1(tm6369);lin-15AB(n765) mutant 

animals treated with pbrm-1 RNAi exhibited SynMuv compared to RNAi negative 

control (Table 5.4). Additionally, RNAi knockdown of pbrm-1 in cfp-

1(tm6369);lin-15AB(n765) also rescued the average number of protrusions to lin-

15AB(n765) level (Table 5.5). This finding suggests that PBRM-1 suppresses the 

function of CFP-1 in the SynMuv phenotype.  

 

5.2.7 GTBP-1, SIN-3 and HDA-1 enhance the function of CFP-1 in the 

SynMuv phenotype of the lin-15AB(n765) mutant 

 

In the RNAi screen, it was observed that individual RNAi of hda-1, sin-3 or gtbp-1 

in the cfp-1(tm6369);lin-15AB(n765) mutant remarkably reduced the number of 

animals with the SynMuv phenotype (Table 5.4). This suggests that cfp-1 may 

interact genetically with hda-1, sin-3 or gtbp-1 to regulate vulva development in the 

SynMuv mutant. Next, I used a Fisher’s exact test under the null hypothesis (see 

methods) to investigate whether the observed interaction is statistically significant. 

The Fisher’s exact test results suggested that the reduction of the percentage of cfp-

1(tm6369);lin-15AB(n765) animals with the SynMuv phenotype in individual RNAi 

knockdown of hda-1, sin-3 or gtbp-1 was statistically significant (P<0.01).  

 

To further explore the impact of hda-1, sin-3 or gtbp-1 RNAi on the appearance of 

the SynMuv phenotype in cfp-1(tm6369);lin-15AB(n765) mutants, the average 

number of protrusions were counted. The average number of protrusions of the lin-

15AB(n765) mutant during hda-1, sin-3 or gtbp-1 RNAi was significantly lower 

than the average number of protrusions in the cfp-1(tm6369);lin-15AB(n765) mutant 

grown on RNAi negative control (Table 5.5). Thus, the stronger and statistically 

significant reduction of the SynMuv phenotype suggests that cfp-1 interacts 

genetically with hda-1, sin-3 or gtbp-1 to regulate vulval fate in the SynMuv mutant.  
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Table 5.5: Number of protrusions in lin-AB(n765) and cfp-1(tm6369);lin-

15AB(n765) in RNAi knockdown of pbrm-1, gtbp-1, sin-3 or hda-1 

The average number of protrusions were counted under a Nomarski microscope. 

Animals with wild-type vulva were counted as 0 protrusion. The average number of 

protrusions were reduced in cfp-1(tm6369);lin-15AB(n765) mutants treated with 

gtbp-1, sin-3 or hda-1 RNAi compared to RNAi negative control (control). On the 

other hand, the average number of protrusions were increased in the cfp-

1(tm6369);lin-15AB(n765) mutant when treated with pbrm-1 RNAi. Two biological 

replicates were combined for the table. n is combined total animals from two 

replicates. SEM, standard error of the mean. 

 

Genotype (RNAi) Avg protrusions per 

animal ± SEM (n) 

lin-15AB(n765) (control RNAi) 2.42 ± 0.01 (140) 

lin-15AB(n765) (pbrm-1) 2.23 ± 0.01 (104) 

lin-15AB(n765) (hda-1) 2.3 ± 0.01 (92) 

lin-15AB(n765) (gtbp-1) 2.22 ± 0.01 (183) 

lin-15AB(n765) (sin-3) 1.45 ± 0.12 (311) 

cfp-1(tm6368);lin-15AB(n765) (control RNAi) 1.37 ± 0.02 (161) 

cfp-1(tm6368);lin-15AB(n765) (pbrm-1) 2.12 ± 0.01 (172) 

cfp-1(tm6368);lin-15AB(n765) (hda-1) 1.025 ± 0.03 (129) 

cfp-1(tm6368);lin-15AB(n765) (gtbp-1) 1.11 ± 0.03 (284) 

cfp-1(tm6368);lin-15AB(n765) (sin-3) 0.35 ± 0.04 (167) 
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5.2.8 GTBP-1 and RTK/Ras/MAPK signalling 

 

The mammalian homologue of GTBP-1 is known to modulate the transduction of 

Ras-mediated signalling (Irvine et al., 2004). In this study, it was observed that 

RNAi of gtbp-1 suppressed the SynMuv phenotype of the lin-15AB(n765) mutant 

and the cfp-1(tm6369);lin-15AB(n765) mutant. It is possible that GTBP-1 could act 

in the RTK/Ras/MAPK signalling pathway to modulate the SynMuv phenotype. To 

further explore this, gtbp-1 was knocked down by RNAi in the let-23(sa62) mutant. 

Interestingly, knockdown of gtbp-1 did not decrease the Muv phenotype of the let-

23(sa62) strain (Table 5.6). 

 

As RNAi knockdown of gtbp-1 in the cfp-1(tm6369);lin-15AB(n765) mutant 

significantly reduced the percentage of animals exhibiting the SynMuv phenotype, 

they could also interact to regulate RTK/Ras/MAPK signalling. To investigate this 

hypothesis, gtbp-1 and cfp-1 were knocked down simultaneously by making a 

bacterial culture containing an equal mixture of gtbp-1 and cfp-1 RNAi bacteria. 

Interestingly, simultaneous RNAi knockdown of gtbp-1 and cfp-1 in the let-23(sa62) 

mutant did not reduce the percentage of the Muv phenotype (Table 5.6). This 

finding suggests that GTBP-1 does not interact genetically with Ras to regulate 

vulval induction. However, the observed results could be due to RNAi sensitivity of 

the let-23(sa62) strain and decreased effectiveness due to the combined RNAi 

knockdown approach.  
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Table 5.6: Percentage of let-23(sa62) mutants with the Muv phenotype in RNAi 

of cfp-1, gtbp-1 and cfp-1+gtbp-1 RNAi 

The percentage of Muv was scored in the let-23(sa62) mutant background following 

RNAi of each candidate genes. The experiments were conducted at 20 °C. Two 

biological replicates were combined for the table. n is total animals from two 

replicates. SEM, standard error of the mean. 

 

Genotype (RNAi) Percentage of Muv ± SEM 

(n) 

let-23(sa62) (control) 99 ± 0.6 (137) 

let-23(sa62) (cfp-1) 100 (116) 

let-23(sa62) (gtbp-1) 99.5 ± 0.3 (124) 

let-23(sa62) (gtbp-1+cfp-1) 100 (125) 
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5.2.9 CFP-1 and GTBP-1 genetically interact with each other in C. elegans 

development 

 

In the SynMuv assay, it was found that CFP-1 interacts genetically with GTBP-1 to 

regulate vulval development. It is possible that CFP-1 and GTBP-1 could 

genetically interact to regulate other phenotypes. To further investigate the genetic 

interaction between CFP-1 and GTBP-1 in C. elegans development, both a 

developmental assay and a fertility assay of the cfp-1 mutant upon gtbp-1 RNAi 

were conducted.  

 

It was observed that after 68 h, 56% of the lin-15AB(n765) mutant reached the adult 

stage and 41% were in the L4 stage (Figure 5.3 A). RNAi knockdown of gtbp-1 in 

lin-15AB(n765) mutants resulted in slight developmental delay, as 45% of lin-

15AB(n765) mutants were in the adult stage during gtbp-1 RNAi (Figure 5.3 A). I 

observed that the cfp-1(tm6369);lin-15AB(n765) mutant development was delayed 

compared to the lin-15AB(n765) mutant. As after 68 h, only 35% cfp-1(tm6369);lin-

15AB(n765) mutants reached adulthood and most of the cfp-1(tm6369);lin-

15AB(n765) mutant were still in the L4 stage (Figure 5.3 A). Interestingly, RNAi 

knockdown of gtbp-1 in the cfp-1(tm6369);lin-15AB(n765) mutant enhanced the 

developmental delay phenotype of cfp-1(tm6369);lin-15AB(n765), as only 2% of the 

cfp-1(tm6369);lin-15AB(n765) mutant during gtbp-1 RNAi were in adult stage and 

most of the animals were in the L4 stage (Figure 5.3 A). This result suggests that 

gtbp-1 interacts genetically with cfp-1, to promote the development of C. elegans.  

 

In the fertility assay, gtbp-1 was knocked down by RNAi in the cfp-1(tm6369) 

mutant, and the average brood size was measured. RNAi knockdown of gtbp-1 in 

wild-type animals did not have a significant impact on fertility. Interestingly, the 

average brood size of the cfp-1(tm6369) mutant was significantly reduced during 

gtbp-1 RNAi (Figure 5.3 B). This result indicates that cfp-1 interacts genetically 

with gtbp-1 to promote fertility.  
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Figure 5.3: CFP-1 and GTBP-1 genetically interact to promote fertility and 

developmental rate 

(A) Developmental progress of cfp-1(tm6369);lin-15AB(n765) and lin-15AB(n765) 

mutants grown on RNAi negative control or gtbp-1 RNAi bacteria, monitored at 68 

h at 20 °C. During gtbp-1 RNAi, development of the cfp-1(tm6369);lin-15AB(n765) 

mutant was delayed compared to the lin-15AB(n765) mutant. Two biological 

replicates were combined for the figure (n > 25 per strain in each replicate). 

Combined number of animals from two replicates: lin-15AB (control) 233, lin-

15AB(gtbp-1) 90, cfp-1(tm6369);lin-15AB(control) 156, cfp-1(tm6369);lin-

15AB(gtbp-1) 57. (B) Total brood size assay for wild-type and the cfp-1(tm6369) 

mutant during gtbp-1 RNAi at 20 °C. RNAi knockdown of gtbp-1 significantly 

reduced the brood size of the cfp-1(tm6369) mutant. Two biological replicates were 

combined for the boxplot (n=10 in each replicate). P-values were calculated using 

student t-test: ** = P<0.01. Error bars represent ± standard error of the mean (SEM). 
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5.3 Discussion  

 

Cfp1 is an epigenetic regulator that is responsible for H3K4me3 modification 

(Brown et al., 2017). It plays an essential role in cell fate specification and 

development of an organism (Skalnik, 2010). However, how Cfp1 contributes to this 

event is not yet clear. In this study, it was found that the loss of function of CFP-1 

suppresses the SynMuv phenotype of SynMuv mutants. Interestingly, despite both 

cfp-1 and set-2 genes having a similar role in H3K4me3 deposition and development 

of C. elegans, the loss of function of SET-2 did not suppress the SynMuv 

phenotype. This suggests a function for CFP-1 outside of the COMPASS complex. 

Additionally, I observed that pbrm-1 suppresses the function of cfp-1, whereas gtbp-

1, sin-3 or hda-1 enhances the function of cfp-1 in vulval induction. Taken together, 

this study suggests that cfp-1 interacts genetically with gtbp-1, sin-3, hda-1 and 

pbrm-1 to regulate vulval cell fate in SynMuv mutants. 

 

5.3.1 Role of CFP-1 in vulval cell fates 

 

I observed that the loss of function of CFP-1 suppressed the SynMuv phenotype of 

SynMuv mutants. Interestingly, loss of function of CFP-1 in wild-type animals does 

not result in a defect in vulval development. It is possible that CFP-1 is only 

required for the ectopic vulval cell fates, but not in normal vulval development. 

SynMuv genes could inhibit the expression of the genes that promote the vulval cell 

fate in VPC cells, and after the loss of function of SynMuv genes, CFP-1 might 

promote the expression of SynMuv target genes, thus promoting the vulval cell fate-

decision. It is also possible that the CFP-1 might act on distinct genes, different to 

those misregulated in the loss of SynMuv genes, and transcription of CFP-1 target 

genes might antagonise the activities of the SynMuv protein.  

 

SynMuv genes are reported to act on RTK/Ras/MAPK signalling to suppress the 

Muv phenotypes (Cui et al., 2006a, Cui et al., 2006b, Simonet et al., 2007). It is 

possible that CFP-1 plays a role in the vulval induction by promoting 

RTK/Ras/MAPK signalling. However, RNAi knockdown of cfp-1 did not reduce the 
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Muv phenotype of the Ras gain of function mutants. This suggests that CFP-1 may 

not act in the RTK/Ras/MAPK signalling pathways. Similar to RTK/Ras/MAPK 

signalling, RNAi knockdown of cfp-1 did not reduce the Muv phenotype of the 

Notch gain of function mutants, suggesting that CFP-1 does not act in the Notch 

signalling pathway to promote the SynMuv phenotype.  

 

5.3.2 Chromatin regulators regulate the role of CFP-1 in vulval development 

 

SynMuv genes are essential to prevent ectopic vulval induction, and mutations in 

these genes results in the appearance of the SynMuv phenotype. A number of these 

genes are chromatin regulators, which are associated with gene expression and 

repression (Cui et al., 2006b, Fay and Yochem, 2007). For example, some of class B 

SynMuv genes encode for chromatin regulators which are associated with gene 

repression, whereas class C SynMuv genes encode for components of the NuA4 

complex which are associated with gene expression (Harrison et al., 2006, Solari 

and Ahringer, 2000). The interplay between chromatin regulators, which are 

associated with gene expression or repression, regulates the proper cell fates in 

vulva development. 

 

In this study, CFP-1 was found to antagonise SynMuv genes. Interestingly, it was 

found that PBRM-1, a subunit of chromatin remodelling complex (SWI/SNF 

complex), suppresses the function of CFP-1 in vulval induction. While HDA-1 

enhanced the function of CFP-1 in the SynMuv phenotype. HDA-1 is the orthologue 

of mammalian histone deacetylase 1 (HDAC1) which is responsible for removal of 

acetylation modification. Earlier studies suggested that hda-1 acts as a classical 

SynMuv gene (Lu and Horvitz, 1998, Solari and Ahringer, 2000). However, a study 

conducted by Dufourcq et al. (2002) using the hda-1 genetic mutant suggested that 

loss of hda-1 can induce the Muv phenotype without interacting with class A and B 

SynMuv genes. Surprisingly, in this study, it was observed that RNAi knockdown of 

hda-1 in the cfp-1(tm6369);lin-15AB(n765) mutant strongly suppressed the SynMuv 

phenotype. One possible explanation for this intriguing finding is that HDA-1 may 

interact with different proteins such as SIN-3, SPR-1 and CHD-3, and function as a 
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transcriptional activator as well as a repressor to regulate vulval development 

(Silverstein and Ekwall, 2005, Grzenda et al., 2009).  

 

In support of this, I observed that RNAi knockdown of sin-3 reduced the SynMuv 

phenotype of the cfp-1(tm6369);lin-15AB(n765) mutant. SIN-3 is the orthologue of 

mammalian SIN3, and functions in a repressor or corepressor complexes along with 

HDAC1 (Grzenda et al., 2009). SIN-3 and HDA-1 are the critical subunits of the 

SIN-3/HDAC1/2 complex, which regulates gene expression. The SIN-3/HDAC1/2 

complex plays a role in both gene expression and repression (Silverstein and Ekwall, 

2005, Grzenda et al., 2009). It is possible that CFP-1 might interact with the SIN-

3/HDAC1/2 complex to regulate the expression of gene/s that promote vulval 

induction such as lin-3. Previous studies have suggested that the SIN-3/HDAC1/2 

complex can be recruited by DNA binding proteins (Doetzlhofer et al., 1999). CFP-

1 contains a DNA-binding domain and binds to unmethylated CpG islands (CGIs) 

which are frequently found at mammalian and C. elegans promoters (Skalnik, 

2010). CFP-1 could help in the recruitment of the SIN-3/HDAC1/2 complex at the 

lin-3 promoter. The recruited SIN-3/HDAC1/2 complex could promote lin-3 

expression and also prevent the recruitment of chromatin remodelling complexes 

such as the SWI/SNF complex.  

 

5.3.3 GTBP-1 interacts genetically with CFP-1 in C. elegans development  

 

In this study it was observed that RNAi knockdown of gtbp-1 suppresses the 

SynMuv phenotype in the cfp-1(tm6369);lin-15AB(n765) mutant. GTBP-1 is a 

homologue of the mammalian GAP (GTPase-activating proteins) binding protein 

(G3BP1) that binds to Ras GTPase activating protein GAP (Parker et al., 1996). 

GAP regulates the RTK/Ras/MAPK signalling by activating the GTPase activity of 

Ras protein. The previous study has suggested that G3BP1 acts downstream of 

RTK/Ras/MAPK signalling to promote cell proliferation (Irvine et al., 2004). 

Furthermore, in gastric cancer cells, it has been observed that overexpression of 

G3BP1 results in an increase in the expression of ERK and ATK genes suggesting a 

positive correlation between G3BP1 and RTK/Ras/MAPK signalling (Min et al., 
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2015, Barnes et al., 2002, Armstrong et al., 2006, Zhang et al., 2018). In the present 

work, knockdown of gtbp-1 suppressed the SynMuv phenotype of the lin-

15AB(n765) mutant, and the suppression was enhanced by the knockdown of cfp-1. 

It is possible that both CFP-1 and GTBP-1 cooperate to regulate RTK/Ras/MAPK 

signalling. However, RNAi knockdown of gtbp-1 and/or cfp-1 did not reduce the 

Muv phenotype of the Ras gain of function mutants. It is possible that GTBP-1 and 

CFP-1 may regulate other genes to promote SynMuv development. Further 

experiments to identify the genes that are targeted by SynMuv proteins, CFP-1 and 

by GTBP-1 should help to dissect the exact mechanism behind SynMuv suppression 

as observed through the loss of CFP-1 and/or GTBP-1 function in SynMuv mutants. 

 

Additionally, I found that gtbp-1 genetically interacts with cfp-1 to promote fertility 

and development. The RNAi knockdown of gtbp-1 in the cfp-1(tm6369) mutant 

resulted in a drastic reduction in brood size and developmentally delayed phenotype. 

It is possible that CFP-1 and GTBP-1 might interact to regulate the expression of 

genes involved in reproduction and development of the organism. The identification 

of the genes that are misregulated in the loss of CFP-1 and/or GTBP-1 function 

could help to understand the observed interaction in detail. 

 

5.3.4 SET-2/COMPASS independent function of CFP-1  

 

Another key finding of this study was the non-overlapping function of CFP-1 and 

SET-2. CFP-1 and SET-2 are the key subunits of the Set1/COMPASS complex. 

Chapter 3 shows that both CFP-1 and SET-2 are required for bulk H3K4me3, and 

they play a similar role in fertility and development of C. elegans. Surprisingly, in 

this Chapter, it was observed that loss of function of cfp-1, but not set-2, suppressed 

the SynMuv phenotype of lin-15AB(n765). Findings from this Chapter suggest that 

CFP-1 can function outside of the SET-2/COMPASS complex. 
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Chapter 6 

 CFP-1 interacts with HDAC1/2 complexes in C. elegans development 
 

 

6.1 Introduction 

 

The interplay between the highly dynamic histone modifications can determine 

chromatin structure and gene function (Zhang et al., 2015). At enhancer and 

promoter regions, histones are subject to high turn-over of acetylation or 

methylation modification which results in either activation or repression of gene 

expression (Zhang et al., 2015, Clouaire et al., 2014). Acetylation of histones, by 

conserved histone acetyltransferases (HATs) such as Gcn5, p300/CBP, sRC/p160 

and MYST, promotes an open chromatin state that allows active transcription to 

occur (Marmorstein and Zhou, 2014). Acetylation of histones at promoters is 

counteracted by a group of histone deacetylases (HDAC) (Crump et al., 2011, Hsu 

et al., 2012). HDAC can form multiprotein complexes such as SIN3, NuRD, and 

CoREST to regulate gene expression (Kelly and Cowley, 2013, Gregoretti et al., 

2004, Crump et al., 2011, Hsu et al., 2012). These HDAC complexes play key roles 

in the development of an organism. Histone 3 lysine 4 trimethylation (H3K4me3) at 

active promoters can act as binding sites for conserved HAT and HDAC multi-

protein complexes to modulate the level of acetylated chromatin in active promoter 

regions (Shilatifard, 2012, Howe et al., 2017, Bochynska et al., 2018). Alternatively, 

these HATs and HDACs can also be recruited to the active promoter regions by 

DNA-binding proteins (Robert et al., 2004). For instance, Sp1 can physically 

interact with CBP1 (HAT) to activate gene expression (Song et al., 2002). Sp1 can 

also recruit HDAC1 to downregulate target gene expression (Doetzlhofer et al., 

1999).  

 

In Chapter 3, it was reported that both CFP-1 and SET-2 are required for the 

deposition of H3K4me3, fertility and development of C. elegans. Furthermore, it 

was also observed that the loss of function of CFP-1 or SET-2 resulted in a stronger 

gene induction (Chapter 4). Surprisingly, loss of function of CFP-1, but not SET-2, 

suppressed the synthetic multivulva (SynMuv) phenotype, an organogenesis defect 
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caused by aberrant epidermal development (Chapter 5). The genetic screen to 

identify the genes that can enhance or suppress CFP-1 function in the epidermal 

development indicated that CFP-1 can interact genetically with SIN-3 and HDA-1 to 

regulate the SynMuv phenotype. In this Chapter, the genetic interaction between 

CFP-1 and histone deacetylases was investigated. It was found that CFP-1, but not 

SET-2, interacts genetically with class I HDAC1/2 complexes.  
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6.2 Results 

 

6.2.1 RNAi-mediated knockdown of hda-1 enhances the poor fertility 

phenotype of cfp-1(tm6369) 

 

In the SynMuv screen, it was observed that RNAi-mediated knockdown of hda-1 

suppresses the SynMuv phenotype of cfp-1(tm6369);lin-15AB(n765) mutant. This 

finding suggests that cfp-1 could interact genetically with hda-1. To further 

investigate the interaction between cfp-1 and HDACs, hda-1 was knocked down by 

RNAi in cfp-1(tm6369) mutants and in wild-type animals then the impact of 

knockdown on fertility was measured. The depletion of hda-1 levels by RNAi-

mediated knockdown resulted in a significant reduction of the average brood size of 

wild-type C. elegans (Figure 6.1). Additionally, 50% of the embryos out of the total 

brood were dead. This finding is consistent with the previous report which suggests 

that the loss of hda-1 is embryonic lethal (Shi and Mello, 1998).  

 

Similar to wild-type animals, 50% of the embryos of cfp-1(tm6369) mutants upon 

hda-1 RNAi were dead and 65% (n = 30) of cfp-1(tm6369) mutant animals were 

sterile. Additionally, RNAi-mediated knockdown of hda-1 in cfp-1(tm6369) mutants 

dramatically reduced the brood size of cfp-1(tm6369) mutants by 87% (Figure 6.1). 

As shown in Figure 6.1, a stronger reduction in all the three biological replicates 

was observed. This result suggests a potential genetic interaction between cfp-1 and 

hda-1. Additionally, I also used a one sided t-test for genetic interaction, to 

investigate whether the reduction of cfp-1(tm6369) brood size in hda-1 RNAi was 

statistically significant to suggests a genetic interaction between CFP-1 and HDA-1 

(Baugh et al., 2005, Mcmurchy et al., 2017). The one-sided t-test determined that the 

average brood size of cfp-1(tm6369) during hda-1 RNAi was significantly lower 

((P<0.01) when compared to the cfp-1(tm6369) mutant grown on RNAi negative 

control and the hda-1 RNAi knockdown in wild-type animals (Baugh et al., 2005, 

Mcmurchy et al., 2017). This reduction of the brood size of the cfp-1(tm6369) 

mutant during hda-1 RNAi suggests a genetic interaction between cfp-1 and hda-1.  
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I also investigated whether set-2 and hda-1 genetically interact to promote fertility. 

Out of the total brood, 33% of the set-2(bn129) embryos upon hda-1 RNAi were 

dead. As shown in Figure 6.1, the average brood size of the set-2(bn129) mutant on 

hda-1 RNAi was slightly lower compared to RNAi negative control. Even though 

the average brood size of the set-2(bn129) mutant was reduced during hda-1 RNAi, 

the reduction was not statistically significant (P>0.1), thus suggesting no genetic 

interaction between set-2 and hda-1. Collectively, these results suggest that cfp-1, 

but not set-2, interacts genetically with hda-1 to promote fertility. 
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Figure 6.1: RNAi-mediated knockdown of hda-1 reduces the brood size of cfp-

1(tm6369) 

Brood size assay showing genetic interactions between cfp-1 and hda-1 using RNAi-

mediated knockdown. E. coli containing empty vector was used as a RNAi negative 

control (control). The F1 generation on hda-1 RNAi displayed a higher percentage 

of embryonic lethality, thus fertility was assayed at P0. RNAi knockdown of hda-1 

resulted in a reduction in brood size in wild-type (grey), cfp-1(tm6369) (blue) and 

set-2(bn129) (red) mutants. A null hypothesis t-test (refer to the methods section) 

showed a genetic interaction between hda-1 and cfp-1 but not with set-2. Three 

biological replicates were combined for the figure (n=10 in each experiment). P-

values were calculated using a one-tailed student t-test: ** = P<0.01. Error bars 

represent ± standard error of the mean (SEM). 
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6.2.2 CFP-1 cooperates with class I HDACs to promote fertility 

 

hda-1 is an orthologue of mammalian HDAC1 (Shi and Mello, 1998). In mammals, 

HDAC1 often forms heterodimers with HDAC2 for deacetylase activity (Yang and 

Seto, 2003, De Ruijter et al., 2003, Yang and Seto, 2008). To investigate whether 

cfp-1 also interacts genetically with HDAC2, hda-2 or hda-3, potential homologues 

of HDAC2 were knocked down in the cfp-1(tm6369) mutant and the effect of 

knockdown on fertility was measured (Shi and Mello, 1998).  

 

Interestingly, unlike hda-1 there was no significant change in the brood size of wild-

type worms treated with hda-3 RNAi, as the average brood size during hda-3 RNAi 

was 269 ± 7 (average ± standard error of the mean), which was similar to the 

measured 280 ± 4 during RNAi negative control (Figure 6.2). On the other hand, 

the average brood size of the wild-type during hda-2 RNAi was increased. However, 

this increment was not significant (Figure 6.2). 

 

Similar to hda-1, the average brood size of the cfp-1(tm6369) mutants treated with 

either hda-2 or hda-3 RNAi was remarkably reduced in all the three biological 

replicates and the reduction was statistically significant (P<0.05) (Figure 6.2). This 

suggests that cfp-1 interacts genetically with hda-2 and hda-3 to promote fertility. 

On the other hand, RNAi mediated depletion of hda-3 levels in set-2(bn129) mutant 

animals did not result in a significant change in the brood size (Figure 6.2). 

Although hda-2 RNAi increased the average brood size of the set-2(bn129) mutants, 

the increment was again not significant (Figure 6.2). Taken together, these findings 

suggest that cfp-1 interacts genetically with hda-2 and hda-3 to promote fertility. 
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Figure 6.2: CFP-1 interacts genetically with HDAC 1/2 to promote fertility  

Brood size assay showing genetic interactions between CFP-1 and HDAC 1/2 using 

hda-2 and hda-3 RNAi. The average brood size of cfp-1(tm6369) (blue) was further 

reduced by RNAi-mediated knockdown of hda-2 or hda-3 but had no significant 

impact on the set-2(bn129) mutant (red) brood size. Three biological replicates were 

combined for the figure (n=10-15 in each experiment). P-values were calculated 

using a one-tailed student t-test: * = P<0.05. Error bars represent ± SEM. 
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6.2.3 CFP-1 interacts genetically with SIN-3, CHD-3 and SPR-1 complexes 

 

HDAC1 and HDAC2 are found in the SIN-3, NuRD and CoREST complexes, 

which are each defined by the presence of the major subunits SIN-3, CHD-3/LET-

418 and SPR-1, respectively (Solari and Ahringer, 2000, Choy et al., 2007, Bender 

et al., 2007, Yang and Seto, 2003, De Ruijter et al., 2003, Yang and Seto, 2008). To 

test which of these HDAC1/2 complexes interact with CFP-1, the major subunits of 

each of the HDAC1/2 containing complexes were depleted by RNAi knockdown, 

and the effect on fertility was measured. 

 

The RNAi-mediated knockdown of sin-3 significantly reduced the brood size of the 

wild-type. Interestingly, 35% (n=30) of the cfp-1(tm6369) mutants were sterile upon 

sin-3 RNAi. Furthermore, the fertility of the cfp-1(tm6369) was drastically reduced 

by 76% (Figure 6.3). Additionally, the observed reduction of the brood size was 

statistically significant (P<0.01), indicating a clear genetic interaction between cfp-1 

and sin-3. sin-3 was also knocked down in the set-2(bn129) mutant, and the brood 

size was measured. The average brood size of the set-2(bn129) mutant was slightly 

reduced during sin-3 RNAi compared to RNAi negative control (Figure 6.3). 

However, the reduction was not statistically significant (P>0.1), suggesting no 

genetic interaction between set-2 and sin-3.  

 

Next, either chd-3 or spr-1 was knocked down by RNAi in wild-type, cfp-1(tm6369) 

and set-2(bn129) mutants. The average brood size of the wild-type upon chd-3 or 

spr-1 RNAi was 288 ± 7 or 278 ± 6, respectively, which was similar to the average 

brood size during RNAi negative control (293 ± 6) (Figure 6.3). Whereas the 

RNAi-mediated knockdown of chd-3 or spr-1 remarkably reduced the brood size of 

the cfp-1(tm6369) mutant to 45 ± 9 or 43 ± 9, respectively (Figure 6.3). On the 

other hand, RNAi-mediated knockdown of chd-3 or spr-1 did not reduce the fertility 

of the set-2(bn129) mutant (Figure 6.3). Collectively, these results suggest that cfp-

1, but not set-2, interacts genetically with sin-3, chd-3 and spr-1.
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Figure 6.3: CFP-1 interacts with key subunits of HDAC 1/2 complexes to 

promote fertility  

The average brood size on RNAi knockdown of chd-3 or spr-1 or sin-3 or RNAi 

negative control (control) in wild-type (grey), cfp-1(tm6369) (blue) and set-2(bn129) 

(red) mutants. Brood size of cfp-1(tm6369) was significantly reduced during RNAi-

mediated knockdown of chd-3, spr-1 or sin-3. RNAi-mediated knockdown of chd-3 

or spr-1 had no significant impact on the set-2(bn129) mutant brood size. 

Knockdown of sin-3 further reduced the brood size of the set-2(bn129) mutant, but 

the reduction was not statistically significant. Three biological replicates were 

combined for the figure (n=10-15 in each experiment). P-values were calculated 

using a one-tailed student t-test: ** = P<0.01, * = P<0.05. Error bars represent ± 

SEM. 
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6.2.4 Genetic mutants confirmed the genetic interaction between CFP-1 and 

HDAC1/2 complexes 

 

To further confirm the RNAi results, cfp-1(tm6369) and set-2(bn129) mutants were 

crossed with sin-3(tm1276), and spr-1(ok2144) mutants (Appendix 9.1 D and E) 

and the brood size of these double mutants was measured (Figure 6.4). The average 

brood size of the spr-1(ok2144) was significantly lower than the wild-type (Figure 

6.4 A). As expected, the brood size of the cfp-1(tm6369);spr-1(ok2144) mutant was 

12 ± 1, which was significantly lower than the average brood size of the cfp-

1(tm6369) and spr-1(ok2144) single mutants (Figure 6.4 A). Furthermore, the 

reduction was greater compared to spr-1 RNAi in cfp-1(tm6369) mutants (Figure 

6.3 and Figure 6.4 A). This result further confirms the genetic interaction between 

cfp-1 and spr-1. On the other hand, the average brood size of the set-2(bn129);spr-

1(ok2144) was similar to the average brood size of the set-2(bn129) mutant (Figure 

6.4 A).  

 

Next, the brood size of sin-3(tm1276), cfp-1(tm6369);sin-3(tm1276) and set-

2(bn129);sin-3(tm1276) mutants was measured. It was observed that the brood size 

of the sin-3(tm1276) mutant was significantly lower than the average brood size of 

the wild-type (Figure 6.4 B). Surprisingly, cfp-1(tm6369);sin-3(tm1276) mutants 

were completely sterile (Figure 6.4 B). Due to the sterility, the cfp-1(tm6369);sin-

3(tm1276) mutant could not grow for more than one generation. On the other hand, 

set-2(bn129);sin-3(tm1276) mutants were fertile. The average brood size of the set-

2(bn129);sin-3(tm1276) mutant was similar to the brood size of the sin-3(tm1276) 

single mutant (Figure 6.4 B). Collectively, these results confirm the genetic 

interaction between cfp-1 and sin-3, and between cfp-1 and spr-1.  
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Figure 6.4: Genetic interaction between CFP-1 and HDAC1/2 subunits 

Brood size assays showing genetic interactions between cfp-1 and sin-3 or spr-1 

using double mutants. (A) The average brood size of spr-1(ok2144) mutants. The 

average brood size of cfp-1(tm6369);spr-1(ok2144) was lower than 12, whereas the 

brood size of set-2(bn129);spr-1(ok2144) was similar to set-2(bn129) mutant. Two 

biological replicates were combined for the figure (n=10 in each experiment). (B) 

Brood size of set-2(bn129);sin-3(tm1276) mutants was similar to the brood size of 

sin-3(tm1276) showing no genetic interaction. All of the cfp-1(tm6369);sin-

3(tm1276) mutants were sterile. Two biological replicates were combined for the 

figure (n=10 in each experiment). P-values were calculated using a one-tailed 

student t-test: ** = P<0.01. Error bars represent ± SEM.  
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6.2.5 TSA reduces the fertility of the cfp-1(tm6369) mutant 

 

I observed a decrease in the brood size of the cfp-1(tm6369) mutant during hda-1, 

hda-2 or hda-3 RNAi. To test whether it was due to a reduction in deacetylase 

activity, cfp-1(tm6369) mutants were treated with Trichostatin A (TSA). TSA is a 

chemical drug that specifically inhibits class I/II histone deacetylases, and TSA 

treated cells have a significant gain in histone acetylation (Crump et al., 2011, Hsu 

et al., 2012, Vastenhouw et al., 2006). TSA is a toxic chemical. To avoid toxicity 

issues, the chemical was used at a final concentration of 4 µM, which is known to be 

non-toxic for wild-type worms (Vastenhouw et al., 2006). TSA was dissolved in 

dimethyl sulphoxide (DMSO), and DMSO alone was used as the control. Worms 

were transferred to the plates containing 4 µM TSA or DMSO for the fertility assay. 

It was found that the brood size of wild-type worms treated with TSA was 261 ± 10, 

which was similar to 240 ± 8 on no TSA control (Figure 6.5). This suggests that the 

brood size of the wild-type worms was not affected by TSA. Similarly, the average 

brood size of the set-2(bn129) mutant was not affected when treated with TSA 

(Figure 6.5). In contrast, the average brood size of the cfp-1(tm6369) mutant was 

significantly reduced from 119 ± 8 on no TSA control to 80 ± 10 on TSA treatment 

(Figure 6.5). These findings suggest that that decreased brood size of the cfp-

1(tm6369) mutant during HDAC1/2 RNAi could be due to reduced deacetylase 

activity. Taken together these findings support the genetic interaction between CFP-

1 and HDAC1/2 and provide the functional link for the interaction.  
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Figure 6.5: TSA treatment further reduces the brood size of cfp-1(tm6369) 

Brood size of wild-type (grey), cfp-1(tm6369) (blue) and set-2(bn129) (red) mutants 

treated with control (DMSO) or Trichostatin A (TSA). The average brood size of the 

cfp-1(tm6369) mutant was significantly reduced when treated with TSA whereas the 

brood size of the wild-type and the set-2(bn129) mutant was not affected by TSA 

treatment. Three biological replicates were combined for the figure (n=9-10 in each 

replicate). P-values were calculated using a one-tailed student t-test: * P<0.05. Error 

bars represent ± SEM 
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6.2.6 CFP-1 does not interact genetically with class II, III and IV HDACs 

 

HDACs are classified into four groups (class I, class II, class III and class IV) based 

on the sequence homology and phylogenetic analysis of the yeast histone 

deacetylase (Shi and Mello, 1998, Gregoretti et al., 2004). hda-1, hda-2 and hda-3 

are class I HDACs (Shi and Mello, 1998, Gregoretti et al., 2004). To investigate 

whether cfp-1 also interacts genetically with other classes of HDACs, hda-10 of 

class II, sir-2.1 or sir 2.2 of class III and hda-11 of class IV were knocked down in 

wild-type, cfp-1(tm6369) and set-2(bn129) mutants, and fertility was measured. 

 

The average brood size of the wild-type treated with hda-10 RNAi was similar to 

the brood size during RNAi negative control (Figure 6.6 A). This suggests that the 

knockdown of hda-10 did not have a significant impact on the brood size of the 

wild-type. The average brood size of the set-2(bn129) and cfp-1(tm6369) mutant 

animals during hda-10 RNAi knockdown was increased. However, the gain was not 

statistically significant (Figure 6.6 A). This suggests that cfp-1 and set-2 do not 

interact with hda-10, or possibly with class II HDACs. 

 

Similarly, knockdown of class III HDACs, sir-2.1 or sir-2.2 did not have a 

significant impact on the brood size of wild-type, cfp-1(tm6369) and set-2(bn129) 

mutants (Figure 6.6 B). Next, hda-11, the only class IV HDAC, was knocked down 

and the brood size of wild-type, cfp-1(tm6369) and set-2(bn129) mutants was 

measured. Similar to hda-10, sir-2.1 and sir-2.2, RNAi-mediated knockdown of 

hda-11 did not have a significant impact on the fertility of the wild-type and the set-

2(bn129) mutant (Figure 6.6 C). On the other hand, the average brood size of the 

cfp-1(tm6369) mutant on hda-11 RNAi was reduced compared to RNAi negative 

control (Figure 6.6 C). However, the observed decrease was not significant to 

suggest a genetic interaction between cfp-1 and hda-11. Collectively, these results 

suggest that cfp-1 and set-2 may not interact with class II, III and IV HDACs.  
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Figure 6.6: CFP-1 does not interact with class II, III or IV HDACs  

Brood size assays showing no genetic interactions between CFP-1 and class II, III or 

IV HDACs using RNAi knockdown (A-C). (A) The average brood size of wild-type 

(grey), cfp-1(tm6369) (blue) and set-2(bn129) (red) mutants on a class II HDAC, 

hda-10 RNAi. RNAi knockdown of hda-10 had no impact on the brood size of the 

wild-type, whereas the brood size of cfp-1(tm6369) and set-2(bn129) mutants was 

slightly increased but not significantly. (B) The average brood size of wild-type 

(grey), cfp-1(tm6369) (blue) and set-2(bn129) (red) mutants on class III HDACs, 

sir-2.1 and sir 2.2 RNAi. RNAi-mediated knockdown of sir-2.1 or sir 2.2 did not 

have an impact on the brood size of the wild-type and set-2(bn129) mutants. RNAi-

mediated knockdown of sir-2.1 or sir 2.2 slightly reduced the brood size of cfp-

1(tm6369), but the reduction was not significant. (C) The average brood size of 

wild-type (grey), cfp-1(tm6369) (blue) and set-2(bn129) (red) mutants on class IV 

HDACs, hda-11 RNAi. Brood size of cfp-1(tm6369) was reduced during hda-11 

RNAi compared to RNAi negative control. However, the reduction was not 

significant. RNAi-mediated knockdown of hda-11 did not have an impact on the 

average brood size of wild-type animals and the set-2(bn129) mutant. Two 

biological replicates were combined for figures (n=10-15 in each experiment). P-

values were calculated using a one-tailed student t-test: * P<0.05. Error bars 

represent ± SEM 
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6.2.7 Investigating the genetic interaction between CFP-1 and HATs  

 

Acetylation state of histones is controlled by HATs and HDACs. Here, it was 

observed that CFP-1 interacts genetically with HDAC1/2 complexes. To investigate, 

whether CFP-1 also interacts with HATs, I either knocked down cbp-1 or hat-1 by 

RNAi or crossed the mys-4(tm3161) mutant (Appendix 9.1 F) with cfp-1(tm6369) 

and set-2(bn129) mutants and measured the effect on fertility. cbp-1 is a C. elegans 

homologue of mammalian histone acetyltransferase CBP and p300 (Shi and Mello, 

1998). mys-4 is the orthologue of mammalian histone acetyltransferase KAT6A 

(Erdelyi et al., 2017, Lau et al., 2016). hat-1 is the orthologue of mammalian histone 

acetyltransferase HAT1 (Wenzel et al., 2011). 

 

RNAi mediated knockdown of hat-1 resulted in a significant reduction in the 

average brood size of wild-type animals compared to RNAi negative control 

(Figure 6.7 A). Interestingly, even though the average brood size of wild-type 

animals were reduced during the hat-1 RNAi, the average brood size of cfp-

1(tm6369) mutant animals was not reduced. Likewise, the brood size of set-

2(bn129) mutants was also not affected upon hat-1 RNAi (Figure 6.7 A).  

 

On the other hand, the average brood size of mys-4(tm3161) mutants was 188 ± 10, 

which was significantly lower than the 265 ± 6 of wild-type animals (Figure 6.7 B). 

The brood size of set-2(bn129);mys-4(tm3161) double mutants was 123 ± 10 which 

was similar to the 115 ± 7 of set-2(bn129) mutants (Figure 6.7 B). Surprisingly, the 

brood size of cfp-1(tm6369);mys-4(tm3161) double mutants was significantly 

reduced compared to cfp-1(tm6369) and mys-4(tm3161) single mutants (Figure 6.7 

B). In comparison to the wild-type, the average brood size of the mys-4(tm3161) 

mutant was also reduced significantly. Therefore, It is possible that the observed 

reduction in the brood size of cfp-1(tm6369);mys-4(tm3161) double mutants could 

be additive. Further genetic and biochemical experiments will help to investigate the 

interaction between cfp-1 and mys-4 in detail.  

 

Next, I investigated the interaction between cbp-1 and cfp-1. cbp-1 RNAi resulted in 

a larval arrest in wild-type, set-2(bn129) and cfp-1(tm6369) mutants. Therefore, to 
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investigate the potential interaction between cbp-1 and cfp-1 or set-2, the cbp-

1(ku258) gain of function mutant was used (Eastburn and Han, 2005). I observed 

that the brood size of cbp-1(ku258) mutants was 94 ± 12 which was significantly 

lower than the wild-type average brood size (269 ± 10) (Figure 6.7 C). The average 

brood size of the cbp-1(ku258) mutant did not change significantly during cfp-1 or 

set-2 RNAi (Figure 6.7 C). cbp-1(ku258) mutants also have an egg laying defective 

phenotype (Egl) (Eastburn and Han, 2005). I also investigated whether knockdown 

of cfp-1 or set-2 on cbp-1(ku258) enhance or suppress the Egl phenotype. As shown 

in Table 6.1, the percentage of the Egl phenotype of cbp-1(ku258) grown on cfp-1 

or set-2 RNAi was similar to RNAi negative control. This suggests that neither cfp-1 

nor set-2 enhance or suppress the Egl phenotype of cbp-1(ku258) mutants. 
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Figure 6.7: Genetic interaction between CFP-1 and HATs  

(A) Brood size of wild-type (grey), cfp-1(tm6369) (blue) and set-2(bn129) (red) 

mutant on hat-1 RNAi. RNAi-mediated knockdown of hat-1 significantly reduced 

the brood size of the wild-type. Interestingly, hat-1 RNAi did not reduce the brood 

size of cfp-1(tm6369) and set-2(bn129) mutants. Two biological replicates were 

combined for the figure (n=15 in each experiment) (B) Brood size of wild-type 

(grey), cfp-1(tm6369) (blue), set-2(bn129) (red), cfp-1(tm6369);mys-4(tm3161) 

(blue) and set-2(bn129);mys-4(tm3161) (red) mutants at 20 °C. The cfp-

1(tm6369);mys-4(tm3161) mutant exhibited a reduced brood size compared to single 

mutants, however the difference in brood size was not significant. Two biological 

replicates were combined for the figure (n=10 in each experiment). (C) Brood size 

of cbp-1(ku258) (green) on RNAi negative control, cfp-1 and set-2 RNAi. Brood 

size of cbp-1(ku258) on RNAi of cfp-1 or set-2 was similar to EV. Two biological 

replicates were combined for the figure (n=9-10 in each experiment). P-values were 

calculated using a student t-test: * = P<0.05. Error bars represent ± SEM   
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Table 6.1: Egg-laying defective (Egl) phenotype of the cbp-1(ku258) mutant  

cfp-1 or set-2 was knocked down by RNAi and the Egl phenotype was scored based 

on the presence of bags of eggs or hatched larva inside the mother. Two biological 

replicates were combined for the table. n is total animals from two biological 

replicates. 

 

RNAi Percentage of cbp-1(ku258) animals 

with the Egl phenotype 

n 

EV 25 99 

cfp-1 26 109 

set-2 28 235 
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6.2.8 The poor fertility and developmental delay of cfp-1(tm6369) or set-

2(bn129) mutants is enhanced in cfp-1(tm6369);set-2(bn129) double mutants. 

 

Genetic interaction results suggested that only cfp-1 but not set-2 interacts 

genetically with HDAC1/2 complexes to promote fertility. This is indicating that 

cfp-1 and set-2 may regulate fertility independently. To further investigate this, cfp-

1(tm6369);set-2(bn129) mutants were generated, and the fertility was assayed. If 

both cfp-1 and set-2 act in the same pathway, then we expect that the average brood 

size of the cfp-1(tm6369);set-2(bn129) double mutant would be equal to the average 

brood size of either of the single mutants. Interestingly, the average brood size of 

cfp-1(tm6369);set-2(bn129) mutants was significantly lower than the average brood 

size of cfp-1(tm6369) and set-2(bn129) single mutants (Figure 6.8 A).  

 

Additionally, the growth rate of cfp-1(tm6369);set-2(bn129) mutants as they 

develop from embryo to adult was measured and compared to single mutants. It was 

observed that after 68 hours, 100% of wild-type animals reached the adult stage, 

whereas, 72% of cfp-1(tm6369) and 69% of set-2(bn129) animals were adults after 

the same time period (Figure 6.8 B). Interestingly, only 10% of the cfp-

1(tm6369);set-2(bn129) mutant reached the adult stage at the same time. Moreover, 

59% and 31% of cfp-1(tm6369);set-2(bn129) mutants were in the L4 and L3 stage, 

respectively (Figure 6.8 A). This result suggests that the development of cfp-

1(tm6369);set-2(bn129) mutants is delayed compared to single mutants.  
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Figure 6.8: Loss of CFP-1 and SET-2 resulted in a further reduction of fertility 

and enhanced the developmental delay phenotype.  

(A) The average brood size of wild-type, cfp-1(tm6369), set-2(bn129) and cfp-

1(tm6369);set-2(bn129) mutants at 20 °C. Double mutant have significantly reduced 

brood size compared to single mutants. Three biological replicates were combined 

for the figure (n=10 in each experiment). P-values were calculated using a one-tailed 

student t-test: * = P<0.05 (B) Developmental progress of wild-type, cfp-1(tm6369), 

set-2(bn129) and cfp-1(tm6369);set-2(bn129) embryo monitored at 68 h at 20 °C. 

The development of the cfp-1(tm6369);set-2(bn129) mutant is delayed compared to 

cfp-1(tm6369) and set-2(bn129) single mutants. The figure is the average of two 

independent experiments (n>30 per strain in each experiment. Combined number of 

animals from two replicates: WT (129), cfp-1(tm6369) (73), set-2(bn129) (103) and 

cfp-1(tm6369);set-2(bn129) (171)). Error bars represent ± SEM. 
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6.3 Discussion 

 

CFP-1 and SET-2 are major subunits of the COMPASS complex and are responsible 

for the bulk of H3K4me3 (Simonet et al., 2007, Li and Kelly, 2011, Xiao et al., 

2011). In the previous chapters, it was observed that CFP-1 and SET-2 are important 

for H3K4me3 modification and play a repressive role in gene induction, thus 

suggesting that CFP-1 and SET-2 function together. However, in Chapter 5, it was 

observed that only a loss of CFP-1, but not SET-2 function, suppresses the SynMuv 

phenotype, suggesting a potential COMPASS independent role of CFP-1. In this 

Chapter, it was reported that CFP-1, but not SET-2, interacts genetically with 

HDAC1/2 complexes to promote fertility. These findings suggest that CFP-1 could 

function outside of the Set1/COMPASS complex.  

 

6.3.1 CFP-1 interacts with HDAC complexes 

 

The interplay between different chromatin modifiers and modifications plays a 

crucial role in the regulation of gene expression (Zhang et al., 2015, Clouaire et al., 

2014). At promoter regions, H3K4me3 marked histones are subject to high turn-over 

of acetylation modifications, a consequence of the continuous opposing actions of 

histone acetyltransferases (HATs) and histone de-acetyltransferases (HDACs) 

(Zhang et al., 2015, Clouaire et al., 2014, Crump et al., 2011, Hsu et al., 2012). 

Previous studies have suggested the importance of interactions between acetylation 

and the COMPASS complex in gene regulation (Zhang et al., 2015, Clouaire et al., 

2014). In this study, it was found that CFP-1 interacts genetically with HDAC1/2 

complexes. RNAi-mediated knockdown of hda-1, hda-2 and hda-3 strongly enhance 

the poor fertility phenotype of the cfp-1(tm6369) mutant. HDAC1/2 mostly exists in 

multiprotein complexes such as SIN-3, CHD-3 and SPR-1 complexes (Solari and 

Ahringer, 2000, Choy et al., 2007, Bender et al., 2007, Yang and Seto, 2003, De 

Ruijter et al., 2003, Yang and Seto, 2008). Similar to class I HDAC, RNAi 

knockdown of key subunits (sin-3, chd-3 and spr-1) of SIN-3, CHD-3 and SPR-1 

complexes, respectively, further reduced the brood size of the cfp-1(tm6369) mutant. 

Additionally, it was found that the average brood size of cfp-1(tm6369) was 

significantly lowered when treated with TSA, which is a class I/II HDACs specific 
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inhibitor. This suggests that the decreased brood size of cfp-1(tm6369) mutants 

during HDAC1/2 RNAi could be due to reduced deacetylase activity.  

 

I next investigated whether CFP-1 also interacts genetically with class II, III or IV 

HDACs. Surprisingly, it was found that RNAi knockdown of HDACs of class II 

(hda-10), class III (sir-2.1 and sir-2.2) and class IV (hda-11) did not significantly 

reduce the brood size of cfp-1(tm6369) and set-2(bn129) mutants. This suggests that 

the interactions between CFP-1 and HDACs could be class I HDACs specific. 

Taken together these findings indicate that CFP-1 interacts genetically with class I 

HDAC1/2 complexes.  

 

Previous findings have suggested that HDACs could either be recruited by binding 

histone modifications such as H3K4me3 or through DNA binding proteins 

(Shilatifard, 2012, Howe et al., 2017, Bochynska et al., 2018, Robert et al., 2004, 

Song et al., 2002, Doetzlhofer et al., 1999). It is possible that the interaction between 

CFP-1 and HDAC1/2 could help in the recruitment of HDAC1/2 complexes at the 

promoter region. CFP-1 contains a DNA-binding domain and binds to the CpG 

regions (Brown et al., 2017, Skalnik, 2010). CFP-1 could aid in the recruitment of 

HDAC1/2 complexes at CpG enriched promoters to modulate histone acetylation, 

thus regulating the expression of genes involved in reproduction and development. 

 

6.3.2 The interaction between CFP-1 and HAT-1 

 

Acetylation modification of lysine residues of histone tails is involved in various 

biological events. HATs catalyse the acetylation and HDACs remove this 

modification. In this study, it was observed that depletion of class I HDACs by 

RNAi resulted in a significant reduction of the average brood size of cfp-1(tm6369) 

mutants. Additionally, the average brood size of cfp-1(tm6369) mutants was 

significantly lowered during the treatment with class I/II HDAC inhibitor (TSA). 

This suggests a putative role of CFP-1 in histone deacetylation. 
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On the other hand, depletion of hat-1 levels by RNAi in wild-type animals 

significantly reduced the brood size compared to RNAi negative control. 

Interestingly, the average brood size of cfp-1(tm6369) mutants during hat-1 RNAi 

was similar to RNAi negative control. This suggests that the loss of cfp-1 function 

masked or rescued the effect of hat-1 RNAi in the fertility of wild-type animals. The 

opposing effects of cfp-1 with hat-1 and the enhanced reduction of the brood size of 

cfp-1(tm6369) mutants in class I HDACs RNAi and TSA treatment further supports 

the role of CFP-1 in histone deacetylation. Further investigation using other 

phenotypes and biochemical assays could help to understand interactions between 

CFP-1 and HAT-1, and CFP-1 and HDACs.  

 

6.3.3 SET-2 and HATs 

 

It was also observed that despite having a significant reduction in the brood size of 

wild-type animals during hat-1 RNAi, the average brood size of set-2(bn129) 

mutant animals during hat-1 RNAi was similar to RNAi negative control. 

Additionally, the average brood size of mys-4(tm3161) mutants was significantly 

lower than the wild-type, whereas the average brood size of set-2(bn129);mys-

4(tm3161) double mutants was similar to set-2(bn129) mutants.  

 

The results suggest that the loss of set-2 function may mask the effect caused by the 

loss of HATs function. This indicates that SET-2 may have some sort of interaction 

with HATs. Further research will help to understand the interaction in detail. 

 

6.3.4 The interaction between CFP-1 and HDACs is independent of SET-2 

 

RNAi-mediated knockdown hda-1, hda-2, hda-3, sin-3, spr-1 or chd-3 in set-

2(bn129) mutants did not cause a significant reduction in the brood size. Moreover, 

the brood size of set-2(bn129) mutants on hda-1, hda-2, hda-3, sin-3, spr-1 or chd-3 

RNAi was similar to RNAi negative control. It is possible that they might act on the 

same pathway to regulate fertility. Alternatively, different responses of the cfp-

1(tm6369) and set-2(bn129) mutants to the same RNAi conditions could be due to 
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differential sensitivity to RNAi. set-2(bn129) mutants could be RNAi resistant. Thus 

there was no significant drop in the brood size of set-2(bn129) mutants in RNAi of 

hda-1, hda-2, hda-3, sin-3, spr-1 and chd-3. However, in an RNAi sensitivity assay, 

it was found that both cfp-1(tm6369) and set-2(bn129) mutants responded similarly 

to the tested RNAi (Pokhrel et al., 2019). Additionally, the putative null allele of 

sin-3(tm1276) or spr-1(ok2144) mutants were crossed with cfp-1(tm6369) and set-

2(bn129) and the brood size was measured. Similar to RNAi results, there was no 

significant reduction in the brood size of set-2(bn129);sin-3(tm1276) or set-

2(bn129);spr-1(ok2144) mutants. These results suggest that the observed genetic 

interaction of cfp-1, but not set-2, with HDAC1/2 complexes is not due to RNAi 

sensitivity of cfp-1(tm6369) and set-2(bn129) mutants.  

 

The observation that the brood size of set-2(bn129) mutants during RNAi-mediated 

knockdown of HDAC1/2 complexes did not result in a significant decrease, 

indicated a potential independent function of CFP-1 and SET-2 for fertility. The 

fertility and developmental defects of the cfp-1 and set-2 single mutants and the 

enhanced effect in the double mutant indicate that the CFP-1 and SET-2 each may 

have a unique and partially redundant role in C. elegans development. It is possible 

that CFP-1, together with SET-2 regulates the expression of one set of genes 

involved in fertility and development, and CFP-1 together with HDAC1/2 

complexes, regulates another set of genes involved in fertility and development. 

Based on the findings from this study, I propose that CFP-1 could interact with both 

Set1/COMPASS and/or HDAC1/2 complexes in a context-dependent manner 

(Figure 6.9). 

 

In summary, in this study, I observed that RNAi-mediated knockdown of hda-1, 

hda-2, hda-3 and key subunits of HDAC1/2 complexes significantly reduced the 

brood size of cfp-1(tm6369) mutants. This suggests that CFP-1 and HDAC1/2 

complexes genetically interacts to promote fertility. However, further investigation 

is required to understand the mechanism of interaction.  
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Figure 6.9: Proposed model indicating that CFP-1 cooperates with SET-

2/COMPASS and/or with HDACs in a context-dependent manner  

The canonical function of CFP-1 is to recruit the SET-2/COMPASS complex to 

promoter regions by binding onto unmethylated CpG islands. In the non-canonical 

function of CFP-1: CFP-1 could also recruit HDAC complexes to promoter regions 

in order to deacetylate the histones. Based on the physiological condition, CFP-1 

could either interact with the COMPASS complex or with HDAC complexes. 
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Chapter 7 

 Discussion and future work 
 
 

 
7.1 Discussion  

 

In this study, I investigated the contribution of CFP-1 towards H3K4me3, the 

consequences caused by removing CFP-1 and identified the potential genetic 

regulators of the CFP-1. In order to perform this, C. elegans was used as a model 

organism. Findings from Chapter 3 suggest that CFP-1 is required for the 

maintenance of global H3K4me3 levels and it plays an essential role in fertility and 

development of C. elegans. Findings from Chapter 4 revealed the role of CFP-1 and 

SET-2 for stress-induced gene expression. Results in Chapter 5 show that CFP-1 is 

required for vulval development in SynMuv mutants. Unexpectedly, the last two 

chapters of the thesis (Chapter 5 and Chapter 6) uncovered that CFP-1 interacts 

genetically with class I HDAC1/2 complexes during C. elegans development, and 

this interaction is independent of the SET-2/COMPASS complex. Herein, I will 

discuss my observations as well as potential further studies.  

 

7.1.1 Role of H3K4me3 in C. elegans development. 

 

Previous studies in different organisms suggest that the role of CFP1 and SET1 to 

deposit H3K4me3 at active genes is conserved (Lee and Skalnik, 2005, Ardehali et 

al., 2011, Shilatifard, 2012, Yu et al., 2017, Clouaire et al., 2014, Clouaire et al., 

2012). Consistent with previous findings, in this study, I observed that the levels of 

H3K4me3 were significantly reduced in cfp-1(tm6369) and set-2(bn129) C. elegans 

mutants. This reduction was accompanied by a significant reduction in the fertility 

of both mutants and delay in development. This suggests that H3K4me3 plays a 

crucial role in fertility and development. Interestingly, in Chapter 6 it was observed 

that the brood size of double cfp-1(tm6369);set-2(bn129) mutants displayed 

enhanced fertility defects and a developmentally delayed phenotype. Despite having 

a very low level of H3K4me3 in single mutants, the enhanced phenotypic defects in 
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the double mutants indicates that H3K4me3 may not be entirely responsible for the 

reduced fertility in both mutants. However, it is possible that the residual H3K4me3 

present in both the set-2(bn129) and the cfp-1(tm6369) mutants can contribute to the 

fertility, and in cfp-1(tm6369);set-2(bn129) mutants, the H3K4me3 may be further 

reduced or completely removed thus resulting in enhanced fertility defect and 

developmentally delayed phenotype. Alternatively, the enhanced phenotypic defects 

could be due to the independent function of CFP-1 and SET-2 in C. elegans 

development. It is possible that CFP-1 and SET-2 may have a unique and partially 

redundant role in C. elegans development. In line with this, Chapter 6 shows that 

CFP-1, but not SET-2, interacts with HDACs to promote fertility.  

 

7.1.2 Role of H3K4me3 in gene expression 

 

Previous studies have shown that the levels of H3K4me3 are correlated with gene 

expression (Pena et al., 2008, Ardehali et al., 2011, Wysocka et al., 2006). Despite 

H3K4me3 being associated with active gene expression, loss of H3K4me3 causes 

very little change in global gene expression levels (Howe et al., 2017, Clouaire et 

al., 2014). Moreover, recent studies indicate a repressive role of H3K4me3 in gene 

expression (Margaritis et al., 2012, Zhou and Zhou, 2011, Lorenz et al., 2014, 

Mikheyeva et al., 2014). In concordance with this, I observed hyper-induction of 

stress-inducible genes in cfp-1(tm6369) and set-2(bn129) mutants which have 

extremely low levels of H3K4me3.  

 

Additionally, in both cfp-1(tm6369) and set-2(bn129) mutants, the average brood 

size was drastically reduced, and both displayed a developmentally delayed 

phenotype. This implies that H3K4me3 modification may be essential for the 

transcription of genes that are required for fertility and development. Many 

downstream effectors might play a role in the H3K4me3-dependent transcriptional 

regulation. For example, TAF3, a key subunit of TFIID, binds to H3K4me3. TAF3 

plays a crucial role in transcriptional initiation. The decrease in the H3K4me3 

impairs the recruitment of TAF3, thereby causing a defect in the initiation of 

transcription (Lauberth et al., 2013). Thus, it is possible that H3K4me3 interacts 

with the transcriptional machinery to regulate gene expression. 
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7.1.3 Functions of CFP-1 independent of the SET-2/COMPASS complex  

 

Previous studies suggest that CFP-1 and SET-2 may also have independent 

functions (Adam et al., 2018, Sommermeyer et al., 2013). In mammals, the loss of 

Cfp1 results in a global decrease in cytosine methylation levels, whereas no such 

results have been reported for the loss of Set1 (Butler et al., 2008, Boyes and Bird, 

1992). Additionally, the gene expression profile of Cfp1 and Set1 mutants in yeast 

suggests that they regulate the expression of some set of genes together and also 

regulates the expression of a few other genes independently to each other 

(Mikheyeva et al., 2014). Similarly, a recent study in yeast suggests that CFP-1 can 

exist in the meiotic DSB formation complex (Adam et al., 2018, Sommermeyer et 

al., 2013). These findings suggest that CFP-1 in C. elegans could also have 

COMPASS independent functions. Indeed, I observed that a cfp-1 loss of function 

mutant suppressed the synthetic Muv phenotype of lin-15AB(n765) mutants whereas 

a set-2 loss of function mutant did not exhibit this phenotype. Additionally, my 

results show that CFP-1 interacts genetically with class I HDAC1/2 complexes to 

promote fertility whereas SET-2 does not. These findings strongly advocate that 

CFP-1 can work independent of the SET-2/COMPASS complex.  

 

7.1.4 CFP-1 plays a role in organogenesis 

 

CFP-1 is require for pre- and post-embryonic development and for cell fate 

specification (Carlone and Skalnik, 2001, Carlone et al., 2005, Young et al., 2006). 

However, early embryonic death due to the loss of Cfp1 in mammals prevents an 

assessment of its role during cell fate specification. In this study, vulval 

development in C. elegans was used as a model to study the function of CFP-1 in 

cell fate decisions (Cui et al., 2006b, Harrison et al., 2006, Hill and Sternberg, 

1993). Findings from Chapter 6 suggest that cfp-1 promotes the conversion of vulval 

precursor cells to adopt vulval fates in SynMuv mutants, which results in the Muv 

phenotype. This suggests that cfp-1antagonises the function of SynMuv genes.  
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The observed antagonism between cfp-1 and SynMuv genes could also be conserved 

in mammals, including humans. It could be important for cancer. Some of the 

SynMuv genes, such as lin-35 (Rb homologue in humans) are tumour suppressor 

genes (Ferguson and Horvitz, 1989, Lu and Horvitz, 1998). Mutation or depletion of 

Rb is associated with the majority of human cancers (Du and Searle, 2009, Knudsen 

and Wang, 2010). Here, I observed that the loss of function of CFP-1 suppresses the 

organogenesis defect associated with SynMuv mutants. It is possible that inhibition 

of the human homologue of CFP-1 might suppress the effects of a loss of function 

Rb mutant in humans and hence eliminate or reduce the consequences associated 

with oncogenic mutations. CFP-1 might be a target for therapeutic intervention.  

 

7.1.5 CFP-1, an epigenetic regulator  

 

Most of the promoters in the humans and C. elegans genomes are highly enriched 

with CpG islands (Chen et al., 2014, Thomson et al., 2010, Brown et al., 2017). 

These promoters are found to be highly occupied target (HOT) regions bound by 

many transcription factors (Chen et al., 2014, Li et al., 2016a). It suggests that CpG 

island promoters can function as a regulatory hub for chromatin regulators and 

consequently might modulate transcriptional activities. CFP-1 binds to CpG islands 

and aids in the recruitment of the COMPASS complex for the deposition of 

H3K4me3 modifications (Chen et al., 2014, Thomson et al., 2010, Brown et al., 

2017). Chapter 3 reports that the loss of CFP-1 function results in a dramatic 

reduction of H3K4me3, and the level of reduction was similar to set-2 mutants 

suggesting that CFP-1 functions together with SET-2 to regulate H3K4me3.  

 

At promoter regions, histones with H3K4me3 modifications are subject to high turn-

over of acetylation modifications which is mediated by the opposing actions of 

histone acetyltransferases (HATs) and HDACs (Zhang et al., 2015, Clouaire et al., 

2014, Crump et al., 2011, Hsu et al., 2012). HATs deposit the acetylation 

modification and are often associated with gene expression. In Chapter 6, I found 

that RNAi knock down of hat-1 reduced the average brood size of wild-type animals 
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whereas the RNAi knock down of hat-1 did not reduce the average brood size of 

cfp-1(tm6369) mutants. This suggests that CFP-1 may oppose the action of HAT-1.  

 

HDACs remove the acetyl group from histones which results in a compacted, 

transcriptionally silent closed chromatin structure. HDACs are often associated with 

gene repression and play an important role in maintaining ESCs pluripotency and 

differentiation. They are also found to be aberrantly expressed in different diseases 

including cancer (Jamaladdin et al., 2014, Haberland et al., 2009). Here, I found that 

the RNAi knockdown of key subunits of HDAC1/2 complexes enhanced the poor 

fertility phenotype of cfp-1(tm6369) mutants. Additionally, results show that SIN-3 

and HDA-1 promote the function of CFP-1 during vulval development in SynMuv 

mutants. These findings suggest that CFP-1 interacts genetically with HDAC1/2 

complexes in C. elegans development. The observed genetic interaction could also 

be conserved in mammals and may play a role in various biological events such as 

gene expression, DNA repair, apoptosis, stress responses, genomic stability, cell 

cycle, etc. (Roos and Krumm, 2016, Ropero and Esteller, 2007). CFP-1 contains a 

DNA binding domain, and it is possible that CFP-1 could help in the recruitment of 

the HDAC complex to promote the role of HDAC in gene expression.  

 

Chapter 6 shows that PBRM-1 antagonises the function of CFP-1 in vulval 

development. PBRM-1 is a subunit of the SWI/SNF complex, a multiprotein 

complex that uses ATP to alter the interaction between DNA and nucleosomes 

(Dimova et al., 1999, Moreira and Holmberg, 1999, Murphy et al., 1999). The 

SWI/SNF complex is associated with both gene expression and repression (Dimova 

et al., 1999, Moreira and Holmberg, 1999, Murphy et al., 1999). Acetylation of 

histones H3K4 and H3K14 aids in the recruitment of SWI/SNF chromatin-

remodelling complexes (Agalioti et al., 2002, Peserico and Simone, 2011). On the 

other hand, the NuRD complex, which harbours the ATP-dependent helicase CHD3 

and histone deacetylases HDAC1 and HDAC2, antagonises SWI/SNF function to 

control chromatin state and transcription (Mohd-Sarip et al., 2017, Gao et al., 2009). 

In this study, it was found that CFP-1 interacts genetically with HDAC1/2 

complexes, including the NuRD complex, in C. elegans development. It is possible 
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that CFP-1 interferes in the recruitment of the SWI/SNF complex by recruiting 

HDAC complexes to regulate gene expression. 

 

Collectively, these findings suggest that CFP-1 could act as an epigenetic regulator 

that functions within the COMPASS complex, and also interacts with HDAC1/2 

complexes and PBRM-1. It is possible that CFP-1 functions as an epigenetic 

regulator that controls the histone modification landscape by interacting with other 

chromatin regulators.  
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7.2 Future direction 

 

This project was designed to study the function of CFP-1 in C. elegans 

development, gene induction and to identify novel genetic regulators of CFP-1. 

Findings from this study suggest that CFP-1 is required for the fertility and 

development of C. elegans. Further experiments such as the gene expression profile 

of cfp-1 mutants and the gene ontology analysis of affected genes will help to 

identify the biological pathways affected in the loss of CFP-1 function.  

 

I also found that in cfp-1(tm6369) or set-2(bn129) mutants, the expression of stress-

inducible genes was significantly upregulated, suggesting that loss of H3K4me3 

promotes gene induction. H3K4me3 could play a role in the activation of stress-

inducible genes such as HSF-1 genes. For example, H3K4me3 might restrict the 

nuclear trans localisation of HSF-1. Thus, in the loss of H3K4me3, the rate of 

nuclear translocation of HSF-1 could have increased, leading to increased gene 

expression. This can be investigated by using a reported HSF-1 nuclear localisation 

assay in wild-type, cfp-1(tm6369) and set-2(bn129) mutants. It is also possible that 

H3K4me3 could play an inhibitory role in the recruitment of HSF-1 and other 

transcription factors. Thus, in the loss of H3K4me3 rate of recruitment of HSF-1 or 

other TFs could increase during stress. Future experiments such as ChIP-seq assays 

to map HSF-1 binding sites in wild-type, cfp-1(tm6369) and set-2(bn129) mutants 

could help to identify whether COMPASS mutants or H3K4me3 play a role in the 

recruitment of HSF-1. 

 

Alternatively, CFP-1 or SET-2 might also control the transcription initiation of 

stress-inducible genes. One of the features of stress-inducible genes such as heat 

shock response genes is the presence of paused Pol II. CFP-1 or SET-2 might 

promote promoter pausing of Pol II, and act as a switch to allow only limited 

transcription to be initiated. This can be investigated by mapping the occupancy of 

RNA Pol II in cfp-1(tm6369) and set-2(bn129) mutants. To do so, I can use AMA-1 

(AMA-1 is a large subunit of Pol II and is required for transcription) antibody, and 

use antibodies against Phospho Ser-5 Pol II (initiating Pol II) and Phospho Ser-2 Pol 

II (elongating Pol II). This will show us how H3K4me3 affects RNA Pol II activity 
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during stress. Furthermore, it will also help us to identify genes with similar 

patterns. Gene ontology analysis of those genes can be done to identify the 

biological pathways that could be linked with the stress response.  

 

This study also identifies the function of CFP-1 outside the SET-2/COMPASS 

complex in C. elegans development. I found that CFP-1 interacts genetically with 

HDAC1/2 complexes in C. elegans development. Further experiments will help us 

to understand the interaction in detail. For example, ChIP of components of the 

HDAC1/2 complex in cfp-1(tm6369) and set-2(bn129) mutants could provide 

insight on whether CFP-1 could help in the recruitment of HDAC1/2 complex. 

Similarly, co-immunoprecipitation experiments will reveal the physical interaction 

between CFP-1 and HDAC1/2 complex.  

 

CFP-1 might associate with other proteins. Therefore, to identify proteins only 

associated with CFP-1 but not SET-2, immunoprecipitation in combination with 

mass spectrometry (IP-MS) could be used to determine the identity of CFP-1-

specific associated proteins. One of the challenging aspects to perform IP-MS is the 

unavailability of antibodies for both C. elegans CFP-1 and SET-2 proteins. To 

overcome this CFP-1 and SET-2 could be FLAG-tagged using clustered regularly 

interspaced short palindromic repeats (CRISPR) reagents. Immunoprecipitation 

followed by MS should reveal the proteins associated with CFP-1, but not SET-2. 

To identify the functional relationship between newly identified proteins and CFP-1, 

genetic dissections assays using C. elegans mutants can be performed.  

 

As discussed above, CFP-1 might act as an epigenetic regulator that interacts with 

other chromatin regulators to controls the histone modification landscape. To 

investigate this, histone modifications in the absence of CFP-1 can be explored 

using MS. This will reveal the histone post-translational modifications (PTMs) 

associated with cfp-1(tm6369) mutants and also any altered modification compared 

to the wild-type and/or set-2(bn129) mutants. Furthermore, to investigate the 

localisation of any altered modifications, chromatin immunoprecipitation of specific 

modifications can be performed. This will reveal the change of a specific histone 

PTM which could be either at enhancer or promoter regions. This could help us to 
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find the promoters or enhancers regulated by CFP-1 with or without SET-2.  

 

Next, I could investigate the SET-2/COMPASS independent function of CFP-1 at 

the transcription level. To do so, I could perform RNAseq of both mutants and 

identify the genes that are regulated only by CFP-1 but not by SET-2. I can use gene 

ontology analysis to identify the function of affected genes.



7.3 Conclusion  

 

Epigenetic regulators control fundamental biological processes within the nucleus. 

Mis-regulation of epigenetic regulators is associated with developmental defects and 

many human diseases including cancer. Therefore, it is crucial to understand how 

epigenetic regulators are regulated and their roles in controlling gene expression in 

metazoan development. The work presented in this thesis focusses on an epigenetic 

regulator, CFP-1, and its importance in C. elegans development.  

 

The key findings of this study are: 

 

1. CFP-1 plays an important role in the regulation of fertility and the 

development of the organism.  

 

2. CFP-1 can play a repressive role in the induction of heat and salt-inducible 

genes.  

 

3. CFP-1 interacts genetically with other chromatin regulators in ectopic vulval 

cell fate specification.  

 

4. CFP-1 interacts genetically with Class 1 HDAC1/2 complexes to promote 

fertility in C. elegans. This novel interaction is independent of SET-2, 

suggesting a COMPASS-independent function of CFP-1.  

 

Since CFP-1 is evolutionarily conserved from yeast to human, it is possible that the 

observed genetic interactions between CFP-1 and other chromatin regulators 

identified in this work using C. elegans, could also be conserved in humans. Further 

research to understand the mechanism of interaction between CFP-1 and these 

regulators could help to understand the role of CFP-1 in cell fate specification and in 

different diseases including cancer. 
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 Appendix 

 

9.1 Appendix: Gel images depicting genotype of mutants 
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(A) Gel image of genotyping of wild type animals and cfp-1(tm6369) mutants, band 

size of the wild-type is 708 bp and the cfp-1(tm6369) mutant is 454 bp. (B) Gel image 

of wild-type animals and set-2(bn129) mutants, band size of the wild-type is 1340 bp 

and the set-2(bn129) mutant is 592 bp. (C) Genotyping of wild-type animals and lin-

15AB(n765) mutants. Wild-type band size is 750 bp. The lin-15AB(n765) mutant 

contains an insertion, thus band size in the mutant is 1.7 Kb. (D) Gel image of wild-

type animals and sin-3(tm1276) mutants, band size of wild-type animals is 1153 bp 

and the sin-3(tm1276) mutant is 838 bp. (E) Genotyping image of wild-type animals 

and spr-1(ok2144) mutants, band size of the wild-type is 1921 bp and the spr-

1(ok2144) mutant is 455 bp. Please note the gel shown is genotyping of F1 from the 

spr-1(ok2144) mutant mother. Two bands (one wild-type and one mutant) in the same 

lane suggests that the animal is heterozygous (Het). (F) Gel image of wild-type 

animals and mys-4(tm3161) mutants, size of wild type band is 1442 bp and mys-

4(tm3161) band is 621 bp. 

 

9.2 Appendix: Western blot analysis 

 

   

To measure the levels of H3K4me3 in WT, cfp-1(tm6369) and set-2(bn129) mutants, 

western blot analysis was carried out. The cell extracts of WT, the cfp-1(tm6369) and 
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set-2(bn129) mutants were loaded twice on the same gel (designated “set A” and “set 

B”). After electrophoresis proteins were transferred from the gel to a nitrocellulose 

membrane. The membrane was cut horizontally and vertically as indicated, to be able 

to probe with an anti-tubulin antibody (top) and antibodies against Histone 3 (right 

bottom) and H3K4me3 (left bottom). This was necessary, because H3K4me3 and 

Histone 3 have approximately the same molecular weight (15 kDa). H3K4me3 levels 

in both COMPASS mutants was dramatically reduced compared to wild-type. Please 

note that the first three lanes (not labelled) contain a different set of samples not 

relevant for this analysis. 

 

 

9.3 Appendix: CT values of gpdh-1, pmp-3 gene and tba-1 genes  

Average CT value ± SEM of gpdh-1 transcripts in wild-type, cfp-1(tm6369) and set-

2(bn129) mutants at control and 150 mM salt concentration. The table is the average 

of 4 biological replicates. 
 

gpdh-1 pmp-3 tba-1 

Wild-type (control) 29.58 ± 0.20 22.02 ± 0.54 19.12 ± 0.35 

Wild-type (150mM) 27.47 ± 0.05 22.48 ± 0.55 19.70 ± 0.58 

cfp-1 (control) 28.80 ± 0.80 22.48 ± 1.04 19.68 ± 0.74 

cfp-1 (150 mM) 26.56 ± 1.18 23.10 ± 1.61 20.36 ± 1.63 

set-2 (control) 29.57 ± 0.64 22.26 ± 0.22 20.08 ± 0.06 

set-2 (150 mM) 26.08 ± 0.19 22.09 ± 0.58 19.63 ± 0.43 
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9.4 Appendix: CT values of heat inducible and housekeeping genes  

Table showing the average CT value ± SEM of F44E5.4, C12C8.1 and hsp-16.2 

transcripts in wild-type, cfp-1(tm6369) and set-2(bn129) mutants at the control and 

after heat shock. The table is the average of 3 biological replicates 

 

 
hsp16.2 pmp-3 tba-1 F44E5.

4 

C12C8.1 

Wild-type (control) 24.28 ± 

0.35 

21.62 ± 

0.28 

19.04 ± 

0.12 

26.33 ± 

0.13 

28.79 ± 

0.12 

Wild-type (heat shock) 19.73 ± 

0.14 

22.74 ± 

0.26 

20.58 ± 

0.26 

18.06 ± 

0.34 

22.84 ± 

0.27 

set-2 (control) 23.70 ± 

0.07 

21.87 ± 

0.07 

19.48 ± 

0.18 

25.33 ± 

0.18 

27.29 ± 

0.36 

set-2 (heat shock) 17.98 ± 

0.26 

23.21 ± 

0.13 

20.70 ± 

0.04 

16.73 ± 

0.08 

20.50 ± 

0.13 

cfp-1 (control) 24.13 ± 

0.26 

22.94 ± 

0.09 

19.80 ± 

0.62 

26.13 ± 

0.36 

28.54 ± 

0.10 

cfp-1 (heat shock) 17.06 ± 

0.15 

22.67 ± 

0.45 

19.56 ± 

0.3 

14.94 ± 

0.15 

19.48 ± 

0.12 


