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ABSTRACT 

 

It is well established that cyclin and cyclin-dependent kinase (CDK) form 

complex that plays a central role in driving cell cycle progression. The 

fundamental functions of CDK and cyclin are well conserved across 

eukaryotes. However, gene families encoding the two type of proteins are 

significantly expanded in multicellular organisms compared with single-cell 

species. Despite intensive studies on CDK and its associated cyclin in cultured 

cell lines, especially in cancer cell lines, the partnership between individual 

CDKs and cyclins remains elusive especially in vivo. 

 

Here I present our preliminary results on establishing the molecular function 

of a well-conserved cyclin L encoded by cyl-1 in C. elegans. Human cyclin L 

was demonstrated to form a complex with both CDK11 and CDK12, but its 

association with the latter remains controversial. Despite a possible function 

in both transcription and pre-mRNA splicing as suggested by in vitro studies 

or in yeast, the in vivo function of cyclin L has yet been established in any 

species. To study cyl-1’s function in vivo, we generated multiple strains each 

expressing a chromosomally integrated single-copy transgenes consisting of 

CYL-1::GFP flanked by its native regulatory sequences using miniMos 

technique. The transgene demonstrates ubiquitous expression in nuclei across 

developmental stages and cell types with few exceptions, including maturing 

oocytes, in which gene activity is known to be shut down, consistent with its 

function in transcription and splicing. Co-immunoprecipitation followed by 

mass spectrometry reveals that CYL-1 interacts with both CDK-11 and CDK-

12 along with some other uncharacterized factors. Functional validation of 

these interactions is underway.   
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Chapter 1. Introduction 

In this thesis, I used Caenorhabditis elegans to study the in vivo function of cyclin 

L and its interaction with cyclin-dependent kinase (CDK) or other 

partners.  Studies in mouse tissue and human cell line show that cyclin L is 

involved in pre-mRNA splicing by coupling with CDK11 and CDK12 (refs), but 

its interaction with CDK12 still remains controversial (refs). However, the in vivo 

function of the highly conserved cyclin L and its associating CDK remain elusive.   

 

1.1 C. elegans as a model organism 

C. elegans is a free-living nematode with transparent body and invariant 

development (Sulston & Horvitz, 1977)). Although C. elegans was first proposed 

as a model organism for neurobiology, it was also demonstrated as a powerful 

organism for genetic manipulation (Brennen, 1974). This is mainly because it is 

easy to obtain mutants through mutagenesis by using a chemical mutagen, Ethyl 

Methanesulfonate (EMS), which makes it a popular model for studying 

developmental biology, neurobiology, ageing and cell biology.     

 

There are several advantages of using C. elegans as model organism in this study. 

First, the length of adult worm body is around 1mm. It is easy to maintain in the 
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laboratory. Second, the life cycle is short. It takes only 3 days for growing from egg 

to adult at room temperature, requiring minimal experimental time. Third, the body 

is transparent, allowing visualization of the internal structure and organ of the 

animal in vivo. 

 

1.2 Overview of cyclins and cyclin-dependent kinases in human 

Cyclins are normally known as regulatory protein of cell cycle or transcription by 

coupling with individual cyclin-dependent kinases (CDKs). There are mainly 

classified into two groups: 1) cell cycle regulator, which are composed of  cyclin 

A, B, D1, D2, D3, E and F, and 2) transcription regulator, which are composed of 

cyclin C, H, K, L1, T1 and T2 (Yang, et al., 2004). Cyclins from different groups 

that couple with CDK(s) for corresponding function. One cyclin may form a 

complex with different CDKs or vice versa.   

 

Therefore, cyclin/CDK complexes are mainly responsible for regulating cell cycle 

or transcription. For example, the cyclin A/CDK2, cyclin B/CDK1 and cyclin 

D/CDK-4 complexes regulate cell cycle (Pagano, et al., 1992) (Baldin, et al., 1993); 

whereas, the cyclin K/CDK12, cyclin L/CDK11 and cyclin T/CDK9 are responsible 
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for transcription (Shim, et al., 2002). Also, there may be some cyclin/CDK 

complexes that have been identified with unknown functions.  

 

1.2.1 Cyclin L  

Cyclin L (cyl-1) in C. elegans is the ortholog of human cyclin L2 (CCNL2) and 

cyclin L1 (CCNL1). Cyclin L1 and L2 in human are demonstrated as the regulator 

of transcription and pre-mRNA splicing, as well as apoptosis (Yang, et al., 2004). 

The cyclin L was identified as the regulatory subunit of CDK11 (Loyer, et al., 2008), 

and possibly of CDK12 and CDK13 (Chen, et al., 2006). There are newly identified 

coupling cyclin partner of CDK12 and CDK13 (Kohoutek & Blazek, 2012). 

 

The coupling relationship between cyclin L and CDK11 is well established in 

human. Human cyclin L1 and L2 have similar domain structure with a cyclin box 

and an arginine- and serine-rich domain (RS domain) (Yang, et al., 2004). There 

are mainly three protein isoforms encoded by cyclin L1 gene: cyclin L1α, which is 

the largest isoform and contains an N-terminal cyclin Box and a C-terminal RS 

domain; cyclin L1β, which contains only the cyclin box but not RS domain; and 

cyclin L1γ, which contains a shorter cyclin box but not RS domain. For cyclin L2 
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gene, there are two protein isoforms: cyclin L2α and cyclin L2β, which have similar 

structure to cyclin L1α and cyclin L1β, respectively (Loyer, et al., 2008). 

 

1.2.2 CDK11 

CDK11 is encoded by two genes, CDK11A (CDC2L2) and CDK11B (CDC2L1), 

in human, which are duplicated genes. CDK11A is the ortholog of CDK11.1 and 

CDK11.2 in C. elegans. There are three protein isoforms encoded by CDK11A and 

CDK11B genes in human: CDK11p110, the largest isoform which is responsible for 

transcription and pre-mRNA splicing and is expressed ubiquitously during the 

whole cell cycle; CDK11p58, which shows expression mainly during G2/M transition 

phase of cell cycle; and CDK11p46, which functions during apoptosis (Loyer, et al., 

2008).  

 

1.2.3 CDK12 and CDK13 

CDK12 in C. elegans is the ortholog of CDK12 and CDK13 in human, which were 

previously named as CrkRS and CDC2L5 respectively. CDK12 is a cell division 

cycle (CDC) related protein kinase. It contains an arginine- and serine-rich (SR) 

domain (Chen, et al., 2006). There are two protein isoforms: CDK12L, the longer 
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isoform which contains a nuclear localization signal (NLS), a RS motif and a 

CDC2-like kinase domain; and CDK12S, the shorter isoform which has a shorter 

carboxyl end compared to CDK12L (Chen, et al., 2006).  

 

1.2.4 Physical interaction between cyclin L and CDKs 

The activation of CDK requires the binding of its cyclin partner. The interaction 

between cyclin L and CDK was reported to take place on the cyclin domain of 

cyclin L (Chen, et al., 2006). It is reported that cyclin L2 containing only a cyclin 

box can be associated with CDK11p110 (Yang, et al., 2004). The same situation is also 

reported for CDK12 as cyclin L1β, which contains only a cyclin box, showed its 

interaction with CDK12S (Chen, et al., 2006). It demonstrates that the cyclin domain 

of cyclin L interacts with CDK to form a cyclin/CDK complex. Besides CDK, 

cyclin domain also interacts with RNA polymerase II (RNA pol II) for facilitation 

of transcription (Loyer, et al., 2008). RNA pol II is an enzyme used for catalyzing 

transcription from DNA in order to synthesize precursors of messenger RNA (pre-

mRNA) (Hsin & Manley, 2012). There are two forms of RNA pol II, 

unphosphorylated (RNA pol IIa) and phosphorylated (RNA pol IIo). The carboxyl-

terminal domain (CTD) is the largest subunit of RNA pol II and is a very important 



6 
 

protein domain for transcription. It contains 52 heptapeptide repeats of the 

consensus sequence of Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7 in human 

(Malumbres & Barbacid, 2005). The number of repeats varies among different 

species. The activation of CTD requires the binding of other proteins. CTD is 

involved in initiation of transcription by phosphorylation of Ser5 by cyclin 

H/CDK7, elongation by phosphorylation of Ser2 by cyclin T/CDK9, capping of 

RNA transcript and pre-mRNA splicing by cyclin L/CDK11 (Meinhart, et al., 

2005).    

 

 

Figure 1. Schematic of cyclin/CDK complexes functioning during 

transcription (Lim & Kaldis, 2013) 

 

Apart from the cyclin domain of cyclin L, RS domain of cyclin L is required for 

regulating alternative splicing. It was reported that only cyclin Lα can regulate the 
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alternative splicing but not cyclin Lβ through E1A minigene splicing assay (Loyer, 

et al., 2008). 

 

Cyclin and CDK(s) form complexes and play different roles in regulating cell cycle 

or/and transcription. For cyclin L, it is reported to be coupled with CDK11, and 

possibly with CDK12. CDK11 is known for regulating transcription and pre-

mRNA splicing. By binding with cyclin L, CDK11/cyclin L recruits splicing factors 

such as RNPS1, SC35 and 9G8 that function in pre-mRNA splicing (Malumbres & 

Barbacid, 2009). It was reported that CDK12 bind with cyclin L and form complex 

to regulate pre-mRNA splicing, probably in the same manner as CDK11 (Chen, et 

al., 2006). Recent study also shows the interaction between cyclin K and CDK12 

and CDK13 (Kohoutek & Blazek, 2012). Cyclin K was reported to interact with 

CDK9. Previous study showed that the endogenous CDK12 and CDK13 did not 

coupled with cyclin L but with cyclin K in human (Blazek, et al., 2011). 

CDK12/cyclin K and CDK13/cyclin K was reported to phosphorylate Ser2 in CTD 

of RNA pol II, respectively (Kohoutek & Blazek, 2012).  
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1.3 Prediction of the interaction of cyclin L and CDKs in C. elegans 

Although there are well-established studies of the relationship between cyclins and 

cyclin-dependent kinases, functional studies of interactions between them in C. 

elegans remains tedious. Bioinformatic prediction of their interaction based on 

domain structure may serve as an alternative. 

 

For example, human cyclin L and CDKs is predicted to be interacting. Even though 

the interaction of cyclin L and CDK12 is remain controversial in human, the 

relationship of between C. elegans cyclin L and CDK remains unknown.  
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Chapter 2. Materials and Methods 

2.1 Transgenesis with MiniMos 

Minimal Mos1 transposon (miniMos) is used for transgene insertion in C. elegans. 

MiniMos donor vector can be modified to carry a DNA fragment of your interest, 

which can be inserted into a random location of C. elegans genome. By injection 

of a DNA mixture containing the donor vector and the miniMos transposon-

expressing vector along with array markers, a single copy insertion of your gene if 

interest can be created. Positive and negative selection markers were used in order 

to facilitate the selection of worms that contain our gene of interest (Frøkjær-Jensen, 

et al., 2014). 

 

 

Figure 2. Schematic of insertion of transgene using miniMos (Frøkjær-Jensen, 

et al., 2014)  
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2.1.1 Worm strains and maintenance 

All worms were maintained on NGM agar plates seeded with OP50 bacteria at 20oC. 

The host worm used for microinjection of miniMos mixture was unc-119 (tm4063) 

III whereas the worm used for subsequent crossing experiment was RW10226 (refs). 

unc-119 (tm4063) III is a mutant with uncoordinated phenotype. RW10226 is a 

strain in which nuclei are ubiquitously labeled with mCherry, hence serving as our 

lineaging marker, this allows us to perform automated lineaging, with genotype of 

unc-119(ed3) III; stIs10116 [his-72p::HIS-24::mCherry::let-858 3’UTR+unc-

119(+)]; [stIS37[pie-1p::mCherry::H2B::pie-1 3’UTR]. 

 

2.1.2 Plasmid construction 

In order to investigate the function of cyclin L in C. elegans, a miniMos vector 

composed of cyl-1 fusing with GFP was built. The combined size of promoter and 

gene coding region of cyl-1 is 4066 bps and the size of cyl-1 3’UTR is 953bps. Both 

of them were separately amplified from the N2 genomic DNA. The length of GFP 

including a 51bps linker is 936bps which was amplified from tads-1 fosmid (refs). 

pCFJ909, the miniMos cargo vector was obtained from Addgene kit #1000000031 

that was described in Frøkjær-Jensen et al (2014). 
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The promoter selected is 1537 bps in length. Although there is another gene next to 

the promoter region of cyl-1, the orientations of these two genes are different. 

Therefore, the region of promoter selection was not restricted only to intergenic 

region. The conservation score of nematodes is also an indicator since high 

conservation score indicates that region is essential for gene expression (Figure 3). 

Therefore, the region of promoter selected covered most of the region of high 

conservation score. The details of promoter selection and fragments amplification 

are shown below. 

 

 

Figure 3. Promoter selection of cyl-1, based on nematode conservation score, as 

indicated by the red box; the length of promoter is 1537bps. (Retrieved from UCSC) 
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Component Volume 

Template (30ng/µl) 1µl 

Primer (10µM) 2µl 

Ex-tag 0.1µl 

Ex-buffer (10x) 2µl 

dNTP (2.5mM) 2µl 

H2O 12.9µl 

Total volume 20µl 

Table 1. Components of PCR for amplification of cyl-1 

 

Temperature Time 

95 oC 5mins 

95 oC 1mins 

65 oC 1min      30 cycles 

72 oC 3mins 

72 oC 5mins 

4 oC ∞ 

Table 2. Parameter of PCR for amplification of cyl-1 

 

Gibson Assembly was used for joining all four fragments together at once. However, 

after several unsuccessful attempts in construction by using Gibson Assembly alone, 

I have decided to change my cloning approach. Rather than trying to stitch all four 

fragments together in one go, I have split the cloning in a few steps as illustrated 

bellow. 
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First of all, the GFP fragment and cyl-1 3’UTR fragment were joined together by 

fusion PCR, the 5’ and 3’ ends of the fused fragment contained enzyme-cutting sites 

Bgl II and Pst I, respectively. Both the vector (pCFJ909) and the insertion fragment 

(GFP fusion cyl-1 3’UTR) were double digested by Bgl II and Pst I, followed by 

ligation using T4 ligase. 

 

 

Figure 4. Structure of pCFJ909, miniMos donor vector. 
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Figure 5. Schematic of contructing vector by enzyme digestion(A) followed by 

ligation(B) 

 

The vector from Figure 4B was then double digested by Spe I and Bgl II. The 

enzyme digested vector and the fragment of cyl-1 promoter and gene coding region 

were joined together by Gibson Assembly according to manufacturer’s protocol. 

 

A 

B 
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Figure 6. Structure of CYL-1::GFP miniMos cargo vector 

 

2.1.3 Microinjection and screening 

The protocol of microinjection and screening was mainly following the miniMos 

paper as described in the supplementary section in Frøkjær-Jensen et al (2014), with 

slight modification. 
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Co-injection 

markers 

Transgene Description 

pGH8 Prab-3:mCherry:unc-54 

UTR 

Visual red extra-

chromosomal array marker 

expressed in nervous 

system 

pCFJ90 Pmyo-2:mCherry:unc-54 

UTR 

Visual red extra-

chromosomal array marker 

expressed in pharynx 

pCFJ104 Pmyo-3:mCherry:unc-54 

UTR 

Visual red extra-

chromosomal array marker 

expressed in body wall 

muscle 

pCFJ601 Peft-3::Mos1 transposase Induces Mos1 transposition 

by injection 

pMA122 Phsp-16.41:peel-1:tbb-2 

UTR 

Heat-shock inducible 

negative selection 

pCeh361  dpy-5 rescue 

Table 3. Description of co-injection markers 

 

Vector Concentration 

miniMos vector 20ng/µl 

pGH8 10ng/µl 

pCFJ90 2.5ng/µl 

pCFJ104 10ng/µl 

pCFJ601 50ng/µl 

pMA122 10ng/µl 

pCEH361 70ng/µl 

Total 172.5ng/µl 

Table 4. List of components in injection mixture 
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The miniMos injection mixture was prepared within a week before microinjection. 

The mixture was injected into both gonads of unc-119 worms. The injection into 

gonads allows genome editing of their progenies. Since the miniMos vector 

contains cb-unc-119(+), which allows uncoordinated worms that carried the vector 

to be rescued into free moving, wild-type worms. Those visual extra-chromosomal 

array markers helped distinguish the array containing worms. A negative selection 

marker driven by heat-shock promoter kills off any worms carrying extra-

chromosomal arrays upon heat-shock treatment. dpy-5 rescue vector was used to 

increase the concentration of injection mixture in order to enhance array formation 

hence the increased chance of insertion. 

 

Around 50 worms were injected per injection session. After injection, every 5 

worms were distributed onto a NGM plate seeded with OP50 and kept at 20oC. 

Each worm on the plate was kept a certain distance apart from each other to ensure 

that they would have enough food since uncoordinated worms are not able to travel 

too far. 
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The progenies of the injected worms, i.e., the F1 generation, grew up 3 to 4 days 

after injection, which allowedthe first round of screening. The first round of 

screening was based on the selection of wild-type worms, which indicates the 

presence of miniMos vector containing an unc-119(+) fragment. Each wild-type 

worm regardless of presence of extra-chromosomal array markers was picked out 

and transferred onto a separate, seeded NGM plate. 

 

The progenies of F1 generation, hence the F2 generation grew up 3 to 4 days after 

the first round of screening. The second round of screening focused on the selection 

of wild-type worms without any extra-chromosomal array marker, which indicates 

a higher chance of insertion in that particular array marker-free worm. This is 

because the transposition event is believed to take place mainly in F1 generation as 

suggested by Frøkjær-Jensen et al (2014), therefore a higher probability to pick up 

insertion worms in F2 generation. There were three types of scenario observed in 

the screening of F2 generation: 1) all or most of the F2 progeny were Unc worm, 

which suggested that the miniMos vector did not incorporate into host chromosome, 

and the plates were discarded; 2) some worms were wild-type but with extra-

chromosomal array marker(s), which suggests the miniMos vector has passed on 



19 
 

but still existed as an extra-chromosomal array and may not be inserted into the 

genome, such plates were kept for heat-shock once the worms are starved; and 3) 

some worms were wild-type without carrying any extra-chromosomal array 

markers, which suggests that the miniMos vector has a higher chance of being 

inserted into genome, and screening were further processed by picking each one of 

them onto a separated NGM plate, seeded with OP50. 

 

The third round of screening took place 3 days after the second round. The third 

round of screening was based on the segregation ratio of F3 generation. Since 

Frøkjær-Jensen et al (2014) suggested the transposition event mainly took place in 

F1 generation, if an insertion took place in F1 germline, F2 generation is expected 

to carry a heterozygous insertion. According to the law of segregation from Mendel, 

there should be 25% of worms carrying homozygous insertion, 50% carried an 

heterozygous insertion, in which worms were wild-type worms without extra-

chromosomal array markers under these two situations, and the remaining 25% 

carried no insertion, in which worms were in uncoordinated phenotype. In order to 

check if the F3 generation followed the above segregation ratio, 12 F3 wild-type 

worms but without extra-chromosomal array markers were picked out to a separate 
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NGM plate for selection of homozygous insertion worm. 

 

The fourth round of screening took place 3 days after the third round. The fourth 

round of screening focused on choosing worms carrying a homozygous insertion. 

In the 12 F3 worms picked previously on separate plates, according to Mendelian 

genetics, there should be around 3 plates (25%) with all worms showing wild-type 

phenotype. Under this situation, these plates were assumed to have homozygous 

insertion and 5 worms were picked out from each plate with one worm per plate for 

further confirmation. 

 

If the progenies from all 5 plates show wild-type phenotype, it confirmed that a 

miniMos single copy insertion strain is very likely to be obtained. 

 

The plates with worm carrying an extra-chromosomal array described under the 

second scenario in the second round of screening were heat-shocked for 4 hours at 

34oC by using water bath once the worms were starved. Worms after heat-shock 

were washed onto a new plate. Screening was performed after 1 or 2 days, wild-

type worms without red extra-chromosomal array markers were transferred onto a 
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new NGM plate and separated into one worm per plate. The following screening 

procedures were done in the same manner as described in the third round of 

screening. 

 

2.1.4 Genotyping 

I followed the genotyping protocol from the miniMos paper as described in the 

supplementary section in Frøkjær-Jensen et al (2014). 

 

Genomic DNA was extracted and followed by Dpn II enzyme digestion and ligation. 

Upon ligation, the ligated products were subjected to two rounds of inverse PCR. 

The PCR products from the second round of inverse PCR were purified then sent 

to BGI Sanger Sequence for sequencing. The sequencing results were blast by 

UCSC or WormBase to locate the insertion site. 
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2.2 Expression profiling 

2.2.1 Crossing with lineaging marker 

Crossing was performed between RW10226 male and ZZY0668 hermaphrodite. 

RW10226 is a lineaging strain, which carries Ppie-1::H2B::mCherry and Phis-

72::HIS-24::mCherry, while ZZY0668 carries Pcyl-1::CYL-1::GFP::cyl-1 3’UTR. 

Ppie-1::H2B::mCherry shows expression in germ line and early stage embryos 

while Phis-72::HIS-24::mCherry shows expression in later embryos. Pcyl-1::CYL-

1::GFP::cyl-1 3’UTR shows expression in all-staged embryos. 
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Figure 7. Schematic of crossing between ZZY0668 and RW10226 

 

 

2.2.2 Automated lineaging 

Automated lineaging is used to trace the embryonic nuclei. It can automatically 

recognize different cells at each time point by tracing the nuclei through calculating 

the fluorescence intensity (Bao, et al., 2006). 
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4D live-cell imaging was done by mounting 1 to 4-cell-staged embryos retrieved 

from dissected adult worms of ZZY0747, which carried the lineaging markers that 

allow automated lineaging. The detail of mounting embryos followed the protocol 

described in Murray et al (2006). Embryos were mounted onto a microscopic slide 

to be used for imaging with Leica TCS SP5 Confocal microscope. 3 embryos of 

suitable stage were selected for imaging. The excitation wavelengths for GFP and 

mCherry were 488nm and 594nm, respectively. Two Hybrid detectors were used 

for signal detection. For each embryo, 41 images with a thickness of 0.71µm per 

stack were collected at every single time point with the duration of approximately 

30 seconds. 3 embryos were scanned sequentially at each time point. The whole 

imaging took around 6 hours. Different pinhole sizes were applied to different time 

block as the fluorescent signal intensity increases during embryogenesis. The 

details of imaging parameters are shown below. 
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 Settings 

Microscope Leica TCS SP5 

Objective Water immersion lens; 63x 

Mode Live data mode 

XY resolution 712 x 512 pixels 

Scanning speed 800Hz 

Scan mode Bidirectional 

Lasers Argon 488nm; 25% 

HeNe 594nm; 

Detectors HyD 

Zoom 3.8 

Gain 488nm: 150% 

594nm: 100% 

Z-axis compensation 488nm: 1-6% 

594nm: 20-95% 

Pinhole sizes Time points 1-90: 1.6AU 

Time points 91-130: 1.4AU 

Time points 131-200: 1AU 

Time points 201-240: 0.8AU 

No. of stacks 41; 0.71µm each 

Temperature 20oC – 21oC 

Table 5. Parameters of confocal imaging 

 

Automated lineaging was performed after image collection. The raw image files in 

“lif” format were exported to TIFF files. By inputting the TIFF file to StarryNite, 

which is a lineaging algorithm for recognizing and tracing the embryonic nuclei 
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(Bao, et al., 2006). Lineaging tree would then be generated by recognition of cells 

with lineaging marker automatically (Bao, et al., 2006). The expression level of 

individual cells over development was calculated by computing the intensity of the 

fluorescent signal (Murray, et al., 2008). 

 

AceTree is a tool used for visualization of the output of StarryNite (Boyle, et al., 

2006). Since there may be some errors made by automated lineaging in cell 

recognition especially at late stage, some manual corrections may be needed. 

Normally, at least 2 replicated embryos would be manually curated up to at least 

350-cell stage to make sure its consistency and acquire expression pattern. 

 

2.3 Complementation test 

To test whether the miniMos-mediated transgene was functional, rescue test 

(complementation) was performed. A functional construct of cyclin L is expected 

to rescue the phenotype of cyl-1-deletion-mutant worms. 
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2.3.1 Worm strains and maintenance 

All worms were maintained on NGM agar plates seeded with OP50 bacteria at 20oC. 

VC587 is the cyl-1 deletion mutant strain where homozygous lethal deletion 

chromosome is balanced by GFP-marked translocation, with genotype [cyl-

1(ok816) V/nT1 [qls51] (IV;V)]. ZZY0668 is the CYL-1 miniMos insertion strain, 

with genotype unc-119(ed3) III; zzySi151[cyl-1p::CYL-1::GFP::cyl-1 

3’UTR+unc-119(+)] II. 

 

2.3.2 Crossing 

Crossing between VC587 male and ZZY0668 hermaphrodite was performed. Each 

F1 hermaphrodite worms without pharyngeal GFP were picked and transferred 

separately onto a seeded NGM plate. Those F1 worms were expected to carry 

heterozygous cyl-1 deletion and heterozygous CYL-1 miniMos insertion. At least 

12 L4-staged F2 worms were transferred onto a separate NGM plate and let them 

lay eggs overnight. 

 

The F2 worms were then picked out for genotyping using single-worm PCR the 

next day to confirm whether they carried the cyl-1 deletion or CYL-1 miniMos 
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insertion. Plates with F2 worms carrying no cyl-1 deletion and CYL-1 miniMos 

insertions were discarded. Plates with F2 worms carrying 1) homozygous cyl-1 

deletion and homozygous CYL-1 miniMos insertion, 2) homozygous cyl-1 deletion 

and heterozygous CYL-1 miniMos insertion or 3) homozygous CYL-1 miniMos 

insertion and heterozygous cyl-1 deletion, were kept and at least 12 L4-staged F3 

worms were picked from those plates. The screening continued till worms carrying 

homozygous cyl-1 deletion and homozygous CYL-1 miniMos insertion were 

obtained. 
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Figure 8. Schematic of crossing between VC587 and ZZY0668 
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2.3.3 Primer design for genotyping 

Four primers were designed to verify the presence of cyl-1 deletion, wild-type cyl-

1 or miniMos insertion. Single worm PCRs were performed starting from F2 

generation. Adult worms were picked out after enough number of eggs were laid. 

Worms were first picked into PCR tube containing lysis buffer with proteinase K, 

the tubes were snapped frozen with liquid nitrogen and placed in -80oC freezer for 

at least 1 hour. PCR tubes were then placed in thermocycler for lysis. Primers and 

other reagents were then added for performing single-worm PCR. Gel 

electrophoresis was then performed for examination of result. For the details of 

PCR condition, please refer to section 2.1.2 (tables 1 and 2). The only difference is 

that the elongation time are adjusted to 20 seconds for primers 1, 3 and 4, and 2 

minutes for primer 2. The details of primer design and protocol for worm lysis are 

shown below. The details of primer design and protocol of worm lysis on are shown 

below. 
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Primers Sequences Indication 

of positive 

result 

Indication 

of negative 

result 

Expected 

Sizes 

L1 

R1 

aagaggatggggagaggtct 

gtaccgtcaaagtccgcaaa 

Presence of 

cyl-1 

deletion 

Absence of 

cyl-1 

deletion 

261bps 

L2 

R2 

tcagtggacgaaggcaagt 

CTGCCAGCTTCCTCATTTCA 

Presence of 

native cyl-1 

Absence of 

native cyl-1 

2033bps 

L3 

R3 

TTTTCAAGAGTGCCATGCCC 

TTGTTTGTCCGCCATGATGT 

Presence of 

GFP from 

miniMos 

insertion 

Absence of 

GFP from 

miniMos 

insertion 

275bps 

L4 

R4 

tttgccgctcacccctag 

GACACATCAGTTGGTCGAGC 

Absence or 

heterozygous 

miniMos 

insertion 

Homozygous 

miniMos 

insertion 

205bps 

Table 6. Primer design for single-worm PCR during rescue test 

 

Component Volume 

Lysis buffer with proteinase K 2µl 

1 drop of mineral oil was added to each tube to prevent sample evaporation 

Table 7. Components of worm lysis 
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Temperature Time 

65 oC 60mins 

95 oC 15mins 

4 oC ∞ 

Table 8. Protocol of worm lysis 

 

For primers 1 and 4, although there might be other non-specific binding sites apart 

from the desired binding sites, they were expected amplify the target region given 

the constraint on elongation time (only 20 seconds). Therefore, fragments over 600 

bps should not be able to be amplified. 
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Figure 9. Schematic diagram of primer binding sites; desired primer binding 

sites are shown in red color  
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2.4 Co-immunoprecipitation 

This part of experiment was done by Mr. Yonghong YAN from Dr. Mengqiu 

DONG’s lab, National Institute of Biological Science, Beijing.  

 

By performing IP using worms that only carry the miniMos CYL-1::GFP insertion 

but without native CYL-1, a better result should be given since there are no native 

CYL-1 competing with it. Proteins interact with CYL-1 can be pulled out by using 

anti-GFP antibody. 

 

2.4.1 Worm strains and maintenance 

All worms were maintained on HG agar plates seeded with OP50 bacteria at 20oC. 

ZZY0747 is the worms carrying homozygous miniMos insertion and homozygous 

cyl-1-deletion alleles, with genotype unc-119(ed3) III; zzySi151[cyl-1p::CYL-

1::GFP::cyl-1 3’UTR+unc-119(+)] II; [cyl-1(ok816)] V. 

 

2.4.2 Co-immunoprecipitation  

Around 3ml of mixed-stage worms were collected and worms were frozen with 

liquid nitrogen. 3ml 2x lysis buffer was added and protein was then extracted by 
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cryo-milling the worm sample using Retsch Mixer Mill MM 400 for 30 Hz, 90 

seconds. Tubes with proteins were then centrifuged at 13000rpm for 30 minutes at 

4oC. Supernatant should contain solubilized protein and was then transfer into a 

new tube. 

 

Agarose beads with GFP-tagged antibody were added into tubes carrying proteins 

and incubated for 2 hours. After incubation, lysis buffer is used to wash beads. 

Proteins were then eluted with 150µl SDS loading buffer.  

 

15µl of supernatant from the lysis step, pellet from the lysis step, eluate and beads 

were taken out. All samples were loaded with 5x SDS loading buffer and boiled for 

10 minutes at 95oC. After that, samples were centrifuged at 20,000g for 10 minutes 

before taking the supernatant of the samples to run SDS-PAGE. 

 

2.4.3 Mass spectrometry 

Proteins were then precipitated with TCA reagent and dissolved in 20ul 8M urea. 

High-performance liquid chromatography-mass spectrometry (HPLC-MS) was 

used. The details are listed below. 
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Method HPLC-MS 

Liquid column Easy nLC1000 (Thermo Fisher Scientific) 

Chromatographic column 100 μm Precolumn (C18, 3 μm) 

75μm analytical columns (C18, 1.5 μm) 

A phase: 0.1% formic acid 

B phase: 100% acetonitrile, 0.1% formic acid 

Mass spectrometry Q Exactive (Thermo Fisher Scientific) 

MS type HCD-FTMS 

Database-searching software pFind 3.1 (http://pfind.ict.ac.cn/) 

Table 9. Details of High Performance Liquid Chromatography-Mass 

Spectrometry 

 

2.5 RNA interference 

RNA interference (RNAi) is one of the common ways for characterizing novel gene 

function. It works by degrading a specific sequence of RNA or inhibiting 

transpation to achieve the outcome of gene silencing. In order to study the 

regulatory role of target gene, microinjection of double-strand RNA derived from 

target sequence could be performed followed by evaluation of its target expression. 

It can study the relationship between two genes since if two genes are worked in 

the same pathway, knocking down one of them will cause its partnering gene 

becomes unable to function. Thus, the RNAi results against them is expected to 

show similar phenotypes. 

http://pfind.ict.ac.cn/
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2.5.1 Worm strains and maintenance 

All worms were maintained on NGM agar plates seeded with OP50 bacteria at 20oC. 

The worm used for microinjection was RW10425. RW10425 is a strain with PHA-

4 tissue marker and expressed in pharynx and intestine, with genotype of unc-

119(ed3) III; itIS37[pie-1p::mCherry::H2B::pie-1 3’UTR + unc-119(+)]IV; 

stIs10116 [his-72p::HIS-24::mCherry::let-858 3’UTR+unc-119(+)]; stIS10389 

[PHA-4::TGF(3E3)::GFP::TY1::3xFLAG]. 

 

2.5.2 dsRNA production 

Primers were designed for performing microinjection of RNAi. Primers were 

chosen so that amplicon size is under 600bps to boost transcription efficiency in 

vitro. A T7 promoter sequence of TAATACGACTCACTATAG (from 5’ to 3’) was 

added to the 5’ end of both forward and reverse primers. The details of dsDNA 

amplification are shown below. 
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PCR products were then examined by gel electrophoresis. Amplicons with correct 

size were used as a template for in vitro transcription using HiScribeTM T7 Quick 

High Yield Synthesis Kit from NEB. The details of condition are shown below. For 

the details of PCR condition, please refer to section 2.1.2 (tables 1 and 2). The only 

difference is that the elongation time is adjusted to 30 seconds. 

 

Annealing of ssRNA into dsRNA was then performed after transcription. Tubes 

with ssRNA were put into 72oC water bath for 10 minutes and cooled down to room 

temperature slowly by switching off the water bath followed by incubation inside 

the water bath overnight. dsRNA was diluted by 10-fold using TE buffer for 

examination of sizes by gel electrophoresis and quantification of concentration. 

dsRNA with correct band size would then be diluted to 300ng/µl for microinjection. 

 

2.5.3 Microinjection 

The mixture was injected into one gonad of RW10425 young adult worms. 25 

worms were injected. For live cell imaging, injected worms were dissected at least 

20 hours after injection to make sure RNAi affected the embryos. For the detail of 

mounting embryos, please refer to section 2.1.6. The remaining injected worms 
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were transferred onto a new NGM plate for egg laying. Worms were killed after 6 

to 8 hours, depending on the number of eggs they laid, and the total number of eggs 

laid on plate was counted. The number of eggs remaining on plate was then be 

counted on the next day. 

The percentage of embryonic lethality = 
Number of eggs remaining 

Total number of eggs laid 
 

 

2.5.4 Automated lineaging 

The lineaging was done in the same way as described in the section 2.2.2. 
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Chapter 3. Results 

3.1 CYL-1 expression 

3.1.1 Strains and genotyping 

There are total 8 independent strains. The details of strains and transgene insertion 

sites are listed below. 

 

Strains Position of insertion Remarks 

ZZY0665 Chromosome I: 5,432,668 Exon of dpy-5 

ZZY0666 Chromosome X: 1,381,890 Intergenic region 

ZZY0667 Chromosome V: 17,127,795, 17,133,279 

and 17,422,853 

rDNA cluster 

ZZY0668 Chromosome II: 3,480,672 Intron of Y49F6B.8 

ZZY0705 Chromosome X: 932,685 Intergenic region 

ZZY0706 Unknown Genotyping failed 

ZZY0707 Chromosome X: 14,337,757 Intron of sel-7 

ZZY0708 Chromosome II: 9,528,167 Exon of sra-15 

(pseudogene) 

Table 10. List of transgenic strains carrying a single-copy of CYL-1::GFP 

fusion along with insertion site 
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3.1.2 Expression pattern 

Among all the eight insertion strains, there are only two showing ubiquitous 

expression from embryonic stage to adult stage. The details of expression are shown 

below. 

 

Strains Embryonic expression Adult expression 

ZZY0665 No No 

ZZY0666 No No 

ZZY0667 No No 

ZZY0668 Yes; starts from 2-cell stage Yes; expression in head, gut 

cells, germline and tail 

ZZY0705 No Yes: expression in head and 

tail 

ZZY0706 No No 

ZZY0707 Yes; starts from 60-cell stage No 

ZZY0708 Yes; starts from 2-cell stage Yes; expression in head, gut 

cells, germline and tail 

Table 11. Summarized expression patterns from various insertion strains 
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Figure 10. CYL-1::GFP expression on L1 stage of ZZY0668; expressed 

ubiquitously. (A) DIC, (B) GFP and (C) superimposed. 

A        B        C 
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Figure 11. CYL-1::GFP expression at L2 stage of ZZY0668. (A) DIC, (B) GFP 

and (C) superimposed. 

A              B               C A              B               C 
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Figure 12. CYL-1::GFP expression at L3 stage of ZZY0668. (A) DIC, (B) GFP 

and (C) superimposed. 

A             B             C A             B             C 
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Figure 13. CYL-1::GFP expression at L4 stage of ZZY0668. (A) DIC, (B) GFP 

and (C) superimposed. 

A        B         C A        B         C 
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Figure 14. CYL-1::GFP expression at adult stage of ZZY0668. Note ubiquitous 

expression in tissues, including gonads, embryos and oocytes. (A) DIC, (B) GFP 

and (C) superimposed. 

A                  B                  C  
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Figure 15. CYL-1::GFP expression in gonads of ZZY0668. (A) DIC, (B) GFP 

and (C) superimposed. 

 

 

 

 

 

 

 

 

 

 

A                 B                C  
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Figure 16. CYL-1::GFP expression in oocytes of ZZY0668. (A)(D) DIC, (B)(E) 

GFP and (C)(F) superimposed. 

 

A                 B                C  

D                 E                F  
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3.1.3 Lineal expression of CYL-1::GFP  
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Figure 17. Lineal expression of CYL-1::GFP in (A) ABal sublineage, (B) ABar 

sublineage, (C) ABpl sublineage, (D) ABpr sublineage, (E) EMS sublineage and (F) 

P2 sublineage. Expression is shown in red. 
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3.2 Functional validation of cyl-1 transgene 

3.2.1 Genotyping for rescued strain 

A rescued strain of cyl-1-double-deletion, which named ZZY0747, was obtained by 

crossing cyl-1 deletion mutant and the transgenic strain expressing CYL-1::GFP 

and genotyped using the following 4 pairs of primers to confirm its presence. The 

details of the primers are shown below. 

 

Primers Presence of 

band 

Indication Expected 

Sizes 

L1 

R1 

Yes Presence of cyl-1 deletion 261bps 

L2 

R2 

No Absence of native cyl-1 2033bps 

L3 

R3 

Yes Presence of GFP from 

miniMos insertion 

275bps 

L4 

R4 

No Homozygous miniMos 

insertion 

205bps 

Table 12. Results of confirmation of rescue  

 

By confirming that the worms carried homozygous cyl-1-deletion allele and CYL-

1::GFP, the CYL-1 transgene is confirmed to be functional as judged by the viability 

of the strains versus the maternal effect of larval arrest phenotype of the cyl-1 null 
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allele. 

 

3.2.2 Expression pattern 

The expression patterns of ZZY0747 of all stages are consistent with those of 

ZZY0668. For the fluorescent micrographs, please refer to section 3.1.2. 

 

 

3.3 CYL-1-interacting partners 

From the result of co-immunoprecipitation followed by mass spectrometry, possible 

interactors of CYL-1 can then be known. Total spectral count (TSC) is used for the 

estimation of the abundance of a particular protein from co-IP experiment. There 

will be totally two duplicate runs. WD score will then be calculated based on the 

frequency observed and the TSC of a particular interactor, together with weighted 

factor, which allows for an increase of score for that interactor if it is frequently 

found across the IP. 
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From the result, it showed that cyl-1 has a very high affinity with Y67D2.7, cdk-

11.1, cdk-11.2 and cdk-12. Intriguingly, Y67D2.7 is an ortholog of human SAP30 

binding protein (SAP30BP). However, the function of SAP30BP is still not very 

clear in human. The details of WD score are shown below. 

 

Protein WD score 

Y67D2.7 5575.996 

CDK-11.1 5123.687 

CDK-11.2 3986.795 

CYL-1 2832.687 

CDK-12 1496.528 

Table 13. Result of co-immunoprecipitation  

 

As expected from human data, CDK-11.1, CDK-11.2 and CDK-12 were pulled out 

from IP. An unexpected protein, Y67D2.7, was also pulled out with the highest WD 

score. 
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3.4 Functional characterization of CYL-1 interacting partner 

3.4.1 Embryonic lethality from RNAi 

 

RNAi target Number of dead 

eggs  

Total number 

of eggs laid 

Embryonic 

lethality 

cyl-1 400 425 94.12% 

cdk-11.1 4 361 1.11% 

cdk-11.2 7 391 1.79% 

cdk-11.1 + cdk-11.2 388 406 95.57% 

cdk-12 33 435 7.59% 

Y67D2.7 334 369 90.57% 

Table 14. Results of embryonic lethality by RNAi 

 

From the results of RNAi against cyl-1, it showed that the embryonic lethality is 

over 90%. It is possible that its coupling partners may also have a high percentage 

of embryonic lethality upon the RNAi treatment.  

 

Only RNAi against cdk-11.1 and cdk-11.2 simultaneously or against Y67D2.7 

showed over 90% of embryonic lethality, suggesting that the two genes may form 

a complex and functioning in the same pathway with Y67D2.7. It is expected for 

the lethality phenotype of double RNAi against cdk-11.1 and cdk-11.2 based on the 
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interaction between CYL-1 and CDK11 in human. However, the function of 

Y67D2.7 or its interaction with CYL-1 remain unknown. 
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3.4.2 Lineal expression of PHA-4::GFP. 

RNAi against cyl-1, Y67D2.7 and cdk-11.1+cdk-11.2 were performed on PHA-

4::GFP expressing worms. PHA-4::GFP (wild type) showed expression on ABalp, 

ABpra, MS and E sublineages. For RNAi against cyl-1, expression of PHA-4::GFP 

were totally depleted on all the lineages. For RNAi against Y67D2.7, there were 

still some expression on the ABalp and ABpra sublineage but with a lower level. 

Expression on MS and E sublineage were depleted. However, for RNAi against 

cdk-11.1 + cdk-11.2, expression of PHA-4::GFP were still presented on ABalp, 

ABpra, MS sublineages but only the expression on E sublineage was depleted. 

 

Since E2 lineage is reported to be related to transcription as knock-down of 

transcription-related genes led to shortened cell cycle of Ea and Ep (E2 cells), the 

length of E2 sublineage were also used for comparison. Shortened E2 cell cycle 

were observed after performing RNAi against cyl-1, Y67D2.7 and cdk-11.1+cdk-

11.2. Among all these result, RNAi against cyl-1 showed the most obvious of 

shortened E2 cell cycle. Meanwhile, RNAi against either Y67D2.7 or cdk-

11.1+cdk-11.2 also showed a shortened E2 cell cycle but not as significant as RNAi 

against cyl-1.  
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Figure 18. Vtree of PHA-4::GFP on ABa sublineage of (A) wild type, (B) RNAi 

against cyl-1, (C) RNAi against Y67D2.7 and (D) RNAi against cdk-11.1 + cdk-

11.2 
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ABa 

ABa 

A 

D 

C 

B 
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Figure 19. Lineal expression of PHA-4::GFP in ABp sublineage of (A) wild type, 

(B) RNAi against cyl-1, (C) RNAi against Y67D2.7 and (D) RNAi against cdk-11.1 

+ cdk-11.2 
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ABp 

ABp 
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Figure 20. Lineal expression of PHA-4::GFP in the P1 sublineage of (A) wild 

type, (B) RNAi against cyl-1, (C) RNAi against Y67D2.7 and (D) RNAi against 

cdk-11.1 + cdk-11.2 

P1 

P1 

P1 

P1 

A 
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Figure 21. Comparison of lineal expression of PHA-4::GFP in E2 sublineage 

of wild type, RNAi against cyl-1, Y67D2.7 and cdk-11.1 + cdk-11.2, respectively. 

Red dot lines indicate the beginning and end of E2 cell cycle of wild type. 

 

 

 

cyl-1i Y67D2.7i Wildtype cdk-11.1i+11.2i 

E E E E 
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Chapter 4. Discussion and future study 

Since no information about the interaction between cyclin L and it CDK partners 

have been reported in C. elegans though it was in human cell culture, it is essential 

to study the CYL-1’s CDK partner in vivo. The cyclin L in C. elegans is predicted 

to interact with CDK-11.1 and CDK-11.2, based on the interaction as demonstrated 

in human. In addition, CDK-12 was shown as a partner to cyclin L, but it was lately 

reported that there was a compelling evidence that cyclin K mainly interacts with 

CDK12 and CDK13 in human. However, the possibility of the interaction between 

cyclin L and CDK-12 in C. elegans cannot be ruled out.  

 

The expression of CYL-1::GFP showed cyl-1 expresses ubiquitously in C. elegans. 

From the result of lineaging tree of CYL-1::GFP, the expression mainly was mainly 

seen after division but not at the point of division. This is expected since it was 

predicted to be interacting with CDK11, which functions in regulating alternative 

splicing.  

 

To test whether the CYL-1::GFP transgene is functional in vivo, complementation 

test was performed to test the ability of the transgene to rescue cyl-1-double-

deletion mutant strain. The rescue test indicated that the CYL-1::GFP is functional. 
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From the co-IP result, different genes were pulled out including CDK-11.1, CDK-

11.2 and CDK-12, which are expected. Surprisingly, there was an unexpected gene 

pulled out, Y67D2.7, even with the highest score. Y67D2.7 is the ortholog of 

SAP30 binding protein (SAP30BP) in human. Unfortunately, there are barely any 

information on either SAP30BP in human or Y67D2.7 in C. elegans.  

 

From the IP result, it suggested that cyl-1 has interactions with Y67D2.7, CDK-

11.1, CDK-11.2 and CDK-12. RNAi was used to further investigate the interactions 

between cyl-1 and the other pulled out genes. For RNAi against cyl-1, the 

embryonic lethality is over 90%. Only double RNAi against cdk-11.1 and cdk-11.2, 

and RNAi against Y67D2.7 showed over 90% of embryonic lethality. Although it 

is reported that CDK-11.1 and CDK-11.2 are duplicated gene (Williams, et al., 

2018). However, RNAi against cdk-11.1 or cdk-11.2 alone did not produce severe 

phenotype. For RNAi against cdk-12, there are only around 5% of embryonic 

lethality. Although the co-IP result showed that CDK-12 interacts with CYL-1, the 

score is relatively low compared to other proteins pulled out. It may be one of the 

reason why the RNAi result of cdk-12 did not match the result of cyl-1.  
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Based on the results of embryonic lethality of the RNAi, I performed automated 

lineaging after double RNAi against cdk-11.1 and cdk-11.2, or single RNAi against 

Y67D2.7. The results were compared against that of RNAi against cyl-1. All of the 

RNAi treatments showed a shortened of E2 cell cycle length, which is a common 

phenotype after inactivation of mRNA biogenesis pathway, supporting they are all 

function in the same pathway. In addition to the E2 sublineage, the phenotypes of 

MS sublineage are also similar between RNAi against Y67D2.7 and cyl-1. 

Phenotypes in AB sublineage are also similar after RNAi against of Y67D2.7 and 

cyl-1. In summary, the phenotypes of RNAi against Y67D2.7 and cyl-1 are quite 

similar. Combined with physical interaction between CYL-1 and Y67D2.7, the 

results suggested that cyl-1 and Y67D2.7 function in the same pathway possible in 

mRNA biogenesis. The results provide insights into the function of the highly 

conserved CYL-1 in vivo. 

 

In human, cyclin L mainly couples with CDK11. In C. elegans, besides CDK-11.1 

and CDK-11.2, Y67D2.7 and CDK-12 also couple with CYL-1. Given the 

conservation of these proteins, it is possible that Y67D2.7 human orthologue may 
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also interact with CYL1 and CDK11. The results also provide functional insight 

into the highly conserved Y67D2.7 which has not been characterized in any species.  
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