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Abstract
Metazoan development is a complex and tightly controlled process that not only
requires precise cell fate differentiation, but also demands accurate timing of cell
division and precise cell migration. Genetic regulation of cell cycle length
throughout metazoans embryogenesis is largely unknown, mainly due to the
technical hurdle in quantifying cell division timing during development.
Caenorhabditis elegans embryogenesis provides an excellent opportunity to study
the genetic regulation of division timing because of its invariant cell lineage and
widespread division asynchronies between sister cells. A combination of in toto
imaging and automated cell lineaging coupled with high throughput RNAi allows
genetic screening of genes involved in regulation of Asynchrony of Division
between Sister cells (ADS) or cousin cells. One of the most pronounced
asynchronies between cousin cells during C. elegans embryogenesis is a significant
elongation of division timing in two endoderm progenitor cells, Ea and Ep (E2),
versus their cousins MSa and MSp (MS2) that mainly develop into mesoderm
organs. Out of a total of 822 essential and conserved genes that were perturbed by
RNAi in our previous genetic screening, 53 genes are found to produce
significantly reduction specifically in the E2 cell cycle length (p<0.01).
Surprisingly, nearly 70% of the 53 genes are involved in mRNA production or its
regulation, indicating a differential requirement of transcription for division timing
between E2 and MS2. Reduction in E2 cell cycle length is frequently associated
with cell migration defect and gastrulation failure. Furthermore, our systematic data
on cell division timings upon perturbation of a large cohort of essential genes
provide a valuable source for inferring the function of uncharacterized gene. For
example, phenotypical clustering based on cell division timings suggested that an
essential gene, gad-1, is likely to be involved in general transcription, which is in
agreement with its further functional assays. In summary, a combining of the
published data with our own demonstrates that E2 specific cell cycle elongation
requires robust and earlier zygotic genome activation (ZGA) during C. elegans
embryogenesis. The cell-specific elongation might be important for coordinate fate
differentiation, division timing and cell migration of E2 to ensure proper intestine
development.
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Chapter 1 Introduction
1.1. Caenorhabditis elegans embryogenesis
C. elegans is a tiny soil nematode. Adults are usually about 1mm long. The animal
is most commonly seen as a hermaphrodite, that produces both oocytes and sperms,
allowing self-fertilization; whereas naturally occurring male is rare but can be
induced genetically or environmentally to facilitate cross between strains.
Fertilization happens in vivo whereby a sperm fuses with an oocyte inside the
uterus of hermaphrodite will be released and eventually meet with the pronucleus
from the oocyte. The pronucleus released from the sperm migrates to the oocyte
center and meets its counterpart in the oocyte, which is accompanied by the
breaking-down of nuclear envelops. Nuclear envelop break down (NEBD) allows
release of chromosomes from both pronuclei followed by its alignment. This stage
is referred to the one-cell stage of C. elegans embryo, named P0. Next, the one-cell
embryo undergoes first asymmetric cell division, give rise to an anterior daughter
called AB and a posterior daughter called P1 (Sulston et al., 1983). The whole
process of fertilization and cell division are tightly controlled and regulated by the
actomyosin network and PAR polarity on the cell membrane, resulting in
asymmetrical distribution of cytoplasmic content. At the same time, formation of
microtubule network is initiated by sperm-derived centrioles to regulate the
movement of pronuclei and chromosomes (Reviewed by Begasse and Hyman,
2011; Oegema and Hyman, 2006).

The axis of the embryo is determined by the entry position of the sperm, which
defines the posterior region (Goldstein and Hird, 1996). Upon fertilization, the
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eggshell will start to be synthesized (Reviewed by Johnston and Dennis, 2012).
Early development of C. elegans embryos consists of two cell cycle phases only,
i.e., the S phase and M phase (Edgar and McGhee, 1988). However, the division
timing of AB and P1 is not the same. The anterior AB cell always divides two
minutes earlier than the posterior P1 cell during normal developmental condition
(Brauchle et al., 2003). This is the first asynchronous division found in C. elegans
embryogenesis, an important hallmark for its invariant cell lineage in which each
cell has its own "fate" and every embryo grows in a reproducible pattern (Sulston
et al., 1983). Studies revealed that the molecular mechanisms controlling major
developmental events are mostly conserved (Reviewed by Ajduk and
Zernicka-Goetz, 2015), making C. elegans embryogenesis an excellent model to
study the metazoans development.

According to the definition of Sulston et al (Sulston et al., 1983), the first founder
cell of C. elegans embryo is AB, which gives rise to majority of the embryonic
cells with various cell types, including hypodermis, neuron and pharynx, but not
intestine and body wall muscle. P1 division gives rise to EMS and P2. MS and E
are another pair of founder cells derived from EMS. MS produces only pharynx
and muscle while E produces only intestine. P2 division gives rise to C and P3. C
is another founder cell, which is precursor for hypodermis and muscle. The last
two founder cells are D and P4, which are derived from the division of P3. D
exclusively gives rise to body wall muscle while P4 becomes the progenitor of
germline. These six founder cells, i.e., AB, MS, E, C, D and P4 can be regarded as
the embryonic blastomeres of C. elegans. Throughout the embryogenesis, 671
cells in total are generated in hermaphrodites. However, 113 cells out of them will
2

undergo programmed cell death or more commonly, apoptosis. 558 cells are left
before the embryo hatch into a larva. Starting from fertilization, cell divides
rapidly and the embryo takes only 14 hours to hatch. Interestingly, all the division
events happen in a tiny space within the eggshell, while the cell volume decreases
with every cell division. Some studies found that the repelling force from eggshell
plays a key role embryogenesis by facilitating rapid and robust cellular
arrangement (Alim, 2013; Fickentscher et al., 2013). Although the removal of
eggshell does not interfere with the embryo's ability to hatch, removal of vitelline
membrane causes embryonic arrest due to gastrulation failure (Junkersdorf and
Schierenberg, 1992). Later studies found that vitelline membrane is important for
maintaining the "micro-environment", especially regarding molecules secreted by
the embryonic cells, such as signaling molecules (Lee and Goldstein, 2003; Olson
et al., 2012). All these show that C. elegans embryogenesis is a tightly controlled
event. It will be essential to understand the spatial and temporal regulation of cell
divisions during proliferation stage of embryogenesis, which could be directly
applicable to other metazoan.

1.2. Regulation of division asymmetry and asynchrony
The first embryonic asymmetric division and asynchrony in C. elegans occurs in
the division of 1-cell and 2-cell embryos respectively. This regulation is
extensively studied (Reviewed by Ajduk and Zernicka-Goetz, 2015; Begasse and
Hyman, 2011; Oegema and Hyman, 2006; Rose and Gonczy, 2014). First of all, the
initiation of asymmetry is regulated by the uneven distribution of PAR proteins.
During the division of P0, polarity is established along the anterior and posterior
axis of the cell. Polarity initiation is triggered by a signal from the centrioles of
3

the sperm after fertilization. Pericentriolar maternal (PCM) is then recruited from
the oocyte, leading to the nucleation of microtubules in the centrosomes (McNally
et al., 2012). The growing microtubules will first attach to the posterior cortex of
the cell due to proximity. This smoothes the posterior cortex because of reduced
cortical contraction. The smooth cortical area will then spread up to 50%
egg-length (Bienkowska and Cowan, 2012; Hird and White, 1993). The spreading
is accompanied by the asymmetric distribution of PAR proteins at the cell cortex.
Once the polarity is established, it comes to the maintenance phase that the
polarity is not dependent on the centrosomes any more (Cowan and Hyman, 2004).
PAR-3, PAR-6 and PKC-3 form a complex that is distributed anteriorly, while
PAR-1, PAR-2 and LGL-1 are enriched in the posterior cortex. Their specific
distributions are regulated by the mutual inhibition between these two sets of
proteins (Reviewed by Hoege and Hyman, 2013). Apart from that, more proteins
are found to be involved for the polarity maintenance. CDC-37 is an Hsp90
co-chaperone that appears to stabilize PKC-3 (Beers and Kemphues, 2006).
CDC-42 is a RHO GTPase that physically interacts with PAR-6 to maintain both
of their cortical localization (Aceto et al., 2006; Gotta et al., 2001). In addition,
DYN-1, the dynamin GTPase is also involved in polarity maintenance, possibly
associated with PAR-6 via the endocytic vesicles, which may be responsible for
removal of anterior PAR-2 through endocytosis (Hyenne et al., 2012; Nakayama
et al., 2009).

Once the polarity is established and maintained, the one-cell embryo will start the
asymmetric division, which is defined as fate asymmetry in this thesis. The
force-generating complex will first be recruited to each poles of the embryo,
4

followed by the centrosome and microtubules, which can attach to the
force-generating complex in the cortex via a dynein complex mediator. Similar
mechanisms are employed in asymmetric division throughout embryogenesis that
the microtubules are guided by the established polarity, though the division axis
will vary depending on the specific identity of the cell (Reviewed by Rose and
Gonczy, 2014).

After the asymmetric division of P0, its daughters AB and P1 develop distinct sets
of cell types. This is achieved by the asymmetrically segregated cell fate
determinants before the cleavage of P0. Cell fate determinants are factors
important in the specification of cell fates. The term cell fate has multiple
definitions, depending on context. Some researchers define cell fate depending on
the final function of the cell, such as the expression of gut granules during E cells
specification (Maduro et al., 2015). On the other hand, some others use the
expression of fate markers, such as the GATA transcription factor ELT-2 (Du et al.,
2014; Murray et al., 2012). I used the latter definition of cell fate throughout the
thesis. During one-cell stage embryo, PAR-1 is responsible for the direct
phosphorylation of MEX-5, which ensures MEX-5 localizes in the anterior
cytoplasm (Griffin et al., 2011). MEX-5, a protein containing tandem CCCH
zinc-finger domains, is regarded as a polarity mediator because it translates the
polarity signal to the downstream cell fate regulators. Therefore, MEX-5 is
enriched in the anterior region, which inhibits the posterior fate protein or mRNA,
such as skn-1 mRNA that is known for the specification of the endo- or
mesodermal fate. For the posterior region, POS-1, another polarity mediator that
is enriched in the posterior region, is responsible for the posterior program by
5

translational regulation of anterior fate mRNA, such as zif-1 and neg-1 mRNA
(Elewa et al., 2015; Oldenbroek et al., 2012). In later divisions, fate regulators are
segregated into different progenitors for various cell specification programs
(Reviewed by Rose and Gonczy, 2014).

As mentioned before, AB is always divided earlier than P1. This is regulated by
the polarity of the embryo, as the par mutants exhibit synchronous divisions in
AB and P1 (Kemphues et al., 1988). There are two different mechanisms for
asynchrony, although their weightings are different (Reviewed by Rose and
Gonczy, 2014; Tavernier et al., 2015). The first mechanism, accounting for 60%
of the time difference, is the asymmetric regulation of mitotic entry. PLK-1 and
CDC-25.1 are asymmetrically enriched in AB cytoplasm and nucleus respectively,
which cause an earlier mitotic entry in AB than P1 (Budirahardja and Gonczy,
2008; Rivers et al., 2008). The asymmetric distribution of PLK-1 is regulated by
PAR-1, probably via MEX-5 as a mediator. The reason for the enrichment of
CDC-25.1 in AB, however, is still not clear. The second mechanism, accounting
for 40% of time difference, is the activation of DNA replication checkpoint on P1.
This is regulated by the conserved ATL-1 and CHK-1, both containing a kinase
domain that can interfere with the DNA replication in P1 (Brauchle et al., 2003).
A recent study suggested that PAR-4, together with PAR-1, could also inhibit
DNA replication in P1 (Benkemoun et al., 2014).

The asymmetric divisions and asynchronies during early C. elegans are mainly
controlled by maternal factors. To obtain a more complete picture, we need to
understand how the C. elegans embryo is regulated maternally and zygotically,
6

because both events are involved during embryogenesis.

1.3. Maternal-to-zygotic transition in gene regulation
Maternal-to-zygotic transition (MZT) describes an important event during
embryogenesis. It can be sub-divided into two coordinated events, which are
maternal products degradation and zygotic genome activation (ZGA) (Reviewed
by Lee et al., 2014; Robertson and Lin, 2015; Tadros and Lipshitz, 2009).

During oogenesis, the germ cells in the C. elegans gonad undergo active mitosis
followed by meiosis. At the same time, the germ cells need to synthesize proteins
needed for oogenesis, thus a large number of mRNAs and proteins are made
respectively during oogenesis. These products are regarded as maternal products.
Once the oocyte matures, the transcription will be silenced (Walker et al., 2007).
However, the maternal products are still loaded into the oocytes, which are used to
prepare the asymmetric cell division after fertilization. RNA-seq analysis revealed
that approximately 25% of maternal mRNAs undergo degradation after 1-cell
stage (Stoeckius et al., 2014). The degradation of maternal mRNA is regulated by
its 3'UTR, both positively and negatively through the RNA-binding regulators
(Guven-Ozkan et al., 2010; Oldenbroek et al., 2013). The next global degradation
event starts at around 28-cell stage, in which about 30% of maternal transcripts
are degraded (Baugh et al., 2003). These are classified as Class II maternal mRNA
that will be cleared in somatic cells but not in germline cells (Seydoux and Fire,
1994). The functions of maternal products degradation believed to 1) prevent
abnormal mRNA dosage in the embryos, as the zygotic genome is being activated;
2) allow different expression patterns in different somatic cells, as they may
7

receive different specification programs; 3) remove maternal cell cycle mRNA to
elongate the cell cycle length. The maternal products are protected in the germline,
where they are believed to be important in maintaining the identity of the germ
cell fate (Reviewed by Tadros and Lipshitz, 2009).

Zygotic genome activation (ZGA) in C. elegans starts as early as 4-cell stage. This
is confirmed by the detection of zygotically transcribed mRNA (Edgar et al., 1994;
Seydoux and Fire, 1994). However, even under the inhibition of embryonic
transcription by RNAi of ama-1, the gene encoded for the largest subunit of RNA
polymerase II, embryos could still live up to around 100 cells (Powell-Coffman et
al., 1996). Even the maternal loaded products can support the embryo
development up to the 100-cell stage, they found that gastrulation is defective
after inhibition of RNA polymerase II, suggesting that embryonic transcription is
important for the initiation of gastrulation at around 28-cell stage. This also
indicates the MZT of C. elegans is between 4-cell stage and 28-cell stage.
Generally, there are two models to account for genome activation. The first one is
nucleocytoplasmic (N/C) ratio model which states that the cell division pace is
depended on the relative volume ratio between a nucleus and cytoplasm, which
will be responsible for releasing the embryo from transcriptional repression
(Newport and Kirschner, 1982). Recent study showed that the early C. elegans
embryonic cell cycle followed this model, except the E cell lineage (Arata et al.,
2014). The other model is called the translation controlled maternal clock (Howe
et al., 1995). This model suggests that the zygotic transcription activation is
depended on the maternally provided mRNA that provides the components for
transcription, such as transcription factors and chromatin modifiers (Reviewed by
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Lee et al., 2014). These two models are not mutually exclusive. They may act
together depending on different cell lineages. In C. elegans, one of the
well-studied examples of MZT is the fate specification network of the intestine
(Reviewed by McGhee, 2013). The detailed relationship between MZT and
intestine fate specification will be discussed in the next section.

1.4. Roles of zygotic genome activation in controlling intestine fate
specification
Two hallmarks for the development of C. elegans intestine are endoderm (E) fate
specification and gastrulation (Figure 1). The E fate is frequently defined by the
expression of a well-characterized set of the E fate-specific markers.
Reconstruction of the corresponding transcription network provided mechanistic
insights into E fate specification, which had been reviewed extensively (Reviewed
by Maduro, 2010; McGhee, 2013). ZGA is important for E fate specification,
through the regulation of maternal transcription factors. Starting with maternally
loaded SKN-1, a homeodomain/ bZIP transcription factor, which is enriched in P1,
P2, EMS and their daughters until 28-cell stage (Bowerman et al., 1993; Bowerman
et al., 1992; Seydoux and Fire, 1994). MEX-5 and POS-1 work together to ensure
the SKN-1 accumulation in EMS (Elewa et al., 2015; Schubert et al., 2000).
SKN-1 has multiple targets for endoderm specification. It first activates med-1/2
genes in germline maternally, which is followed by their activation in EMS
zygotically (Maduro et al., 2007; Maduro et al., 2001). med-1/2 encode two
redundant GATA factors that are responsible for specifying the fate in MS and E
(Reviewed by Maduro, 2009, 2010; McGhee, 2013). However, the activation
targets of med-1/2 are different in these two cells. The difference is due to the Wnt
9

signaling from P2 to EMS, resulting in POP-1 and SYS-1 asymmetry between its
two daughters, E and MS (Phillips et al., 2007; Rocheleau et al., 1997; Shetty et
al., 2005; Thorpe et al., 1997). This produces not only the asymmetric division of
EMS, but also the nuclear export of POP-1, a HMG box protein (Lin et al., 1998;
Lin et al., 1995) in E through the phosphorylation of POP-1 by the LIT-1/WRM-1
complex (Ishidate et al., 2013; Rocheleau et al., 1999; Yang et al., 2015). In
addition, POP-1 acetylation by CBP-1 is also responsible for its nuclear retention,
suggesting an antagonism to ensure that the POP-1 balance between the nucleus
and cytoplasm (Gay et al., 2003). ZGA in E lineage starts around late E, which
expresses two strictly zygotic redundant GATA transcription factors, END-1/3
(Boeck et al., 2011; Maduro et al., 2005a). Activation of these two genes involves
multiple factors. Evidence shows that SKN-1 activates not only med-1/2, but also
directly activates end-1/3 (Zhu et al., 1997). med-1/2 are confirmed to be the
activators of end-1/3 recently (Maduro et al., 2015). POP-1, which probably
combines with SYS-1(beta-catenin) coactivator, can also positively regulate the
expression of end-1/3 (Huang et al., 2007; Maduro et al., 2005b; Maduro et al.,
2002; Yang et al., 2011). END-3 itself activates end-1, while a study reported that
END-1 also activates end-3 in a smaller degree (Maduro et al., 2007; Robertson et
al., 2014). Although not a major factor, PAL-1, a maternal provided homeodomain
transcription factor, has a positive role in end-1 activation (Maduro et al., 2005b).
Taken together, zygotic E fate specification is a robust event (Reviewed by
Maduro, 2015). More than one activating pathways work independently on the
zygotic activation of end-1/3. Strongly expressing END-1 and END-3 activate
multiple elt genes to specify the tissue identity of intestine (Reviewed by Maduro,
2009, 2010, 2015; McGhee, 2013).
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Figure 1. Summary of current understanding of the genetic pathways for
specification of E lineage (blue), MS lineage (blue), gastrulation (green) as well
as cell cycle regulation in E (brown).
All the pathways are reconstructed from previously published papers and reviews.
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The asynchrony between E2 and MS2 is highlighted in green and brown lines in
EMS cell lineage. Note that only the timing of fate specification pathways is
relevant to the lineaging tree. Gastrulation and cell cycle regulation take place in E2
stage but expression timing for the proteins involved in these processes are not
relevant. The embryos at the bottom are DIC micrographs showing E2 before (left)
and after (middle) gastrulation, followed by their division to E4 (right). The E cell
nuclei are highlighted.

1.5. Roles of zygotic genome activation in controlling division timing
During C. elegans embryogenesis, ZGA is not only important for proper fate
specification of intestine, but also for its special cell cycle behavior
(Powell-Coffman et al., 1996; Sulston et al., 1983). Early embryonic cell cycle
consists of only two stages, S (DNA synthesis) phase and M (mitosis) phase
(Reviewed by van den Heuvel, 2005). Despite small but reproducible asynchrony,
cell cycle remains similar among each generation of cells in the early embryo (Bao
et al., 2008). However, the cell cycle length of the intestinal progenitor cell, E, into
Ea and Ep (collectively called E2) are significantly extended in comparison to their
cousins MSa and MSp (collectively called MS2) (Sulston et al., 1983). The
mechanism of this asynchrony is not fully understood, but there are speculations
that this is due to the introduction of a G2 phase in the cell cycle, which may be
partly regulated by E fate determinants (Edgar and McGhee, 1988; Maduro, 2015).
It was found that the DNA content of E2 are doubled after 20 minutes, which
accounted for the duration of S phase. After that, E2 need at least 20 more minutes
before division, leading to the speculation of the introduction a of G2 phase. On
the other hand, ZGA is a primary requirement for the E2 cell cycle elongation as
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the inhibition of ama-1 significantly reduced the E2 cell cycle length
(Powell-Coffman et al., 1996). Recent studies provided more insight of how the
E2 cell cycles are being regulated after ZGA.

In C. elegans, wee-1.1 is a homolog of cell cycle regulating Ser/Thr kinase Wee1 in
yeast as well as wee1/2 in human, where it is found to be an integral component of
the G2/M checkpoint by controlling the dynamics of the cell cycle oscillator (Yang
and Ferrell, 2013). wee-1.1 is a zygotically transcribed gene, which in situ
hybridization results showed that its mRNA is briefly expressed at 12-16 cell
stages in E, as well as in AB8 (Wilson et al., 1999). Later study using the GFP
reporter driven by wee-1.1 promoter showed that wee-1.1 is highly expressed in
E2 but weakly in AB (Broitman-Maduro et al., 2005; Robertson et al., 2014).
Genetically knockout of Wnt signaling mediators lit-1 and mom-2, which is
responsible for P2-EMS signal transduction, reduces but does not eliminate its
expression and causes the reduction of cell cycle in E2 and AB8 cells specifically
(Robertson et al., 2014). This evidence supports the G2/M introduction hypothesis,
since it is expected that the deletion of wee-1.1 will either abolish the G2/M
checkpoint or reduce its efficiency, thus causing the cell to stay in synthesis-mitosis
mode. Down-regulated wee-1.1 coupled with silenced Wnt components, may
suggest that cell cycle in E is affected by Wnt signaling from P2-EMS contact,
probably through E-fate determinants MED-1/2, as wee-1.1 is a putative MED-1
target gene (Broitman-Maduro et al., 2005), or through END-1/3 (Robertson et al.,
2014). Meanwhile, an ubiquitin-conjugating enzyme UBC-25 promotes cell-cycle
quiescence on E lineage, in a linear pathway with cul-1, preventing G1/S transition
through degradation of CYE-1, a conserved cyclin-E protein (Roy et al., 2014).
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Null mutants of ubc-25 caused reduction of cell cycle length in the E lineage as a
whole. Since no evidence suggested the presence of G1 phase in E2, the E2 cell
cycle length reduction effect by knocking down ubc-25 probably due to the
degradation of other unknown factors instead of CYE-1.

Among other putative dependencies, timely degradation of CDC-25.1 in C. elegans,
a homolog of the highly conserved, cdk-activating yeast phosphatase CDC25, was
found to be essential to cell cycle elongation (Clucas et al., 2002; Kostic and Roy,
2002). Its degradation is regulated by lin-23, which encodes an F-box/WD-repeat
protein (Hebeisen M, 2008; Kipreos et al., 2000). cdc-25.1 and lin-23 are
expressed both maternally and zygotically, although their maternal products are
enough to support normal embryogenesis (Ashcroft and Golden, 2002; Ashcroft et
al., 1999; Hebeisen et al., 2008; Hebeisen M, 2008; Kipreos et al., 2000). RNAi of
cdc-25.1 produces arrested embryos at around 100-cell stage without any
intestinal cell (Ashcroft et al., 1999; Clucas et al., 2002), probably due to the cell
fate of P1 being transformed into P2 (Du et al., 2014). Reversely, overexpression
of CDC-25.1 caused unscheduled S-phase entry in adult intestine cells, suggesting
that degradation is still effective in embryo (Kostic and Roy, 2002). However,
under a gain-of-function (gf) mutation of cdc-25.1, which suppresses the
degradation of it by LIN-23, extra E cells are produced, a condition known as
hyperplasia (Clucas et al., 2002; Hebeisen M, 2008; Kostic and Roy, 2002; Segref
et al., 2010). As expected, RNAi of lin-23 and cul-1, which form a SCF complex
together, also produce hyperplasia in E and other lineages (Kipreos et al., 2000;
Kipreos et al., 1996; Segref et al., 2010). Additionally, skr-1/2, another pair of
homolog of cell-cycle regulating yeast gene skp1, is also suspected to regulate
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cdc-25.1. It is probably a functional partner of lin-23 (Bao et al., 2008).
Interestingly, cdc-25.1(gf) does not alter the cell cycle length of E2 nor
specifically affect late E cell cycle, suggesting the function of CDC-25.1 is more
complex than expected and provides minimal effect on E2 with unknown reasons
(Bao et al., 2008; Segref et al., 2010).

To investigate the relationship between fate specification and cell cycle regulation
after ZGA, a previous study discovered that the E fate specific markers e.g.
esterase, could still be expressed even when cell cycle progression was blocked
(Edgar and McGhee, 1988). Another group tried to answer the same question and
found that changes in cell cycle progression do not affect the timing of
transcriptional onset (Nair et al., 2013). Consistently, knockout of wee-1.1 reduced
E2 cell cycle length but had no effect on the intestine fate reporter, END-1
(Robertson et al., 2014). While both findings suggested an uncoupled relationship
between cell fate and cell cycle, contradicting results were also reported. Mutants
with E fate determinants end-1/3 knocked out exhibit early division in E daughters
(Boeck et al., 2011; Zhu et al., 1997). sptf-3, an Specificity Protein transcription
factor, is identified as a novel gastrulation gene (Sullivan-Brown et al., 2016).
sptf-3(RNAi) reduces the E2 cell cycle length, probably through the down
regulation of SKN-1 and END-1. In addition, knockout of maternal genes such as
skn-1 (Bowerman et al., 1992) or Wnt signaling genes, for example lit-1 (Kaletta et
al., 1997) and wrm-1 (Rocheleau et al., 1997), results in both E to MS fate
transformation and reduction of E2 cell cycles. These results suggest alternatively
that fate determinants do have an effect on cell cycle through processes not fully
understood. Combining these, cell cycle regulation in E2 probably work
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downstream of fate specification.

Finally yet importantly, a recent study revealed that RNAi knockdown of several
chromatin remodeling complexes, cir-1, snfc-5 or egl-27 + lin-40, results in
reduction of a subset of lineages including E2 (Kruger et al., 2015). They
suggested that the early development follows the hypothesis of lineage specific
control rather than fate-specific, which are models to predict the patterning of C.
elegans embryo (Labouesse and Mango, 1999). However, they did not account for
the detailed relationships between chromatin modification, fate specification and
cell cycle regulation. With the new lineaging data, I wish to establish the
relationship between fate determination and control over division timing.

1.6. Cell migration and gastrulation
On the morphological side, gastrulation is an important event in which cells migrate
into the central cavity of the developing embryo. In C. elegans, this first takes place
around 26-cell stage, with E2 being the first pair of cells to enter the interior of the
embryo (Sulston et al., 1983). Here, I define successful gastrulation as complete
migration of E2 into the interior before their division. If division takes place before
migration but their descendents are able to migrate, I count that as delayed in
gastrulation. Similar definition is also used by the others (Sullivan-Brown et al.,
2016).

During early stages of gastrulation, non-muscle myosin II (NMY-2) is enriched on
the apical surface of E2 (Nance and Priess, 2002). This process requires polarity
proteins such as PAR-3 and PAR-6 to establish cell polarity (Nance et al., 2003;
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Nance and Priess, 2002; Rohrschneider and Nance, 2009), followed by two
adhesion systems, HMR-1/cadherin and SAX-7/L1CAM, to enrich NMY-2 on the
apical surfaces of E2 (Grana et al., 2010). The myosin activation (p-rMLC) is
regulated by Dsh/Fz/Wnt (Lee et al., 2006). In addition, cadherin-catenin complex
(CCC) is a highly conserved structure central to the formation of adherens
junction, key to cell-cell adhesion (Reviewed by Maiden and Hardin, 2011). In C.
elegans, it also regulates gastrulation. It is speculated that CCC is regulated by the
Rac signaling pathway (Roh-Johnson et al., 2012) and the Arp2/3 complex
(Roh-Johnson and Goldstein, 2009) to recruit F-actin on the apical surfaces of Ea
and Ep. The apical constriction force is then produced by the interaction between
F-actin and NMY-2 (Loveless and Hardin, 2012).

As mentioned previously, multiple studies have identified mutants, for example
mom-2 (Lee et al., 2006), cir-1 (Kruger et al., 2015), ama-1 (Powell-Coffman et
al., 1996), gad-1 (Knight and Wood, 1998), end-1/3 (Boeck et al., 2011; Maduro
et al., 2005a; Zhu et al., 1997), wee-1.1 (Robertson et al., 2014) and sptf-3
(Sullivan-Brown et al., 2016), which exhibited considerably reduced E2 cell cycles.
These often lead to a multitude of recurring defects, including significantly
impaired division angles along the A-P axis, as opposed to the normal L-R or
occasionally D-V, as observed in wild-type (Sulston et al., 1983). In addition,
several gastrulation defects are also found, including delayed or failed gastrulation
(Boeck et al., 2011; Lee et al., 2006; Sullivan-Brown et al., 2016; Zhu et al., 1997).
These suggest that Wnt/Fz signaling, ZGA, fate determinants and cell cycle
regulators all seems to play a role in the E2 gastrulation (Reviewed by Maduro and
Rothman, 2002; Rohrschneider and Nance, 2009).
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Although an obvious link between fate determinants and gastrulation is absent for
the E lineage, it has been suggested that some of the key cytoskeletal regulators
could be targeted by transcription factors TBX-35 and CEH-51, both of which are
the determinants of MS fate (Harrell and Goldstein, 2011). On the other hand,
some mom-2 and most mom-5 mutants display failed gastrulation while their E
identities remain undisrupted, as judged by gut granules (Lee et al., 2006),
suggesting that gastrulation is regulated by Wnt signaling rather than the fate
determinants of E. Despite the lack of direct evidences, it had also been suggested
that elongated E2 cell cycles are required for successful gastrulation (Lee et al.,
2006; Maduro and Rothman, 2002; Sulston et al., 1983). I will present more
evidence that I believe bridges the gap between cell cycle regulation and
gastrulation.

1.7. Study objective and approach
Embryonic development of metazoans is a complex event involving multiple
tightly controlled components, for example cell fate specification, cell migration,
cell polarization and cell cycle progression. These processes need to be tightly
coordinated to allow the development of an intact individual. However,
understandings of the integrative regulatory mechanisms remains fairly limited, in
particular with cell cycle timing, where precise measurements are often technically
challenging (Reviewed by Pantazis and Supatto, 2014; Truong and Supatto, 2011).

My colleagues and I performed a large scale RNAi screening to study the genetic
regulation of Asynchrony of Division between Sister cells (ADS) in C. elegans
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embryogenesis. ADS is found not only between different cell types, such as AB
and P1, but also found between siblings of the same cell type. ADS is presumably
important for both cell fate specification and tissue growth. For example, the
elongation of cell cycle may facilitate proper cell migration at a specific timing.
However, the previous study only covered ADS between sister cells, e.g. Caa and
Cap (Ho et al., 2015). Asynchrony of division between cousin cells, e.g. MSa and
Ea, is not well characterized. In this study, I mined the division timing data from
the data produced in our previous RNAi screening to identify the genetic
regulation of cell cycle length of E2.

Here, my colleagues and I have applied an automated cell lineaging method to
extract cell cycle timing and expression information from C. elegans embryos in
single cell resolution (Bao et al., 2006; Murray et al., 2006), which provides a tool
to measure the precise E2 cell cycle lengths across embryos. Furthermore, my
colleagues have developed statistical methods to characterize spatial aspects of
embryogenesis quantitatively, including cell positions and division angles.
Quantitative analysis of division timing and cell migrations provides an opportunity
to delineate controlling mechanisms of spatial and temporal coordination of cell
division during metazoan embryogenesis.
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Chapter 2 Results
2.1. Screening for genes required for division asynchrony during C. elegans
embryogenesis using RNAi followed by automated lineaging
Previously, my colleagues and I performed a large-scale genetic screening using a
combination of RNA interference (RNAi) and automated lineaging during C.
elegans embryogenesis. The goal of the screening was to identify genes
controlling the ADS during cell fate specification or tissue growth (Ho et al.,
2015). To this end, we established a pipeline consisting of gene knockdown by
RNAi through microinjection of dsRNA synthesized by my colleagues, followed
by time-lapse three-dimensional (4D) imaging of C. elegans embryogenesis, and
automated lineaging (Bao et al., 2006) (Figure 2). The lineaging algorithm called
"STARRYNITE" takes the imaging data as an input, which automatically
recognizes and traces all the cells during C. elegans embryogenesis. The program
can be implemented on a Linux desktop computer. However, the lineaging results
were not perfect. Another program with an interactive graphical user interface
named "AceTree" is required to manually fix or edit the errors in automated
lineaging results (Boyle et al., 2006). To make the best use of limited imaging
and editing resources, we prioritized a subset of candidate genes for knockdown
based on the following criteria. 1) They were reported to produce embryonic
lethality and/or larval arrest upon perturbation; 2) they have a clear one-to-one
human orthologue; 3) their embryonic expression show 2-fold enrichment
compared with other stages; 4) those that are annotated as early embryonic arrest
were excluded due to limited cell divisions available. As a result, a total of 822
genes were screened in our pipeline to look for significant reduction in ADS
during C. elegans embryogenesis (refer to (Ho et al., 2015) for the complete gene
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list).

Figure 2. Experimental design and pipeline.
Left) The flow chart of the large-scale genetic screening using a combination of
RNAi and automated lineaging.
Right) Micrographs of C. elegans embryos tagged with mCherry histone as a
lineaging marker and GFP PHA-4 as a tissue marker, the strain mostly used in the
screening. Stages of the embryos are labeled on each column.

Given the RNAi through microinjection produces more reliable inhibition of gene
compared to soaking or feeding method (Kamath et al., 2001), we performed
RNAi using microinjection into young adults followed by 4D imaging of the
resulting embryos, similar to the methods described previously (Green et al., 2011;
Murray et al., 2006; Sonnichsen et al., 2005). For the effectiveness of each RNAi,
we have counted the embryonic lethality and larval arrest rate of the offspring
from the injected animals. After RNAi, we dissected the injected worms and
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extracted embryos younger than 4-cell stage for imaging. An early embryo is
required for STARRYNITE naming (Bao et al., 2006). We collected three movies
per imaging run for three genetically identical embryos that express a lineaging
marker in one color and a predefined tissue marker in another color. We
sequentially collected fluorescence micrographs for both channels. Most of the
movies were taken using the strain RW10425, which expresses PHA-4 as a
marker for pharynx and gut. The others express HLH-1, or NHR-25, which is
specific for body wall muscle and hypodermis respectively. These three markers
are well-characterized tissue-specific genes, which can reproducibility label the
corresponding cell fate during embryogenesis. The imaging data were used as an
input for automated lineaging and expression profiling as described (Murray et al.,
2008; Shao et al., 2013). Although C. elegans embryogenesis could generate up to
550 cells by hatching (Sulston et al., 1983), in the late stage embryo nuclei were
crowded and packed within a tiny space inside the eggshell, which led to a
significantly elevated error rate by STARRYNITE. It would take a well-trained
technician 8-16 hours to fully curate an embryonic lineage up to last cell division.
Therefore, we decided to manually curate perturbed embryo up to 350 cells with
at least two replicated embryos for each RNAi genes (approximately around start
of E16-stage). This normally takes around 2 hours to finish editing (Figure 3). For
embryos arrested early due to RNAi, we edited the images up to the last editable
time point. This was because knockdown of some genes suppresses the expression
of the lineaging marker or slowdown the overall division pace, causing an embryo
that was unable to develop beyond 350 cells before the end of imaging. This
created an arbitrary cutoff time point for these embryos. To be consistent with our
results, we excluded all the cells that did not divide before cutoff time point. Since
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we started our imaging from 4-cell stage, the division of P0, AB, P1, ABa, ABp,
EMS and P2 were also excluded in the analysis. To facilitate statistical analysis,
we chose division timings of 91 wild-type embryos with high reproducible
division timings as a control. Noted that the embryonic cell cycles have no
significant difference between wild-type and the lineaging strains (our lab
unpublished data). In total, we knocked down 822 genes and collected nearly
2,700 movies, with 749 of the 822 genes went through our complete pipeline
(refer to (Ho et al., 2015) for further details). The lineaging results contained
systematic and quantitative data on cell division timing, tissue-marker expression
and cell migration with single cell resolution at 1.5-minute interval. The details of
these measurements can be found in our online database, "Phenics"
(http://phenics.icts.hkbu.edu.hk/).
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Figure 3. An embryonic lineaging tree showing PHA-4 expression.
A 350-cell stage lineaging tree along with hypothetical lineal expression of
PHA-4(colored in green). Standard deviations shown on each node (colored in red)
are calculated for every cell from 91 wild-type embryos. The pattern of the division
timing is highly reproducible, indicating that the embryogenesis of C. elegans is a
tightly controlled spatially. The first apoptosis of the embryonic cell, MSpaapp is
indicated with an "X".

2.2. Division timing of intestine progenitor during C. elegans embryogenesis
2.2.1. Perturbation of multiple genes in C. elegans embryos specifically reduced
cell cycle length in Ea and Ep
Our previous screening for ADS during C. elegans embryogenesis focused on the
ADS of the daughter cells that shared the same parental cell (Ho et al., 2015).
However, when the asynchronies happened between cousins, they would be
missed from the screening. One of the examples was the asynchronies between a
pair of intestine progenitors, E2, and their cousins MS2, which were the
progenitors for pharynx and muscle (Sulston et al., 1983). The cell cycle length
difference between their parents, E and MS, is about 1 minute with MS
reproducibly dividing first (Ho et al., 2015; Sulston et al., 1983). The
asynchronies were much more obvious between their daughter cells E2 and MS2
(Figure 1). The cell cycle lengths of MS2 are 20 minutes in average, while those
of E2 are around 40 minutes in average (Ho et al., 2015; Sulston et al., 1983).
Despite E and MS have undergone differential fate specifications, the regulations
leading to the elongation of E2 cell cycle length was not clear. A previous study
showed that E2 were the first pair of cells that possessed G2 cell cycle phase
24

shortly before gastrulation (Edgar and McGhee, 1988). I suspect that the
elongation of E2 cell cycle length might be linked to gastrulation during C. elegans
embryogenesis. First, I wanted to identify which genes are responsible for cell cycle
elongation during E2. Using our screening data, E2 cell cycle lengths could be
quantitatively extracted. After RNAi screening, the cell cycle lengths in E2 were
compared between mutants and wild-types. Apart from previously reported gene
with reduced E2 cell cycle, we found many more genes that were not reported to be
involved in the elongation of E2 cell cycle. For convenience, we defined reduction
of the E2 cell cycle length as 'E2 faster' and elongation as 'E2 slower'. Here I used
rbpl-1 gene as an example of E2 faster genes. rbpl-1 is a C. elegans homolog of
mammalian RBBP6. It was reported that it might regulate gene expression through
mRNA cleavage and polyadenylation (Huang et al., 2013). In our results, the E2
cell cycles of rbpl-1(RNAi) embryos were (38.8% significantly) faster when
compared to wild-type (Figure 4A). To gain a more complete picture, a pairwise
comparison of cell cycle length in all lineages (except P4) between wild-type and
rbpl-1(RNAi) was performed and the results were plotted (Figure 5B). Note that all
lineages showed longer cell cycle with the exception of E descendants in which
cell cycle became shorter. It was interesting that the curve pattern in E descendants
was similar to MS. In other words, E becomes "MS like". For better illustration,
clustering analysis of fold change in cell cycle lengths of E2, MS2 (MSa and MSp),
C2 (Ca and Cp) and AB8 (ABprp, ABpra, ABarp, ABara, ABpla, ABplp, ABala,
ABalp) was performed (Figure 5A). These cells were chosen for comparison based
on their temporal proximity to E2. Two main clusters were found: 1) Genes whose
perturbation causes E2 Faster and 2) Genes whose perturbation causes E2 slower.
Both were chosen using a p-value cut-off of p<0.01. In the E2 slower cluster, no
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specific pattern could be found. However, in the E2 faster cluster, two patterns were
found, 1) E2 faster with relatively normal length in other lineages and 2) E2 faster
with simultaneous deceleration in other lineages. Our data suggested that E2
elongation in division timing was a unique phenotype when compared to other
lineages. Importantly, we observed more E2 faster genes than reported in previous
studies.
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Figure 4. A demonstration and ontology of genes that produces a significant
reduction in E2 cell cycle length (p<0.01) after RNAi compared with
wild-type.
A) Lineal comparison of E cell division timing between a wild-type average (left)
and an rbpl-1(RNAi) embryo. Embryo development time starting from the last
time point of “ABal” is referred as the starting time point "0". Standard deviations
of cell cycle lengths from 91 wild-type embryos are indicated in red. Equivalent
birth and division timing of E are highlighted with dash lines between wild-type
average and the rbpl-1( RNAi) embryo. B) A pie chart showing the ontology of all
genes with a significant reduction in E2 cell cycle length (p<0.01). Note that 69.8%
of the genes function on the mRNA production and regulation. The genes in the
"Maternal" pathway of Table 1 are referred as "Transcription Regulation" here.
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Figure 5. A differential regulation of cell cycle length between E2 and the
remaining cells of the similar stage.
A) Clustering analysis of fold changes in cell cycle lengths of E2 and other cells
derived from AB, MS and C that are the approximately in the same generation.
Only the RNAi experiments that with significant changes in E2 cell cycle length
(p-value<0.01) are included for the clustering (See materials and methods for
details). Note that an opposite change pattern between E2 (red) and the remaining
cells (white or blue) upon perturbation.
B & C) A pairwise comparison of cell cycle length for cells between wild-type
average and an rbpl-1(RNAi) embryo (B) or a wee-1.1(ok418) embryo (C). X-axis
and Y-axis denotes the origin of cells and the net difference of cell cycle length
respectively. rbpl-1(RNAi) results in a reduction of cell cycle length for E
progenies except for itself but an elongated cell cycle lengths. wee-1.1(ok418)
leads to an E2 specific reduction in cell cycle length.
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N/A
pie-1
skn-1
par-2
cul-1
skr-2

Cell cycle
length (min)
40.2
35.7
32.4
25.4
34.2
32.8

apr-1
gsk-3
lit-1
mom-2
wrm-1
odd-2
sbp-1
ada-2
cbp-1

33.3
27.2
23.1
32.9
23.1
35.2
32.0
31.3
24.2

swsn-1

23.5

cyh-1

34.3

taf-1
taf-4
Y39B6A.36
Y66D12A.15

31.3
32.0
34.5
28.2

ZK1128.4
cdk-9
ama-1
rpb-3
cyl-1
F10B5.8
F19F10.12
mog-1
mog-4
mog-5
D1081.8
F19F10.9
F53B7.3
let-858
M03F8.3
plrg-1

31.3
29.2
29.3
23.2
23.2
33.8
32.4
34.2
26.4
21.1
23.3
21.1
21.8
22.2
20.4
19.4

prp-38

33.4

prp-8
repo-1

22.5
32.6

stip-1
T10C6.5
cpsf-2
pfs-2
rbpl-1
ncbp-1
ddx-23

30.3
27.7
32.6
32.7
25.5
35.2
34.9

eftu-2
R08D7.1
pgp-9
cacn-1

23.2
19.7
34.5
21.1

cir-1
gad-1
tads-1

20.4
27.5
24.8

Gene name

Pathway

Description

N/A
Maternal
Maternal
Maternal
Protein Degradation
Protein Degradation

Wild-type
C-x8-C-x5-C-x3-H-type zinc-finger protein
bZip transcription factor (maternal)
Protein containing a C3HC4-type RING-finger found in E3 ubiquitin ligase subunits
Cullin, orthologous to Cdc53/Cul1 in S. cerevisiae and CUL-1 in humans.
A homolog of Skp1 in S. cerevisiae, a core component of the SCF (Skp1p, Cullin, Fbox) ubiquitin-ligase complex that facilitates ubiquitin-mediated protein degradation
Wnt signaling
Ortholog of human APC
Wnt signaling
Glycogen synthase kinase involved in Wnt signalling
Wnt signaling
Serine threonine protein kinase
Wnt signaling
Member of the Wnt family of secreted signaling glycoproteins
Wnt signaling
One of three C. elegans beta-catenin-like proteins, involved in Wnt signalling
Transcriptional regulation Homolog of Zinc-finger transcription factor
Transcriptional regulation Basic helix-loop-helix (bHLH) transcription factor
Chromatin modification
Histone acetyltransferase complex (subuunit)
Chromatin modification
Homolog of the mammalian transcriptional cofactors CBP and p300 that have been
shown to possess histone acetyltransferase activity
Chromatin modification
An ortholog of SWI3, a component of the SWI/SNF complex that is conserved from yeast
to mammals and that is involved in chromatin remodeling
Transcriptional initiation
Cyclin-H associated with protein kinase Kin28p, which is the TFIIH-associated carboxyterminal domain (CTD) kinase in S. cerevisiae.
Transcriptional initiation
Ortholog of human TATA-binding protein associated factor TAF1L.
Transcriptional initiation
Isoform 1 of Transcription initiation factor TFIID subunit 4B in H. sapiens
Transcriptional initiation
General transcription factor IIF subunit 2 in H. sapiens
Transcriptional initiation
Component of the holoenzyme form of RNA polymerase transcription factor TFIIH in S.
cerevisiae ; TFIIH basal transcription factor complex helicase XPB subunit in H. sapiens
Transcriptional initiation
Subunit of TFIIH complex, involved in transcription initiation in H. sapiens
Transcriptional elongation Ortholog of the metazoan transcription elongation factor kinase CDK-9
RNA Polymerase II subunit Large subunit of RNA polymerase II
RNA Polymerase II subunit RNA Polymerase II (B) subunit
RNA splicing
Non-coding Transcript Isoform; Isoform 1 of Cyclin-L1 in H. sapiens
RNA splicing
Subunit of the mRNA cleavage and polyadenylation specificity complex in S. cerevisiae
RNA splicing
Integrator complex subunit 9 in H. sapiens
RNA splicing
DEAH helicase
RNA splicing
Putative pre-mRNA-splicing factor ATP-dependent RNA helicase DHX16 in H. sapiens
RNA splicing
A DEAH helicase orthologous to the S. cerevisiae PRP22 proteins
RNA splicing
Splicing factor in S. cerevisiae ; cell division cycle 5-like protein in H. sapiens
RNA splicing
component of the U4/U6.U5 snRNP complex in S. cerevisia e
RNA splicing
Isoform 2 of Pre-mRNA-splicing factor ISY1 homolog in H. sapiens
RNA splicing
Nucampholin
RNA splicing
Isoform 1 of Crooked neck-like protein 1 in H. sapiens
RNA splicing
Plrg-1 (PLeiotropic ReGulator (vertebrate) homolog ); Isoform 2 of Pleiotropic regulator
1 in H. sapiens; Member of the NineTeen Complex (NTC) in S. cerevisiae
RNA splicing
Isoform 1 of Pre-mRNA-splicing factor 38A in H. sapiens; Nucleolar protein in S.
cerevisiae.
RNA splicing
Component of the U4/U6-U5 snRNP complex in S. cerevisiae
RNA splicing
Subunit of the SF3a splicing factor complex in S. cerevisiae ; SF3A2 protein in H.
sapiens
RNA splicing
Essential protein that forms a dimer with Ntr2p in S. cerevisiae
RNA splicing
Spliceosome-associated protein CWC15 homolog in P. abelii
Poly-A tailing
Cleavage and Polyadenylation Specificity Factor
Poly-A tailing
Polyadenylation Factor Subunit homolog
Poly-A tailing
May regulate gene expression as an mRNA cleavage and polyadenylation factor
mRNA export and stability A putative nuclear cap-binding complex subunit
Translation
Essential ATP-dependent RNA helicase of the DEAD-box protein family, involved in
nonsense-mediated mRNA decay and rRNA processing in S. cerevisiae
Translation
Elongation factor 2 (EF-2)-like protein
Chromosome segregation Subunit of the condensin complex in S. cerevisiae
ABC transporter
a member of the ATP-binding cassette (ABC) transporter superfamily
Unknown
An ortholog of Drosophila CACTIN and human C19orf29; Putative positive regulator of
mannosylphosphate transferase (Mnn6p) in S. cerevisiae
Unknown
A nuclear protein homologous to mammalian CIR
Unknown
WD repeat-containing protein
Unknown
Limited homolog to DNA replication termination factor
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Table 1. List of genes whose perturbation leads to a significant reduction in
E2 cell cycle length (p<0.01).

Cell cycle
length (min)
hmp-2
64.1
cye-1
48.6
cdk-2
45.8
rack-1
49.3
let-526
49.3
ash-2
48.2
swsn-3
47.4
wdr-5.1
46.8
cbp-2
46.5
swsn-9
45.4
arx-1
47.6
F46H5.4
51.4
lis-1
47.2
pri-1
50.0
sld-5
45.8
F44B9.8
45.4
phb-1
98.6
F58F12.1
84.9
E04A4.5
83.4
dlat-1
80.3
Y69A2AR.18
67.6
Y54F10AM.5
62.3
C34B2.8
59.9
F59C6.5
58.8
dap-3
57.4
hsp-6
56.7
timm-23
56.3
mrps-9
51.4
F01G4.6
50.7
mrpl-9
49.3
B0205.6
49.3
F37C12.3
47.2
tomm-20
45.4
mrpl-40
45.1
lsm-7
46.5
sacy-1
46.1
snr-3
51.1
Gene name

Pathway
Cell adhesion
Cell cycle
Cell cycle
Cell mobility
Chromatin modification
Chromatin modification
Chromatin modification
Chromatin modification
Chromatin modification
Chromatin modification
Cytoskeleton
Cytoskeleton
Cytoskeleton
DNA replication
DNA replication
DNA replication
Enegry production
Enegry production
Enegry production
Enegry production
Enegry production
Enegry production
Enegry production
Enegry production
Enegry production
Enegry production
Enegry production
Enegry production
Enegry production
Enegry production
Enegry production
Enegry production
Enegry production
Enegry production
mRNA degradation
mRNA degradation
mRNA splicing

ego-2
glp-1
imb-3

48.9
45.9
66.2

Notch signaling
Notch signaling
Nuclear import

rae-1
D1054.3
ubc-12
ubc-9
cul-6
gei-17

58.1
51.4
47.8
46.3
45.8
45.1

Nuclear export
Protein degradation
Protein degradation
Protein degradation
Protein degradation
Protein degradation

Description
beta-catenin
the sole C. elegans E-type cyclin
ortholog of cyclin-dependent kinase 2.
a seven-WD repeat-containing protein
a homolog of a component of the SWI/SNF complex
a member of the conserved H3K4 trimethylation (H3K4me3) complex
SWI/SNF related, matrix associated, actin dependent regulator of chromatin e1
a member of a conserved H3K4 trimethylation (H3K4me3) complex
E1A binding protein p300
ortholog of human BRD9 and BRD7
a subunit of the actin-related protein of the conserved Arp2/3 complex
ortholog of human DOCK6, DOCK8 and DOCK7
a microtubule-association protein (MAP)
homolog of the DNA polymerase alpha-primase subunit D in H. sapiens
Subunit of the GINS complex (Sld5p, Psf1p, Psf2p, Psf3p)
ortholog of human RFC5
the C. elegans ortholog of prohibitin PHB1
the delta subunit of the soluble, catalytic F1 portion of ATP synthase
ortholog of human TIMM17B and TIMM17A
orthologous to the human gene DIHYDROLIPOAMIDE DEHYDROGENASE
ortholog of human ATP5C1
ortholog of human NDUFA8
ortholog of human NDUFA13
ortholog of human NDUFB10
a mitochondrial ribosomal protein that promotes apoptosis
nuclear-encoded mitochondrion-specific chaperone
ortholog of the mitochondrial import inner membrane translocase subunit Tim23 in H. sapiens
ortholog of human MRPS9; Mitochondrial ribosomal protein of the small subunit in S. cerevisiae.
Mitochondrial copper and phosphate carrier in S. cerevisiae
ortholog of human MRPL9
ortholog of human and S. cerevisiae NFS1
Acyl carrier protein, mitochondrial in H. sapiens.
ortholog of human TOMM20L and TOMM20
ortholog of human MRPL40
ortholog of human LSM7, U6 small nuclear RNA associated in S. cerevisiae
ATP-dependent RNA helicase of the DEAD-box protein family in S. cerevisiae
forms part of a heptameric complex required for biogenesis and function of the snRNPs that
catalyze mRNA splicing
one of two C. elegans Bro1 domain-containing proteins
comprises one of two C. elegans members of the LIN-12/Notch family of receptors
importin-beta-like protein; Karyopherin/importin that interacts with the nuclear pore complex in S.
cerevisiae.
RNA export factor associated with the nuclear pore complex (NPC) in S. cerevisiae
Cochaperone protein
a ubiquitin-conjugating enzyme
an E2 ubiquitin-conjugating enzyme
a member of the cullin family
a SUMO E3 protein ligase
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vps-20
arf-3
sec-8
pad-1
ykt-6
cogc-2
dnc-5
vps-11
lsl-1
T26A5.8
fkh-2
hlh-6
nhr-6
ceh-6
hnd-1
tbx-33
sptf-3
elt-2
xbp-1
hlh-2
mex-5
mex-6
T26A8.4
spr-1
blmp-1
tbx-8+9
mex-1
sex-1
ref-1
hsf-1
die-1
rps-9
inf-1
fars-3
rps-10
eif-3.E
iftb-1
nath-10
fib-1
eif-3.F
F33D11.10
Y47H9C.7
abce-1

49.6
46.9
46.8
45.8
45.5
45.5
45.1
52.0
53.6
51.6
49.3
48.6
46.5
46.3
46.1
46.1
45.6
45.5
45.1
45.1
52.2
49.3
48.6
48.6
48.2
48.0
47.2
47.2
46.6
46.3
45.9
73.7
67.6
65.8
59.9
56.0
55.6
55.4
54.6
51.1
50.7
48.9
47.5

Protein trafficking
Protein trafficking
Protein trafficking
Protein trafficking
Protein trafficking
Protein trafficking
Protein trafficking
Protein trafficiking
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Transcriptional regulation
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Translation

rps-3
D2085.3
cdc-37
C16A3.4
kin-19
pop-1

47.5
46.1
56.0
50.9
62.4
48.4

Translation
Translation
Translation
Translation
Wnt signaling
Wnt signaling

ortholog of human CHMP6; Myristoylated subunit of the ESCRT-III complex in S. cerevisiae.
a member of the ADP-ribosylation factor related protein family
a component of the exocyst complex
Golgi-localized, leucine-zipper domain containing protein
Synaptobrevin homolog YKT6 in H. sapiens
a subunit of lobe A of the conserved oligomeric Golgi complex (COGC)
localized to the dynactin complex
vacuolar protein sorting 11 in S. cerevisiae
Zinc-finger transcription factor in S. cerevisiae
Subunit of a heterodimeric NC2 transcription regulator complex in S. cerevisiae
one of 15 C. elegans forkhead transcription factors
ortholog of human ASCL3, ASCL4 and ASCL5
a nuclear receptor of the NR4A subfamily
a POU family homeodomain protein
a Hand bHLH transcription factor
predicted to have sequence-specific DNA binding transcription factor activity
a member of the Sp1 family of transcription factors.
a GATA-type transcription factor
a bZIP transcription factor
a Class I basic helix-loop-helix (bHLH) transcription factor
a novel protein that contains two CCCH zinc finger motifs
a CCCH zinc-finger protein highly similar to MEX-5
a component of the conserved Ccr4-Not deadenylase complex
ortholog of the human corepressor CoREST
a zinc finger and SET domain-containing protein
ortholog of human TBX21, TBR1, EOMES and TBX19
a CCCH-type zinc-finger protein
a member of the nuclear hormone receptor superfamily of transcriptional regulators
related to the hairy/Enhancer of split subfamily of bHLH transcription factors
heat-shock transcription factor ortholog
a C2H2 zinc finger protein containing four fingers
a small ribosomal subunit S9 protein
a protein with high similarity to eukaryotic initiation factor 4A
ortholog of human FARSB
a small (40S) ribosomal subunit S10 protein
ortholog of the translation initiation factor 3 subunit e in H. sapiens
ortholog of translation initiation factor 2 beta in H. sapiens
required for biogenesis of the small ribosomal subunit in S. cerevisiae
ortholog of rRNA 2'-O-methyltransferase fibrillarin in H. sapiens
essential non-ATPase regulatory subunit of the 26S proteasome in S. cerevisiae
nucleolar protein required for maturation of 18S rRNA in S. cerevisiae
beta subunit of the translation initiation factor eIF2B in S. cerevisiae.=
essential Fe-S protein; required for ribosome biogenesis, translation initiation/termination in S.
cerevisiae
a small ribosomal subunit S3 protein that contains a KH RNA-binding domain
ortholog of the epsilon subunit of translation initiation factor eIF2B
ortholog of human CDC37L1 and CDC37, interact with Hsp90 as a co-chaperone
cytoplasmic pre-60S factor in S. cerevisiae
serine/threonine kinase orthologous to Casein Kinase I (CKI)
member of the TCF/LEF family of transcription factors

Table 2. List of genes whose perturbation leads to a significant elongation in
E2 cell cycle length (p<0.01).

2.2.2. mRNA production pathway may play a major role in E2 cell cycle length
elongation
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To analyze the functions of the genes responsible for E2 cell cycle length, we
classified the significant changes in E2 cell cycle length into the "E2 faster" and
"E2 slower" categories. An ontology analysis was done for both of them (Table 1
and 2). The gene ontology was based on Wormbase and grouped by their
molecular functions (Stein et al., 2001). We found that 69.8% of the E2 faster
genes have a role in the mRNA production pathway (p<0.01). This included
chromatin modification, transcription, splicing, poly-A tailing and RNA export
and stability. The remaining genes belong to various functional categories,
including mRNA translation, Wnt signaling or protein degradation (Figure 4B).
On the other hand, most of the genes producing slower E2 cell cycle length are
involved in energy production, transcription initiation, transcription regulation and
mRNA translation. When comparing these two groups, RNA polymerase II
subunit, components of splicing and poly-A tailing were only found in E2 faster
category. While the reduction of E2 cell cycle length was previously reported by
knockdown of RNA polymerase II subunits such as ama-1 (Powell-Coffman et al.,
1996), knockdown of splicing factor was only reported for intestinal hyperplasia
effects (Hebeisen et al., 2008). Our data suggested that both splicing and poly-A
tailing were required for the regulation of E2 cell cycle length elongation. It was
believed that during E2 stage, mRNA's were actively produced and some of them
might be important for E2 cell cycle regulation, such as end-1 and end-3, which
are the GATA transcription factors known to be zygotically transcribed and
essential for specification of intestine (Boeck et al., 2011; Maduro et al., 2005a;
Maduro et al., 2002; Zhu et al., 1997). Most of the remaining genes encode
regulatory proteins, including five components of Wnt signaling pathway, two
transcription factors and three chromatin modifiers. Involvement of Wnt pathway
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in regulation of E2 cell cycle length was expected because knockdown of the
pathway was found to cause fate transformation from E into MS like, which was
coupled with reduced cell cycle lengths (Kaletta et al., 1997; Rocheleau et al.,
1997; Thorpe et al., 1997). ada-2 and cbp-1 were predicted to encode proteins
with histone acetyltransferase activity (Poulin et al., 2005; Shi and Mello, 1998),
which is important for epigenetic modification of histones, allowing initiation of
gene expression. Also expected were maternal factors known to be required for E
lineage specification, including SKN-1, PAR-2 and CUL-1. Depletion of SKN-1
was known to trigger a fate transformation from E to a C-like fate (Owraghi et al.,
2010) and knockdown of the latter two triggered transformation from E to a
MS-like cell (Bowerman et al., 1997; Du et al., 2015). Our results showed that the
reproducibility of E2 cell cycle relies heavily on intact transcription machinery.
This might be because they are the first pair of cells to gain a G2 phase during C.
elegans embryogenesis which may require active transcription (Edgar and
McGhee, 1988).

2.2.3. Robust zygotic transcription activation may be initiated at around E2
stage
One of the lineaging markers of our PHA-4 expressing strain, RW10425 is a his-72
promoter fused with HIS-24 and mCherry for ubiquitous fluorescence expression in
nuclei. his-72 promoter is mostly a zygotically driven promoter that is expressed in
all cells of an embryo that are zygotic transcriptionally active (Ooi et al., 2006). We
used it as an indicator to detect the zygotic expression activity in the embryos. We
applied a small modification to Acebatch (refer to Methods) to trace the lineage of
both wild-types and mutants using this expression marker, thereby allowing the
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construction of lineal expression marker based lineaging trees (Murray and Bao,
2012). This could help to visualize the onset of expression signal throughout the
embryogenesis. From both the images and lineaging trees, we found that mCherry
expression increased in wild-types as time progressed (Figure 6). In contrast, in the
rbpl-1(RNAi) embryos, the mCherry expression appears not to be expressed at all
or too weak to be detected. The early embryonic expression of mCherry is due to
the expression of another lineaging marker, a maternal pie-1 promoter fused with
mCherry. However, without the expression of his-72 driven mCherry, most of the
mCherry signal from pie-1 was bleached during imaging and the mCherry signal
could not be replenished as it did in wild-type. Therefore, the later disappearance
of mCherry signal was likely due to the perturbation of rbpl-1, an expected result
given its biological function on mRNA polyadenylation, which is supposed to
suppress the zygotic mRNA production upon perturbation (Di Giammartino et al.,
2014; Huang et al., 2013). This result confirmed that the zygotic transcription was
strongly depleted by RNAi of rbpl-1. As expected, this demonstrated that
transcription could be disrupted not only by the knockdown of RNA polymerase II
subunits, such as ama-1, but also their downstream components such as those
involved in splicing or poly-A tailing. The cell cycle regulation of E2 strongly
depended on successive zygotic transcription.
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Figure 6. Inhibition of zygotic expression of lineaging markers (pie-1
promoter::H2B::mCherry, HIS-72::mCherry) caused by rbpl-1(RNAi).
A to D) Micrographs showing mCherry expression of lineaging markers between
wild-type and rbpl-1(RNAi) embryo with comparable cell number.
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E & F) Expressions of lineaging markers (red) of wild-type and rbpl-1(RNAi)
embryos are shown on EMS lineaging trees with the similar development time.
Note that the early mCherry signal from maternal expression is not affected while
the expression at a later stage from zygotic expression is severely reduced.

Figure 7. Robust onset of gene expression is earlier in E derived endoderm
lineage than in other germ layers derived from AB, MS, C and P3 lineages.
A) Expression dynamics of germ layer-specific genes in progeny derived from
various blastomeres. Transcript abundance (rpkm on vertical axis) is plotted against
development time (horizontal axis) aligned with E, P1 and EMS. P1, EMS, E, E2,
E4 and E8 denote their birth times; E2+ denotes time when MS2 complete division;
E4+ denotes 60 minutes after birth of E4 cell; E8+ and E8++ denote 90 and 180
minutes after birth of E8 cells. “ON”, overnight after E8.
B) A heat map showing germ layer-specific expression dynamics. Normalized
transcripts for mesoderm, endoderm and ectoderm are derived from P3, E and AB
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respectively.

Next, I hypothesized that the distinctive elongation of E2 cell cycle length,
compared to the other lineages, was due to an earlier activation of robust zygotic
transcription.

To

test

this,

my

colleague

helped

mine

the

previous

RNA-sequencing analysis on the endoderm germ layer of C. elegans
(Hashimshony et al., 2015). To align the expression onset relative to E2 division
timing, he first looked for genes that were shown to be intestine-specific based on
previous intestine enrichment study in C. elegans embryos (McGhee et al., 2009).
Then, he plotted the average expression level for these genes over developmental
time using divisions of P1, EMS, E and its daughters as a reference (Figure 7A).
As expected, the expression data showed a substantial increase starting from E2
but not E. It also showed that the earlier onset of zygotic transcription was first
observed in E-derived endoderm but not the MS derived mesoderm or AB derived
ectoderm. This result suggested that there could be a robust earlier zygotic
transcription onset in E2 that those in the remaining lineages. When we
considered the expression scale between these three germ layers, the ectoderm and
mesoderm needed to reach E8 or E8++ stage to produce a comparable expression
to the E2+ stage in endoderm (Figure 7B). This further demonstrated that the
initiation of robust expression in ectoderm and mesoderm were much later. Not
only the timing, but the magnitude of the expression scale of endoderm was much
higher than the other two, suggesting an earlier initiation of robust zygotic
expression was important for extending the E2 cell cycle during C. elegans
embryogenesis. This was consistent with previous results (Boeck et al., 2011;
Maduro et al., 2015) and such enrichment of expression in endoderm during
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gastrulation was relatively common in the other species (Hashimshony et al.,
2015).

2.2.4. Cell cycle regulation of E2 may or may not be coupled with intestine fate
specification
Based on the early studies of intestine fate specification, it was well known that
the loss of function of intestine fate determinant genes (Boeck et al., 2011;
Maduro et al., 2005a; Zhu et al., 1997) or disruption of Wnt signaling transduction
would cause an early division of intestinal progenies (Kaletta et al., 1997;
Rocheleau et al., 1997; Thorpe et al., 1997). On the other hand, a study focusing
on the cell cycle effect of one of the C. elegans homologs of the Wee1 family
protein kinase, wee-1.1, found that the deletion of wee-1.1 would reduce the E2
cell cycle while retaining their normal fate (Robertson et al., 2014). Besides, the
gain of function in CDC-25.1, a cell cycle promoting phosphatase, also reduced
all the cell cycle lengths starting from E4, the daughters of E2 (Bao et al., 2008;
Segref et al., 2010). These findings raised a question on whether the intestine fate
and E2 cell cycle length are genetically coupled.

To evaluate these possibilities, I knocked down the genes that produced
fate-dependent or independent changes in E2 cell cycle length. We showed that
the knockdown effect of rbpl-1 along with other components of the general
transcription machinery resulted in the reduction of E2 cell cycle length. As
expected, not only the cell cycle was affected, but also the expression of the fate
reporter (Figure 8). PHA-4 is a highly conserved member of the FOXA family of
transcription factors that is known for its expression in the pharynx and gut (Hsu
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et al., 2015; Kalb et al., 1998; Mango et al., 1994; Zhong et al., 2010).
Knockdown of those genes erased the fate reporter PHA-4 in both MS and E
lineage, suggesting the regulation of E2 cell cycle length and intestine
differentiation was probably coupled with gene transcription. In contrast,
knockdown of Wnt components, such as mom-2 and lit-1, results in a similar
change in E2 cell cycle length as rbpl-1(RNAi), but the intestine fate was still
intact as judged by the expression of gut specific reporter, END-1 (Figure 8).
Combining both results, they suggested that zygotic transcription was an essential
factor for fate specification, given the fact that both pha-4 and end-1 are
zygotically transcribed genes (Mango et al., 1994; Zhu et al., 1997). Besides, fate
specification could either be separated from or be coupled with the regulation of
E2 cell cycle length, likely because END-1 was not expressed strong enough after
perturbation of LIT-1 (weaker red intensity of END-1). This suggested that
knockdown of mom-2 or lit-1 would cause the intestine fate in E progenies
activated incompletely and transformed to become "MS like". This might also be
due to incomplete penetrance by RNAi. The cell cycle length of E2 then lost its
control, consistent with the hypothesis that fate specification was not an
all-or-none event (Maduro et al., 2015; Maduro et al., 2007). Similar to the case in
wee-1.1 that it is one of the downstream targets of E fate specification
determinants, med-1/2 or end-1/3, knockout of wee-1.1 would produce uncoupling
characteristics between cell cycle length and fate specification (Broitman-Maduro
et al., 2005; Robertson et al., 2014). However, the exact relationship between cell
cycle length and cell fate needs further experiment to investigate.
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Figure 8. A significant reduction in E2 cell cycle length can be coupled with or
separated from cell fate specification.
Top) An EMS lineage tree from a wild-type embryo with PHA-4 expression
colored in red.
Middle left) An EMS lineage tree from an rbpl-1(RNAi) embryo that shows a
simultaneous reduction in E2 cell cycle length and loss of PHA-4 expression.
Middle right) An EMS lineage tree from a wild-type embryo with END-1
expression colored in red.
Bottom) An EMS lineage tree from a lit-1(RNAi) embryo. Note that a
transformation from E to MS-like fate judged by cell division pattern but the
expression of end-1 reporter weakened. Cell deaths are indicated with an “X”.
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Figure 9. Genetic interaction between wee-1.1 and three selected genes whose
perturbation leads to a significant reduction in E2 cell cycle length.
E2 cell cycle length is shown on “Y” axis in minute, genotypes are shown on “X”
axis. wee-1.1 (-/-) contains homozygous allele ok418. Significant changes (p<0.01)
are indicated with two asterisks.

2.2.5. wee-1.1 functioned downstream of general transcription machinery
regulating E2 cell cycle length
Given that both deletion of wee-1.1 and knockdown of general transcription
machinery components could lead to a significant reduction of E2 cell cycle
length, it would be necessary to explore if there was any relationship between the
two. To achieve this, I performed the automated lineaging using the strain,
ZZY0505, which carries wee-1.1(ok418) and the lineaging markers. Next, I
quantified E2 cell cycle lengths for wild-type and wee-1.1(ok418) embryos.
Similar to rbpl-1(RNAi), a pairwise comparison of cell cycle length in all lineages
was plotted for wee-1.1(ok418) (Figure 5C). Among all lineages, only E2 cell
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cycle length was significantly reduced in wee-1.1(ok418). Then, I individually
knocked down two genes perturbation of which give rise to significant E2 faster.
The two genes are involved in general transcription machinery and their
perturbation was performed in the wee-1.1 deletion background for comparison
(Figure 9). rbpl-1, as mentioned above, related to poly-A tailing, whereas D1081.8
was predicted as one involved in pre-mRNA splicing (Stein et al., 2001). I found
that the depletion of rbpl-1 and D1081.8 had no signification difference on E2 cell
cycle length from that between wild-type and wee-1.1 knockout. It was suggested
that wee-1.1 could be in the same pathway with the general transcription
machinery. Additional depletion of WEE-1.1 did not further reduce the E2 cell
cycle length significantly, suggesting it was probably one of the downstream
products of RBPL-1 and D1081.8 as the phenotype of wee-1.1 deletion was
masked during their depletions. Then I chose cbp-1 as a control. This gene
encodes a homolog of the mammalian transcriptional cofactors CBP and p300,
which had been shown to possess histone acetyltransferase activity (Shi and Mello,
1998). Knockdown of cbp-1 by RNAi under wild-type background produced an
E2 cell cycle length, which was similar to the effect of depleting general
transcription machinery. While the cbp-1 knockdown was performed in the
wee-1.1 deletion background, the E2 cell cycle length was rescued and
comparable to the phenotype of wee-1.1 deletion only (Figure 9). This result
implies that cbp-1 acts downstream of wee-1.1, but this conclusion seems
contradictory to their molecular functions. Next, I examined the lineaging data
carefully and found that not only the E2 cell cycle length, but also those of other
lineages were also elongated after the cbp-1 knockdown on wee-1.1 deletion
background. In other words, the whole embryogenesis was slowed down thus
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rescuing the cbp-1 knockdown effect (data not shown). Since the simultaneous
depletion of cbp-1 and wee-1.1 could not recapitulate the phenotypes from the
individual depletion of each gene, the two may function in redundant pathways
for E2 cell cycle regulation.

2.2.6. E2 division timing elongation might facilitate gastrulation
One of the unique events during E2 lifetime is their ingression into the interior of
the embryo, a process referred to gastrulation (Reviewed by Nance et al., 2005).
Early studies revealed that either the loss of function of RNA polymerase II
(Powell-Coffman et al., 1996), gut fate determinants (Bowerman et al., 1992;
Maduro et al., 2001; Zhu et al., 1997) or Wnt signaling components (Kaletta et al.,
1997; Thorpe et al., 1997) caused various degrees of migration defects of E2. There
had been speculated that the normally elongated E2 cell cycle length is important
for successive gastrulation (Knight and Wood, 1998; Powell-Coffman et al., 1996),
while a recent study disagreed with this idea (Robertson et al., 2014). To evaluate
whether the defects in E2 cell cycle length picked up in our screening correlates to
impaired cell migration, my colleagues and I worked together to obtain
high-resolution 4D microscopy data of C. elegans embryogenesis, and analyzed the
correlation between cell cycle anomalies and defects in gastrulation.

Using data from a carefully selected set of 91 wild-type embryos, we found that the
migration of E2 into the embryo’s central cavity is a highly stereotypical process
with E2 exhibiting tightly defined nuclei coordinates and displacements (Figure
10C and D). The immediately subsequent division of E2 also maintains a high
specificity displaying only small variations in division angles along the L-R axis
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(Figure 10A and B). I then tested the hypothesis that gastrulation requires proper
temporal coordination. To quantify this, my colleague computed the division angles,
as well as the positions of E2 immediately before their respective divisions. The
results were illustrated by plotting E2 division angles and cell positions in different
3D spaces (Fig 10A and B). With rbpl-1 highlighted in all the graphs, only 10 genes
with most significant deviation in division angle were included. As expected, the
reduction of E2 cell cycle length mostly resulted in a division angle that changed
from left-right (LR) to anterior-posterior (AP) orientation. For cell position, most of
the E2 positions with reduced cell cycle length were in more proximity to ventral
side (Fig 10C and D). The positional defects are also manifested as a displacement
of E2 from its starting and end-time point (Figure 11). In summary, a Venn
diagram was plotted (Figure 10E). Out of 76 genes that exhibit reproducibly
reduced E2 cell cycles (p<0.05), 46(60.5%) also had impaired Ea or Ep division
angles (p<0.05), along the D-V axis, and 56(73.7%) had significantly deviated Ea
or Ep pre-division positions (p<0.05). I found that most of the cases with abnormal
division angle were associated with abnormal Ea or Ep positions. To analyze more
systematically, I arranged the genes according to their reduced E2 cell cycle length
(p<0.05) (Table 3). All the genes produced cell cycle shorter than 31.3 minutes also
showed a significant deviation in both division angle and cell position. Furthermore,
my colleague plotted every cell positions in an E8 stage embryo with both top view
and side view, illustrating how the gastrulation failed after knocking down
rbpl-1(Figure 12). It showed clearly that all the E cells were internalized in
wild-type while in rbpl-1, all the E cells were lying on the surface of the embryo.
These data suggested that normal gastrulation of E2 might depend on the elongation
of cell cycle. Moreover, it was likely that the division angle, subsequently, was
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dependent on successful gastrulation.
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Figure 10. Cell migrations associated with a significantly faster E2 division
(p<0.01).
Division angle plots showing the division angles of A) Ea and B) Ep in AP-LR
projection with x-axis representing AP direction and y-axis for LR direction.
91 wild-types (cyan) and 10 perturbed embryos with the most deviated angles (red)
are plotted. An additional yellow arrow indicating the division angles of the
rbpl-1(RNAi) embryo. All arrows are normalized to unit vectors, to emphasize the
angles.
Position of Ea (C) and Ep (D) before division are shown in AP-LR projection in the
same way as that in division angle plots. 91 wild-types (blue), 76 perturbed
embryos with reduced cell cycle lengths (green and red) are compared. Perturbed
embryos with significant (p<0.05) or insignificant (p>0.05) deviated cell position
are colored in red and green respectively. The E2 positions of rbpl-1(RNAi)
embryo are shown in yellow, which is significantly deviated from wild-type.
E) A Venn diagram showing the number of genes that have a significant reduction
in E2 cell cycle length (yellow), deviations in cell position (red) and division angle
(cyan).
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Figure 11. Displacement of E2 cells in wild type and perturbed embryos.
A) Displacement of Ea (blue) and Ep (orange) respectively in 91 wild-type embryos.
The displacement line is drawn by connecting the positions when the E2 cells are at
its first and last time point.
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B & C) Displacement of Ea and Ep respectively for 76 perturbed embryos having a
significant reduction in E2 cell cycle length (P<0.05). Significant (p<0.05) and
insignificant (p>0.05) deviations from wild type distribution of displacement are
colored in red and green respectively. Division axes are defined in the same way as
that in Figure 10.

Gene Name
plrg-1
R08D7.1
cir-1
M03F8.3
cacn-1
F19F10.9
mog-5
F53B7.3
let-858
prp-8
wrm-1
lit-1
cyl-1
eftu-2
rpb-3
D1081.8
swsn-1
cbp-1
tads-1

Length
Length
Length
Length
Gene Name
Gene Name
Gene Name
(mins)
(mins)
(mins)
(mins)
19.4
par-2
25.4
repo-1
32.6
ncbp-1
35.2
19.7
rbpl-1
25.5
cpsf-2
32.6
odd-2
35.2
20.4
mog-4
26.4
pfs-2
32.7
C16C10.2
35.2
20.4
gsk-3
27.2
skr-2
32.8
cpsf-3
35.6
21.1
gad-1
27.5
mom-2
32.9
hrp-1
35.6
21.1
T10C6.5
27.7
apr-1
33.3
nud-1
35.6
21.1 Y66D12A.15 28.2
prp-38
33.4
pie-1
35.7
21.8
cdk-9
29.2
lin-23
33.6
hcf-1
35.9
22.2
ama-1
29.3
F10B5.8
33.8
pkd-2
35.9
22.5
stip-1
30.3
cul-1
34.2
pole-2
35.9
23.1
ada-2
31.3
mog-1
34.2
rars-2
35.9
23.1
taf-1
31.3
cyh-1
34.3
sftd-3
35.9
23.2
ZK1128.4
31.3
Y39B6A.36 34.5
snfc-5
35.9
23.2
wee-1.1
31.9
pgp-9
34.5
T22H9.1
35.9
23.2
sbp-1
32.0
ddx-23
34.9
F13H8.9
36.3
23.3
taf-4
32.0
F43G6.5
34.9
nol-1
36.3
23.5
skn-1
32.4
hsp-12.2
34.9
sft-4
36.3
24.2
F55A3.3
32.4
rnp-7
34.9
nkcc-1
36.6
24.8
F19F10.12
32.4
vav-1
34.9
Y47G6A.9
36.6

Table 3. List of perturbed genes highlighted according to their deviations in
E2 cell cycle length, cell position and division angle.
76 perturbed genes including wee-1.1 are arranged ascendingly to their E2 cell
cycle lengths. Background colors of each gene are defined in the same way as that
in Figure 10E.
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Figure 12. Space-filling models of cell nuclei from a wild-type and an RBPL-1
depleted embryo.
A & C) Wild-type embryos.
B & D) rbpl-1 RNAi embryos.
All embryos are orientated so that the anterior is to the left. A and B, ventral view; C
and D, right view. Nuclei are color-coded based on their tissue types. E lineage is
highlighted in purple while the remaining ones are differentially colored and
rendered transparent. In contrast to wild-type, rbpl-1(RNAi) leads to an apparent
failure in gastrulation with E progeny distributed on the surface of embryos.
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2.3. gad-1 gene characterization
2.3.1. gad-1 encoded an unknown protein that regulates E2 division timing
Among the set of E2 faster genes, cacn-1, cir-1, gad-1 and tads-1 were the genes
that possessed unknown molecular function (Table 1). Consistent with my findings,
cacn-1 is predicted as one of the component of spliceosome (Doherty et al., 2014)
whereas inhibition of cir-1 would accelerate both the fifth generation of AB and E2
(Kruger et al., 2015). Our lab previously renamed the gene C01A2.5 as "Temporal
Asymmetry between Division of Sister cells", tads-1, corresponding to its
knockdown leading to a disruption of ADS in muscle precursors and cell migration
(Ho et al., 2015). gad-1 was one of the genes that was involved in E2 cell cycle
regulation, a knockdown of which reduced the E2 cell cycle length from 40.2
minutes to 27.5 minutes. Given that gad-1 was a well-conserved gene among most
of the organisms except budding yeast (S. cerevisiae), its actual molecular function
is still unclear. It has 92.7% similarity to H. sapiens WD repeat-containing protein
70 (Stein et al., 2001). In a previous study of the gad-1 temperature-sensitive (ts)
mutant, the authors suggested that gad-1 may be involved in gastrulation
initialization during embryogenesis (Knight and Wood, 1998). Similar results were
also obtained in RNAi of gad-1. The predicted translation of GAD-1 consists of six
WD repeats, which implied that it might be involved in protein-protein interaction
(Knight and Wood, 1998). WD motif containing proteins may also act as a scaffold
to assemble some larger complex or a cooperative assembly protein to regulate
dynamic multi-subunit complex (Stirnimann et al., 2010). However, despite the
availability of structural information, the actual molecular function of GAD-1 is
yet to be confirmed. To resolve this, system biology method would give an insight
by clustering the knockdown phenotype of gad-1 with other genes that had known
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molecular functions. The most obvious phenotype of losing gad-1 was gastrulation
failure during embryogenesis (Knight and Wood, 1998). Combining with the E2
cell cycle length reduction effect, these phenotypes are strikingly similar to the loss
of ama-1, the large subunit of RNA polymerase II (Powell-Coffman et al., 1996).
Moreover, most of the genes involved in E2 cell cycles and gastrulation failure
participated in the general transcription pathway, such as chromatin modification,
transcription initiation and regulation, splicing and poly-A tailing. By using these
phenotypic similarities, their functions might also be linked to gad-1. Base on these,
I hypothesized that GAD-1 could be one of the important components for gene
transcription. To characterize the expression and molecular function of GAD-1, the
following experiments were done.

2.3.2. Deletion knockout of gad-1 led to larval arrest
I suspected that the knockdown effect of temperature sensitive (ts) mutant and
RNAi were not able to completely abolish GAD-1 activities in the embryo.
Therefore, I used the deletion strain, VC327, to characterize the phenotypes and
determine the terminal stage of gad-1 homozygous deletion (Consortium, 2012).
Since it is an essential gene, the knockout allele is balanced by nT1. However, the
balancer itself produced arrested aneuploid progenies (Edgley et al., 2006). To
avoid confusion with the lethal phenotypes of gad-1 homozygous deletion, dpy-11
was chosen to replace the original genetic balancer. Crossing and genotyping was
performed to confirm the homozygosity of both gad-1(ok573) and dpy-11(e224).
Unexpectedly, only arrested larvae instead of dead embryo as seen in RNAi could
be observed in the progenies of heterozygous gad-1 deletion parents (Figure 13).
Interestingly, the gastrulation defect in RNAi and ts mutant was not observed. The
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gut nuclear positions were relatively normal and gut cells show apparent gut
granules, indicating successful intestinal development. As RNAi and ts mutation
affect both maternal and zygotic gene products, embryonic lethality of the null
allele was probably rescued by maternal GAD-1. This result indicated that gad-1 is
a maternal-effect lethal gene.
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Figure 13. Final arrest stage of homozygous gad-1(ok573).
A - C) DIC and DAPI images showing a fixed (A & B) and a live (C) 4-day old
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adult.
D - F) DIC and DAPI images showing a fixed (D & E) and a live (C) 4-day old
homozygous gad-1(ok573) arrested as a larva. Gastrulation is apparently successful
in ok573 allele. The arrested animal also shows abundant gut granules, indicating
the intestinal cells are well differentiated.

2.3.3. Rescue of gad-1 deletion by GAD-1::GFP fusion
By using mos1-mediated single copy insertion (MosSCI) (Frokjaer-Jensen et al.,
2008), a strain carrying single copy of gad-1::gfp transgene with gad-1 promoter,
which was created by my colleague previously (unpublished result). Although the
GFP signal was detected under a confocal microscope, whether the inserted
transcript could produce a functional protein is not guaranteed because the
wild-type copy of gad-1 is still intact. To test, a crossing experiment between the
gad-1::gfp carrying strain and the gad-1 deletion containing strain was performed.
After confirmation by genotyping and fluorescence microscopy, a new strain,
ZZY0530, expressing GAD-1::GFP fusion but without the wild-type gad-1 copy
was created. Since no obvious phenotype was observed, the brood size, hatching
rate and survival rate were counted (Figure 14). They were compared with the
control by using the strain carrying both wild-type gad-1 and gad-1::gfp transgene.
No significant difference was found. Therefore, I concluded that the inserted
GAD-1::GFP fusion could rescue the homozygous deletion of gad-1. Next, we
could take advantage of this inserted gene to perform biochemical analysis such as
co-immunoprecipitation (CoIP), as it could represent the native GAD-1.
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Figure 14. Homozygous gad-1(ok573) rescued by GAD-1::GFP fusion.
Brood

size

(left),

hatching

ratio

and

survival

ratio

(right)

of

ZZY11219(GAD-1::GFP) and ZZY0530(GAD-1::GFP, ok573 -/-) are counted and
plotted. No significant difference is found between wild-type (GAD-1::GFP) and
rescued strains (GAD-1::GFP, ok573 -/-)

2.3.4. Nuclear expression of GAD-1 enriched on transcriptionally active
chromosomes
Under the hypothesis that GAD-1 has a role in transcription, the expression of
GAD-1 should be enriched on or near the chromosomes undergoing active
transcription. To test, gonads of C. elegans was chosen to be the studying model.
The reason was that the chromosomes in germline are known to be partially
condensed with active transcription except X chromosome, while its transcription
is reactivated in early oocytes during meiosis (Bean et al., 2004; Kelly et al., 2002;
Reuben and Lin, 2002). In addition, they can be dissected completely to reduce the
background noise coming from the other cells, permitting high-resolution imaging.
I examined the gonads from ZZY0530 under the confocal microscope. I found that
GAD-1 expressed throughout the nucleoplasm except the nucleolus in all the germ
cells of gonad (Figure 15). The use of the deletion allele containing strain was
essential because I have to ensure the entire detectable GFP signal was
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representative of the total population GAD-1 in any given cell. This could prevent
the possible diluting effect by having two copies of functional gad-1 but one of
them did not possess fluorescence (Figure 16). When examined in detail, the GFP
signal was unevenly distributed in the nucleoplasm. In the germline pachytene
region, GAD-1 enriched to become some light spots while disappeared in a
particular region (Figure 15N and O). Occasionally, a spot of GFP could be
detected in the middle of nucleolus, which are normally absent of GAD-1. In early
oocytes, the light spots detected in germline became rod shaped (Figure 15P and Q).
Approximately, six rods could be counted in each oocyte nucleus, which were the
total number of chromosomes in C. elegans (Figure 17). In late oocytes, both the
rod like signals and the basal GFP signal were gradually weakened in the
nucleoplasm, eventually disappearing in the last oocyte (Figure 15L, R and S).
This result provided a hint that GAD-1 was involved in transcription process as the
last oocyte is transcriptionally silent (Walker et al., 2007).
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Figure 15. GAD-1::GFP fusion expression in a gonad.
Micrographs were taken from a dissected gonad in homozygous gad-1(ok573)
background which expresses GAD-1::GFP fusion.
A, G & M) Shown are DIC. epifluorescence and zoom-in micrographs of mitotic
and transition zone respectively. Note that GAD-1::GFP fusion expression is
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irregular in the nucleus.
B, H & N) Shown are DIC. epifluorescence and zoom-in micrographs of pachytene
zone respectively. Note that GAD-1::GFP fusion is ubiquitously expressed in the
nucleoplasm except nucleolus.
C, I, O & P) Shown are DIC. epifluorescence and zoom-in micrographs of
pachyene and diplotene zone respectively. Some bright spots of GAD-1::GFP
fusion in the nucleoplasm become rod shaped after reaching the diploptene stage in
P and Q.
D & J) Shown are DIC. epifluorescence and zoom-in micrographs of diplotene
zone.
E, K, Q & R) Shown are DIC. epifluorescence and zoom-in micrographs of
diplotene and diakinesis zone respectively. Note the nuclei are enlarging, while the
rod shaped GAD-1::GFP fusion become disappeared (R).
F, L & S) Diakinesis zone. The basal GAD-1::GFP fusion in nucleoplasm is
gradually weakened and disappeared in the last oocyte.

Figure 16. Comparison of signal intensity of GAD-1::GFP fusion in the
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presence (left) or absence (right) of wild-type gad-1.
Left) DIC (top) and GAD-1::GFP fusion (bottom) micrographs taken from
ZZY11219, a GAD-1::GFP fusion containing strain with wild-type gad-1.
Right) DIC (top) and GAD-1::GFP fusion (bottom) micrographs taken from
ZZY0530.
Genotypes of the strains are labeled at the bottom. Note that laser intensity used for
ZZY11219 is higher than that for ZZY0530, while the GFP signal is brighter in
ZZY0530.

Figure 17. Maximum projection of GAD-1::GFP fusion expression in gonad.
A & B) DIC and GAD-1::GFP fusion micrographs taken from ZZY0530 carrying, a
homozygous gad-1(ok573) and GAD-1::GFP fusion. Maximum projection is
performed to visualize the 3D expression of GAD-1::GFP fusion (refer to Material
and Methods).
C & D) Enlarged projection micrograph of two oocyte nuclei. Note the six
rod-shaped GAD-1::GFP fusion.

In order to visualize how GAD-1 interacted with chromosomes in the nucleoplasm,
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I introduced two histone markers expressing mCherry that could represent the
chromosome structure. They were the histone proteins H2B and HIS-24, which
were tagged with mCherry. Both markers were introduced by crossing RW10226
with the gad-1 homozygous deletion strain that rescued by GAD-1::GFP fusion,
ZZY0530. A new strain, ZZY0534 was created. Taking advantage of this new strain,
I took the 3D images of its gonads to examine the co-localization of GAD-1 and
chromosomes (Figure 18). Interestingly, GAD-1 was enriched and deposited on the
histones, instead of having an obvious co-localization. I observed that GFP signal
was less condensed in the space with mCherry signal. That was not surprising as
GAD-1 was not a histone protein. Next, I considered to the expression pattern of
GAD-1 in the gonad. In germline, all the chromosomes were enriched with GAD-1
except one of them, which was probably the X chromosome (Figure 18E - G). In
early oocytes, all the chromosomes were again enriched with GAD-1 (Figure 18L N). This pattern was strikingly similar to the immunostaining results of histone H3
lysine 4 methylation, which was generally correlated with transcriptionally active
state (Kelly et al., 2002; Reuben and Lin, 2002). These results strongly supported
that GAD-1 was specifically required for transcription. Its spatiotemporal
expression pattern agrees well with the transcriptionally active chromosomes.
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Figure 18. Maximum projection GAD-1::GFP fusion expression pattern in the
gonadal nuclei.
The strain ZZY0534 expressing both GAD-1::GFP fusion and histone::mCherry
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was used for imaging.
A - G) Micrographs taken from the pachytene zone of germline. A, B, C and D are
DIC, GFP, mCherry and superimposed GFP and mCherry respectively. E,F and G
are magnified view of GFP, mCherry and their superimposed image. Note
GAD-1::GF fusion appears to be excluded from the X chromosome in G.
H - N) Micrographs taken from the diaplotene zone of oocytes. H, I, J and K are
DIC, GFP, mCherry and superimposed GFP and mCherry respectively. L, M and N
are magnified view of GFP, mCherry and their superimposed image. Note that
GAD-1::GFP is enriched and deposited on histones in all chromosomes.

2.3.5. Zygotic expression of GAD-1 started around 28-cell stage
The GAD-1::GFP fusion expression in early embryos was first detected at around
E2 stage (unpublished data). From the deletion result, it suggested that gad-1 could
be a maternal-effect lethal gene. In other words, the previously detected expression
may come from maternal loading. To distinguish if the GFP signal was contributed
by maternal or zygotic expression during C. elegans embryogenesis, I crossed the
male expressing GAD-1::GFP fusion into wild-type worms. his-24::mcherry
transgene was used as a control to help me confirming that the embryos were
produced by a crossed parent, due to its known zygotic expression timing (Ooi et al.,
2006). Embryos were dissected from the crossed parents and examined under the
confocal microscope. Unexpectedly, even the maternal loaded gad-1::gfp mRNA
and GAD-1::GFP fusion were vanished, the GFP signal was still detected around
28-cell-stage (Figure 19). This result suggested that the zygotic expression of
gad-1::gfp mRNA took place at around E2 stage, which was the timing that
possibly required a robust zygotic transcription during gastrulation. Both maternal
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and zygotic transcribed mRNAs were translated at the same time, instead of
maternal mRNA being used up or cleared before the onset of the zygotic
expression (Reviewed by Robertson and Lin, 2015). This result indicated that
GAD-1 was important for transcription during gastrulation stage. Both maternal
and zygotic transcripts were translated at the same time to boost up the source of
GAD-1.

Figure 19. Zygotic expression of GAD-1::GFP fusion and HIS-24::mCherry in
a 28-cell stage embryo
The embryos was derived from a cross between a male homozygous for both
GAD-1::GFP fusion and HIS-24::mCherry fusion and an N2 hermaphrodite.
Left) A DIC image of the embryo.
Middle & right) Zygotic expression of GAD-1::GFP fusion and HIS-24::mCherry
fusion respectively in the embryo.
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Chapter 3 Conclusion and Discussion
3.1. Developmental regulation of intestinal progenitor cells in C. elegans
Metazoan embryogenesis is a complex and highly regulated developmental process.
Free from the limitations of studying human embryo, such as the complexity and
ethical issues, C. elegans embryo is an excellent animal and genetic model to
investigate the fundamental biology (Ankeny, 2001). Our lab performed a
large-scale reverse genetic screening in C. elegans to look for the genetic regulation
of ADS (Ho et al., 2015). Mining of the results on systematic cell division timings
from our screening database provides an opportunity to investigate how E2 cell
cycle length is regulated in vivo. Our findings suggest that the robust transcription
is first started at E2-stage C. elegans embryos, which allows E2 cells to establish
not only their fate, but also the unique cell cycle elongation relative to MS2. In
addition, the elongated E2 cell cycle length may be important to facilitate proper
gastrulation. Furthermore, availability of systematic division timings associated
with a large cohort of perturbed genes provides a valuable resource for inferring the
function of an uncharacterized gene by phenotypic clustering. In this thesis, I
performed a series of data analysis and experiments to establish the causal
relationships between ZGA, fate specification, cell cycle regulation and
gastrulation during E2's lifetime, by combining the published data with our owns.
Given the conservation of the genes involved, our results also hold promise for
understanding tissue specific origin of cancer in humans.

3.1.1. Robust zygotic genome activation is required for proper E2 cell cycle timing
Among the two models for ZGA, the N/C ratio model alone is not sufficient to
explain the elongated E2 cell cycle (Arata et al., 2014). Considering the maternal
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clock model, maternal translation probably provides a foundation for timing ZGA
in E2, by regulating the expression of E fate specifiers. Maternal fate specifiers,
skn-1 and med-1/2 are transcription factors that function together with the
Wnt-signaling regulated POP-1 to ensure that zygotic transcription of med-1/2 and
end-1/3 are restricted in E lineage (Figure 20). Intriguingly, our data showed the
most genes that reduce E2 cell cycle length upon perturbation are involved in
mRNA production. Our gene perturbation method with RNAi can effectively
silence both maternal and zygotic mRNA products (Reviewed by Ahringer, 2006).
Therefore, RNAi against genes involved in the mRNA production pathway must
alter the expression of end-1/3, because end-1/3 are zygotically transcribed only
(Boeck et al., 2011; Maduro et al., 2005a). The maternal fate specifiers may not be
affected significantly, because RNAi of ama-1 cannot abolish the RNA the RNA
polymerase II in maternal germline, probably due to some of the maternal
deposition AMA-1 (my unpublished results). In addition, the data from
RNA-sequencing analysis on the endoderm germ layer suggested that the robust
ZGA started in E2 (Figure 7). To ensure robust activation of zygotic genome, intact
transcription machinery is needed. The machinery is probably preloaded in the
embryo maternally and waits for the signal (transcription factors) to induce its
activation.

67

Figure 20. A model of genetic control on E2 cell cycle length.
Wnt signaling along with maternal factors (not shown) triggers zygotic initiation of
gene transcription in E through chromatin remodeling and histone modification as
well as clearance of maternal inhibitors of transcription, which makes E
transcriptionally ready and produce a few E fate specifiers including END-1 and
END-3. Robust gene transcription is started at E2, which is essential not only for
intestine fate specification, but also for an extension of E2 cell cycle length,
68

probably by introduction of G2 phase. In contrast, the regulations of cell cycle
lengths in other cells are mainly under maternal control at the similar stage. The
controlled cell division timing is presumably important for proper cell migration,
but the exact relationship between the two remains to be determined. Known cell
cycle regulators involved in the E2 cell cycle control are shown.

Interestingly, not all the RNAi experiments against spliceosome components will
abolish the expression of fate specifiers during embryogenesis. Among our
spliceosome genes, not all of the phenotypes after depletion were as severe as that
of ama-1. This is judged by the fact that the expression of PHA-4, a zygotic
expressing gene, is not abolished (data not shown). This could imply that end-1/3
expression is not abolished either. However, the cell cycle length of E2 is still
reduced when some of the spliceosome genes are depleted. This suggests the
normal elongated E2 cell cycle length is very sensitive to the alterations in mRNA
production. Depletion of mRNA production genes caused the E2 cell cycle length
to become similar to those of MS2, also indicated that ADS between them mainly
depends on the robust ZGA in E2. In agreement with this, RNAi against
spliceosome genes could rescue the intestinal hyperplasia phenotype from
cdc-25.1(gf) in varies degrees (Hebeisen et al., 2008). They suggested that the
splicing indirectly regulates cell cycle through the control of the expression level of
cdc-25.1 and cye-1. RNAi against spliceosome genes would reduce the protein
levels of these two cell cycle regulators, thus rescuing the hyperplasia effect from
cdc-25.1(gf). However, their screening was performed by using a mutant with
hyperplasia background, which may mask the additive effect from the RNAi on
hyperplasia. In addition, they did not measure the cell cycle change in E lineage. In
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comparison with their study, not all of our spliceosome genes found in their list
could rescue the hyperplasia in cdc-25.1(gf) mutant. This suggests that the reduced
E2 cell cycle length may not necessarily be coupled with intestinal hyperplasia. The
round of cell division of E lineage may probably be regulated beyond E2-stage.
Although both of our cell cycle data cannot be compared directly, a consistent
conclusion could be drawn. That is the functional importance are different between
splicing factors, as our cell cycle length of E2 after depletion of spliceosome genes
are ranged from 19.4 minutes to 33.8 minutes. Knockdown of different spliceosome
genes can have a different degree of effect on to the amount of transcription
products. This also proved that E2 cell cycle is very sensitive to the level of zygotic
transcription, further strengthening my hypothesis that robust ZGA is needed
during E2.

It has long speculated that the ADS between E2 and MS2 is due to the introduction
of G2 phase in E2. It is found that the S phase in E2 finished at around 20 minutes
(Edgar and McGhee, 1988). In our data, plrg-1(RNAi) produced the shortest E2 cell
cycle length with 19.4 minutes. This timing is similar to the findings from Edgar
and McGhee, suggesting that the reduction effect of our E2 cell cycle data is due to
the different degrees of the incomplete G2 phase. This suggested that the major E2
cell cycle elongation is not due to the introduction of DNA replication checkpoint
through transcription (Reviewed by Laver and Lipshitz, 2015).The possible reason
behind is that the depletion of mRNA production in E2 caused lesser amount of
WEE-1.1, resulting an early exit of G2/M checkpoint. This also explains the high
sensitivity of E2 cell cycle length when depleting the genes in mRNA production. It
would be intriguing to investigate whether wee-1.1 is a direct target of end-1/3.
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Among E2 faster genes, three genes, ada-2, cbp-1 and swsn-1, are known to be
involved in chromatin modification (Poulin et al., 2005; Sawa et al., 2000; Shi and
Mello, 1998). Consistent with the previous findings, chromatin modifiers are
involved in E2 cell cycle (Kruger et al., 2015). CBP-1 is a homolog of the
mammalian transcriptional cofactors CBP and p300, which have been shown to
possess histone acetyltransferase activity (Eastburn and Han, 2005; Hecht et al.,
2000; Shi and Mello, 1998). The reduced E2 cell cycle in wee-1.1 knockout is
partially rescued by cbp-1(RNAi) through global developmental slowdown (Figure
9). This suggests that both genes are involved in regulating the global cell cycle
progression. CBP/p300 are known regulators for Wnt signaling found in
Drosophila (Li et al., 2007). In C. elegans, CBP-1 likely counteracts with HDA-1, a
conserved homolog of the mammalian histone deacetylase HDAC1, to regulate the
end-1 expression through the regulation of POP-1 (Calvo et al., 2001; Gay et al.,
2003; Herman and Wu, 2004). When combining with our data, it is possible that
Wnt signaling activates E2 transcription through histone acetylation and
remodeling by CBP-1, ADA-1 and SWSN-1, thereby allows the transcription of
med-1/2 and end-1/3 for E fate specification. Clearance of maternal inhibitors for
transcription repression probably occurs simultaneously. E2 division pace is
possibly regulated independently by the fate determinants through WEE-1.1, and
the degradation of CDC-25.1 by LIN-23 (Figure 20). Zygotic transcription may
also help to provide enough adhesion proteins, such as CCC and actomyosin
network proteins, such as NMY-2, for cell migration and gastrulation (Grana et al.,
2010; Lee et al., 2006). This property seems to be conserved in other metazoans due
to the fact that their gene expression levels are significantly increased around
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gastrulation (Hashimshony et al., 2015).

3.1.2. Proper cell division timing of E2 facilitate gastrulation
It has long been speculated that the elongated E2 cell cycle length may be important
for subsequent gastrulation (Lee et al., 2006; Maduro and Rothman, 2002; Sulston
et al., 1983). This speculation seems to be disproved by recent studies on several
cell cycle regulators. The knockout of wee-1.1 does not impair both timing and
positions of the E cells gastrulation (Robertson et al., 2014). Although cdc-25.1(gf)
and lin-23(RNAi) produce hyperplasia, all the E cells are internalized judging by
the end-3::GFP marker (Hebeisen M, 2008). UBC-25 indirectly elongates the E
lineage cell cycle lengths through regulation of the level of CYE-1 (Roy et al.,
2014). Knockout of ubc-25 accelerates E lineage cell cycles as a whole, but the
embryos could still hatch with E cells being internalized. All these evidences
suggest the accelerated E2 cell cycle would not prevent gastrulation. In contrast,
our data showed that more than 60% of our E2 faster genes exhibited significantly
deviated division angles and pre-division positions of E2. None of the E2 cells
could divide properly when the cell cycle length was shorter than 31.3 minutes. The
reported E2 cell cycle lengths in ubc-25 mutants are 35.4 minutes, thus the
gastrulation are not affected either (Roy et al., 2014). It would be interesting to see
any additive effect on E2 cell cycle acceleration when we knockout wee-1.1 and
induce gain-of-function in CDC-25.1 simultaneously. We also found that the
knockout of wee-1.1 or knockdown of lin-23 by RNAi only impaired the E2
pre-division positions but not division angles. This suggests that the division angles
of E2 are critical for E cells internalization. It is known that gastrulation of E2 is
regulated by Wnt signaling and PAR proteins (Reviewed by Nance et al., 2005).
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These two components are also involved in spindle positioning of early embryonic
cell division such as EMS, thus the division angles of E2 are also likely regulated
by them (Reviewed by Begasse and Hyman, 2011; Rose and Gonczy, 2014). In
addition, both early E2 cells are laid on the embryo surface and touching the
eggshell. They normally rotate and migrate into the middle of embryo, then divide
in LR axis (Lee and Goldstein, 2003). Early division of E2 before their ingression
may prevent their LR division, either due to blockage by the repelling force from
eggshell or that their rotations are not completed. Therefore, our data suggests that
proper E2 division timing would facilitate gastrulation.

3.2. The possible role of gad-1 in transcription
Since the last decade, the role of gad-1 in C. elegans was mainly focused on its
gastrulation defects during embryogenesis (Boeck et al., 2011; Knight and Wood,
1998; Lee et al., 2006). However, the molecular role of gad-1 is still missing. From
my previous systematic study on E2 cell cycle timing, I found that most of the
genes involved had roles in general transcription, especially in spliceosome. In the
other words, E2 cell cycle length may rely significantly on intact transcription
machinery. Referring to this, any unknown function protein screened out by having
the similar E2 cell cycle length reduction phenotype, have a higher chance to be
working in the transcription machinery. One of the best examples was the study of
the ama-1. Antisense RNA injection of ama-1 caused reduction in E2 cell cycle
timing and gastrulation failure (Powell-Coffman et al., 1996). Similar phenomena
were found in gad-1 ts mutant (Knight and Wood, 1998). Both ama-1 and gad-1
had similar phenotypes, but the phenotype for the latter was far less severe than that
of the former regarding the dying stage and gastrulation behavior. gad-1(RNAi)
73

embryos usually develop up to 350-cell stage, while ama-1(RNAi) embryos could
only develop up to 130-cell stage (Ho et al., 2015). Even some of the gad-1(RNAi)
embryos may have E2 dividing on the surface, the others may eventually internalize
after E4 stage, but E cells under ama-1(RNAi) would never be internalized.
Regarding the fact that gastrulation of gad-1(RNAi) could partially be rescued by
artificially lengthening of E2 cell cycle timing by brief laser irradiation (Lee et al.,
2006), gad-1 was probably not as essential as ama-1, but its role in general
transcription was possible.

Due to the possibility that the RNAi effect may suffer from incomplete penetrance
(Kamath et al., 2001; Tavernarakis et al., 2000), the loss-of-funciton deletion allele
of gad-1 should be used for experimental validation. However, knockout of gad-1
showed a maternal-lethal effect. It only resulted in arrested larvae as they were
rescued by the maternal loading of gad-1 from their heterozygous parents.
Therefore, the effect of both RNAi and ts mutant should come from removing both
maternal and zygotic gad-1. This result suggested that the null deletion allele was
not suitable for embryonic phenotyping. The arrested larva also indicates that
zygotic expressing gad-1 was still important for post-embryonic development.

Protein fusion of GAD-1 and GFP followed by transgenesis into worm, could
visualize its spatial and temporal expression in C. elegans. Since the GAD-1::GFP
fusion could rescue the deletion of wild-type gad-1, the GFP could provide relevant
expression information of GAD-1. gad-1 was expressed in almost all cells in C.
elegans, except the last oocytes, early embryos and the P lineage (data not shown).
It was well known that these cells are transcriptionally silenced or inactivated
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(Edgar et al., 1994; Seydoux and Fire, 1994; Seydoux et al., 1996; Walker et al.,
2007). Apparently, GAD-1 is expressed mostly during the transcription events. To
investigate more in depth, the sub-cellular localization of gad-1 in gonadal nucleus
and its zygotic expression timing were examined.

In the dissected gonads, the subcellular localization of GAD-1 was not
homogeneous in the nucleus. It filled up the nucleoplasm except the nucleolus and
chromosome core. However, the pattern of it was slightly different between the
germline and oocytes. In the germline, one of the chromosomes was surrounded by
less GAD-1 than the others, while in oocytes, no such difference could be found.
This phenomenon may indicate that GAD-1 was involved in the transcription
pathway. It was because the X chromosomes in germline were enriched in
methylated H3-Lys9 but deprive of methylation on H3-Lys4. In oocytes, all
chromosomes were enriched with methylated H3-Lys4 (Bean et al., 2004). The
silenced X chromosomes in germline would probably recruit less GAD-1 for
transcription, causing the GAD-1 to be depleted from them. This phenomenon was
not found in oocytes, because of the relaxed state in their chromosomes (Bean et al.,
2004). Not only the expression difference in X chromosomes, some signals also
appeared in the middle of the nucleolus, which is mostly deprived of GAD-1 (data
not shown). Those signals might come from the fibrillar centers (FCs) and the
dense fibrillar component (DFC) as they were the site of active polymerase I
transcription and early processing of pre-rRNAs (Reviewed by Hernandez-Verdun
et al., 2010). These two evidences revealed that GAD-1 could be a more general
factor to be involved in mRNA and rRNA transcription.
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According to the result of gad-1 null phenotype, there is a possibility that the
GAD-1 detected from the embryos came from maternal loading only, similar to the
case in pie-1 (Ghosh and Seydoux, 2008; Tenenhaus et al., 2001). From the
crossing experiment, it was found that the zygotic expression of GAD-1::GFP
fusion was detected around 28-cell stage. This was a stage of embryonic
gastrulation that required robust transcription in E2, followed by global zygotic
transcription event (unpublished data from my lab) (Seydoux and Fire, 1994). It
was possible that although maternal gad-1 loading was sufficient for intact
embryonic development, the zygotic expression of gad-1 still came up earlier. One
of the possibilities was that the gad-1 promoter was bound by the general
transcription factors for its transcription. Thus, gad-1 would follow the global
transcription event to be transcribed. Therefore, both of the maternal and zygotic
GAD-1 were translated to act as a reservation pool. This kind of redundancy was
rather common in C. elegans, which could ensure the robustness of embryogenesis
(Reviewed by Maduro, 2015). It was also possible that GAD-1 was one of the
important proteins for transcription machinery. When the zygotic transcription
started during embryogenesis, it would be targeted as an essential gene to be
transcribed for further strengthening of its expression.

Gene functional characterization in C. elegans has been conducted for many years.
Using the reverse genetics approach, some of the genes with unknown function
could be screened out and their functions could be inferred by their phenotypic
similarities with other well-characterized genes. Due to the homology to human
genes, the finding in C. elegans may be highly relevant to human biology (Shaye
and Greenwald, 2011). gad-1 was one of the candidates from my previous study on
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E2 cell cycle timing (unpublished result). Combining the genetic and fluorescence
microscopy techniques, the potential role for GAD-1 in transcription machinery
was revealed. As most of the genes that caused E2 cell cycle length reduction were
involved in splicing, there is a high possibility that gad-1 was also one of them,
given that the spliceosome was a large complex with so many uncharacterized
proteins inside (Reviewed by de Almeida and O'Keefe, 2015; Lee and Rio, 2015).

Unfortunately, there are some potential uncertainties in my results. It is possible
that the phenotype of gad-1(RNAi) was an off-target effect. To minimize this issue,
I can redesign the dsRNA in different gene regions with highly specific sequence. I
can also use gad-1's homolog from other species, such as Caenorhabditis briggsae,
to rescue the RNAi effect. Since the phenotype of gad-1(RNAi) was similar to its ts
mutant, the off-target effect should be minimal. Furthermore, using the confocal
microscopy only is not enough to confirm the GAD-1 is binding on chromosomes.
It is because the resolution of our confocal microscope is around 200nm while most
protein sizes ranged from 1 to 100nm. Without further biochemical analysis, the
molecular function of GAD-1 is yet to be nailed down. To further confirm the role
of GAD-1, co-immunoprecipitation (Co-IP), fluorescence resonance energy
transfer (FRET) or fluorescence recovery after photobleaching (FRAP) could be
performed to confirm its binding partners and dynamics in the nucleus.
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Chapter 4 Materials and Methods
4.1. Worm strains and maintenance
4.1.1. Maintenance of worms
All the animals were maintained on NGM plate seeded with E. coli OP50 at room
temperature (22 °C).

4.1.2. Worm strains
The following strains were used for the screening, N2, RW10226, RW10425,
RW10348, RW10234 and RW10481 as described previously (Ho et al., 2015).
The following strains were used for knockdown analysis of wee-1.1 and gad-1,
RB669, VC327 and CB224.
The following strain were generated from our lab,
ZZY11219 and ZZY11220.
The following strains were generated by me,
ZZY0505, ZZY0530, ZZY0533, and ZZY0534.
The detailed genotypes of each strain are listed in Table 4. Some strains were
provided by the CGC, which is funded by NIH Office of Research Infrastructure
Programs (P40 OD010440).
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Strain Name Genotype
RW10226 unc-119(ed3) III; stIs10226 [his-72 promoter ::HIS-24::mCherry::let-858 3' UTR + unc-119 (+)]; itIs37 [pie-1
promoter:: mCherry::H2B::pie-1 3'UTR + unc-119 (+)]
RW10425 stIs10226 [his-72 promoter ::HIS-24::mCherry::let-858 3' UTR + unc-119 (+)]; itIs37 [pie-1
promoter::mCherry:: H2B::pie-1 3'UTR + unc-119 (+)]; stIs10389 [PHA-4::TGF(3E3)::GFP::TY1::3xFLAG]
RW10348 stIs10226 [his-72 promoter ::HIS-24::mCherry::let-858 3' UTR + unc-119 (+)]; itIs37 [pie-1
promoter:: mCherry::H2B::pie-1 3'UTR + unc-119 (+)]; stIs10318 [NHR-25::TGF(3H4)::GFP::TY1::3xFLAG]
RW10234 zuIs178 [his-72 promoter ::HIS-72:: GFP::his-72 3' UTR + unc-119 (+)], stIs 10024 [pie-1 promoter ::H2B::GFP::pie-1
3' UTR + unc-119 (+)]. stIs10220 [end-1 promoter ::H1-mCherry + unc-119 (+)]
RW10481 stIs10226 [his-72 promoter ::HIS-24::mCherry::let-858 3' UTR + unc-119 (+)] ; itIs37 [pie-1
promoter:: mCherry::H2B::pie-1 3'UTR + unc-119(+) ]; stIs10436 [hlh-1 promoter ::TGF(6.2B4)::GFP::TY1::3xFLAG]
RB669
wee-1.1 (ok418 ) II
VC327
+/nT1 IV; gad-1 (ok573 )/nT1 V
CB224
dpy-11 (e224 ) V
ZZY11219 gad-1 promoter ::GAD-1::GFP::gad-1 3'UTR II
ZZY11220 gad-1 promoter :::GFP II
ZZY0505 wee-1.1 (ok418 ) II, stIs10226 [his-72 promoter ::HIS-24::mCherry::let-858 3' UTR + unc-119(+) ]; itIs37 [pie-1
promoter:: mCherry::H2B::pie-1 3'UTR + unc-119(+) ]
ZZY0530 gad-1 promoter ::GAD-1::GFP::gad-1 3'UTR II; gad-1 (ok573 ) V
ZZY0533 gad-1 promoter ::GAD-1::GFP::gad-1 3'UTR II; itIs37 [pie-1 promoter:: mCherry::H2B::pie-1 3'UTR + unc-119(+) ];
stIs10436 [hlh-1 promoter ::TGF(6.2B4)::GFP::TY1::3xFLAG]
ZZY0534 gad-1 promoter ::GAD-1::GFP::gad-1 3'UTR II; gad-1 (ok573 ) V; itIs37 [pie-1 promoter:: mCherry::H2B::pie-1 3'UTR
+ unc-119(+) ]; stIs10436 [hlh-1 promoter ::TGF(6.2B4)::GFP::TY1::3xFLAG]

Table 4. A list of genotypes for the strains used in this study.

4.1.3. Generation of lineaging strain with wee-1.1 homozygous deletion
RB669 containing a wee-1.1 (ok418) allele was crossed with N2 for five times to
reduce background mutations. The presence or absence of the allele was examined
by genotyping using single-worm PCR. Primers of the following sequences were
used:
ok418_ext2-L: ACCGATCTCATGTCCGAAATT;
ok418_ext2-R ATGGCAGCTCACAAACTTGG;
ok418_int2-L GTGTCCATATGCTTCGCGATA;
ok418_int2-R ACATACATTCTCCGACGAAATGA.
The allele was crossed into the lineaging strain RW10226. A strain ZZY0505 was
generated carrying homozygous lineaging markers and wee-1.1(ok418), which was
used for measurement of embryonic cell cycle length by automated lineaging.
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4.1.4. Generation of deletion rescue strain of gad-1 by GAD-1::GFP
To prove that our GAD-1::GFP fusion is functionally the same as the wild-type
GAD-1, it was examined whether the transgene was able to rescue the lethality of
gad-1 deletion null allele ok573. VC327 (hermaphrodite) was crossed with
ZZY11219 (male). Since the homozygous deletion of gad-1 is lethal, the
gad-1(ok573) allele is complemented by the genetic balancer nT1 in VC327
(Edgley et al., 2006). Single-worm PCR was used to genotype the presence of the
gad-1(ok573) allele. As there is a wild-type gad-1 copy in the balancer, two sets of
primers were designed to allow the amplification of both the deletion region
(internal) and flanking region (external) of gad-1(ok573), but amplifies a different
size of product in the gad-1::gfp transgene sequence. To achieve this, both the
internal and external primers were designed to have one side in the gad-1 coding
region, while the other side was in the gad-1 3'UTR region. Since the GFP sequence
is in between the gad-1 coding region and the gad-1 3'UTR region, gad-1::gfp
transgene would result in a much larger product than the wild-type gad-1 or
gad-1(ok573). This was due to the additional DNA sequence of GFP in the
transgene. The external primers were
ok573_Ext_L: TGCATCAACAAGCACAGGAA (left);
ok573_Ext_R: acgttcagtataagaatttacgcaa (right).
The internal primers were
ok573_Int_L: CGTAATGCCGAGTTCCTAAAAGATA (left);
ok573_Int_R: cacaaacgaccacatattgttgaaa (right).
Progenies were selected by the deletion product size (804bps) using the external
primers while the internal primers could not be amplified. Then, GAD-1::GFP
fusion was checked in the next generation progenies under the confocal microscope.
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These processes was continued until both gad-1(ok573) and gad-1::gfp transgene
were homozygous.

4.1.5. Generation of lineaging strain with gad-1 homozygous deletion rescued by
GAD-1::GFP
ZZY11219 (hermaphrodite) was crossed with RW10226 (male). Progenies were
selected until both GAD-1::GFP fusion and lineaging markers were confirmed to be
homozygous under a confocal microscope. ZZY0533 was generated. Next,
ZZY0530(hermaphrodite) was crossed with ZZY0533 (male). Different lines of
progenies were allowed to lay eggs for two days and they were sacrificed for
genotyping for the presence of gad-1(ok573). The hatched eggs were allowed to
grow into adults and checked for the presence of GAD-1::GFP fusion and lineaging
markers. These steps were repeated until all of them were confirmed to be
homozygous (Figure 21).
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Figure 21. Genotyping of gad-1(ok573) with single-worm PCR.
Shown are gel pictures used for genotyping of ok573 during the crossing
experiments between gad-1(ok573) and GAD-1::GFP protein fusion.
A) 12 F3 generation worms are genotyped using the internal (int) and external (ext)
primers, results for each worm are underlined. Note that the results underlined with
red lines are homozygous gad-1(ok573).
B) 11 F4 generation worms are confirmed with homozygous gad-1(ok573) using
the internal primers (int), indicated the band of predicted sizes for wild-type gad-1
is not found.

4.1.6. Generation of gad-1 homozygous deletion strain
To determine the phenotype of gad-1 homozygous deletion, the deletion null allele
of gad-1(ok573) has to be maintained by a genetic balancer and let it segregates
through the next generation. VC327 is a strain containing nT1 balancer. However,
the worms with nT1 not only generate abnormal progenies because of ok573 allele,
but also many arrested aneuploid progenies from nT1 itself (Edgley et al., 2006).
According to a previous study on gad-1 ts allele and RNAi, loss of gad-1 function
produces embryonic lethality (Knight and Wood, 1998). In VC327, the lethality
effect of gad-1 homozygous deletion could be masked by nT1. Therefore, I
introduced another genetic balancer to replace the nT1 from VC327. To achieve
this, dpy-11(e224) deletion from CB224 strain was chosen as another genetic
balancer for gad-1(ok573). dpy-11 is physically close to gad-1 in C. elegans
genome and their recombination possibility is only 0.18% (Figure 22). Therefore, it
is possible to maintain their alleles in heterozygote. VC327 (male) was crossed with
CB224 (hermaphrodite) and their F1 progenies were apparently wild-type. The
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presence of the gad-1(ok573) was detected by genotyping with single-worm PCR,
while the presence of dpy-11(e224) was detected by the presence of dumpy F2
worms. Since the two deletions were close to each other, their alleles segregate
following the Mendelian rules. Therefore, I could obtain progenies with
homozygous deletion of gad-1 in F2. Unexpectedly, I found that the homozygous
deletion of gad-1 did not produce dead embryos, but arrested larvae. To confirm the
arrested larvae were caused by gad-1 deletion, they were picked for genotyping
again by single-worm PCR and all dead larvae were confirmed homozygous for
ok573 allele.

Figure 22. Partial genetic map showing the genetic distance between gad-1 and
dpy-1.
Both genes are located in chromosome V, with about 0.18% recombination
possibility.

4.2. RNAi and microinjection
Gene knockdown was performed by RNAi through microinjection. The injected
dsRNA was synthesized by my colleagues as described (Ho et al., 2015; Shao et al.,
2013). The dsRNA was diluted to a concentration of 100ng/μl in TE buffer for
mircoinjection. 0.7μl of diluted dsRNA was pipetted into a glass capillary needle
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for injection. Before loading the dsRNA, it was centrifuged under 13000rpm for 5
to 10 minutes to avoid needle choking by debris. The capillary injection needle was
made with a glass capillary puller (NARISHIGE). The needle was immobilized on
a micromanipulator and connected with an manually controlled air pump
(TRITECH). The microinjection was performed under an inverted microscope with
400X magnification (OLYMPUS). Young adult worms were transferred onto a
glass slide coated with 1.2% agarose pad in the middle. To avoid desiccation of the
worms, halocarbon oil 700 (SIGMA-ALDRICH) was applied on the surface of the
agarose pad to cover the worms. Worms were transferred with a wood picker to
minimize the damage to the worms. The needle tip was opened by slightly pushing
the tip to the edge of the glass slide. The opened needle tip should be large enough
for the liquid to pass through, but small enough to pinch into the worm body wall
without exploding it. Most injections were targeted to both arms of the gonad, while
occasionally the dsRNA was injected into gut. Both methods have been proved to
be effective for RNAi (Reviewed by Ahringer, 2006). After injection, worms were
gently picked back to the NGM plate with help of M9 buffer. Worms were
incubated for at least 12 hours but no longer than 24 hours before being subjected to
any downstream analysis, including embryo extraction for imaging, phenotypic
scoring. Every RNAi experiments were performed with one gene at a time. All the
primer sequences were deposited in Phenics database (phenics.icts.hkbu.edu.hk).

4.3. Microscopy, automated lineaging and gene expression profiling
4.3.1. Time-lapse imaging for automated cell lineaging
One to four-cell embryos were dissected from the worms injected with dsRNA.
Worms were dissected in cold Boyd's buffer with methyl cellulose added (Boyd et
84

al., 1996; Murray et al., 2006). Selected embryos were mounted onto a glass slide
with mouth pipette as described previously. 1.5H precision cover glass
(MARIENFEID) was applied and sealed with molten Vaseline. Imaging was
performed with a Leica TCS SP5 confocal microscope under the "Live Data Mode"
using a 63×water-immersion objective. Three embryos were selected, rotated into
similar orientation, digitally zoomed 3.8× and imaged sequentially with a
1.5-minute interval. Images were collected under a constant ambient temperature of
20°C for both green (GFP) and red (mCherry) channels, which were excited with
488nm and 594nm lasers respectively. The emitted signals were collected by two
hybrid detectors scanning with 800Hz speed using a frame size of 712×512 pixels.
The collection ranges of GFP and mCherry were 500-570nm and 615-715nm
respectively, while the gains were 150% and 100% respectively. For each time
interval, 41 focal planes Z-series images were collected in the selected embryos
with 0.71μm from each other. Laser compensation was applied for Z-series imaging
from bottom to top with 0.8-5% for 488nm laser and 20-95% for 594nm laser. The
entire imaging duration was divided into four blocks, i.e., time point 1-90, 91-130,
131-200 and 201-240. The pinhole sizes of each time blocks were 1.6, 1.4, 1 and
0.8AU (area unit), respectively. Upon the last imaging time point, 550-cell stage
wild-type embryos could be obtained.

4.3.2. Single-shot imaging
Single-shot fluorescent and DIC images of gonads, oocytes and embryos were
taken using the same confocal microscope as that for in time-lapse imaging.
Gonads and oocytes were extruded and mounted on a slide using 1× PBS. Embryos
were mounted as described in time-lapse imaging. A 63× water-immersion
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objective was used before imaging. All the samples were rotated to desired
orientation and 3× digitally zoomed. GFP images of gonads and oocytes were
collected by using 500-500nm collection range for emission detection and 100%
gain with a hybrid detector under 488nm laser excitation. The scanning speed was
100Hz with 1024×1024 pixels for embryos and 1024×512 pixels for gonads and
oocytes, while the pinhole was 1AU. Similar settings were used for mCherry
imaging except using 594nm laser and a collection range of 625-700nm. DIC
images were collected by a PMT detector with 300% gain and scanning with 400Hz
speed.

DIC images for larvae were collected as described in DIC images except using the
tile scan function. This function could mark the area that was subjected to imaging.
The images taken were automatically merged by the confocal software (LAS AF).

4.3.3. Z-series imaging and maximum 3D projection of fluorescent protein
co-localization
Gonads and oocytes were prepared as described in single shot imaging. 488nm and
594nm lasers excited both GFP and mCherry simultaneously. The images of both
channels were processed and overlapped by Leica Application Suite Advanced
Fluorescence (LAS AF) for visualization of co-localization. For 3D reconstruction,
a series of high-resolution z-stack images were taken, with 0.3μm optical sections.
The raw-image data were processed under the Leica Application Suite X (LAS X).
By using the 3D projection in LAS X, the images were processed using the setting
of maximum projection with a threshold of 10.
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4.3.4. Automated cell lineaging and gene expression profiling
Automated lineaging and gene expression profiling were performed using
STARRYNITE and Acebatch as described (Ho et al., 2015; Murray and Bao, 2012;
Shao et al., 2013). Acebatch modification for tracing his-72 expression in all
lineages was performed by exchanging the folder between "tif" and "tifR". This
could reverse the inputting images for Acebatch from tissue marker to histone
markers for analysis.

4.4. Statistical analysis of temporal and spatial data
4.4.1. Quantification of cell cycle length
Cell cycle lengths for all wild-type and perturbed embryos were recorded with
StarryNite (Bao et al., 2006) and deposited in the Phenics database. Average cell
cycle lengths for 91 wild-type embryos were previously calculated up to
approximately 350-cell stage (Ho et al., 2015). To identify genes whose
perturbation produces a significant deviation from wild-type average, D'Agostino's
K-squared test was first performed to evaluate the distribution of individual E2
cell cycle lengths between 91 wild-type embryos. At least 75.8% of all examined
lengths passed the normality test with an alpha value of 0.05, which allowed us to
assign the probability of E2 cell cycle length of a perturbed embryo outside the
95% and 99% confidence interval of the distribution of wild-type E2 cell cycle
length as the p value of p<0.05 and p<0.01 respectively. A significant effect is
called only upon observation of at least two statistically significant
(p<0.05/p<0.01) repeats from the perturbation of a single gene.

4.4.2. Hierarchical clustering of E2 cell cycle length
Genes whose perturbation produced a significant (p<0.01) increase or decrease in
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E2 cell cycle were pooled together to build a matrix consisting of cell cycle
lengths. Only genes whose perturbation produced a significant change in at least
two embryos were retained for further analysis. Specifically, cell cycle lengths of
E2 as well as 12 other cells that are present at the same generation as E2 were
collected, including those from MS2 (MSa and MSp), C2 (Ca and Cp), AB8
(ABala, ABalp, ABara, ABarp, ABpla, ABplp, ABpra and ABprp). Average fold
change in cell cycle length between replicate embryos versus average cell cycle
length of 91 wild-type embryos were computed for each gene. The resulting
matrix was used an input for clustering analysis, which was implemented in R
with “heatmap.2” function in “gplots” package by using the Ward. D “Minkowski”
distance measure (Figure 5A).

4.4.3. GO analysis
Depleted genes that resulted with E2 cell cycle length with significant changes
(p<0.01) were included in the functional enrichment analysis. It was manually
performed using the gene ontology or published functions that were listed in
WormBase (Stein et al., 2001).

4.4.4. Data analysis of C. elegans blastomere-specific RNA-seq data
Blastomere cell-specific RNA-seq data over developmental time were downloaded
from Gene Expression Omnibus (GEO) with access number GSE50548 produced
previously (Hashimshony et al., 2015). Normalized transcript abundance (number
of transcript per million reads) of each blastomere was retrieved for all genes,
which were divided into three germ layer-specific categories based on the
tissue-specific SAGE data (McGhee et al., 2007). RNA-seq from blastomere E, AB
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and MS were used as a proxy for endoderm, ectoderm and mesoderm respectively.
Developmental time was aligned against E, E2, E4, E8 when E and progenies are
available. Alignment to P1 and EMS was used before E was born as described
(Hashimshony et al., 2015).

4.4.5. Data analysis on cell migration
Statistical analysis of division angles and positions was performed as described
previously (Ho et al., 2015). Division angles were computed against three reference
planes defined by the following axes, i.e., AP (anterior, posterior)-LR (left, right),
AP-DV (dorsal, ventral) and LR-DV respectively. Normality of the division angles
and cell positions in all 91 wild-type embryos were examined with D'agostino's
K-squared test. For position, 72.2% of the values passed the test when an alpha
value of 0.05 was used. For division angle, the ratios of normally distributed angles
were 93.6%, 84.2% and 75.1% against planes defined by AP-LR, LR-DV, AP-DV
respectively with a cut-off alpha value of 0.05. The means and standard deviations
were computed for angle distribution of wild-type embryos. A significant deviation
from wild-type distribution for the cell migration of a perturbed embryo was
assigned a p value of 0.01 and 0.05 respectively for the probability that fall outside
the 99% and 95% confidence interval of the wild-type distribution. Visualization of
3D projection of cell migration was generated as described previously (Ho et al.,
2015). Further detailed analysis methods can refer to Appendix 1.

4.5. Genetic analysis
4.5.1. Analysis of genetic interaction of wee-1.1
Genetic interaction between wee-1.1 and genes involved in E2 division timing was
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assayed by RNAi of the selected genes through microinjection on the strain
ZZY0505. Cell cycle lengths of the embryos with wee-1.1 homozygous deletion
and RNAi knockdown of selected E2 faster gene were extracted from the output of
automated lineaging.

4.5.2. Embryonic zygotic expression detection of gad-1
The zygotic expression of gad-1 was addressed through the expression of
GAD-1::GFP fusion. To remove all potential maternal loading of GAD-1::GFP
fusion, ZZY0533(male) and N2(hermaphrodite) was crossed. Since N2 does not
have the GAD-1::GFP fusion, all the GFP expression in F1 progenies must be
delivered from zygotic expression. To minimize the background of N2
self-progenies, the N2 hermaphrodites were allowed to lay eggs for 3 days from L4
stage to deplete their sperms. Besides, due to the dim expression of GAD-1::GFP
fusion, another marker was chosen to confirm the crossing was successful. his-72
has a detectable expression around 26-cell stage (Ooi et al., 2006). Therefore, it is a
good indicator to confirm that the embryo is produced from a mated parent. F1
embryos were extracted from crossed P0 parents. They were mounted alive and
examined under the confocal microscope. The mCherry signal was detected in
those embryos first, followed by the GFP signal. The stage of the embryos was
checked as early as possible until the GFP signal cannot be detected.

4.6. Phenotyping and genotyping
4.6.1. Brood size, hatching ratio and survival ratio
Single L4 hermaphrodite was picked into a seeded NGM plate for every 8-12 hours
at 22°C with 5 replicates. Eggs were counted immediately after adult transfer until
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no nascent egg was laid. All hatched worms were counted at their adulthood.
Brood size was defined as the total eggs produced by a single hermaphrodite.
Hatching ratio was defined as the ration between the numbers of hatched eggs
divided by the total number of eggs laid. Survival ratio was defined as the ratio
between the numbers of adult worms divided by the total number of eggs laid.
ZZY11219 was used as the control of ZZY0530.

4.6.2. Single-worm PCR
Worm lysis was performed to obtain the genomic DNA from a worm. One single
worm of interest was lysed with 0.7μl lysis buffer on the top of a PCR tube. The
lysis buffer contained 50mM KCl, 10mM Tris (pH 8.3), 2.5mM MgCl2, 0.45%
NP-40 (IGEPAL), 0.45% Tween-20 and 0.01% gelatin. 10% of proteinase K
solution (QIAGEN) (concentration >600 mAU/ml) was added in the lysis buffer.
The tubes were centrifuged for one minute at 13000 rpm to spin down to worm.
Liquid nitrogen was added on top of the PCR tube to freeze the worm and the
worm was stored at -80°C overnight. After that, one drop of mineral oil was added
into the tube and the worm was lysed using a thermal cycler (Applied Biosystems).
Single-worm PCR was performed either by AmpliTaq (Thermo Fisher Scientific)
or by Ex-Taq (TaKaRa) in 10μl PCR mixture as the final volume. Finally, the PCR
product was run in 1% agarose gel in TAE buffer and visualized with RedSafe
(iNtRON) staining.

4.6.3. Genotyping of homozygous deletion
If more than one set of primers are present in a PCR reaction to amplify the
genomic regions with different size, due to the bias to shorter product by PCR, only
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the shorter PCR product will be amplified. To confirm the homozygosity of a gene
deletion in a worm, both internal and external primers have to be used (Reviewed
by Ahringer, 2006). To achieve this, the single worm lysate was split into two
halves to be used as PCR template separately for each set of primers. A worm was
added into 1µl lysis buffer with proteinase K. Then, liquid nitrogen was added on
top of the PCR tube to snap-freeze the animal before transferring into -80°C
overnight. To prepare a 10µl reaction volume, 18µl of PCR mixture (without
template and primers) was added into the worm lysate. They were mixed well and
then 9.5µl was transferred into a new PCR tube. Finally, both internal and external
primers were added into the two mixtures respectively to make the final volume of
10µl. In the gad-1 deletion rescue experiment, AmpliTaq was used for convenience.
Except that, Ex-Taq was used in all the genotyping of wee-1.1(ok418) and
gad-1(ok573) homozygous deletion. One of the reasons was the long-sized
products (>1 kb in size) cannot be effectively amplified using AmpliTaq with for
single larva as a template.
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Appendices
Appendix 1. Data analysis on cell migration (Supplementary)
Spatiotemporal quantification
We extended the STARRYNITE program to generate informative models of the
developmental process with STARRYNITE's CD files as input. The axes of
embryos were normalized so that midpoint between ABa and P2 at the last time
point of the four-cell stage was used to define A-P (anterior-posterior) axis and that
between ABp and EMS to define L-R (left-right) axis. The remaining dimension
was used to define the D-V (dorsal-ventral) axis. Using this normalization, we
spatially align the embryo at early stage, such that spatial inconsistencies can be
highlighted along the developmental process. In addition, embryos were
normalized to the same sizes ranging from -1.0 to 1.0 in all dimensions. In the
temporal domain, all the embryos were aligned at the last time point of four-cell
stage. The normalized positions are referred to as P(E, C, t) = [x, y, z] where E is the
experiment identifier, C is the cell identifier (e.g. ABa, Eal) and t is time, thus
P130815PHA4p2,Ea,23 = [0.183, -0.685, -0.293] pin points the position of Ea at time 23
for the experiment "130815PHA4p2".

Statistical analysis of gastrulation
Outliers reflecting anomalies in different aspects are based on one-sample t-tests. In
this thesis, we focused on the post-gastrulation cell positions, division angles and
migration respectively.

Cell positions
During gastrulation, E2 are actively translocated into the central cavity, we have
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chosen their respective finishing positions mean of Pend as one of the indicator of
successful gastrulation. We computed the distance between each individual
positions and the centroid of wild-type, di, as used this as a measure for position.

Division angles
Division angles of a single cell are defined as that between the line formed by the
daughter cells immediately after division against three reference planes, i.e.,
AP-LR, AP-DV and LR-DV respectively. In out imaging, the AP and LR
dimensions have by construct considerably higher resolution than the DV axis. We
therefore measure the angle between the AP-LR projections of individual division
axis and that of the average.

Migration
We plotted the migration pattern and discovered an apparently reproducible
trajectory. We quantified migration of a cell as the vector M = Pend - Pstart. Migration
anomalies is measured in the three axis separately, a migration path is considered
abnormal when one of these values fall beyond normal ranges (p<0.05).

Data modeling
A close examination on the distributions of the above measurements across
wild-type embryos revealed random deviations from normal distribution, in
particular for the cells that are distributed near the eggshell, likely the result of the
boundary effect. To accommodate this issue, we performed statistical
transformation on the wild-type division angles using Box-Cox transformation. The
power parameter λ was determined using Maximum likelihood estimation.
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Visualization
Visualization of the embryos is done using UCSF Chimera via a .bld file generated
using Python, where all normalized coordinates ad trajectories are computed.
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