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Abstract 
A periodic transcriptional program is a conserved feature of the eukaryotic cell 

cycle, yet there have been contrasting views on whether it is predominantly controlled 

by a CDK-APC/C network or a transcription factor (TF) network. I have sought to 

determine how the components in the CDK-APC/C network regulate the systems-level 

behaviors of the TF network. In this dissertation, I will establish these feedback 

regulations and propose an integrated model for the control of the cell-cycle 

transcriptional program in budding yeast Saccharomyces cerevisiae. 

First, by re-examining the transcriptomic dynamics in cyclin mutants from 

previous reports drawing conflicting conclusions, I show that these data are fully 

compatible with an integrated model in which both CDK activities and the TF network 

contribute to the cell-cycle transcriptional program in wild-type cells. Using a 

quantitative model, I validate that network TFs can still retain their function even when 

transcript levels are substantially reduced in cyclin mutant cells. These results highlight 

the critical roles of both the TF network and the CDK feedbacks in generating the cell-

cycle transcriptional program. 

I have further dissected the precise roles of CDK-APC/C in regulating the TF 

network. Using an integrated genetic-genomic approach, I establish that G1 cyclin-CDKs 

stimulate network TFs both directly by inhibiting transcriptional corepressors Whi5/Stb1 

and indirectly by inhibiting APC/C. Significantly, the dynamics of the cell-cycle 
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transcriptional program can be greatly restored in a cdk1 apc whi5Δ stb1Δ quadruple 

mutant. These results suggest a model in which the TF network is inhibited by multiple 

mechanisms in early G1, which are relieved by CDKs to initiate global cell-cycle 

transcription after cell cycle commitment. 

Next, I have sought to determine how multiple cycles of transcription persist in 

cells arrested with constitutively high CDK activity. I show that the transcriptional 

repressors for G1/S transcription are down-regulated by mitotic cyclin-CDKs, leading to 

prompt re-initiation of cell-cycle transcription when mitotic progression is genetically 

perturbed. Finally, I tested the hypothesis that timely mitotic exit prevents uncoupled 

dynamics of the cell-cycle transcriptional program. I characterized the transcriptomic 

dynamics in cells arrested at mitotic exit and showed that substantial transcript 

dynamics persist during the anaphase/telophase arrests. By comparing the 

transcriptome datasets from various mutants, I establish the physiological roles of 

APC/CCdc20 and mitotic exit pathways in regulating the activities of the TF network. 

Taken together, this dissertation establishes the first mechanistic model for an 

integrated network that controls the robust cell-cycle transcriptional program in 

budding yeast. 
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1. Introduction: Conflicting models for the eukaryotic 
cell cycle 

1.1 Overview of the eukaryotic cell cycle 

The cell cycle is a collection of temporally ordered events that leads to the 

production of two cells from one mother cell. It has fundamental roles in the 

proliferation of unicellular organisms as well as the development and tissue homeostasis 

of multicellular organisms. There are two essential processes in the cell cycle: 

duplication and segregation. A mother cell must first duplicate its genetic and cellular 

contents and then segregate them in order to divide into two cells. The proper 

alternation between duplication and segregation ensure the faithful transmission of 

genetic information over multiple cycles of cell division. 

In eukaryotes, the cell cycle is typically divided into four distinct phases: G1 (gap 

1), S (synthesis), G2 (gap 2), and M (mitosis) phases (Morgan, 2007). G1, S, and G2 

phases are also collectively referred to as interphase. In G1, cells sense both internal 

conditions and extracellular signals, such as growth rate, cell size, nutrients, and 

mitogens. Given favorable conditions, the irreversible commitment to the cell cycle 

generally takes place in late G1, which is called the restriction point in mammalian cells 

or Start in budding yeast. Subsequently in S phase, DNA is replicated and chromosomes 

are duplicated. In G2 following the completion of DNA replication, cells check for the 

integrity of the genome and continue their cell growth in preparation for mitosis, 

although budding yeast cells do not appear to have a well-established G2. Finally in M 
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phase, cells trigger mitosis and cytokinesis sequentially, which separate the duplicated 

chromosomes and divide the mother cell into two cells (Figure 1). 

 

 

Figure 1: A simplified diagram of the cell cycle in budding yeast.  

The nuclei and chromosomes are depicted in red and blue, respectively. Different cell-
cycle events, including bud emergence, DNA replication, mitosis, and cytokinesis, are 
triggered in a temporally ordered and phase-specific manner during the normal cell 

cycle. 

 

1.2 Evolutionarily conserved roles of cyclin-dependent kinases 
(CDKs) 

In eukaryotes, the cell-cycle progression is dependent on a family of 

serine/threonine protein kinases called cyclin-dependent kinases, or CDKs. They have 

evolutionarily conserved roles in triggering cell-cycle events as well as cell-cycle 

transitions by phosphorylating downstream effectors to regulate their activation, 

stability, or localization with the cell cycle. 

While CDK functions as the catalytic core, its activity is dependent on its 

regulatory subunit called cyclin. During distinct cell-cycle phases, different types of 

cyclins are expressed, and different cyclin-CDK complexes then trigger phase-specific 

events (Figure 2). First, the level of G1 cyclin-CDK activity rises in late G1 to trigger cell-
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cycle commitment, partly through inactivating G1/S transcriptional corepressors and 

antagonizing CDK inhibitors. The level of S-phase cyclin-CDK activity then accumulates 

during G1/S transition to initiate DNA replication. The level of M-phase cyclin-CDK 

activity accumulates sharply during mitotic entry to trigger a variety of mitotic events, 

including the formation of mitotic spindles, condensation of chromosomes, and the 

nuclear envelope breakdown in mammalian cells. Upon anaphase entry, both S-phase 

and M-phase cyclin-CDKs are down-regulated through multiple mechanisms, including 

the degradation of cyclins mediated by the anaphase-promoting complex/cyclosome 

(APC/C). Finally, Cdk-counteracting phosphatases (such as Cdc14 in budding yeast) are 

activated and are responsible for triggering late mitotic events as well as mitotic exit. 

 

 

Figure 2: Different types of cyclin-CDKs are expressed in different cell-cycle phases. 

Line graphs illustrating the levels of G1 cyclin-CDKs (light blue) and S-phase/M-phase 
cyclin-CDKs (blue) during different phases of the cell cycle (indicated at the bottom). 
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1.3 Molecular mechanisms for controlling the oscillation of CDK 
activity 

Since different cyclin-CDK complexes predominantly trigger different cell-cycle 

events, the temporal ordering of their activation is important for proper cell-cycle 

progression. While the abundance of CDKs and their activating phosphorylations do not 

oscillate strongly during the cell cycle, there are numerous molecular mechanisms that 

regulate CDK activities. These include the stoichiometric inhibition of cyclin-CDKs, the 

inhibitory phosphorylations of CDKs, and the transcriptional and post-translational 

regulation of cyclins (Morgan, 2007). Together, this complex regulatory network 

functions to generate the sequential waves of cyclin-CDK activities and control the cell 

cycle. 

First, CDK activity can be inhibited by CDK inhibitors (CKIs), such as p27Kip1 in 

mammalian cells or Sic1 in budding yeast. CKIs bind to cyclin-CDK complexes and 

inhibit their activity. Reciprocally, CKIs are themselves inhibited by phosphorylations 

by CDKs. These antagonistic interactions provide an important mechanism to control 

the correct timing of CDK activation during G1/S transition. 

Second, CDK activity can be regulated by its inhibitory phosphorylations, which 

are oppositely regulated by the Wee1 kinase and Cdc25 phosphatase. Since CDK also 

inhibit Wee1 and activate Cdc25, this regulatory circuit with double-negative and 

positive feedback loops promotes the switch-like activation of M-phase cyclin-CDKs 

during mitotic entry in mammalian cells. 
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Finally, CDK activity can be regulated by the phase-specific transcription and 

degradation of cyclins. Most cyclins are usually periodically transcribed during the cell 

cycle with distinct timing peak expression. Again, the transcription factors that regulate 

cyclin genes are usually themselves regulated by CDKs, leading to the feedback 

regulations that promote switch-like transitions and irreversibility. On the other hand, 

the protein stability of cyclins is regulated by various E3 ubiquitin ligase complexes, 

including SCF and APC/C. These pathways are also regulated by CDK activities either 

directly or indirectly. For example, phosphorylations by CDKs can promote the 

subsequent ubiquitination by SCF and the degradation by proteasome. Moreover, CDKs 

are known to inactivate APC/C upon cell-cycle entry and reactivate APC/C in late 

mitosis. These antagonistic interactions between cyclin-CDKs and APC/C provide an 

important mechanism to generate the oscillation of CDK activity during the cell cycle. 

1.4 Traditional models: a biochemical CDK-APC/C oscillator 
functions as the central cell-cycle clock 

The extensive interactions between CDKs and CDK regulators described above 

suggest the potential of a biochemical network in generating autonomous oscillations 

and thereby controlling cell-cycle progression. Indeed, the existence of an autonomous 

Cdk1-APC/C oscillator in embryonic cells is well supported by experiments and 

quantitative modeling (Hara et al., 1980; Murray and Kirschner, 1989). In the early 

embryonic cells, maternally deposited mRNA sustains the constant synthesis of B-

cyclins. The autonomous oscillation in the Cdk1 activity is then generated by the time-
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delay and ultrasensitivity in the negative feedback loop between B-cyclin-Cdk1 and 

APC/CCdc20, which leads to the rapid oscillation of Cdk1 activity that drive the 

alternation of S phase and M phase. Further reinforcement of the oscillation is provided 

by the double-negative feedback and positive feedback mediated by Wee1 kinase and 

Cdc25 phosphatase, respectively. 

Despite the lack of direct evidence, it has been proposed that an autonomous 

CDK-APC/C oscillator similarly controls the cell cycle in non-embryonic cells (Cross, 

2003; Tyson and Novák, 2008). Take the proposed CDK-APC/C oscillator in budding 

yeast for example (Figure 3). In addition to the negative feedback loop between M-phase 

Clb1/2-CDKs and APCCdc20, there are also antagonistic interactions between Clb-CDKs 

and CDK inhibitors Sic1/APCCdh1, which are active in early G1 cells. These double-

negative feedback loops are thought to function as a relaxation oscillator, which 

generates two steady states with either low level of Clb-CDK activities in G1 phase or 

high level of Clb-CDK activities in S/G2/M phase. The switch between these two states is 

facilitated by G1 Cln1/2-CDKs and the Cdc14 phosphatase during cell-cycle entry and 

mitotic exit, respectively. Taken together, this network possessing two redundant 

oscillatory mechanisms could potentially generate autonomous oscillations and control 

the cell cycle, given appropriate synthesis term. In previously constructed quantitative 

models of this CDK-APC/C network, the synthesis of cyclins is directly controlled by 

CDKs in both positive and negative feedback. From this perspective, phase-specific 
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transcription of cell-cycle genes, including cyclins, cannot become out-of-phase of the 

phase-specific CDK activities produced by the CDK-APC/C network (Figure 3). 

 

 

Figure 3: Simplified model of the “CDK-APC/C oscillator” in budding yeast. 

In the proposed model of the “CDK-APC/C oscillator”, Sic1 and APCCdh1 inhibit the S-
phase and M-phase Clb-CDKs in early G1. During G1/S transition, Cln3-CDK initiates 
the transcriptional positive feedback involving Cln1/2-CDKs, which then inactivate Sic1 
and APCCdh1 to promote the activation of Clb-CDKs. At metaphase-anaphase entry, 
Clb1/2-CDKs activate APCCdc20, which then mediates a negative feedback loop to inhibit 
Clb1/2-CDKs while also activating Cdc14 phosphatase. Finally, Cdc14 re-activates Sic1 
and APCCdh1 during mitotic exit and completes one cycle of the oscillation. 

 

1.5 Alternative models: a TF network coupled with CDK activities 
can function as a cell-cycle clock 

In addition to the periodic transcription of cyclins, the phase-specific 

transcription of a large number of genes (~1000 in budding yeast) is observed across 

multiple species in numerous transcriptomic studies (Cho et al., 2001; Kelliher et al., 

2016; Rustici et al., 2004; Spellman et al., 1998; Whitfield et al., 2002). This cell-cycle 

transcriptional program can be organized into clusters of genes based on their timing of 

expression and regulating transcription factors (Haase and Wittenberg, 2014). The entire 
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program is repeated in each new cell cycle, so that each of the genes oscillates in concert 

with successive cell-cycle progression. 

Historically, it has been proposed that this cell-cycle transcriptional program was 

controlled by the CDK-APC/C oscillator described above. This model posits that the 

oscillating CDK-APC/C machinery drives transcriptional oscillations by direct 

phosphorylation of TFs that control clusters of downstream genes (Amon et al., 1993; 

Chen et al., 2004; Cross, 2003; Koch et al., 1996). In support of this view, CDKs are 

known to phosphorylate and regulate several transcription factors (TFs) that function in 

the cell cycle (Amon et al., 1993; Costanzo et al., 2004; de Bruin et al., 2004; Holt et al., 

2009; Koch et al., 1996; Landry et al., 2014; Moll et al., 1991; Pic-Taylor et al., 2004; 

Reynolds et al., 2003; Skotheim et al., 2008; Ubersax et al., 2003). 

However, with the advent of high-throughput technologies (such as ChIP-chip), 

systems-level analyses revealed that budding yeast has a highly interconnected network 

of TFs that can activate/repress each other as well as other cell-cycle genes (Lee et al., 

2002; Pramila et al., 2006; Simon et al., 2001). These findings led to the recognition that 

the cell-cycle transcriptional program might also arise as an emergent property of a TF 

network, which could potentially function independently of CDK-APC/C. In particular, 

sequential waves of expression of TFs could in principle promote the serial activation of 

cell-cycle genes, while connections between M-phase and G1 TFs or cyclins could restart 

the cycle (Figure 4). As cyclins and other CDK regulators are expressed periodically as 
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part of the transcriptional program, these findings suggested an alternative model in 

which CDK oscillations were driven by a TF network oscillator. 

 

Figure 4: Simplified model of a transcription factor network with the capability to 
generate oscillations. 

Serial activation of transcription factors (green) is proposed to regulate phase-specific 
transcription of cell-cycle genes, while connections between M/G1 transcription factors 
(Swi5/Ace2) and G1 cyclin-CDK (blue) restart the cycle. 

 

To ask whether the cell-cycle transcriptional program requires oscillatory input 

from the CDK-APC/C network, CDK oscillations were blocked either by inhibiting S-

phase and M-phase cyclin-CDK activity or by maintaining a constitutively high level of 

M-phase cyclin-CDK activity. Orlando et al. (2008) showed that about 70% of phase-

specific genes continued to oscillate in cells lacking all S-phase and mitotic cyclins, while 

cell-cycle events were arrested. Moreover, Bristow et al. (2014) found that many phase-

specific genes continued to oscillate in cells depleted of the APC/C co-activator Cdc20, 

despite the fact that cells were arrested at metaphase. Taken together, these findings 

suggested that oscillating inputs from the CDK-APC/C network were not required to 

produce a large subset of cell-cycle transcription. However, when global transcript 
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dynamics were examined in the cdc28-4/cdk1 cells lacking CDK activities, reproducible 

transcript oscillations were observed for only a fraction of cell-cycle genes (Simmons 

Kovacs et al., 2012). Even for those, transcript levels were substantially reduced while 

the period of the oscillations was extended. Thus, while CDK oscillations were 

apparently not critical for phase-specific transcription, some level of CDK activity was 

required. 

Taken together, these findings point to an integrated model in which CDK-

APC/C and TFs exist in a highly interconnected network (Figure 5). In this model, the 

entire network oscillates in concert with cell-cycle progression in wild-type cells. In 

various cyclin or APC/C mutants where CDK-APC/C oscillation is halted, the TF 

network continues to drive oscillations of part of the cell-cycle transcriptional program. 

 

 

Figure 5: Conceptual model of a cell-cycle network integrating both the CDK-APC/C 
and the transcription factor (TF) network.  

In wild-type cells, the CDK-APC/C (blue) and the TF network (green) function together 
to coordinate cell-cycle oscillations (right), including phase-specific CDK activities and 

phase-specific transcription. 
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1.6 How do the CDK-APC/C and the TF network function 
together during the cell cycle? 

In order to substantiate this conceptual model of an integrated network (Figure 

5), it is necessary to determine how the CDK-APC/C and the TF network modulate the 

dynamical behaviors of each other. Since the transcription factors that regulate CDK-

APC/C components are relatively well established, the following chapters will aim at 

dissecting how CDK-APC/C mediates the feedback regulations of the TF network.  

In Chapter 2, I will provide further evidence that S-phase and M-phase cyclins 

are dispensable for a large subset of the cell-cycle transcriptional program generated by 

the TF network. From Chapter 3 to Chapter 5, I will then determine how G1 cyclin-

CDKs, M-phase cyclin-CDKs, and mitotic exit pathways (including Cdc14 phosphatase) 

regulate the behaviors of the TF network. In the last chapter, I will integrate these 

findings with previous literature to propose and discuss a mechanistic model of the 

integrated network for the budding yeast cell cycle. 
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2. The cell-cycle transcriptional program persists in 
cells lacking B-cyclins 

2.1 Introduction 

In Chapter 1, I have reviewed previous findings that the CDK-APC/C and the 

transcription factor (TF) network represent semi-autonomous oscillatory systems in 

budding yeast. These two systems could potentially be coupled by the fact that CDK 

activities regulate the TFs and that the TFs regulate transcription of several CDK 

regulators. However, a recent study suggested that the cell-cycle transcriptional 

program was directly driven by a CDK-APC/C oscillator, with little or no autonomous 

ability of the TF network to operate in the absence of the CDK-APC/C oscillator (Rahi et 

al., 2016). It was proposed that the transcriptional oscillations observed in cells lacking S-

phase and mitotic cyclins (Orlando et al., 2008) might be related to residual Clb1 left 

over after the shut-off of CLB1 expression. They reported that when residual Clb was 

removed, all phase-specific transcription was halted. Despite this conclusion from global 

transcriptomic data, single-cell analyses indicated that the expression of three genes 

nevertheless continued to oscillate (Rahi et al., 2016). They concluded that global cell-

cycle transcription is predominantly controlled by a CDK-APC/C oscillator. Because this 

conclusion conflicted with a number of previous findings, we re-examined the data, 

analyses, and conclusions of this recent study (Rahi et al., 2016). 

2.2 Methods 

Processing and analyses of RNA-seq data 
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Raw RNA-Sequencing data from Rahi et al. (2016) were downloaded from the 

SRA database (http://www.ncbi.nlm.nih.gov/sra/?term=SRP073907). FASTQ files were 

aligned using STAR (Dobin et al., 2013). The S. cerevisiae S288C reference genome 

(Ensembl build R64-1-1) was downloaded from Illumina iGenomes on March 2, 2016 

(https://support.illumina.com/sequencing/sequencing_software/igenome.html). Aligned 

reads were assembled into transcripts, quantified, and normalized using Cufflinks2 

(Trapnell et al., 2013). Samples from all time-series experiments were normalized 

together using the CuffNorm feature. The normalized FPKM gene expression outputs 

(“genes.fpkm_table”) were used in the analyses presented. To avoid fractional and zero 

values, 1 was added to every FPKM value in each dataset. 

2.3 Phase-specific transcription in cells lacking B-cyclins 

In the B-cyclin mutant cells (clb1-6Δ, denoted as clbΔ below) from Orlando et al. 

(2008), no DNA replication, SPB duplication, mitotic events, or inhibition of bud polarity 

were observed (Haase et al., 2001; Orlando et al., 2008). Nevertheless, it is possible that 

there were very low levels of Clb-CDK that were capable of driving the bulk of the 

transcriptional program while remaining incapable of regulating other cell-cycle events 

(Rahi et al., 2016). Following a protocol to remove any residual Clb from G1-arrested 

cells, Rahi et al. (2016) induced a 90-minute pulse of CLN2 expression and monitored the 

transcript dynamics in their cyclin mutant cells (cln1-3Δ clb1-6Δ MET-CLN2 0’-90’, 

denoted as CLN-pulse clbΔ below) (Figure 6A). From an analysis of 91 genes, it was 
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concluded that the cell-cycle transcriptional program was severely impaired. Several 

studies indicated that a much larger number of genes are periodically transcribed in 

wild-type cells (Figure 6B) (Bristow et al., 2014; Cho et al., 1998; de Lichtenberg et al., 

2005; Eser et al., 2014; Granovskaia et al., 2010; Kelliher et al., 2016; Orlando et al., 2008; 

Pramila et al., 2006; Spellman et al., 1998). To examine the rigor of the conclusion that 

only three genes continued to oscillate in the CLN-pulse clbΔ cells, we examined the 

dynamics of a more comprehensive gene set in the RNA-seq data produced by Rahi et 

al. (2016) (Figure 6). 
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Figure 6: A large program of cell-cycle transcription persists in cells lacking B-cyclins. 

(A) Cartoon line graphs illustrating the levels of G1 cyclin-CDKs (green) and B-cyclin-
CDKs (red) in the time-course experiments from Rahi et al. (2016) (top panels) and 
Orlando et al. (2008) (bottom panels). (B) Venn diagrams showing the relationships of 
sets of cell-cycle genes reported previously (Orlando et al., 2008; Spellman et al., 1998) 
and those examined by Rahi et al. (2016). (C) Heat maps showing transcript dynamics of 
881 cell-cycle genes (in the same order) in CLB control and clbΔ mutant datasets from 
Orlando et al. (2008) (bottom panels) and Rahi et al. (2016) (top panels). In all 
experiments, early G1 cells were released into the cell cycle (with the CLB expression 
shut-off for B-cyclin mutants) for time-series gene expression profiling. Transcript levels 
are depicted as fold change versus mean in individual dataset. 

 

In the previous study, Orlando et al. (2008) identified 881 genes (70% of wild-

type periodic genes) whose phase-specific transcription remained “on schedule” in the 

clbΔ mutant cells. To ask how these results compared to those reported by Rahi et al. 

(2016), we directly examined the behaviors of these 881 genes in the RNA-seq data 

produced by Rahi et al. (2016). In the CLN-pulse CLB control (“wild-type-like”), the 

global dynamics during the first cycle were qualitatively similar to that in the wild-type 

(CLN CLB) cells from Orlando et al. (2008) (Figure 6C, left panels), although distinct 

dynamical differences appear after the second cycle. Similarly, the transcript dynamics 

of the first cycle in the CLN-pulse clbΔ cells also look qualitatively similar to the CLN clbΔ 

cells from Orlando et al. (2008) (Figure 6C, right panels), including the partial activation 

of S/G2/M genes. Strikingly, despite the shut-off of CLN2 expression after 90 minutes in 

the experiments from Rahi et al. (2016), a second peak of expression for early G1 genes 

was observed in both CLN-pulse CLB control and CLN-pulse clbΔ mutant cells (Figure 6C, 
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top panels), reminiscent of the results in the wild type and clbΔ mutant cells from 

Orlando et al. (2008) (Figure 6C, bottom panels). 

In both previous studies, the experimental protocols included a media shift at the 

beginning of the time course (Orlando et al., 2008; Rahi et al., 2016). To ask whether 

environmental stress response (ESR) (Gasch et al., 2000) or growth rate response (GRR) 

(Slavov and Botstein, 2011) could be contributing to the transcript dynamics shown in 

Figure 6C, we eliminated genes that are also in the ESR and GRR program from the 811 

genes (Figure 7A). In the remaining 605 genes, similar results were obtained (Figure 7B). 

Taken together, these analyses demonstrate that a large subset of phase-specific 

transcription can be produced independently of Clb-CDK activities.  
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Figure 7: Additional analyses of the cell-cycle transcriptional program in wild type 
and B-cyclin mutant cells. 

(A) Heat maps showing transcript dynamics of genes in the environmental stress 
response (ESR) (Gasch et al., 2000) and growth rate response (GRR) (Slavov and 
Botstein, 2011) in the datasets from Rahi et al. (2016) and the wild-type RNA-seq dataset 
from Kelliher et al. (2016). In all experiments, early G1 cells were released into the cell 
cycle (with the CLB expression shut-off for B-cyclin mutants) for time-series gene 
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expression profiling. (B) Heat maps showing transcript dynamics of the cell-cycle genes 
shown in Figure 6C (in the same order) excluding ESR and GRR genes in the same 
datasets as in (A). Transcript levels are depicted as fold change versus mean in 
individual dataset. 

 

Although global dynamics of all four datasets look similar in the first cycle, clear 

differences appear in the second cycle. In particular, a second peak of G1/S transcription 

could be observed in both the wild type and clbΔ mutant cells from Orlando et al. (2008) 

(Figure 6C, bottom panels); however, only one robust cycle of G1/S transcription was 

observed in the cells from Rahi et al. (2016) (Figure 6C, top panels). These differences 

likely resulted from the CLN2 shut-off in the experiments from Rahi et al. (2016) (Figure 

6A), as CLN1/2 are needed for full activation of G1/S transcription partly via inhibition 

of Whi5 (Skotheim et al., 2008). In the experiments from Orlando et al. (2008), CLN1/2 

were expressed from endogenous promoters and were expressed at relatively high 

levels (Haase and Reed, 1999; Orlando et al., 2008), likely due to the lack of repression of 

SBF transcription by Clb2 (Amon et al., 1993; Koch et al., 1996). Presumably, persistent 

CLN expression promoted the re-initiation of G1/S transcription even in the clbΔ mutant 

cells in the experiments from Orlando et al. (2008) (Figure 6C, bottom right). In support 

of the hypothesis that the shut-off of CLN2 rather than the depletion of residual Clb 

impaired the second cycle of transcription, the CLN-pulse CLB cells (Figure 6C, top left 

panel) also have an impaired second cycle of transcription, despite expressing wild-type 

levels of Clbs. Moreover, it was reported that transcriptional oscillations could persist 
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for some genes if CLN2 expression was maintained constitutively in the clbΔ mutant 

cells depleted for residual Clb (Rahi et al., 2016). 

2.4 Clusters of phase-specific gene expression are observed in 
cells lacking B-cyclins 

Viewing global transcript dynamics of many genes by heat map can be visually 

misleading (Figure 6C). To look more closely at the dynamics of the cell-cycle 

transcriptional program in the cyclin mutant cells from Rahi et al. (2016), we examined 

the behaviors of canonical gene clusters in the budding yeast cell cycle by line graphs 

(Figure 8) (Haase and Wittenberg, 2014; Spellman et al., 1998). These include the Mcm1 

cluster (early G1 genes), SBF/MBF cluster (G1/S genes), Hcm1 cluster (S-phase genes), 

CLB2 cluster (G2/M genes), and Swi5/Ace2 cluster (M/G1 genes). For each cluster except 

the Swi5/Ace2 cluster, two genes whose periodicity was ranked above SIC1/CDC6/CYK3 

in the CLN-pulse clbΔ mutant are chosen for illustrations. 

As shown in Figure 8, the dynamical behaviors (fold change versus mean) of 

genes from all clusters (except for the Mcm1 cluster) appear remarkably similar in the 

CLB and clbΔ strains from the respective studies (Figure 8; blue vs. green lines and 

orange vs. red lines). These findings strongly suggest that CDK-APC/C oscillations are 

not required for phase-specific expression and are consistent with the presence of a 

network of serially activating transcription factors as proposed previously (Orlando et 

al., 2008; Simmons Kovacs et al., 2012; Simon et al., 2001). The conclusion from Rahi et al. 

(2016) that the CLB2 cluster is not activated in the CLN-pulse clbΔ cells may have 
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resulted in part from a substantial underrepresentation of the CLB2 cluster genes in the 

analysis compared to those previously reported by Spellman et al. (1998). As shown in 

Figure 9 and 10, among the 30 canonical CLB2 cluster genes, many were still expressed 

similarly in both CLN-pulse CLB and CLN-pulse clbΔ cells. On the other hand, the lack of 

a strong second pulse for SBF/MBF cluster in the CLN-pulse clbΔ cells is consistent with 

the loss of positive feedback mediated by G1 cyclin-CDKs (Skotheim et al., 2008) as 

discussed above. Consistently, we observed more prominent transcript dynamics for the 

canonical clusters in the CLN-pulse clbΔ compared to the “CLN-off” clbΔ cells that were 

not induced with CLN2 expression (Figure 10), suggesting the idea that an input of CDK 

activity is necessary for the TF network to trigger a cell-cycle transcriptional program 

with robust amplitude. 
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Figure 8: Phase-specific transcription of cell-cycle gene clusters in cells lacking B-
cyclins. 

Line graphs showing transcript dynamics of selected genes in the indicated gene clusters 
for the CLB control and clbΔ mutant datasets from Orlando et al. (2008) and Rahi et al. 
(2016). Early G1 cells were released into the cell cycle (with the CLB expression shut-off 
for B-cyclin mutants) for time-series gene expression profiling. Cln and Clb levels are as 
shown in Figure 6A. 
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Figure 9: Additional analyses of genes in the CLB2 cluster in the CLN-pulse clbΔ 
experiments 

Heat maps showing transcript dynamics of genes in the “CLB2 cluster” reported by 
Spellman et al. (1998) (marked by the line) and those analyzed by Rahi et al. (2016) 
(marked in green). Transcript levels are depicted as fold change versus mean in 
individual dataset. 
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Figure 10: Additional analyses related to the CLN-pulse clbΔ experiments of Rahi et al. 
(2016)  

Line graphs showing transcript dynamics of selected cell-cycle genes in the CLN-off clbΔ 
(gray) and CLN-pulse clbΔ (green) experiments. Replicate data are shown in dashed 
lines. Transcript levels are in normalized FKPM values. 
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2.5 Phase-specific transcription of the network TFs at lower 
amplitudes in cells lacking B-cyclins 

To ask if these behaviors of canonical gene clusters could be regulated in a phase-

specific manner by a chain of serially activating TFs as previously proposed (Orlando et 

al., 2008; Pramila et al., 2006; Simon et al., 2001), we examined the transcript behaviors of 

the core TFs in the network model (Figure 11A). These genes include SWI4 (SBF), HCM1, 

YHP1, NDD1 (SFF), SWI5, and an output SIC1. As shown in Figure 11B and 11C, these 

TF network components exhibited qualitatively similar dynamics with identical 

temporal order of phase-specific transcription in all four CLB control and clbΔ mutant 

datasets (Orlando et al., 2008; Rahi et al., 2016). However, a significant reduction in the 

amplitude of SWI5 transcripts was observed in the CLN-pulse clbΔ mutant cells, as 

compared to the CLN-pulse CLB cells from Rahi et al. (2016). This observation is 

consistent with previous studies showing that the activity of SFF is increased by Clb2-

CDK, which phosphorylates the components of SFF (Pic-Taylor et al., 2004; Reynolds et 

al., 2003). Thus, loss of the positive feedback between SFF and Clb2-CDK should 

decrease the amplitude of SFF targets. A similar but less severe reduction in transcript 

levels was also observed in the clbΔ mutant cells from Orlando et al. (2008) (Figure 11B). 

It is unclear yet whether the higher level of SWI5 might have resulted from residual Clb1 

or from the fact that CLN1/2 expression was not shut-off in these experiments. 
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Figure 11: Evidence for serial activation of network TFs in cells lacking B-cyclins. 

(A) Diagram of the TF network model proposed by Orlando et al. (2008). SIC1 is an 
output normally activated by Swi5 during mitotic exit. (B)(C) Line graphs showing the 
absolute transcript levels (arbitrary units) of the TF network components in the CLB 
control and clbΔ mutant datasets from Orlando et al. (2008) and Rahi et al. (2016).  
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oscillate in the CLN-pulse clbΔ mutant cells without substantial reduction in amplitude 

(Rahi et al., 2016). Even though the deletion of the SWI5 gene eliminated the oscillation 

of SIC1 transcripts (Rahi et al., 2016), it was concluded that oscillations of SIC1 

transcripts were not controlled by the TF network (Figure 11A) but rather by an 

undiscovered mechanism.  

This conclusion stems from an explicit assumption that a 3-fold reduction in the 

transcript level of a TF gene compared to wild type would render that TF biologically 

inactive in terms of the ability to regulate target genes. In the CLN-pulse clbΔ mutant 

cells, SWI5 and ACE2 peak at only 8% and 10% of wild-type levels. By applying the 

“biological significance” test, it was thus concluded that the transcriptional oscillation of 

SWI5 could not be driving the transcript dynamics of the SIC1 gene. Unfortunately, no 

biological support was given for this assumption. Nonetheless, we wanted to test the 

assertion that the transcript levels of SWI5 were too low to produce the transcriptional 

oscillations of SIC1 observed in the CLN-pulse clbΔ mutant cells. 

2.6 A mathematical model demonstrates that the low-amplitude 
transcriptional oscillations can be biologically relevant 

No explicit quantitative logic was offered for the choice of the biological 

significance cut-off assumed by Rahi et al. (2016), but it is often assumed that TFs must 

achieve some threshold level of expression before they can efficiently activate (or 

repress) their target genes. This assumption is often made precise with the use of a Hill 

function nonlinearity in ODE models of transcriptional regulation. Explicitly, if TF A 



 28 

activates transcription of gene B, it is common to model the transcriptional rate of gene B 

with an ODE model of the form: 

 

𝑑B
𝑑𝑡

= −𝛽B + 𝛼
A!

𝜃! + A!
 

 

where 𝜃 represents a (soft) threshold of activation, below which transcription of 

gene B may be mostly unaffected by levels of TF A, but above which the contribution of 

TF A to the transcription of gene B is dramatically enhanced. 

Using the above equation to consider the activation of the SIC1 gene by Swi5 in 

isolation, it is reasonable to assume that the dramatic reduction in the expression of 

SWI5 in the clbΔ mutant cells would reduce the abundance of Swi5 protein well below 

the SIC1 activation threshold. Alternatively, if a very low SIC1 activation threshold 

explains the observation of SIC1 pulses in the clbΔ cells, then the equation would predict 

SIC1 to be always highly activated in CLB cells. 

The logic above assumes that there is no additional input to either gene A or B. 

However, the regulatory interaction between Swi5 and SIC1 is part of a network with 

additional inputs including Clb2-CDK and the opposing phosphatase Cdc14 (Figure 

12A). The diminished level of SWI5 transcripts in the clbΔ cells is predicted by the 

network interactions, as Clb2-CDK increases the transcript level of SWI5 by fully 

activating SFF. Moreover, Clb2-CDK phosphorylation of Swi5 inhibits its activity by 

sequestering it in the cytosol (Figure 12A) (Moll et al., 1991; Reynolds et al., 2003). Thus, 
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the timing of SIC1 activation is not closely tied to the accumulation of Swi5, but rather is 

delayed until Cdc14 dephosphorylates and activates Swi5 during mitotic exit (Figure 

12A) (Visintin et al., 1998). In the clbΔ cells, the inhibition of Swi5 by Clb2-CDK is 

relieved, potentially leading to the robust activation of SIC1 by low-amplitude 

expression of SWI5. In support of this hypothesis, SIC1 transcripts accumulated earlier 

in the clbΔ cells than they did in wild-type cells (Figure 11B) (Orlando et al., 2008). 

To test this hypothesis quantitatively, we constructed a minimal ODE model 

based only on well-established regulatory interactions (Figure 12A) (Chen et al., 2004; 

Kraikivski et al., 2015). Specifically, we aimed to determine whether this model could 

explain the observation that the roughly 10-fold reduction in SWI5 peak expression in 

the clbΔ cells does not correspondingly reduce SIC1 expression. Remarkably, after 

parameter optimization, this simple model is capable of generating dynamical behaviors 

of SWI5 and SIC1 that closely match the experimental data produced by Rahi et al. 

(2016). For the CLN-pulse CLB control cells (Figure 12B and 13A), the simulations indeed 

recapitulate the transient burst of SIC1 expression in late mitosis due to the opposing 

regulations of Swi5 by Clb2 and Cdc14. Using the same parameters to simulate the CLN-

pulse clbΔ mutant cells (Figure 12B and 13A), the model also successfully recapitulates 

the intermediate activation of SIC1 by the low-amplitude oscillation of SWI5. These 

dynamical behaviors are achievable by a wide variety of parameter choices, including a 

large range of activation thresholds for Swi5 activation of SIC1 (Figure 13B). Finally, 

similar fits to data can also be observed elsewhere in parameter space (Figure 12C), 
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further supporting the biological plausibility of a model in which substantially reduced 

levels of Swi5 could still regulate SIC1 oscillations in clb∆ mutants. 

 

Figure 12: A quantitative model demonstrates the robust activation of SIC1 by low-
amplitude SWI5 oscillation. 

(A) Network topology used for quantitative modeling of transcriptional regulation of 
SIC1 (see Document S1 for explicit description of equations). (B) Line graphs of selected 
variables generated by numerical simulation of mathematical model in (A) for a 
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particular choice of parameters, 𝜣∗ , along with scatter plots of CLB2, SWI5, and 
SIC1 levels in the RNA-seq data (in FPKM values) from Rahi et al. (2016). See Document 
S1 for the parameter values in 𝜣∗. (C) Contour plots of the logarithm of the local-
minimum-normalized model error over two 2-dimensional regions of parameters space, 
centered at 𝜣∗ . In particular we plot 𝐥𝐨𝐠(𝓛 𝚯 /𝓛 𝚯∗ ) , where 𝓛 𝚯  is the objective 
function, as we independently vary several parameters in a neighborhood of 𝜣∗.  

 

 

Figure 13: Additional analyses related to the CLN-pulse clbΔ experiments of Rahi et 
al. (2016).  

(A) Line graphs of all model variables generated by numerical simulation of the 
mathematical model in Figure 12C for a particular choice of parameters, 𝜣∗, along with 
scatter plots of NDD1, CLB2, SWI5, and SIC1 transcript levels in the RNA-seq data from 
Rahi et al. (2016). See Document S1 for equations and the parameter values in 𝜣∗. (B) 
Same as (B) with a different choice of parameters corresponding to another local 
minimum of the objective function 𝓛 𝚯 . 
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parsimonious explanation for the SIC1 oscillations during CDK-APC/C arrests observed 

by Rahi et al. (2016) is that they are produced by a TF network that can function in the 

absence of oscillating CDK activity. 

2.7 Discussion 

Determining how the cell-cycle transcriptional program is generated is important 

for understanding principles of somatic cell-cycle control. Multiple studies have sought 

to address this question by monitoring transcript dynamics during a variety of CDK-

APC/C arrests (Bristow et al., 2014; Orlando et al., 2008; Rahi et al., 2016; Simmons 

Kovacs et al., 2012), and two distinct models have been proposed for the global control 

of cell-cycle transcription, centered on either a network of biochemical CDK-APC/C 

interactions (Rahi et al., 2016) or on a TF network coupled with CDK activities (Bristow 

et al., 2014; Orlando et al., 2008; Simon et al., 2001). The analyses presented in this 

chapter support a model of a highly interconnected network. 

Despite important differences in experimental design, both the Haase and Cross 

laboratories have performed time-series transcriptome analyses on budding yeast cells 

deleted for all S-phase and M-phase cyclins (Clb1-6). In the recent study proposing the 

CDK-APC/C models, Rahi et al. (2016) reported that only three genes were periodically 

transcribed in the clbΔ mutant cells, in contrast to hundreds of periodic genes in the 

mutant cells from Orlando et al. (2008). Two differences in the analytical approaches 

likely accounted for the different conclusions drawn in the previous two studies. First, 
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the analysis of Rahi et al. (2016) was restricted to a smaller gene set (91 genes) as 

compared to a much larger number of periodic genes reported by previous studies (6B). 

Second, scores of periodicity test were only computed for clusters of genes by Rahi et al. 

(2016) rather than for individual genes. Moreover, we found that the only three genes 

(SIC1/CDC6/CYK3) claimed to be oscillating by Rahi et al. (2016) in the clbΔ mutant fall 

to the bottom of the rank-ordered list of periodic genes produced by two distinct 

periodicity-ranking algorithms (data not shown) (de Lichtenberg et al., 2005; Deckard et 

al., 2013; Lomb, 1976; Scargle D, 1982), suggesting that one of the major conclusions 

drawn by Rahi et al. (2016) was internally inconsistent with the RNA-seq data. 

By directly comparing the transcriptomic dynamics of an expanded set of 881 

genes, we demonstrate that, as observed previously by Orlando et al. (2008), cells 

lacking B-cyclin genes exhibit a very similar set of dynamics to those with their full 

complement of B-cyclin genes (Figure 6C). Moreover, the global transcript dynamics are 

also remarkably similar in the clbΔ mutant cells from Orlando et al. (2008) and Rahi et al. 

(2016) before the CLN2 shut-off, indicating that residual mitotic cyclin was not 

responsible for driving transcriptional oscillations as hypothesized by Rahi et al. (2016).  

While the dynamics of the first cycle of global cell-cycle transcription look 

strikingly similar in the clbΔ mutant cells from the two studies, a closer look reveals 

several differences in canonical gene clusters. For the SBF/MBF cluster, most genes in the 

cluster did not exhibit a strong second peak of expression in the mutant cells from Rahi 

et al. (2016), whereas a robust second peak was observed for many SBF/MBF-regulated 
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genes in the mutant cells from Orlando et al. (2008). However, the two clbΔ mutant 

strains differed in their expression of G1 cyclins. In the clbΔ mutant cells from Rahi et al. 

(2016), CLN2 expression was shut-off 90 minutes into the experiment, while CLN1/2 

expression remained high in the clbΔ mutant cells from Orlando et al. (2008). It is well 

established that the positive feedback loop mediated by Cln1/2-CDKs removes the 

transcriptional corepressor Whi5 from SBF complex to promote G1/S transcription 

(Costanzo et al., 2004; de Bruin et al., 2004; Skotheim et al., 2008). Consistently, the 

temperature-sensitive cdc28-4/cdk1 mutant cells only trigger a fraction of the cell-cycle 

transcriptional program at low amplitude during the G1 arrest (Simmons Kovacs et al., 

2012). Thus, a substantial reduction in the amplitude of G1/S transcription after CLN2 

shut-off as observed by Rahi et al. (2016) is fully consistent with these previous findings, 

and this observation does not rule out the possibility that the TF network can continue to 

produce phase-specific transcription in the presence of constitutive CDK activity (Figure 

1D). 

Another difference in the data derived from the two studies was a greater drop 

in transcript levels for CLB2 cluster genes in the clbΔ mutant from Rahi et al. (2016). The 

reduction in transcript levels for these SFF-regulated genes stems from the loss of 

positive feedback from Clb2-CDK to SFF. The less severe drop observed in the 

clbΔ mutant from Orlando et al. (2008) could potentially result from some residual Clb 

activity. Regardless, Rahi et al. (2016) asserted that drops resulting in less than 10% of 

wild-type levels for a TF would render it non-functional. The quantitative models 
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presented here demonstrate the ease with which a 10-fold reduction in the expression 

level of SWI5 can continue to drive transcriptional oscillations of SIC1. This finding calls 

into question the validity of the “biological significance” cut-off and supports the TF 

network models as a plausible explanation for the SIC1 oscillations observed by Rahi et 

al. (2016).  

Because our ODE formulation represents enzymatic and transcriptional 

interactions in single cells, the choice to fit the model to RNA-seq data assumes that the 

populations of cells in these experiments were highly synchronized throughout the time 

courses. Population modeling of the yeast cell cycle indicates that most of the synchrony 

loss is due to asymmetric division (Orlando et al., 2009; 2007), and without division in 

the cyclin mutants, synchrony loss is likely minimal. Given that in the single-cell studies 

from Rahi et al. (2016), SIC1pr-YFP oscillated in the clbΔ cells with amplitudes similar to 

or higher than those in the CLB cells but with highly variable peak time, some minor loss 

of population synchrony could contribute to a reduced SIC1 peak-to-trough ratio in the 

RNA-seq data of the clbΔ cells. That said, any loss of synchrony should similarly affect 

the SWI5 peak-to-trough ratio, so conclusions drawn from the modeling would be 

largely unaffected by potential loss of synchrony. 

Furthermore, when simulating the clbΔ mutant using the model presented 

herein, it is possible, without changing the expression profile of SWI5, to find sets of 

parameter values yielding even higher amplitudes of SIC1 oscillations. This is because 

the activation of SIC1 can be uncoupled from the accumulation of total Swi5 protein 
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through inhibitory phosphorylation by Clb2-CDK. Thus, a reduction in the activation 

threshold of SIC1 by Swi5 will more significantly increase the amplitude of SIC1 in the 

model of clbΔ mutant cells than in the model of CLB cells. It is exactly the strong 

activation of SIC1 by Swi5 in concert with the competing actions of Clb2 and Cdc14 on 

Swi5 that produces the dramatic, switch-like activation of SIC1 observed in the simple 

model of CLB cells, while still allowing low levels of Swi5 to drive changes 

in SIC1 expression. The ability of the network to produce robust SIC1 oscillations when 

SWI5 transcript levels are reduced by 10-fold suggests that local network motifs make 

the network robust to perturbations in amplitude, a function previously observed in 

other network contexts (Acar et al., 2010). Broadly speaking, these results highlight the 

importance of studying the regulatory interactions in the context of an integrated 

network. 

Taken together, the data are consistent with an integrated model in which the 

CDK-APC/C and the TF network function together to drive the cell-cycle transcriptional 

program during the normal cell cycle. Such an integrated network would couple 

transcriptional oscillations with normal cell-cycle progression as well as promote 

robustness of cell-cycle oscillations to a variety of perturbations. Moreover, this 

integrated model can explain the transcript dynamics observed in multiple mutant 

backgrounds. In the CDK-APC/C mutants, low levels of CDK activities are then 

expected to impair the capability of the TF network to generate the cell-cycle 

transcriptional program, while constitutively high CDK activities (such as Cln1/2-CDKs 
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in the clbΔ mutant) can promote the TF network to generate global cell-cycle 

transcription even without oscillating CDK activities. An interesting question to ask is 

whether the impaired dynamics of the TF network in low-CDK conditions could be 

genetically restored, such as by deleting the transcriptional corepressor (Whi5). 

Analogously, the lethality of cln1 cln2 cln3 triple mutant can be rescued by the sic1 

mutation that restores B-cyclin-CDK activities (Schneider et al., 1996; Tyers, 1996). In the 

following chapter, I will ask how global cell-cycle transcription can be genetically 

restored in a cdk1 mutant background. 

The integrated model is further supported by a complimentary set of 

experiments where Clb-CDK oscillations were halted in the “on” state by the depletion 

of APC/C coactivator Cdc20. It has been observed that transcriptional oscillations 

continue in the cdc20Δ mutant cells arrested in mitosis after GALL-CDC20 shut-off 

(Bristow et al., 2014), with a nearly identical period as those observed in the wild-type 

cells. Nonetheless, it was suggested that the transcriptional oscillation observed by 

Bristow et al. (2014) resulted from cells leaking through the arrest (Rahi et al., 2016). 

Based on the single-cell analyses of two genes (CLN2 and CLB2), it was concluded that 

no transcriptional oscillations persisted in cells arrested with high Clb-CDKs, as 

predicted by the CDK-APC/C model (Rahi et al., 2016). 

Certainly, cells can leak through such arrests, but several lines of evidence 

indicate that the transcript oscillations observed by Bristow et al. (2014) did not result 

from cells leaking through the arrest. First, as indicated by budding indices and the Clb2 



 38 

level in western blots (Bristow et al., 2014: Figure S1), the bulk of the population 

remained mitotically arrested throughout the experiments, and thus cells leaking 

through the arrest would likely be a small and asynchronous population. Moreover, the 

second cycle of transcription in the Cdc20-depleted cells exhibited amplitude very 

similar to wild type (Bristow et al., 2014: Figure 3), which is not consistent with a small 

population of cells leaking through the arrest. Finally, the transcript behaviors of 

established Clb2-CDK targets were indeed impaired during the arrest, including the 

SBF-regulated genes (inhibited by Clb2) and the SFF-regulated genes (up-regulated by 

Clb2) (Bristow et al., 2014: Figure 1), which were also confirmed by the single-cell assays 

(Rahi et al., 2016). In Chapter 4 and Chapter 5, I will ask how the ectopic transcriptional 

oscillations persist in mutants cells as well as how they are prevented in wild-type cells. 

Altogether, the data from the previous studies argue against the models in which 

a CDK-APC/C oscillator is sufficient for controlling most periodic cell-cycle transcription 

and are consistent with models in which periodic CDK input is not required for the 

generation of a cell-cycle transcriptional program. 

We have proposed that the ancestral oscillatory mechanism for the cell cycle was 

a TF network (Simmons Kovacs et al., 2008), while CDKs have been proposed to arise in 

evolution well after mechanisms of cell division had been established (Krylov et al., 

2003). In modern eukaryotes, CDKs and APC/C undoubtedly provide important 

feedback regulations onto the TF network to modulate the cell-cycle transcriptional 

program. Dissecting and establishing the molecular mechanisms that couple the 
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oscillations of CDK-APC/C and the TF network will be imperative for moving toward an 

integrated model of the eukaryotic cell cycle. 

2.8 Contribution of collaborators to the study in Chapter 2 

The processing and analyses of RNA-seq data were performed in collaboration 

with Christina Kelliher. The mathematical modeling was a project in collaboration with 

Dr. Francis Motta. The manuscript was written in collaboration with Dr. Francis Motta 

and Dr. Steven Haase. 
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3. Starting the cell-cycle transcriptional program: the 
roles of G1 cyclin-CDKs and the transcription factor 
network 

3.1 Introduction 

In Chapter 2, I have presented evidence for the critical role of the transcription 

factor (TF) network in generating the cell-cycle transcriptional program. However, it is 

still unclear how the systems-level behaviors of the TF network are feedback-regulated 

by cyclin-CDK activity, whose oscillations are further regulated by a complex 

biochemical network as discussed in Chapter 1 (Chen et al., 2004). Moreover, the data 

from previous studies have suggested that robust and high-amplitude transcriptional 

oscillations are dependent on the input of CDK activity, particularly those of G1 cyclin-

CDKs. In cells lacking all Cdc28/Cdk1 activity, global transcript dynamics are severely 

damped in arrested G1 cells (Rahi et al., 2016; Simmons Kovacs et al., 2012), whereas in 

cells expressing only G1 cyclins at high levels but lacking S-phase and mitotic cyclins, 

global cell-cycle transcription persists with dynamics highly similar to that in wild-type 

cells (Orlando et al., 2008; Rahi et al., 2016). Nonetheless, the precise roles of G1 cyclin-

CDKs in promoting the dynamics of the TF network have not been established. 

In addition to regulating the TF network, G1 cyclin-CDKs are an integral part of 

the regulatory circuit controlling cell cycle commitment, whose topology is highly 

conserved in evolution (Figure 14) (Cross et al., 2011; Johnson and Skotheim, 2013). In 

mammalian cells, the entry into the cell cycle takes place at the restriction point in G1, 
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the progression through which requires the CDK-dependent phosphorylation of the 

retinoblastoma (Rb) protein to activate the transcriptional activators E2F1-3 (Giacinti and 

Giordano, 2006). While recent evidence argues against the canonical roles of cyclin D-

CDK (Narasimha et al., 2014), cyclin E-CDK is transcriptionally activated by E2F1-3 and 

further phosphorylates and inhibits Rb, leading to the full activation of G1/S 

transcription in a positive feedback loop. Similarly, during Start in budding yeast, Cln3-

CDK phosphorylates and inhibits the Rb analogue Whi5 to relieve its repression on the 

E2F analogue SBF (Costanzo et al., 2004; de Bruin et al., 2004). Subsequently, Cln1/2-

CDKs are activated and similarly mediate positive feedback loops to fully inhibit Whi5, 

leading to the coherent G1/S transcription driven by SBF/MBF and the commitment to 

the cell cycle (Eser et al., 2011; Skotheim et al., 2008). Taken together, previous studies 

suggest an interesting hypothesis that G1 cyclin-CDKs inactivate the transcriptional 

corepressor Whi5 and initiate the TF network to drive a temporal program of global cell-

cycle transcription, which can persist even without S-phase and mitotic cyclin-CDK 

activity. 
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Figure 14: The positive feedback loops between cyclin-CDKs and transcription factors 
activate G1/S transcription.  

G1 cyclin-CDKs (blue) inhibit transcriptional corepressors (red) to activate the G1/S 
transcription factors (E2F1-3 and SBF/MBF, green). In budding yeast, SBF/MBF also 

initiate a complex network of transcriptional repressors (orange) and activators (green). 

 

Here I tested this hypothesis and interestingly found that the deletion of G1 

corepressors in the cdc28-4/cdk1 mutant background resulted in constitutively high G1/S 

and low S/G2/M transcription, suggesting additional layers of inhibition of the TF 

network in early G1. We further show that the degradation of network TFs mediated by 

the anaphase-promoting complex (APC) prevents robust transcriptional oscillations in 

the absence of CDK activity. Remarkably, further elimination of APC activity greatly 

restores the generation and transmission of a transcriptional pulse in the cdc28-4 mutant 

background. Finally, we validate our results in cells overexpressing hyperstable Sic1, 

which inhibits B-cyclin-CDK activity, and demonstrate that the negative feedback loops 

in the TF network provide the pulse-generating capability independently of oscillating 

CDK activity. Taken together, I propose a model in which G1 cyclin-CDKs relieve the 
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global inhibition of a pulse-generating TF network, thus triggering a temporal program 

of high-amplitude cell-cycle transcription during cell cycle commitment. 

3.2 Materials and Methods 

Yeast strains and cell culture synchronization 

All strains are derivatives of S. cerevisiae BF264-15D (ade1 his2 leu2-3,112 trp1-1a). 

Additional genotypes can be found in Table 1. The gene deletions and epitope tagging 

were carried out by standard yeast methods (Longtine et al., 1998). Strain K4438 (W303 

cdc16-123) was kindly provided by Kim Nasmyth (Irniger and Nasmyth, 1997) and 

outcrossed with BF264-15D for 5 times before crossing into SBY2356 (cdc28-4 whi5Δ 

stb1Δ BAR1) to obtain SBY2395 (cdc28-4 cdc16-123 whi5Δ stb1Δ bar1). 

Yeast cultures were grown in standard YEP medium (1% yeast extract, 2% 

peptone, 0.012% adenine, 0.006% uracil supplemented with 2% sugar). For centrifugal 

elutriation of cdc28-4 strains, cultures were grown to mid-log phase in YEP-glucose 

(YEPG) medium at 30°C. Elutriated early G1 cells were then resuspended in YEP-

dextrose (YEPD) medium at 37°C. For α-factor arrest of cdc28-4 strains, cultures were 

grown in YEPG medium at 25°C and incubated with 50 ng/ml α-factor for 140-180 

minutes. Synchronized cultures were then resuspended in YEPD medium at 37°C. 

Aliquots were taken at each time point and subsequently assayed by microarray or 

western blots. For GAL-SIC1Δ3P strains, cultures were grown to mid-log phase in YEP-
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sucrose (YEPS) medium at 30°C. Elutriated early G1 cells were then resuspended in 

YEP-galactose (YEPG) medium at 30°C for time-course experiments. 

 

Table 1: Yeast strains used in Chapter 3 

Strain Genotype Source 

SBY2457 MATa BAR1 cdc28-4 CDC3-mCherry::LEU2 This study 

SBY2459 MATa bar1 cdc28-4 whi5Δ::hphMX4 stb1Δ::KanMX6 

CDC3-mCherry::LEU2 

This study 

SBY2356 MATa BAR1 cdc28-4 whi5Δ::hphMX4 stb1Δ::KanMX6 This study 

SBY2424 MATa bar1 cdc28-4 whi5Δ::hphMX4 stb1::KanMX6 This study 

SBY2435 MATa bar1 YHP1-13myc::KanMX6 This study 

SBY2436 MATa bar1 cdc28-4 whi5Δ::hphMX4 stb1Δ::KanMX6 

YHP1-13myc::TRP1 

This study 

SBY2398 MATa bar1 cdc16-123 cdc28-4 whi5Δ::hphMX4 

stb1Δ::KanMX6 YHP1-13myc::TRP1 

This study 

SBY2437 MATa bar1 NRM1-13myc::TRP1 This study 

SBY2442 MATa bar1 cdc28-4 whi5Δ::hphMX4 stb1Δ::KanMX6 

NRM1-13myc::TRP1 

This study 

SBY2444 MATa bar1 cdc16-123 cdc28-4 whi5Δ::hphMX4 

stb1Δ::KanMX6 NRM1-13myc::TRP1 

This study 

SBY2467 MATa bar1 NDD1-13myc::TRP1 This study 

SBY2446 MATa bar1 cdc28-4 whi5Δ::hphMX4 stb1Δ::KanMX6 

NDD1-13myc::TRP1 

This study 

SBY2448 MATa bar1 cdc16-123 cdc28-4 whi5Δ::hphMX4 

stb1Δ::KanMX6 NDD1-13myc::TRP1 

This study 
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SBY2395 MATa bar1 cdc16-123 cdc28-4 whi5Δ::hphMX4 

stb1::KanMX6 

This study 

SBY2451 MATa bar1 cdc16-123 cdc28-4 whi5Δ::hphMX4 

stb1Δ::KanMX6 GAL-SIC1Δ3P::HIS2 

This study 

SBY2508 MATa bar1 cdc16-123 cdc28-4 whi5Δ::hphMX4 

stb1Δ::KanMX6 SPC42-GFP::TRP1 

This study 

SBY1399 MATa bar1 GAL-SIC1Δ3P::URA3 (Simmons 

Kovacs et 

al., 2012) 

SBY2320 MATa bar1 GAL-SIC1Δ3P::URA3 nrm1Δ::natMX4 

yhp1Δ::hphMX4 yox1Δ::kanMX6 

This study 

 

RNA extraction and microarray assay 

Total RNA was isolated by standard acid phenol protocol and cleaned up by 

RNA Clean and Concentrator (Zymo Research) if necessary. Samples were submitted to 

Duke Microarray Facility for labeling, hybridization, and image collection. mRNA was 

amplified and labeled by Ambion MessageAmp Premier kit (Ambion Biosystems) and 

hybridized to Yeast Genome 2.0 Array (Affymetrix). 

Compilation of canonical targets of the TF network 

I compiled a list of canonical genes regulated by the core TF network for analyses 

and heat maps shown in this dissertation. As described below, I considered 5 major 

groups of co-regulated genes: Mcm1 targets, SBF/MBF targets, Hcm1 targets, SFF 
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targets, and Swi5/Ace2 targets. Each group contained unique genes, where genes with 

multiple regulations were only assigned to one cluster. 

The Mcm1 cluster repressed by Yhp1/Yox1 has been previously reported 

(Pramila et al., 2002). I further excluded genes that were not co-expressed with Mcm2-6 

in the wild type datasets (Orlando et al., 2008). This resulted in 18 genes that are 

coherently expressed in early G1. 

The SBF/MBF targets are expressed at the G1/S transition and have been 

previously reported by Ferrezuelo et al. (2010). HO was excluded due to its different 

dynamics in our wild type data (Orlando et al., 2008; Simmons Kovacs et al., 2012). I 

further restricted our analyses to the 161 genes that have uniquely mapped probes in the 

microarray. 

I defined the Hcm1 targets by two criteria: (1) they have documented expression 

evidence on YEASTRACT (Teixeira et al., 2014); AND (2) their transcript dynamics in 

the wild type datasets (Orlando et al., 2008) are clustered together with CIN8 by affinity 

propagation (Frey and Dueck, 2007). 

 I defined the SFF (Ndd1/Fkh2/Mcm1 complex) targets with similar criteria: (1) 

they have documented DNA binding OR expression evidence for Fkh2 AND Mcm1 on 

YEASTRACT; AND (2) their transcript dynamics in the wild type datasets (Orlando et 

al., 2008) are clustered together with CLB2 by affinity propagation. The clustering 

identified two groups of genes with peak expression in M phase. I excluded the cluster 

containing CDC20 that exhibited an early minor peak in the wild type datasets to avoid 
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complex regulations by factors other than SFF. The remaining cluster contains 17 genes 

that partially overlapped with previously reported CLB2 cluster or SFF targets (Sajman 

et al., 2015; Spellman et al., 1998; Zhu et al., 2000).  

The Swi5/Ace2 targets have been previously reported (Di Talia et al., 2009). I 

further excluded genes whose transcript dynamics in wild type are not clustered 

together with SIC1 by affinity propagation. 

CLB1-6, WHI5, STB1, NRM1, and YOX1 are excluded for analyses involving their 

deletion mutants. In the microarray analysis, one representative and uniquely mapped 

probe was used for each gene. 

Protein isolation and western blotting 

Cell pellets were washed with ice-cold water and resuspended in TCA extraction 

buffer (1.4 M sorbitol, 25 mM Tris-HCl pH7.5, 20 mM NaN3, 2 mM MgCl2, and 15% 

TCA). Cell lysis was achieved by vortexing with glass beads at 4°C for 10 minutes. 

Pellets were collected by centrifuge and resuspended in Thorner buffer (8 M Urea, 5% 

SDS, 40 mM Tris-HCl pH 6.8, 0.1 mM EDTA, 0.4 mg/ml Bromophenol Blue, and 1% β-

ME). Samples were titrated with 1 M Tris, heated at 42°C for 5 minutes, separated by 

SDS-PAGE, and transferred to Immobilon-P PVDF membrane (Millipore) for antibody 

probing. Western blotting was performed using the following antibodies: mouse anti-

PSTAIR (Abcam), mouse anti-c-Myc clone 9E10 (Santa Cruz Biotechnology), anti-mouse 

IgG-HRP (Cell Signaling), and anti-rabbit IgG-HRP (Cell Signaling). 

Microscopy 
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Cells were fixed in 2% paraformaldehyde for 5 minutes at room temperature, 

washed with PBS, and then resuspended in 30% glycerol for mounting on glass slides. 

All imaging was performed on Zeiss Axio Observer. 

Flow cytometry 

Cells were prepared for flow cytometric analysis using SYTOX Green staining as 

described (Haase and Reed, 2001). Graphs were generated using the FlowViz package in 

Bioconductor in R. 

Normalization of microarray data 

Previously published datasets used in this study are GEO: GSE8799, GEO: 

GSE32974, and GEO: GSE49650. All CEL files analyzed in this study were normalized 

together using the dChip method from the Affy package in Bioconductor as described 

previously (Bristow et al., 2014). 

Identification of genes expressed with similar dynamics in wild type and the cdc28-4 

cdc16-123 whi5Δ stb1Δ mutant (related to Figure 21) 

We have previously generated a high-confidence list of wild-type periodic genes 

containing 856 genes (Bristow et al., 2014). This list was combined with the canonical 

targets of the TF network described above. I further excluded genes in the 

environmental stress response (Gasch et al., 2000) as well as WHI5 and STB1. This 

resulted in the remaining 857 genes. 

Since the transmission of the transcriptional pulse appeared to be delayed in the 

mutant, we first sought to map the expression profiles in the wild type cycling at 37°C 
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and the arrested cdc28 cdc16-123 whi5Δ stb1Δ mutant to a common cell-cycle time. The 

cell-cycle period of wild type was estimated by CLOCCS using the budding curve 

(Orlando et al., 2007). The expression profiles in wild type were then mapped to a “life 

line” in which the first cycle start at t=100, and each cycle has a period length of 100. We 

then splined the expression profiles in wild type for the following analysis. 

To determine the cell-cycle time in the mutants, their full expression profiles 

were mapped onto life lines starting from t=100 to variable end points. For each 

mapping, we then correspondingly sampled the expression profiles in wild type at the 

“life line” time points with mutant data. These sampled wild-type profiles and the full 

mutant profiles were compared using Pearson correlation. The mapping of the mutant 

profiles onto t=100 to 165 resulted in the best global correlation in terms of average 

Pearson correlation coefficients among the 857 genes (data not shown). At this mapping, 

we picked a cut-off at which the correlation coefficients between wild type and the two 

mutant datasets must be both above 0.3. This resulted in the 300 genes as shown in 

Figure 21. 

Data availability 

Newly generated array data and the normalized data matrix have been 

submitted to GEO: GSE75694. 
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3.3 G1 cyclin-CDKs regulate global cell-cycle transcription in 
addition to the positive feedback loops 

I first tested the hypothesis that G1 cyclin-CDKs (Cln-CDKs) promote the global 

dynamics of the TF network predominantly by activating SBF/MBF in a positive 

feedback loop (Figure 14) (Skotheim et al., 2008). Presumably, negative feedback loops 

on transcriptional activators SBF/MBF can then generate a pulse of G1/S transcription, 

which can then be transmitted by downstream transcriptional activators, including 

Hcm1, SFF, and Swi5/Ace2, to drive S/G2/M transcription. 

Cdc28/Cdk1 activated by Cln1-3 has been shown to relieve the repression of 

SBF/MBF targets by phosphorylating and inhibiting corepressors Whi5 and Stb1 

(Costanzo et al., 2004; de Bruin et al., 2004; Skotheim et al., 2008; Takahata et al., 2009; 

Wang et al., 2009). Consistently, the amplitude of cell-cycle transcription is severely 

damped in the temperature-sensitive cdc28-4 mutant cells arrested in G1, which lacks all 

Cdc28 activity and is defective in any cell-cycle event (Reed et al., 1985; Reed, 1980; 

Simmons Kovacs et al., 2012). Interestingly, I found that the deletion of WHI5 or STB1 in 

the cdc28-4 background triggered bud emergence in early G1 cells even at restrictive 

temperature (Figure 15A), presumably driven by Pho85/CDK cyclins PCL1/PCL2 that are 

also SBF targets (data not shown) (Moffat and Andrews, 2003). Double deletions of 

WHI5 and STB1 resulted in the earliest bud emergence after release (Figure 15B), 

suggesting the strongest derepression of G1/S transcription. I thus asked whether 
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deletion of the WHI5 and STB1 genes in the cdc28-4 mutant background would restore 

the impaired transcript dynamics to high levels.  

 

 

Figure 15: The deletions of WHI5 and STB1 restore bud emergence in the cdc28-4 
mutant background.  

(A) Microscopic images of the cdc28-4 and cdc28-4 whi5Δ stb1Δ mutants. Cells were 
synchronized in G1 by centrifugal elutriation, released into YEPD medium at 37°C, and 
fixed at indicated time points for subsequent imaging. The bud emergence in cdc28-4 
whi5Δ stb1Δ is confirmed by the formation of septin rings (CDC3-mCherry) shown in the 
bottom panels. (B) The budding curves of various cdc28-4 strains carrying WHI5 and/or 
STB1 deletion after released from elutriation into YEPD medium at 37°C. Cells with 
visible restrictions on the cell body were counted as budded cells. The CDC3-mCherry 
marker was not used for scoring. 

 

3.3.1 The cdc28-4 whi5Δ stb1Δ mutant cells trigger constitutively high 
G1/S transcription and low S/G2/M transcription 

A synchronous G1 population of cdc28-4 whi5Δ stb1Δ (denoted as cdk1 whi5Δ 

stb1Δ below) mutant cells were collected by centrifugal elutriation and then released 
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into YEP-dextrose (YEPD) medium at restrictive temperature (37°C). Aliquots were then 

taken at regular interval for microarray analysis1. 

As hypothesized, the deletion of WHI5 and STB1 in the cdc28-4 mutant increased 

the mean transcript levels of the G1/S genes activated by both SBF and MBF (Figure 16; 

p<2.2e-16 by paired t-test) (Ferrezuelo et al., 2010), while transcript levels of all genes 

remained highly correlated. However, a majority of SBF/MBF targets were constitutively 

transcribed at high levels in the cdk1 whi5Δ stb1Δ mutant throughout the time course 

(Figure 16B and 16C) and did not exhibit the pulsatile dynamics observed in wild-type 

cells. This was unexpected as the transcriptional repressors NRM1/YHP1/YOX1 that 

mediate negative feedback loops (Figure 15) also exhibited high transcript levels (Figure 

16C).  
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Figure 16: The deletions of WHI5 and STB1 derepress G1/S transcription in the cdc28-
4/cdk1 mutant background. 

(A) Scatter plots showing mean transcript levels of all genes or G1/S genes (SBF/MBF 
targets) during the time course in indicated strains. Average of results from two 
independent replicates are shown. (B) Heat maps showing transcript dynamics of 
SBF/MBF targets in indicated time courses. Early G1 cells were obtained by centrifugal 
elutriation and released into YEPD medium at 37°C. Transcript levels were measured by 
microarray. The wild-type control from the previous study is shown (Simmons Kovacs 
et al., 2012). Transcript levels are depicted as fold change relative to mean in wild type. 
(C) Line graphs showing absolute transcript levels of canonical SBF/MBF targets (top 
panels) and G1/S transcriptional repressors (bottom panels) in the cdc28-4/cdk1 mutant 
(blue), the cdk1 whi5Δ stb1Δ mutant (yellow), and the wild-type cells (gray). 

 

Moreover, the high level of G1/S transcription triggered by SBF/MBF did not 

appear to pass through the TF network (Figure 17A). Despite the fact that transcriptional 

activators HCM1 and NDD1 (SFF) transcript levels were elevated as compared to the 

cdc28-4 single mutant (Figure 17C), I did not observe corresponding increase in the 

expression levels of S/G2/M genes activated by Hcm1, SFF, and Swi5/Ace2 (Figure 17B 

and 17C; p=0.3615 by paired t-test). Thus, while the deletion of WHI5 and STB1 genes 

allows SBF/MBF targets to be transcribed at high amplitude in the absence of Cdc28 

activity, Cln-CDKs may additionally regulate the components of the TF network other 

than SBF/MBF. These regulations by Cln-CDKs presumably contribute to the pulsatile 

dynamics of G1/S transcription and the serial activation of S/G2/M transcription that 

have been observed in B-cyclin mutant cells (Figure 6) (Orlando et al., 2008; Rahi et al., 

2016). 



 55 

 

Figure 17: The deletions of WHI5 and STB1 do not restore the activation of S/G2/M 
transcription in the cdc28-4/cdk1 mutant background. 
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 (A) Schematic diagram of the chain of transcriptional activators (green) in the TF 
network. (B) Heat maps showing transcript dynamics of the TF network targets in 
indicated time courses. Early G1 cells were obtained by centrifugal elutriation and 
released into YEPD medium at 37°C. Transcript levels were measured by microarray. 
The wild-type control from the previous study is shown (Simmons Kovacs et al., 2012). 
Transcript levels are depicted as fold change relative to mean in wild type. (C) Line 
graphs showing absolute transcript levels of S/G2/M transcriptional activators (top 
panels) and their targets (bottom panels) in the cdc28-4/cdk1 mutant (blue), the cdk1 
whi5Δ stb1Δ mutant (yellow), and the wild-type cells (gray). 

 

To facilitate comparison with further experiments described below, I repeated 

the experiments of cdk1 whi5Δ stb1Δ by synchronization with α-factor and obtained 

similar results (see below). 

3.4 APCCdh1 destabilizes S/G2/M TFs in the absence of CDK 
activity 

I hypothesized that Cln-CDKs might promote either the activity or stability of 

downstream TFs activated by SBF/MBF. Indeed, it has been shown that the activity of 

Hcm1 is regulated by CDK phosphorylations (Landry et al., 2014). On the other hand, 

Nrm1, Yhp1, and Ndd1 appear to be substrates of APCCdh1 (Edenberg et al., 2015; 

Ostapenko and Solomon, 2011; Sajman et al., 2015), which is an E3 ubiquitin ligase 

complex normally inactivated at G1/S transition by CDK phosphorylations (Huang et 

al., 2001; Jaspersen et al., 1999; Yeong et al., 2001; Zachariae et al., 1998). In the cdc28-4 

mutant background lacking all Cdc28 activity, APCCdh1 may be constitutively active, and 

thus APCCdh1 substrates may not accumulate. 
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I first examined the protein levels of these TFs in the cdk1 whi5Δ stb1Δ mutant. 

Cells carrying endogenously myc-epitope-tagged NRM1, YHP1, and NDD1 were 

synchronized in G1 by α-factor at 25°C and then released at 37°C. The protein levels of 

Nrm1, Yhp1, and Ndd1 (collectively denoted as S/G2/M TFs below) were then 

monitored by western blots. In wild type, these S/G2/M TFs were absent in early G1 and 

accumulated upon cell-cycle entry (Figure 18B). However, in the cdk1 whi5Δ stb1Δ 

mutant, the accumulation of these TFs was much slower than wild type (Figure 18B), 

despite the fact that their transcript levels were comparable to wild-type levels (Figure 

18A). 

 

Figure 18: APC destabilizes S/G2/M TFs in the absence of CDK activity.  
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(A) Line graphs showing transcript levels of NRM1, YHP1, and NDD1 in wild type 
(blue) (Simmons Kovacs et al., 2012) and the cdc28-4 whi5Δ stb1Δ mutant (yellow). Cells 
were synchronized in early G1 and released into YEPD medium at 37°C. Transcript 
levels were measured by microarray. (B) Western blots showing protein abundance of 
endogenously 13myc-tagged Nrm1, Yhp1, and Ndd1 in indicated strains. Cells were 
synchronized by α-factor and released into YEP-dextrose medium at 37°C. Pho85 and 
Cdc28 detected by the α-PSTAIR antibody were used as loading control. Representative 
results of independent replicates are shown. 

 

In order to investigate whether constitutively active APCCdh1 in the cdk1 whi5Δ 

stb1Δ mutant prevents the accumulation of S/G2/M TFs, I wanted to introduce a cdh1Δ 

mutation into the cdk1 whi5Δ stb1Δ ∆ background. However, the cdh1Δ whi5Δ double 

mutations are synthetically lethal (Jorgensen, 2002), so I used a temperature-sensitive 

allele of CDC16, which encodes a component of APC, to perturb all APC activity (Irniger 

and Nasmyth, 1997). In the cdk1 cdc16-123 whi5Δ stb1Δ mutant, the accumulation of 

S/G2/M TFs was restored after release at restrictive temperature compared to the cdk1 

whi5Δ stb1Δ mutant (Figure 18B). These data support a model in which APCCdh1 

destabilizes S/G2/M TFs in G1 until its inactivation by G1/S cyclin-CDKs. 

3.5 G1 cyclin-CDKs promote global cell-cycle transcription by 
inactivating Whi5/Stb1/APCCdh1 

The above results reveal that components of the TF network are inhibited at 

multiple levels by Whi5/Stb1/APCCdh1 in early G1. If Cln-CDKs predominantly initiate 

cell-cycle transcription by mediating feedback to relieve these inhibitions, it would be 

possible to genetically restore the dynamics of the TF network in the cdk1 whi5Δ stb1Δ 

mutant by further inactivating APC (Figure 19A). To test this hypothesis, we examined 
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the global transcript dynamics in the cdc28-4 cdc16-123 whi5Δ stb1Δ (denoted as cdk1 apc 

whi5Δ stb1Δ below) quadruple mutant by microarray. Early G1 cells were obtained by α-

factor arrest at permissive temperature (25°C) and then released at restrictive 

temperature (37°C). Aliquots were then taken at regular interval for 5 hours and 

subjected to microarray analysis (Figure 19). 

 

 

Figure 19: The inactivation of APC restores pulse generation and transmission.  
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(A) Schematic of the regulations of the TF network by G1 cyclin-CDKs (blue) through 
Whi5/Stb1/APCCdh1 (red). (B) Heat maps showing transcript dynamics of the canonical 
genes regulated by the TF network in indicated time courses. Early G1 cells 
synchronized by α-factor were released into YEPD medium at 37°C. Transcript levels 
were measured by microarray. Transcript levels are depicted as fold change relative to 
mean in cdk1 apc whi5Δ stb1Δ. (C) Line graphs showing absolute transcript levels of the 
TF network components in the cdk1 whi5Δ stb1Δ (blue) and the cdk1 apc whi5Δ stb1Δ 
mutant (yellow) released from α-factor arrest. 

 

In support of my hypothesis, the inactivation of APC activity globally restored 

much of the dynamics of the cell-cycle transcriptional program (Figure 19B and 19C). 

For a significant proportion of SBF/MBF targets, a shorter pulse was observed in the cdk1 

apc whi5Δ stb1Δ mutant compared to the cdk1 APC whi5Δ stb1Δ mutant (Figure 19B and 

19C), which is consistent with the stabilization of Nrm1 and Yhp1 (Figure 18B). These 

results also support the notion that these transcriptional repressors are essential for 

producing pulsatile dynamics via negative feedback loops. The lack of complete 

repression observed in a subset of SBF/MBF targets is consistent with the lack of Clb2-

CDK activity, which has been established as a repressor for canonical SBF targets (Amon 

et al., 1993; Koch et al., 1996).  

For S-phase targets driven by HCM1, robust activation was still not observed in 

the cdk1 apc whi5Δ stb1Δ mutant (Figure 19B and 19C), supporting previous findings that 

Hcm1 is post-transcriptionally activated by CDK phosphorylations (Landry et al., 2014). 

On the other hand, G2/M transcription driven by SFF was robustly activated in the cdk1 

apc whi5Δ stb1Δ mutant (Figure 19B and 19C), potentially due to the stabilization of 
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Ndd1 protein (Figure 18B). As a result, M/G1 transcription driven by Swi5/Ace2 was 

also observed. This observation supports the idea that Cln-CDK is contributing to the 

robust transmission of the transcriptional pulse by indirectly stabilizing Ndd1. 

Although I did observe a pulse of transcription moving through the network in 

the cdk1 apc whi5Δ stb1Δ mutant cells, I did not observe a second pulse in most of the 

program except Mcm1-regulated genes (Figure 19B). This is potentially due to the 

elimination of all APC activity by cdc16-123, which resulted in the full stabilization of 

S/G2/M TFs (Figure 18B) and prevented further transcriptional dynamics. 

3.5.1 A temporal program of cell-cycle transcription is restored in the 
cdc28-4 cdc16-123 whi5Δ stb1Δ mutant cells 

I next wanted to determine the extent to which the global program of cell-cycle 

transcription was restored in the cdk1 apc whi5Δ stb1Δ mutant. In addition to the 

canonical targets of the TF network, I incorporated the high-confidence periodic genes in 

wild type into the analysis (Bristow et al., 2014). I excluded genes in the environmental 

stress response to avoid the transcript dynamics induced by the temperature shift 

during the experiments (Gasch et al., 2000). This results in a total of 857 genes. In the 

cdk1 apc whi5Δ stb1Δ mutant, 35% (300/857) of these genes were transcribed in similar 

temporal program and dynamic range compared to the wild type cycling at 37°C (Figure 

20A). These include genes encoding the components in the CDK-APC/C network, such 

as the S-phase cyclins CLB5/6, the mitotic cyclin CLB2, the APC coactivator CDC20, and 

the B-cyclin-CDK inhibitor SIC1 (Figure 20B). This transcriptional program was revealed 
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in the cdc28-4 background only after genetic perturbation of both Whi5/Stb1 and APC 

activity. Taken together, the above data demonstrate the capability of the TF network to 

trigger temporally ordered cell-cycle transcription at high amplitude, which is coupled 

with cell cycle commitment by Cln-CDKs in wild-type cells. 

 

 

Figure 20: A temporal program of cell-cycle transcription is restored in the cdc28-4 
cdc16-123 whi5Δ stb1Δ mutant cells.  

(A) Heat maps showing transcript dynamics of 300 wild-type periodic genes that are 
expressed with similar temporal order and dynamic range in the cdc28-4/cdk1 cdc16-
123/apc whi5Δ stb1Δ mutant. Early G1 cells were released into YEP-dextrose medium at 
37°C. Transcript levels are expressed as fold change relative to mean in individual 
dataset. (B) Line graphs showing absolute transcript levels of the canonical components 
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of the “CDK-APC/C oscillator” in wild type (blue) and the cdk1 apc whi5Δ stb1Δ 
mutant (yellow) released at 37°C. 

 

3.6 The S-phase cyclin-CDK activity is restored in the cdc28-4 
cdc16-123 whi5Δ stb1Δ mutant cells 

Given that much of the transcriptional program of the cell cycle was restored in 

the cdk1 apc whi5Δ stb1Δ mutant cells, I asked whether any other cell-cycle events 

occurred in these cells. Surprisingly, I observed DNA replication in the cdc28-4/cdk1 apc 

whi5Δ stb1Δ mutant even at the restrictive temperature (Figure 21A). This DNA 

replication was blocked by the overexpression of hyperstable Sic1 (Figure 21B) (Verma 

et al., 1997a), suggesting that the protein product encoded by the cdc28-4 allele can still 

be activated by B-type cyclins. Several lines of evidence suggest that there is S-phase but 

not mitotic cyclin-CDK activity in the cdc28-4 apc whi5Δ stb1Δ mutant. First, the cdc28-4 

single mutant has been shown to accumulate in G2 when released from hydroxyurea 

arrest at the restrictive temperature (Reed and Wittenberg, 1990). Second, the cdc28-4 apc 

whi5Δ stb1Δ mutant is arrested at restrictive temperature with elongated buds and re-

duplicated spindle pole bodies (Figure 21C and 21D), mimicking cells with low Clb2-

CDK activity (Haase and Reed, 1999; Haase et al., 2001). Third, canonical SBF targets 

repressed by Clb2-CDK remained highly expressed in the cdc28-4 apc whi5Δ stb1Δ 

mutant. Lastly, Swi5/Ace2 targets were highly activated (Figure 19B) while Cdc14 

phosphatase supposedly were not activated due to the absence of APCCdc20 activity 
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(Shirayama et al., 1999), suggesting the lack of inhibition by Clb2-CDK (Kõivomägi et al., 

2011b; Moll et al., 1991). 

 

 

Figure 21: The cdc28-4 cdc16-123 whi5Δ stb1Δ mutant cells trigger S-phase cell-cycle 
events.  

(A) DNA content of the indicated strains analyzed by flow cytometry using SYTOX 
Green during the time course. Cells were synchronized by α-factor in YEPG at 25°C and 
released into YEPD medium at 37°C. (B) DNA content of the indicated strains analyzed 
by flow cytometry using SYTOX Green during the time course. Cells were synchronized 
by α-factor in YEP-sucrose at 25°C, continued the α-factor arrest in YEPG for 40 minutes 
to induce the overexpression of hyperstable Clb-CDK inhibitor Sic1Δ3P, and then 
released into YEPD medium at 37°C. (C) Bar plot showing percentages of cells with 
different numbers of spindle pole bodies (SPBs) in the cdc16-123 cdc28-4 whi5Δ stb1Δ 
mutant at indicated time points. Cells carrying endogenously tagged SPC42-GFP (a 
marker of spindle pole bodies) were synchronized in G1 by α-factor in YEPG medium, 
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released into YEPD at 37°C, and fixed at indicated time points for counting by 
fluorescent microscopy. Mean ± s.d. from three independent experiments is shown. (D) 
Microscopic images of the cdc16-123 cdc28-4 whi5Δ stb1Δ SPC42-GFP mutant from 
experiments described in (C).  

 

In summary, the cdc28-4 apc whi5Δ stb1Δ mutant triggers a temporal program of 

high-amplitude transcription from G1 to end-of-mitotic gene, despite being arrested in 

S-phase and lacking mitotic cyclin-CDK activity. 

3.7 The TF network generates and transmits a transcriptional 
pulse in cells overexpressing hyperstable Sic1 

While all the data presented herein and from previous studies (Orlando et al., 

2008; Rahi et al., 2016; Simmons Kovacs et al., 2012) support a model in which Cln-CDKs 

initiate the TF network to drive global cell-cycle transcription, some oscillations of CDK 

activity might still be contributing to the observe transcript dynamics in previous 

experiments. In the cdc28-4 apc whi5Δ stb1Δ mutant, it remains possible that the S-phase 

cyclin-CDK or even a low level of mitotic cyclin-CDK activity is predominantly 

entraining the dynamics of cell-cycle transcription that we observed upon APC 

inactivation. In the clb1-6Δ mutants from Orlando et al. (2008) and Rahi et al. (2016), 

residual Clb-CDK activity or the CLN2 shut-off might also lead to some oscillation in 

CDK activity that could in turn modulate the dynamics of cell-cycle transcription. 

To further validate a model in which the G1 cyclin-CDKs allow the TF network 

to generate and transmit a transcriptional pulse, we directly examined transcript 

dynamics in cells carrying the GAL-SIC1Δ3P construct. The inhibition of both S-phase 
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and mitotic Clb-CDK activity by Sic1 has been confirmed by genetic and protein-protein 

interaction (Breitkreutz et al., 2010; Cross et al., 2007; Schreiber et al., 2012). The non-

phosphorylatable Sic1Δ3P is hyperstable and delays cell-cycle progression when 

expressed at physiological level (Cross et al., 2007), while its overexpression blocks DNA 

replication and arrests the cell cycle (Verma et al., 1997a). In both simplified and the 

most current mathematical models of the budding yeast cell cycle, the overexpression of 

hyperstable Sic1Δ3P eliminates all Clb-CDK activity (Chen et al., 2004; Kraikivski et al., 

2015). In summary, the GAL-SIC1Δ3P cells are arrested without residual Clb-CDK 

activity, while Cln1/2-CDK activity remains constitutively high (Schwob et al., 1994; 

Verma et al., 1997a). 

To assay the global transcript dynamics, early G1 cells carrying the GAL-SIC1Δ3P 

construct were collected by centrifugal elutriation and then released into YEP-galactose 

(YEPG) media to induce overexpression. Samples were taken every 10 minutes for time-

series microarray. The physical cell-cycle arrest was confirmed by monitoring re-

budding cycles, which phenocopy the clb1-6Δ mutant (data not shown) (Haase and 

Reed, 1999). In support of our models, these arrested cells still triggered a robust 

transcriptional pulse in Mcm1 targets and SBF/MBF targets (Figure 22). Furthermore, the 

partial activation of SFF targets was still observed (Figure 22), even though all Clb-CDK 

activity was blocked by hyperstable Sic1. 

We further sought to determine whether the G1/S transcriptional pulse in the 

GAL-SIC1Δ3P cells is attenuated by negative feedback loops in the TF network. We 
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further deleted NRM1, YHP1, and YOX1 and assayed transcript dynamics. In the GAL-

SIC1Δ3P nrm1Δ yhp1Δ yox1Δ cells, all Mcm1 targets and SBF/MBF targets were activated 

and then remained highly expressed throughout the time course (Figure 22). The loss of 

pulsatile dynamics supports the roles of these negative feedback loops in driving 

transcriptional pulses during CDK-APC/C arrests, including the clb1-6Δ and the cdk1 apc 

whi5Δ stb1Δ mutants.  

 

 

Figure 22: The TF network generates and transmits a transcriptional pulse in cells 
overexpressing hyperstable B-cyclin-CDK inhibitor Sic1. 

Heat maps showing transcript dynamics of Mcm1, SBF/MBF, and SFF targets in the 
GAL-SIC1Δ3P control or the GAL-SIC1Δ3P nrm1Δ yhp1Δ yox1 mutants. Cells were 
synchronized in G1 by elutriation and released into YEP-galactose medium at 30°C. 
Transcript levels are expressed as fold change relative to mean in the control GAL-
SIC1Δ3P experiment.  
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Taken together, the data presented in this study strongly support a model where 

Cln-CDKs inactivate G1 inhibitors (Whi5/Stb1/APCCdh1) of the TF network, allowing for 

the generation and transmission of a transcriptional pulse after cell cycle commitment. 

Lastly, we sought to integrate this model with the existing cell-cycle models (Chen et al., 

2004; Kraikivski et al., 2015; Rahi et al., 2016). Based on the edge evidence from the 

literature, I propose an extended model of cell cycle commitment in budding yeast, in 

which G1/S cyclin-CDKs feedback to promote the TF network to drive a temporal 

program of cell-cycle transcription (Figure 23). 

 

 

Figure 23: Model for the feedback regulation of the transcription factor (TF) network 
by G1/S cyclin-CDKs.  

The TF network (green and orange) initiates the transcription of G1/S cyclins. G1/S 
cyclin-CDKs (blue) then feedback to inhibit early-G1 inhibitors (red), allowing the TF 

network to start the cell-cycle transcriptional program. 
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3.8 Discussion 

It have been proposed previously that the global program of cell-cycle 

transcription is largely controlled by a TF network, and that CDK activity contributes to 

increased amplitude and robustness of transcriptional oscillations (Simmons Kovacs et 

al., 2012). Here I extend the previous models and further determine the essential roles of 

G1 cyclin-CDKs in promoting the global dynamics of the TF network. Using genetic and 

genomic approaches, I show that the global transcript dynamics in the cdc28-4/cdk1 

mutant background can be greatly restored by further genetic perturbation of 

Whi5/Stb1/APCCdh1, which are normally phosphorylated and inhibited by CDK 

phosphorylations during cell-cycle entry. Taken together, these results suggest a model 

in which G1 cyclin-CDKs promote cell-cycle transcription predominantly by inactivating 

Whi5/Stb1/APCCdh1, which are active in G1 cells and inhibit the activity of the TF 

network by multiple mechanisms (Figure 23). Therefore, although low-amplitude 

transcriptional oscillations might continue partially without cell-cycle progression as 

previously reported (Simmons Kovacs et al., 2012), the initiation of global cell-cycle 

transcription at high amplitude is normally coupled with cell cycle commitment by G1 

cyclin-CDKs. 

In support of a model where G1 cyclin-CDK (Cln-CDK) activity alone is 

sufficient for initiating the TF network to drive global cell-cycle transcription, previous 

studies have shown that a temporal program of cell-cycle transcription is largely intact 

in budding yeast cells lacking S-phase and mitotic cyclin-CDK (Clb-CDK) activity 



 70 

(Orlando et al., 2008; Rahi et al., 2016; this study, Chapter 2). Here we provide further 

evidence that similar transcript dynamics can be observed in cells overexpressing 

hyperstable Sic1 (GAL-SIC1Δ3P), which are arrested with high Cln-CDK but no Clb-

CDK activity. We show that a robust G1/S transcriptional pulse can still be generated in 

these cells arrested at G1/S transition, and that the transmission of the transcriptional 

pulse continues up to mitotic genes despite the lack of Clb-CDK activity. Furthermore, 

we show that the pulse-generating capability in the GAL-SIC1Δ3P cells is abolished by 

the deletion of the transcriptional repressors (NRM1/YHP1/YOX1), supporting the roles 

of the TF network in generating transcriptional oscillations during cell-cycle arrests. 

Future work will be needed to determine how these G1/S negative feedback loops are 

normally prevented from re-initiating ectopic pulses as previously observed in the 

cdc20Δ mutant arrested in mitosis (Bristow et al., 2014). 

Here I propose an extended model of cell cycle commitment in budding yeast. In 

this model, the G1 inhibitors Whi5/Stb1/APCCdh1/Sic1 establish a G1 stationary phase to 

inhibit the dynamics of both the TF network and Clb-CDKs (Figure 23). In wild-type 

cells, these inhibitions are maintained until the dilution of Whi5 by increasing cell size 

results in the initial expression of CLN1/2 in a “feedback-first” mechanism (Eser et al., 

2011; Schmoller et al., 2015). Subsequently, Cln1/2- and Clb5/6-CDKs mediate extensive 

feedback and feed-forward loops to fully inactivate these G1 inhibitors. In particular, the 

inactivation of APCCdh1 by G1/S cyclin-CDKs stabilizes several network TFs, including 

the G1/S repressors (Nrm1/Yhp1/Yox1) and the G2/M coactivator, Ndd1. The repressors 
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then mediate negative feedback loops to inhibit a subset of SBF/MBF-regulated genes 

and truncate the G1/S transcription into a pulse. On the other hand, a chain of activators 

(Hcm1, SFF, and Swi5) transmits the pulse to drive the temporal program of S/G2/M 

transcription, including the transcription of mitotic regulators (CLB2, CDC5, CDC20, and 

SWI5/ACE2). It remains to be determined how the destruction of Nrm1, Yhp1, Yox1, and 

Clb2 is coordinated with the reactivation of Whi5/Stb1 to maintain the silencing of 

SBF/MBF-regulated genes. The coordination of these layers of repression is likely 

required to ensure that only one pulse of high-amplitude transcription is activated each 

cycle in wild-type cells. 

Lastly, these findings for the budding yeast cell cycle also provide further insight 

into the mammalian cells. Here we report that the inactivation of APCCdh1 by CDK 

phosphorylations is necessary for the attenuation of G1/S transcription and the 

activation of G2/M transcription. Interestingly, the G1/S transcriptional repressors 

E2F7/E2F8 and the mitotic transcriptional activator FoxM1 in mammalian cells are also 

APCCdh1 substrates (Cohen et al., 2013; Park et al., 2008). Furthermore, it has been 

proposed that the irreversible inactivation of APC/CCdh1 is the commitment point for 

mammalian cell cycle (Cappell et al., 2016). It would be interesting and also informative 

to perform similar genetic-genomic studies to dissect the contributions of CDKs, APC/C, 

checkpoint kinases, and a transcriptional network to the dynamics of periodic cell-cycle 

transcription in higher eukaryotes. 
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3.9 Contribution of the collaborator to the study in Chapter 3 

The construction and gene expression profiling of the GAL-SIC1Δ3P strains were 

conducted by Christina Kelliher. 
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4. Re-initiating ectopic transcriptional pulses: dual roles 
of mitotic cyclin-CDKs 

4.1 Introduction 

In Chapter 3, I have presented evidence that the TF network is prevented from 

generating and transmitting a transcriptional pulse in early G1 by multiple mechanisms. 

Importantly, I showed that APCCdh1 destabilizes several S/G2/M TFs and halts the 

dynamics of the cell-cycle transcriptional program. However, how the protein stability 

of network TFs is regulated throughout the cell cycle, especially during S/G2/M phases, 

remains incompletely understood. For instance, in the current models of the TF network, 

the degradation rates of proteins or the mRNA proxies were always assumed to be 

constant. Thus, a systems-level analysis of how network TFs are regulated post-

translationally by CDK-APC/C is essential for understanding how the cell-cycle 

transcriptional program persists in both wild-type and mutant cells. 

In contrast to the regulated proteolysis of network TFs, it is relatively well 

understood how the protein stability of cyclins is controlled during the cell cycle. In 

budding yeast, the periodic degradation of cyclins are primarily mediated by CDKs, 

SCF, and APC E3 ubiquitin ligase complexes (Bloom and Cross, 2007). First, the G1 

cyclins Cln1/2 and the S-phase cyclin Clb6 are destabilized by their own CDK 

phosphorylations, which promote the subsequent ubiquitination by SCF E3 ubiquitin 

ligase complex and the degradation by proteasome (Figure 24). Furthermore, most S-

phase and M-phase cyclins are destabilized in early G1 by APCCdh1. Finally, Clb5 and 
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Clb2 are targeted for degradation in late mitosis by APCCdc20 and APCCdh1 (Figure 24). It 

remains to be systematically determined whether or how these pathways similarly 

influence the accumulation and turnover of TFs during the normal cell cycle, which 

could impact the dynamical behaviors of the TF network. 

 

 

Figure 24: Multiple mechanisms mediate the degradation of cyclin proteins. 

Different cyclin proteins are targeted for degradation by different mechanisms. SCF and 
APC are both E3 ubiquitin ligase complexes that ubiquitinate their substrates and target 

them for degradation by proteasome. 

 

In this chapter, I focused on determining how G1/S transcriptional repressors are 

degraded in late cell cycle. I establish that mitotic cyclin-CDKs can promote the down-

regulation of G1/S transcriptional repressors in an APC-independent mechanism. I 

further show that these regulations can largely account for the re-initiation of early-cell-

cycle transcription in cells arrested with constitutively low or high levels of mitotic 

cyclins. Taken together, these results further support an integrated model in which both 
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CDK-APC/C and the TF network function together to maintain the temporal coherence 

and robustness the cell-cycle transcriptional program. 

4.2 Materials and Methods 

Yeast strains and cell culture synchronization 

All strains are derivatives of S. cerevisiae BF264-15D (ade1 his2 leu2-3,112 trp1-1a). 

Additional genotypes can be found in Table 2. The epitope tagging were carried out by 

standard yeast methods (Longtine et al., 1998). Strain A1268 (W303 cdc14-3 PDS1-HA-

LEU2::pds1) was provided by Angelika Amon (Visintin et al., 1998) and was outcrossed 

with BF264-15D for 5 times to obtain SBY2433 (15D cdc14-3). 

Yeast cultures were grown in standard YEP medium (1% yeast extract, 2% 

peptone, 0.012% adenine, 0.006% uracil supplemented with 2% sugar). For α-factor 

arrest of cdc14-3, cdc15-2, and cdc16-123 strains, cultures were grown in YEPG medium at 

25°C and incubated with 50 ng/ml α-factor for 140-180 minutes. Synchronized cultures 

were then resuspended in YEPD medium at 37°C. Aliquots were taken at each time 

point and subsequently assayed by western blots. For GAL-SWE1 strains, cultures were 

grown to mid-log phase in YEP-sucrose (YEPS) medium at 30°C. Elutriated early G1 

cells were then resuspended in YEP-galactose (YEPG) medium at 30°C for time-course 

experiments.  
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Table 2: Yeast strains used in Chapter 4 

Strain Genotype Source 

SBY2511 MATa bar1 NRM1-3HA::TRP1 YHP1-13myc::KanMX6 This study 

SBY2472 

 

MATa bar1 KanMX6::GAL-3HA-SWE1 NRM1-

3HA::TRP1  

This study 

SBY2473 

SBY2474 

MATa bar1 TRP1::GAL-3HA-SWE1 YHP1-

13myc::KanMX6  

This study 

SBY2471 

 

MATa bar1 cdc16-123 NRM1-3HA::TRP1 YHP1-

13myc::KanMX6 

This study 

SBY2469 

SBY2470 

MATa bar1 cdc14-3 NRM1-3HA::TRP1 YHP1-

13myc::KanMX6 

This study 

SBY2509 

SBY2510 

MATa bar1 cdc15-2 NRM1-3HA::TRP1 YHP1-

13myc::KanMX6 

This study 

 

Protein isolation and western blotting 

The experimental protocols were as described in Chapter 3. Western blotting was 

performed using the following antibodies: mouse anti-PSTAIR (Abcam), mouse anti-c-

Myc clone 9E10 (Santa Cruz Biotechnology), mouse anti-HA clone 12CA5 (Roche), and 

anti-mouse IgG-HRP (Cell Signaling). 

Microarray data analysis 

Previously published datasets used in this study are GEO: GSE8799 and GEO: 

GSE49650. All CEL files analyzed in this study were normalized together using the 

dChip method from the Affy package in Bioconductor as described previously (Bristow 

et al., 2014). 
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4.3 Nrm1 and Yhp1 can be down-regulated in an APC-
independent mechanism 

The G1/S transcriptional repressors Nrm1/Yhp1 have been shown to mediate 

negative feedback loops to attenuate a subset of early-cell-cycle transcription (Figure 22) 

(de Bruin et al., 2006; Pramila et al., 2002). Presumably, their persistent levels throughout 

S/G2/M phases are necessary for preventing ectopic transcription pulses. However, it 

has been observed by microarray that many G1/S genes were robustly reactivated in 

mitotically arrested cells (Bristow et al., 2014). Therefore, I hypothesized that while 

Nrm1 and Yhp1 are prevented from precocious accumulation by APCCdh1, their down-

regulation is controlled by an APCCdh1-independent mechanism before re-entering G1. 

To test this hypothesis, I asked whether Nrm1 and Yhp1 protein levels persisted or were 

degraded in a variety of mutant strains defective in progression through mitosis (Figure 

25). To examine their protein dynamics, cells carrying endogenously epitope-tagged 

NRM1 and YHP1 were synchronized in early G1 by α-factor arrest and released into 

restrictive conditions that block mitotic progression in respective strains (at restrictive 

temperature or in galactose media). Aliquots were then taken at regular interval for 

western blots. 
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Figure 25: Experimental design for determining how G1/S transcriptional repressors 
are down-regulated. 

The transcriptional repressors, Nrm1 and Yhp1 (red), are expressed at G1/S transition 
and then mediate negative feedback to attenuate both early-G1 and G1/S transcription. 
The core components in the CDK-APC/C network governing the progression through 
mitosis are shown in black. Overexpression of Swe1 or various temperature-sensitive 

mutants (dark red) are used to arrest cell-cycle progression. The levels of endogenously 
epitope-tagged Nrm1/Yhp1 are then monitored by western blots. 

 

First, I asked if Nrm1 and Yhp1 expressed during S-phase entry are 

predominantly degraded by APCCdh1 when re-entering G1 (Figure 25). To this end, I 

examined the cdc14-3 and cdc15-2 mutants that are defective in mitotic exit at restrictive 

temperature. In budding yeast, Cdc14 phosphatase is a CDK-counteracting phosphatase 

and the key effector for anaphase progression and mitotic exit (Amon, 2008; Visintin et 

al., 1998; Weiss, 2012). The release of Cdc14 from its sequestration in the nucleolus is 

promoted by mitotic exit pathways upon anaphase entry. Particularly, APCCdc20 initiates 

the FEAR pathway to trigger the early-anaphase Cdc14 release into the nucleus 

(Shirayama et al., 1999; Stegmeier et al., 2002; Sullivan and Uhlmann, 2003), while Cdc15 

is a component in the MEN pathway that promotes the late-anaphase Cdc14 release into 

the cytosol (Shou et al., 1999; Visintin et al., 1999). At restrictive temperature, the cdc14-3 
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and cdc15-2 mutants were eventually arrested in anaphase/telophase with 2C DNA, 

elongated spindles, undivided nucleus, and stabilized APCCdh1-specific substrates. 

Early G1 cells of wild type, cdc14-3, and cdc15-2 mutants were obtained by α-

factor arrest at permissive temperature (25°C) and then released into YEP-dextrose 

medium at restrictive temperature (37°C). In the wild-type control cells, the protein 

abundances of Nrm1 and Yhp1 oscillated during the cell cycle with peak levels around S 

phases (Figure 26). Interestingly, both Nrm1 and Yhp1 were still efficiently degraded in 

the cdc14-3 and cdc15-2 mutants during the anaphase/telophase arrests (Figure 26). These 

results suggest that while Nrm1/Yhp1 are prevented from precocious accumulation by 

APCCdh1 in early cell cycle, their protein turnover in late cell cycle is likely facilitated by 

an APCCdh1-independent mechanism. 
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Figure 26: Nrm1 and Yhp1 are degraded in mitotically arrested mutants. 

G1 cells were released from α-factor arrest into YEPD medium at 37°C. Budding indices 
and protein levels of endogenously epitope-tagged Nrm1/Yhp1 were then assayed at 
indicated time points. Pho85/Cdc28 detected by the α-PSTAIR antibody were used as 

the loading control. 

 

To ask whether APCCdc20 could be responsible for the down-regulation of Nrm1 

and Yhp1 observed in the cdc14-3 and cdc15-2 mutants arrested after anaphase entry 

(Figures 25 and 26), similar experiments were performed in the cdc16-123 mutant lacking 

all APC activity. Upon release from G1 at restrictive temperature, both Nrm1 and Yhp1 
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accumulated after cell-cycle entry but then promptly disappeared during the metaphase 

arrest lacking all APC activity (Figures 26). Taken together, these results suggest that the 

protein turnover of G1/S transcriptional repressors is not dependent on either APCCdc20 

or APCCdh1 activity, and that the protein instability of Nrm1/Yhp1 potentially underlies 

the re-initiation of cell-cycle transcription when the progression through mitosis was 

perturbed (Bristow et al., 2014). 

4.4 The down-regulation of Nrm1 and Yhp1 is dependent on 
mitotic cyclin-CDKs 

It has been shown that several S-phase TFs are destabilized by CDK 

phosphorylations (Landry et al., 2014). I thus asked whether the down-regulation of 

Nrm1 and Yhp1 is dependent on mitotic Clb-CDK activity, whose level remained 

constitutive at high levels in the cdc16-123 mutant or at intermediate levels in the cdc14-3 

and cdc15-2 mutants (due to the partial degradation of Clb2 by APCCdc20). I made use of 

the budding yeast homolog of Wee1 kinase, Swe1, to specifically inhibit mitotic Clb-

CDK, as cells overexpressing Swe1 has been shown to arrest in G2 (Booher et al., 1993). 

The GAL-SWE1 construct was introduced into cells carrying endogenously epitope-

tagged NRM1 or YHP1. Early G1 cells were obtained by α-factor arrest and then released 

into YEPG medium to induce the overexpression. Protein levels of Nrm1 and Yhp1 were 

monitored by western blots. 

As shown in Figure 27, while the protein levels of Nrm1 and Yhp1 oscillated in 

the wild-type cells grown in the same condition, both Nrm1 and Yhp1 persisted in the 
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GAL-SWE1 strains arrested in G2. It remains to be determined whether this is due to the 

stabilization of Nrm1/Yhp1 proteins or potentially the high levels of NRM1/YHP1 

transcripts, as they were both expressed at high levels in the GAL-SIC1Δ3P cells lacking 

all Clb-CDK activities (data not shown). Regardless, these results suggest a model in 

which mitotic Clb-CDKs down-regulate the levels of G1/S transcriptional repressors, 

potentially to prepare for timely cell-cycle re-entry in the subsequent cell cycle. In cells 

arrested with constitutively high Clb-CDK activity, the precocious down-regulation of 

Nrm1/Yhp1 then allows for the re-initiation of early-cell-cycle transcription, which 

uncouples the dynamics of the TF network from cell-cycle progression. 

 

Figure 27: Levels of Nrm1 and Yhp1 remain high in cells lacking mitotic cyclin-CDK 
activity. 
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G1 cells were released from α-factor arrest into YEPG medium at 30°C. Budding indices 
and protein levels of endogenously epitope-tagged Nrm1/Yhp1 were then assayed at 
indicated time points. Pho85/Cdc28 detected by the α-PSTAIR antibody were used as 

the loading control. 

 

4.5 Mitotic cyclin-CDKs both positively and negatively regulate 
the re-initiation of transcriptional pulses 

The above results suggest an interesting hypothesis that mitotic Clb-CDKs have 

dual roles in regulating early-cell-cycle transcription. On one hand, Clb2-CDK act as a 

transcriptional repressor to negatively regulate SBF targets (Amon et al., 1993; Koch et 

al., 1996). On the other hand, mitotic Clb-CDKs may instead positively regulate Mcm1- 

and MBF-regulated genes by down-regulating their repressors, Yhp1 and Nrm1 (de 

Bruin et al., 2006; Pramila et al., 2002). Thus, different subsets of early-cell-cycle genes 

might continue to oscillate in cells arrested with constitutively low or high levels of 

mitotic Clb-CDKs (Figure 28A). 

To validate this hypothesis, I examined the transcript dynamics of Mcm1-, MBF-, 

and SBF-regulated genes in previously published microarray datasets (Bristow et al., 

2014; Orlando et al., 2008). In the wild-type cells (Orlando et al., 2008), these early-cell-

cycle genes all oscillated coherently at the transcript levels for multiple cycles (Figure 

28B). In the clb1-6Δ mutant cells, these genes were also up-regulated coherently upon 

release from G1 into the time course; however, their transcript dynamics soon became 

incoherent in the following low-Clb-CDK arrest. For Mcm1- and MBF-regulated genes, 

the first transcriptional pulse was still attenuated robustly, but a second pulse of 
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transcription was either absent or impaired with low amplitude or long period (Figure 

28B). In contrast, most SBF-regulated genes either remained highly expressed or 

exhibited a second pulse. Collectively, these observations are consistent with the model 

in which constitutively low Clb-CDK activity results in persistent levels of Nrm1/Yhp1 

but high SBF transcriptional activity (Figure 28), thus uncoupling the dynamics of early-

cell-cycle transcription. 
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Figure 28: Mitotic cyclin-CDK activity modulates the re-initiation of cell-cycle 
transcription during cell-cycle arrests. 

(A) The homeodomain proteins Yhp1/Yox1 bind adjacent to Mcm1 to repress early-G1 
transcription. The corepressor Nrm1 inhibits a subset of G1/S transcription by binding to 
the transcriptional activator MBF. Clb2-CDK phosphorylates and inhibits the activity of 
SBF. (B) Transcript dynamics of Mcm1-, MBF-, and SBF-regulated genes reported in the 
previous studies are shown (Ferrezuelo et al., 2010; Pramila et al., 2002). The analysis of 

SBF/MBF-regulated genes were further restricted to those whose promoters contain 
canonical binding site for Swi4 (DNA-binding factor in SBF) and Mbp1 (DNA-binding 

factor in MBF) as reported on the database YEASTRACT. 
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In the cdc20Δ mutant cells, the transcript dynamics of early-cell-cycle genes also 

became asynchronous during the high-Clb-CDK arrest. In contrast to their damped 

dynamics in the clb1-6Δ mutant, most Mcm1- and many MBF-regulated genes were 

reactivated at higher amplitude and shorter period in the cdc20Δ mutant cells. 

Furthermore, the SBF-regulated genes were either tightly repressed or weakly 

reactivated in the cdc20Δ mutant cells, as opposed to their derepression in the clb1-6Δ 

mutant cells. Taken together, these observations are largely consistent with the model in 

which constitutively high Clb-CDK activity results in destabilized Nrm1/Yhp1 but low 

SBF transcriptional activity, thus allowing for a subset of early-cell-cycle transcription to 

re-initiate in mitotically arrested cells (Figure 28). 

In conclusion, here I establish the role of mitotic Clb-CDKs in down-regulating 

G1/S transcriptional repressors Nrm1 and Yhp1, potentially through both transcriptional 

repression and protein destabilization. By correlating protein levels of transcriptional 

repressors and transcript dynamics of their target genes, I propose that the uncoupled 

transcript dynamics during cell-cycle arrests were largely driven by G1/S negative 

feedback loops, rather than by the long positive feedback in which M/G1 TFs transmit 

the pulse back to reactivate the next cycle of the transcriptional program (Orlando et al., 

2008; Simmons Kovacs et al., 2012). 
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4.6 Discussion 

In Chapter 3, I have proposed a model in which global cell-cycle transcription in 

budding yeast emerges from a transcriptional pulse generated and transmitted by the TF 

network, whose activity is promoted by G1 cyclin-CDKs during cell cycle commitment. 

To coordinate the frequency of cell-cycle transcription with cell-cycle progression, it is 

then necessary to prevent the TF network from re-initiating a second pulse in S/G2/M 

phases; however, robust re-initiation of early-cell-cycle transcription has been observed 

in cells perturbed for the oscillations of Clb-CDK activity. Here, I have sought to 

determine the molecular mechanisms for such re-initiation of transcriptional pulses. 

Previous data in Chapter 3 showed that the G1/S transcriptional repressors 

Nrm1/Yhp1/Yox1 and mitotic Clb-CDKs mediate multiple negative feedback loops to 

attenuate early-cell-cycle transcription. Here I further show that the late repressor Clb2-

CDK down-regulates the early repressors Nrm1/Yhp1 upon mitotic entry, since both 

Nrm1 and Yhp1 persisted at high levels in the GAL-SWE1 cells lacking mitotic Clb-CDK 

activity but promptly disappeared in other mitotically arrested mutants. It remains to be 

determined whether this down-regulation in M phase is primarily mediated at 

transcriptional or post-translational level. For example, Clb1/2-CDK could contribute to 

the attenuation of NRM1/YHP1 transcription by inhibiting the transcription factor SBF. 

Additionally, the CDK phosphorylations of Nrm1 and Yhp1 might be important for 

promoting their subsequent ubiquitination by SCF complexes and the degradation by 

proteasome. These possibilities could be tested by monitoring the protein levels of 
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Nrm1/Yhp1 in the GAL-SWE1 cells further treated with cycloheximide that inhibits 

protein synthesis. A time-series transcriptome profiling of the GAL-SWE1 could also 

help to establish the transcriptional control of NRM1/YHP1 while providing further 

insight into the feedback and feed-forward regulations of the TF network by S-phase 

Clb-CDKs. In either case, the results suggest that both Nrm1 and Yhp1 proteins are 

degraded in an APC-independent mechanism in late cell cycle. 

While precisely how mitotic Clb-CDKs down-regulate Nrm1/Yhp1 remains 

unclear, here I provide evidence that this regulation can account for the re-initiation of 

cell-cycle transcription in arrested budding yeast cells. Particularly, the Yhp1- and 

Nrm1-regulated genes were mostly prevented from re-initiation in low-Clb-CDK arrests 

but exhibited a strong second pulse in high-Clb-CDK arrests. Conversely, the 

transcription of SBF-regulated genes re-initiated more strongly in low-Clb-CDK than in 

high-Clb-CDK arrests. Taken together, these observations support a model in which 

different G1/S negative feedback loops can continue to oscillate with different dynamics 

when arrested in S/G2/M phases. This model is distinct from early models of the TF 

network, which emphasized the role of a long positive feedback loop for generating 

multiple cycles of transcription (Orlando et al., 2008; Pramila et al., 2006; Simon et al., 

2001). Instead, it further supports the view that the TF network function as a pulse-

generator that is inhibited in early G1, rather than as an autonomous oscillator that 

controls cell-cycle progression on its own pace. Lastly, the above findings suggest that 

the budding yeast cell-cycle network has adapted to the rapid cell cycle (~70 minutes in 
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rich media) by initiating the degradation of early-cell-cycle repressors in advance before 

mitotic exit. These regulations thus necessitate the direct regulation of the TF network by 

S-phase and M-phase checkpoint kinases to ensure the synchrony of cell-cycle 

transcription when cell-cycle progression is halted (Bristow et al., 2014). However, it 

remains to be determined how the re-initiation of transcriptional pulses is prevented 

during the normal cell cycle without checkpoint kinase activity. Potentially, the 

oscillation of CDK-APC/C could maintain the coherent oscillations of the TF network 

through controlling the periodic activity of Whi5/Stb1/APCCdh1 that globally inhibits the 

TF network in early G1. This hypothesis will be further tested in the following chapter. 

Finally, in this dissertation so far, I have examined the protein levels of Nrm1 

and Yhp1 in a variety of mutant strains. The results showed that the accumulation and 

turnover of Nrm1/Yhp1 are coupled with the inactivation of APCCdh1 and the activation 

of mitotic Clb-CDKs, respectively. Conceptually, different combinatorial regulations of 

protein stability by CDK-APC/C could generate many different protein dynamics from 

similar mRNA dynamics. Therefore, the experimental design established herein will also 

provide a useful framework for future experiments to establish how the protein stability 

of network TFs is modulated during the cell cycle (Figure 29). Specifically, by comparing 

the transcriptomic and proteomic dynamics in cells progressing from G1 into various 

cell-cycle arrests (Figure 25), one can then ask how the accumulation and protein 

turnover of network TFs are coordinated with CDK-APC/C oscillation and cell-cycle 

progression. This information will be crucial for building a quantitative model of the 
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integrated cell-cycle network that can accurately predict the dynamics of cell-cycle 

transcription in various mutants. For example, a quantitative model from a recent study 

(Hillenbrand et al., 2016) predicts that transcriptional oscillations could persist partially 

with high amplitude and shorter period length without any CDK activity, in contrast to 

the reduced amplitude and longer period as determined experimentally (Simmons 

Kovacs et al., 2012). This difference likely resulted from the fact that the model neglects 

the destabilization of S/G2/M TFs by APCCdh1 in the absence of any CDK activity. 

 

 

Figure 29: Control of protein dynamics by CDK-APC/C. 

Distinct protein dynamics (solid lines) can be generated from the same mRNA 
dynamics. Here a G1/S gene (dashed line) is chosen for illustration. APCCdh1 substrates 

will accumulate later than non-APCCdh1 substrates during cell-cycle entry. Later on, 
sequentially activated pathways, including Clb2-CDK/SCF, APCCdc20, and APCCdh1, can 
further generate a temporal order of protein degradation to modulate the behaviors of 

the TF network. 
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In conclusion, here I provide further evidence that the regulation of protein 

stability extensively modulates the dynamics of the TF network throughout the budding 

yeast cell cycle. These features are likely also conserved in other biological systems, 

providing additional layer of temporal control of the transcriptional program with 

respective to the progression of biological processes. 
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5. Resetting the cell-cycle transcriptional program: the 
roles of mitotic exit pathways 

5.1 Introduction 

In the previous chapters, I have proposed a model in which G1 cyclin-CDKs start 

the cell-cycle transcriptional program by inactivating Whi5/Stb1/APCCdh1, thus allowing 

the TF network to initiate a transcriptional pulse upon cell-cycle entry. I also 

demonstrated how the TF network could re-initiate transcriptional pulses when the 

oscillations of S-phase and M-phase cyclin-CDKs were perturbed. Taken together, these 

findings suggest that the reactivation of Whi5/Stb1/APCCdh1 during mitotic exit resets the 

global inhibition of the TF network and prevents re-initiation of the cell-cycle 

transcriptional program. 

In budding yeast, the protein phosphatase Cdc14 is the key effector that 

counteracts CDK phosphorylations and triggers mitotic exit (Amon, 2008; Visintin et al., 

1998; Weiss, 2012). During most of the cell cycle, Cdc14 is sequestered and inhibited by 

Net1 in the nucleolus (Visintin et al., 1999). In late mitosis, Cdc14 release is triggered by 

two mitotic exit pathways, FEAR (Cdc fourteen early anaphase release) and MEN 

(mitotic exit network) (Figure 30). The FEAR pathway is initiated first by APCCdc20, 

which is activated when chromosomes have been properly aligned and attached to 

microtubules. Subsequently, the degradation of securin by APCCdc20 activates the 

separase Esp1, which then down-regulates the activity of phosphatase PP2ACdc55. This 

down-regulation in phosphatase activity allows both Clb-CDKs and the polo kinase 
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Cdc5 to phosphorylate Net1 and trigger Cdc14 release into the nucleus (Shirayama et al., 

1999; Stegmeier et al., 2002; Sullivan and Uhlmann, 2003). While the FEAR pathway 

regulates several late mitotic events (such as chromosome segregation and spindle 

dynamics), it is dispensable for the cell cycle.  On the other hand, the MEN pathway is 

activated later and triggers the further release of Cdc14 into cytosol, which is essential 

for mitotic exit.  

 

 

Figure 30: The mitotic exit pathways in budding yeast. 

Upon anaphase entry, APCCdc20 initiates the first mitotic exit pathway, FEAR (Cdc 
fourteen early anaphase release), to trigger the release of Cdc14 phosphatase into the 

nucleus. In late anaphase, the second mitotic exit pathway, MEN (mitotic exit network), 
triggers the further release of Cdc14 into the cytosol. Cytosolic Cdc14 has been shown to 

activate APCCdh1 and Sic1 to promote mitotic exit, and it has also been suggested to 
activate Whi5. 

 

The MEN pathway is a signaling cascade consisted of the GTPase Tem1, the 

protein kinase Cdc15, and the kinase complex Dbf2-Mob1 as the downstream effector 

(Shou et al., 1999; Visintin et al., 1999). Its activation is restricted to late anaphase by 

several mechanisms. First, several components of MEN are negatively regulated by Clb-
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CDKs and positively by Cdc14, thus preventing its precocious activation. Furthermore, 

components of the MEN pathway are localized to spindle pole bodies (SPBs), and their 

activity is inhibited until one SPB has moved into the bud. Once activated, Dbf2-Mob1 

phosphorylates Cdc14 and promotes its nuclear export (Mohl et al., 2009). In the cytosol, 

Cdc14 dephosphorylates and reactivates APCCdh1 and Sic1 to re-establish the inhibition 

of Clb-CDKs and thereby trigger mitotic exit. Eventually, the degradation of the polo 

kinase Cdc5 mediated by APCCdh1 results in the re-sequestration of Cdc14 back into the 

nucleolus in early G1 (Visintin et al., 2008). In mutant cells lacking MEN activity, the 

Cdc14 is only transiently released into the nucleus and is re-sequestered during the 

anaphase arrest (Stegmeier et al., 2002). 

In addition to its role in down-regulating Clb-CDK activities, evidence from 

previous literature also supports the roles of Cdc14 phosphatase in regulating the global 

dynamics of the TF network through activating Whi5/Stb1/APCCdh1 (Figure 30). First, 

Cdc14 has been shown to dephosphorylate and thus activate Whi5 and Swi6, partly 

through promoting their nuclear import (Geymonat et al., 2004; Sidorova et al., 1995; 

Taberner et al., 2009), and Swi6 is required to recruit the corepressor Stb1 to the 

promoters of MBF-regulated genes (de Bruin et al., 2008). Second, Cdc14 has been 

shown to remain sequestered in both clb1-6Δ and cdc20Δ mutants (Lu and Cross, 2010; 

Shirayama et al., 1999), which generate multiple pulses of cell-cycle transcription during 

cell-cycle arrest (Bristow et al., 2014; Orlando et al., 2008). Taken together, these findings 

are consistent with the role of Cdc14 in reactivating Whi5/Stb1/APCCdh1 to prevent 
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ectopic transcriptional pulses. Nevertheless, this hypothesis has not been directly tested 

using mitotic exit mutants. Furthermore, how the dynamical behaviors of the TF 

network are regulated by CDK-APC/C upon anaphase entry have not been examined. 

Here I show that subsets of the cell-cycle transcriptional program continue in the 

temperature-sensitive mutants cdc14-3 and cdc15-2 arrested in anaphase/telophase. 

These results provide the direct evidence that the timely activation of Cdc14 

phosphatase in late anaphase is necessary for restoring the inhibition of the TF network 

and preventing uncoupled transcriptional oscillations. By comparing the transcriptomic 

dynamics in various cell-cycle arrests, I further establish the individual roles of APCCdc20, 

FEAR, and MEN in regulating the dynamics of the TF network. Taken together with 

results in the previous chapters, I propose a model in which sequentially feedback-

inactivated mechanisms restrict the frequency of transcriptional pulses driven by the TF 

network, with the re-activation of Whi5/Stb1/APCCdh1 by Cdc14 as the final negative 

feedback loop. 

5.2 Materials and Methods 

Yeast strains and cell culture synchronization 

All strains are derivatives of S. cerevisiae BF264-15D (ade1 his2 leu2-3,112 trp1-1a). 

Additional genotypes can be found in Table 3. The gene deletions and epitope tagging 

were carried out by standard yeast methods (Longtine et al., 1998). 
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Yeast cultures were grown in standard YEP medium (1% yeast extract, 2% 

peptone, 0.012% adenine, 0.006% uracil supplemented with 2% sugar). For α-factor 

arrest, cultures were grown in YEPG medium at 25°C and incubated with 50 ng/ml α-

factor for 180 minutes. Synchronized cultures were then resuspended in YEPD medium 

at 37°C. Aliquots were taken at each time point and subsequently assayed by 

microarray. 

Table 3: Yeast strains used in Chapter 5 

Strain Genotype Source 

SBY2433 MATa bar1 cdc14-3 This study 

SBY2513 MATa bar1 cdc14-3 HTB2-GFP::TRP1 WHI5-

mCherry::hphMX4 

This study 

SBY849 MATa bar1 cdc15-2  

SBY2514 MATa bar1 cdc15-2 HTB2-GFP::TRP1 WHI5-

mCherry::hphMX4 

This study 

 

Data availability 

Newly generated array data and the normalized data matrix have been 

submitted to GEO: GSE96997. 

Other methods 

RNA extraction, microarray assay analysis, microscopy, and flow cytometry 

were performed as described in previous chapters. 
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5.3 A large subset of the cell-cycle transcriptional program 
continues in cells arrested at mitotic exit 

To establish the physiological roles of mitotic exit pathways in regulating the TF 

network (Figure 30), I chose to characterize the transcriptomic dynamics in the 

temperature-sensitive cdc14-3 and cdc15-2 mutant cells. Early G1 cells were obtained by 

α-factor arrest at permissive temperature (25°C) and then released into YEP-dextrose 

medium at restrictive temperature (37°C). Time-series samples were then taken for 

microarray analysis of transcript levels. The mitotic arrests of the bulk of populations 

were confirmed by budding indices, DNA content, and the absence of nuclear division 

(Figure 31). 
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Figure 31: Cell-cycle arrests of the cdc14-3 and cdc15-2 mutants. 

(A) The budding curves of the cdc14-3 and cdc15-2 mutant cells from the experiments 
shown in Figure 6. Early G1 cells obtained by α-factor arrest were released into YEPD 
medium at 37°C. (B) Phase contrast and fluorescent microscopic images of the cdc14-3 

cells carrying HTB2-GFP as a nuclear marker. Cells were synchronized in G1 by α-factor 
arrest, released into YEPD medium at 37°C, and fixed at indicated time points for 

subsequent imaging. (C) DNA content of the cdc14-3 mutant cells analyzed by flow 
cytometry using SYTOX Green during the time course as shown in Figure 6 and S5A. 
Cells growing asynchronously (AS) at permissive temperature are shown as control. 
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First, I sought to determine the extents to which the cell-cycle transcriptional 

program persisted in mitotically arrested mutants, including the cdc20Δ, cdc14-3, and 

cdc15-2 mutants that were arrested in metaphase, early anaphase, and late anaphase, 

respectively. I examined the transcript dynamics of high-confidence periodic genes in 

wild type (Bristow et al., 2014), excluding genes in the environmental stress response 

(Gasch et al., 2000). As shown in Figure 32, substantial transcript dynamics for a large 

number of cell-cycle genes persisted in all three mutant strains arrested in the cell cycle. 

Most notably, a second cycle of early-cell-cycle transcription could be observed, even 

though the cells were still arrested in the first mitosis during the time courses (Figure 

31). Interestingly, the oscillations in the cell-cycle transcriptional program continued 

with different dynamics in these three mutant strains. For example, while the cdc20Δ 

mutant cells only re-initiated a second cycle of transcription at lower amplitude and 

with damped dynamics, the cdc14-3 mutant cells re-initiated cell-cycle transcription with 

robust dynamics (Figure 32). Furthermore, the dynamics of cell-cycle transcription also 

differed between the cdc14-3 and cdc15-2 mutant cells that were both arrested in 

anaphase. Taken together, these results support the physiological role of Cdc14 

phosphatase in preventing the TF network from re-initiating transcriptional pulses, 

potentially by reactivating Whi5/Stb1/APCCdh1. In addition, these results suggest 

additional regulations of the TF network by APCCdc20 and FEAR-released Cdc14 upon 

anaphase entry. 
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Figure 32: Transcriptional oscillations persist partially in mitotically arrested mutants. 

Heat maps showing transcript dynamics of 795 wild-type periodic genes in indicated 
strains. For wild type (Orlando et al., 2008) and the cdc20Δ mutant, early G1 cells were 
released into YEP-dextrose medium at 30°C. For the cdc14-3 and cdc15-2 mutants, early 

G1 cells were released into YEP-dextrose medium at 37°C. Transcript levels are depicted 
as fold change relative to mean in individual datasets. 

 

5.4 Dissecting the roles of APCCdc20, FEAR, and MEN pathway in 
regulating the TF network 

The differences in the dynamics of cell-cycle transcription between mitotically 

arrested mutants (Figure 32) suggest that the behaviors of the TF network are further 

modulated in late mitosis. In the cdc20Δ mutant, APCCdc20 and mitotic exit pathways 
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were all supposedly inhibited. In the cdc14-3 mutant, APCCdc20 was activated and 

promoted anaphase entry, but all Cdc14 phosphatase activity was perturbed. Finally, in 

the MEN mutant cdc15-2, both APCCdc20 and nuclear Cdc14 were activated, but the 

further release of Cdc14 into the cytosol was impaired. To determine how the TF 

network continued to oscillate in these different CDK-APC/C arrests, I first examined 

and compared the transcript dynamics of network TFs by line graphs. 

As shown in Figure 33, oscillations in the transcript levels of some network TFs 

were indeed observed in the three mutants. For example, both SWI4 and HCM1 

exhibited robust second peaks in their transcript dynamics, which are consistent with 

the pulsatile dynamics of early-cell-cycle transcription as shown above (Figure 32).  

Interestingly, transcriptional repressors NRM1/YHP1/YOX1 showed distinct 

transcript behaviors among the three mutants (Figure 33). First, in the cdc20Δ mutant 

cells, NRM1/YHP1/YOX1 only exhibited a second transcriptional pulse at very low 

amplitudes, suggesting that Clb-CDKs act as their transcriptional repressors. 

Furthermore, Nrm1/Yhp1/Yox1 proteins were found to be unstable in cells arrested with 

high Clb-CDK activity (this study, Chapter 4). Taken together, both SBF and 

Nrm1/Yhp1/Yox1 in the G1/S negative feedback loops are strongly inhibited by Clb-

CDKs in the cdc20Δ mutant cells, which potentially resulted in the damped dynamics of 

the second transcriptional pulse during the metaphase arrest (Figure 32) (Bristow et al., 

2014).  
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Figure 33: Distinct dynamical behaviors of the TF network in mitotically arrested 
mutants. 

Line graphs showing absolute transcript levels of network TFs in indicated strains. 
Experiments were performed as described in the legend of Figure 32. 

 

In the cdc14-3 mutant cells, more robust reactivation of YHP1/YOX1 but not 

NRM1 was observed (Figure 33). Furthermore, the protein levels of Nrm1 and Yhp1 also 
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persisted at intermediate levels in the cdc14-3 mutant cells (Figure 26). Collectively, these 

results suggest that APCCdc20 partially down-regulates Clb-CDK activity, which relieves 

the inhibition on both SBF and Nrm1/Yhp1/Yox1 in the G1/S negative feedback loops. 

This derepression potentially leads to the robust transcriptional pulses observed in the 

cdc14-2 mutant cells (Figure 32). Finally, in the cdc15-2 mutant, NRM1/YHP1/YOX1 were 

reactivated at lower amplitudes as compared to the cdc14-3 mutant (Figure 33). These 

results suggest that nuclear Cdc14 activity in the cdc15-2 mutant cells regulated 

SBF/MBF activity independently of Whi5/Stb1/APCCdh1. 

To further determine the global activity of the TF network, I examined the 

transcript dynamics of canonical TF network targets by both heat maps and line graphs 

(Figures 34 and 35). For most Mcm1 targets, two or more transcriptional pulses were 

observed, which are consistent with inhibition of their repressors, YHP1/YOX1 (Pramila 

et al., 2002), by Clb-CDKs (Figures 26 and 33). Similarly, a large number of SBF/MBF 

targets continued to oscillate transcriptionally in the three mutants, and the most robust 

dynamics were observed in the cdc14-3 mutant (Figures 34 and 35). Strikingly, a subset 

of SBF/MBF-regulated genes oscillated for up to four cycles coherently in the cdc14-3 

mutant cells (Figure 34; Figure 35, see RLF2 for example), even though none of the 

established repressors (NRM1/YHP1/YOX1) exhibited such robust oscillations (Figure 

33). These results suggest other unclear mechanisms that could generate oscillations of 

G1/S transcription. 
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As discussed above, the damped reactivation of SBF/MBF targets in the cdc20Δ 

mutant likely resulted from the inhibition of SBF by mitotic Clb-CDK activity, which 

remained high during the time course. Whereas in arrested cdc14-3 and cdc15-2 mutants, 

the partial degradation of Clb2 mediated by APCCdc20 (Bäumer et al., 2000; Visintin et al., 

1998; Yeong et al., 2000) could lead to the derepression of SBF activity, and thus stronger 

reactivation of SBF/MBF targets was observed. Finally, nuclear Cdc14 phosphatase 

activity in the cdc15-2 mutant appears to maintain the transcriptional inhibition of a 

subset of SBF/MBF targets (Figures 33-35), including that of NRM1/YHP1/YOX1. 

Consistently, the attenuation of the second pulse of G1/S transcription (SBF/MBF-

regulated genes) was indeed impaired in the cdc15-2 mutant as compared to the cdc14-3 

mutant (Figure 34). These results suggest a role of nuclear Cdc14 in partially regulating 

the dynamics of G1/S negative feedback loops; however, the molecular mechanism for 

this regulation remains to be established. 

 



 105 

 

Figure 34: The cell-cycle transcriptional program persists in cells arrested in late 
mitosis. 

Heat maps showing transcript dynamics of 241 canonical TF network targets in 
indicated strains. Experiments were performed as described in the legend of Figure 32. 

Transcript levels were depicted as fold change versus mean. 
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Figure 35: Phase-specific transcription of canonical TF network targets in mutants 
arrested at mitotic exit. 

Line graphs showing absolute transcript levels of selected genes in the indicated gene 
clusters. Experiments were performed as described in the legend of Figure 32. 

 

Next, in consistence with the pulsatile dynamics of HCM1, transcript levels of 

several Hcm1 targets also oscillated in the mitotically arrested mutants (Figure 35). In 

contrast, most SFF targets first reached peak expression and then stayed at high levels in 

the three mutants, despite the weak reactivation of NDD1 (SFF component). These 

results suggest that SFF activity is predominantly down-regulated in late mitosis by 

Cdc14 phosphatase, which could dephosphorylate SFF components and promote 

degradation of Ndd1 protein by reactivating APCCdh1. Finally, the M/G1 genes regulated 

by Swi5/Ace2 remained repressed in both cdc20Δ and cdc14-3 mutants, but they were 

robustly activated in the MEN mutant cdc15-2 (Figures 34 and 35). These results suggest 

that nuclear Cdc14 released by FEAR pathway is sufficient for activating Swi5 to trigger 

M/G1 transcription. Interestingly, several Swi5/Ace2 targets such as CTS1 were still not 

activated in the cdc15-2 mutant, suggesting additional regulation of M/G1 transcription. 

In summary, here I demonstrate that subsets of the cell-cycle transcriptional 

program persisted with uncoupled dynamics in cells arrested at mitotic exit. These 

results support a model in which cytosolic Cdc14 phosphatase resets the global 

inhibition of the TF network through reactivating Whi5/Stb1/APCCdh1, which is crucial 
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for maintaining the synchrony and robustness of the cell-cycle transcriptional program 

(Figure 36). 

 

 

Figure 36: Model for the regulations of the TF network by Cdc14 phosphatase. 

Nuclear Cdc14 activates Swi5/Ace2 to trigger M/G1 transcription, but it is not sufficient 
to prevent re-initiation of transcriptional pulses. The reactivation of Whi5/Stb1/APCCdh1 
by cytosolic Cdc14 phosphatase restores the inhibition of the TF network in early G1, 
which is also essential for maintaining the synchrony of the cell-cycle transcriptional 

program. 

 

5.7 Discussion 

While previous studies on Cdc14 phosphatase have focused on its essential roles 

in down-regulating Clb-CDK activities and triggering mitotic exit, how Cdc14 regulates 

the TF network to control the cell-cycle transcriptional program have been largely 

overlooked in the past. In this chapter, I have sought to determine the physiological 
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roles of mitotic exit pathways and Cdc14 phosphatase in regulating the dynamics of the 

TF network. 

In Chapter 3, I showed that the G1 inhibitors Whi5/Stb1/APCCdh1 inhibit the 

global dynamics of the TF network. I proposed a model in which G1 cyclin-CDKs 

inactivate Whi5/Stb1/APCCdh1 to initiate global cell-cycle transcription during cell cycle 

commitment. Thus, the timely reactivation of Whi5/Stb1/APCCdh1 upon re-entering G1 is 

likewise important for the proper control of the cell-cycle transcriptional program. 

Although Cdc14 has been suggested to be the phosphatase that dephosphorylates and 

reactivates Whi5/Stb1/APCCdh1, the transcriptomic dynamics in the cdc14 mutant cells 

have not been examined directly. Furthermore, how the TF network is regulated by 

nuclear and cytosolic Cdc14 released by the two mitotic exit pathways, FEAR and MEN, 

also remained to be determined. 

Here I characterized the dynamics of the cell-cycle transcriptional program in the 

cdc14-3 and cdc15-2 mutants arrested at mitotic exit. I showed that a large proportion of 

the cell-cycle transcriptional program continued and were uncoupled from cell-cycle 

progression in these mutant cells (Figures 31 and 32). These results provide the first 

direct evidence that timely activation of Cdc14 phosphatase in late mitosis is essential 

for preventing the re-initiation of the cell-cycle transcriptional program. In particular, 

the substantial transcript dynamics observed in the cdc15-2 mutant cells suggest that 

nuclear Cdc14 released by FEAR is not sufficient to halt the dynamics of the TF network. 

Consistently, it has been shown that both Whi5 and APCCdh1 remain inhibited in arrested 
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cdc15-2 mutant cells. Taken together, these data suggest that the reactivation of 

Whi5/Stb1/APCCdh1 is dependent on cytosolic Cdc14 released by MEN, which resets the 

global inhibition of the TF network during mitotic exit. 

By comparing the transcriptomic dynamics in the cdc20Δ and cdc14-3 mutant 

cells, I also determined how APCCdc20 regulates the dynamics of the TF network. I found 

that the cdc14-3 mutant cells, which activated APCCdc20 and were arrested in anaphase, 

re-initiated the cell-cycle transcriptional program much more robustly than the cdc20Δ 

mutant cells arrested in metaphase. Particularly, several canonical SBF targets (Figure 

35, CLN2 and SVS1) were derepressed at the transcriptional level. Similarly, 

transcriptional repressors YHP1/YOX1 were also reactivated at higher amplitudes in the 

cdc14-3 mutant cells. These results suggest that while Clb-CDKs maintain the inhibition 

of a subset of G1/S negative feedback loops before anaphase entry, the partial down-

regulation of Clb-CDKs mediated by APCCdc20 can relieve these inhibitions and allow the 

TF network to oscillate with more robust dynamics. These observations further highlight 

the physiological roles of Cdc14 phosphatase in restoring the inhibition of the TF 

network after anaphase entry. 

The data presented in this chapter also revealed an interesting but yet unclear 

role of nuclear Cdc14 in regulating the TF network. By comparing the transcriptomic 

dynamics in the cdc14-3 and cdc15-2 mutant cells, I found that the second cycle of cell-

cycle transcription were impaired in the cdc15-2 mutant cells that triggered transient 

Cdc14 release into the nucleus through FEAR pathway. Particularly, canonical SBF 
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targets (Figure 35, CLN2 and SVS1) were prevented from oscillating in the cdc15-2 

mutant, in contrast to the transcript dynamics in cdc14-3 mutant cells. These 

observations suggest that nuclear Cdc14 may directly or indirectly regulates SBF/MBF 

activity. Similarly, transcriptional repressors NRM1/YHP1/YOX1 exhibited a second 

pulse with lower amplitudes in the cdc15-2 mutant cells; furthermore, the protein levels 

of Yhp1 were also lower in the cdc15-2 mutant than in the cdc14-3 mutant cells. One 

possible explanation for these observations is that nuclear Cdc14 is necessary for the 

down-regulation of S-phase Clb5-CDK activity by APCCdc20 (Simpson-Lavy et al., 2015), 

which may positively regulate the activators SBF/MBF as well as repressors 

Nrm1/Yhp1/Yox1. In the cdc15-2 mutant cells, Clb5 was down-regulated to a lower level 

than in the cdc14-3 mutant, and thus the dynamics of G1/S transcription were further 

impaired. 

Another difference between the transcript dynamics in the cdc15-2 and cdc14-3 

mutants is the M/G1 transcription activated by Swi5/Ace2. The ability of nuclear Cdc14 

to activate Swi5/Ace2 targets suggest that while Swi5/Ace2 proteins are thought to be 

retained in the cytosol by Clb-CDKs, they are instead shuttled into and out of the 

nucleus. Among the Swi5 targets is the SIC1 gene, which encodes the G1 inhibitor of 

Clb-CDKs. The transcriptional activation of SIC1 in early anaphase may provide 

additional feedback loop and contribute to the proper timing of mitotic exit. 

Although the cell-cycle transcriptional program continued in the three 

mitotically arrested mutants, a loss of temporal coherence in global transcript dynamics 
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could also be observed. Particularly, SBF/MBF targets exhibited a variety of pulsatile 

dynamics during mitotic arrests, with distinct amplitudes and period lengths. These 

results are consistent with the model in which G1/S negative feedback loops function as 

pulse-generators, whose frequency are normally coordinated by their inhibition by 

Whi5/Stb1/APCCdh1 in early G1. Furthermore, while two or more cycles of G1/S 

transcription activated by SBF/MBF were observed in cells progressing from G1 into 

mitotic arrests, G2/M transcription activated by SFF only exhibited an incomplete first 

cycle. These results suggests that Cdc14 phosphatase normally controls the full 

repression of G2/M transcription, potentially through dephosphorylating components of 

SFF and/or promoting the degradation of Ndd1 through APCCdh1.  Taken together, these 

findings underscore the importance of coupled CDK-APC/C and the TF networks in 

generating the periodic cell-cycle transcriptional program in wild-type cells. 

In conclusion, the results presented in this chapter support the roles of Cdc14 

phosphatase in resetting the cell-cycle transcriptional program during mitotic exit, 

which restrict the frequency and maintain the synchrony of cell-cycle transcription 

driven by the TF network. I expect the establishment of global stationary phase to be a 

general mechanism that coordinates the dynamics of multiple oscillatory motifs in 

complex biological networks. 
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6. Discussion: perspectives on the coupling and 
uncoupling of cell-cycle oscillations 

6.1 An integrated network model for the budding yeast cell cycle 

The cell cycle is a highly orchestrated process in which multiple oscillations must 

be coordinated so that each is triggered once-and-only-once per cycle in a precise 

temporal order. Because of the evolutionarily conserved roles of cyclin-dependent 

kinases (CDKs) in triggering cell-cycle events, the oscillations of CDK activities were 

thought to be the central oscillator that dictates phases of other cell-cycle oscillations. For 

example, B-cyclin-CDK activity both triggers initiation and prevents re-initiation of 

DNA replication (Nguyen et al., 2001). Ordering of cell-cycle events by different 

thresholds of CDK activity has also been reported in fission and budding yeast 

(Coudreuse and Nurse, 2010; Oikonomou and Cross, 2011). Finally, a “phase-locking” 

model was proposed in which a central CDK oscillator entrains the frequency of 

peripheral oscillators, such as Cdc14 release and periodic transcription (Lu and Cross, 

2010). Nonetheless, there is increasing evidence in recent years that oscillations of the 

cell-cycle transcriptional program can be uncoupled from oscillations of CDK activities 

(Bristow et al., 2014; Orlando et al., 2008; Simmons Kovacs et al., 2012). These recent 

findings led to the proposal of an alternative model in which a transcription factor (TF) 

network oscillator can generate periodic cell-cycle transcription and entrain oscillations 

of CDK activities. In this dissertation, I have sought to reconcile these conflicting models 

for the budding yeast cell cycle. 
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In the previous chapters, I have presented data that establish the feedback 

regulations of the TF network by CDK-APC/C during the normal cell cycle. Collectively, 

the results suggest a model in which the TF network is inhibited by Whi5/Stb1/APCCdh1 

in early G1, which are oppositely regulated by G1 cyclin-CDKs and Cdc14 phosphatase 

to coordinate the cell-cycle transcriptional program with cell-cycle progression. To 

further integrate these findings with the CDK-APC/C models (Chen et al., 2004; 

Kraikivski et al., 2015; Rahi et al., 2016), here I propose an integrated network model for 

the control of both periodic CDK activities and the periodic cell-cycle transcriptional 

program (Figure 37 and Table 4). In this chapter, I will discuss the important features of 

this integrated network and provide new perspectives on how cell-cycle oscillations are 

coupled or uncoupled during the normal or perturbed cell cycle. 

 

Figure 37: The integrated network model for the control of budding yeast cell cycle. 
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Nodes other than Sic1 and APCCdh1 are ordered horizontally by their approximate time 
of activation during the cell cycle. See Table 4 for the regulations represented by the 

edges in the model. 

 

Table 4: Edge evidence for the integrated network model in Figure 37 

Regulator Target Edge type Effects References 

Mcm1 Cln3-CDK Transcription Positive 
(McInerny et al., 1997; Pramila 
et al., 2002) 

Cln3-CDK Whi5/Stb1 Phosphorylation Negative 
(Costanzo et al., 2004; de Bruin 
et al., 2004) 

Whi5/Stb1 SBF/MBF Corepressor Negative 
(Costanzo et al., 2004; de Bruin 
et al., 2004) 

SBF/MBF Cln1/2-CDK Transcription Positive (de Bruin et al., 2006; 
Ferrezuelo et al., 2010; Horak 
et al., 2002; Iyer et al., 2001; 
Koch et al., 1996; Lee et al., 
2002; Schwob and Nasmyth, 
1993; Simon et al., 2001) 

SBF/MBF Clb5/6-CDK Transcription Positive 
SBF/MBF Nrm1/Yhp1 Transcription Positive 
SBF/MBF Hcm1 Transcription Positive 

SBF/MBF SFF Transcription Positive 

Cln1/2-CDK Whi5/Stb1 Phosphorylation Negative (Skotheim et al., 2008)  
Cln1/2-CDK Sic1 Phosphorylation Negative (Verma et al., 1997a; 1997b) 
Cln1/2-CDK APC-Cdh1 Phosphorylation Negative (Zachariae et al., 1998) 

Sic1 Clb5/6-CDK Inhibitor Negative (Breitkreutz et al., 2010; Cross 
et al., 2007; Schreiber et al., 
2012; Schwob et al., 1994) Sic1 Clb1/2-CDK Inhibitor Negative 

APC-Cdh1 Nrm1/Yhp1 Degradation Negative 
(Ostapenko and Solomon, 
2011) 

APC-Cdh1 SFF Degradation Negative 
(Edenberg et al., 2015; Sajman 
et al., 2015) 

APC-Cdh1 Clb1/2-CDK Degradation Negative 
(Bäumer et al., 2000; Schwab et 
al., 1997; Yeong et al., 2000) 

APC-Cdh1 APC-Cdc20 Degradation Negative (Robbins and Cross, 2010) 

APC-Cdh1 Cdc5 Degradation Negative 
 (Charles et al., 1998; 
Shirayama et al., 1998) 

Clb5/6-CDK Sic1 Phosphorylation Negative 
(Kõivomägi et al., 2011b; 
2011a) 

Clb5/6-CDK APC-Cdh1 Phosphorylation Negative 
(Huang et al., 2001; Yeong et 
al., 2001; Zachariae et al., 1998) 

Nrm1/Yhp1 SBF/MBF Transcription Negative 
(de Bruin et al., 2006; 
Ostapenko and Solomon, 2011; 
Pramila et al., 2002) 

Nrm1/Yhp1 Mcm1 Transcription Negative (Pramila et al., 2002) 
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Hcm1 SFF Transcription Positive (Pramila et al., 2006) 
SFF Clb1/2-CDK Transcription  Positive 

(Kumar et al., 2000; Loy et al., 
1999; Sajman et al., 2015; Zhu 
et al., 2000) 

SFF Swi5/Ace2 Transcription  Positive 
SFF APC-Cdc20 Transcription  Positive 
SFF Cdc5 Transcription  Positive 

Clb1/2-CDK SBF/MBF Transcription  Negative 
(Amon et al., 1993; Koch et al., 
1996) 

Clb1/2-CDK Nrm1/Yhp1  Negative  This study 
Clb1/2-CDK Sic1 Phosphorylation Negative (Kõivomägi et al., 2011b) 

Clb1/2-CDK APC-Cdh1 Phosphorylation Negative 
(Amon, 1997; Jaspersen et al., 
1999; Zachariae et al., 1998) 

Clb1/2-CDK SFF Phosphorylation Positive 
(Pic-Taylor et al., 2004; 
Reynolds et al., 2003) 

Clb1/2-CDK Swi5/Ace2 Phosphorylation Negative (Moll et al., 1991) 

Clb1/2-CDK APC-Cdc20 Phosphorylation Positive 
(Cross, 2003; Rudner and 
Murray, 2000) 

Clb1/2-CDK Cdc5 Phosphorylation Positive 
(Rodriguez-Rodriguez et al., 
2016) 

APC-Cdc20 Clb1/2-CDK Degradation Negative 
(Bäumer et al., 2000; Yeong et 
al., 2000) 

APC-Cdc20 Clb5/6-CDK Degradation Negative 
 (Shirayama et al., 1999; Wäsch 
and Cross, 2002) 

APC-Cdc20 Cdc14 
Indirect through 
degradation of 
Pds1  

Positive 
(Shirayama et al., 1999; 
Sullivan and Uhlmann, 2003) 

Cdc5 Cdc14 
FEAR/MEN 
pathways 

Positive 
(Hu et al., 2001; Stegmeier et 
al., 2002) 

Cdc14 Swi5/Ace2 
Dephosphorylat
ion 

Positive (Visintin et al., 1998) 

Cdc14 Sic1 
Dephosphorylat
ion 

Positive (Visintin et al., 1998) 

Cdc14 APC-Cdh1 
Dephosphorylat
ion 

Positive 
(Jaquenoud et al., 2002; 
Visintin et al., 1998) 

Cdc14 Whi5 
Dephosphorylat
ion 

Positive (Taberner et al., 2009) 

Swi5/Ace2 Sic1 Transcription  Positive (Knapp et al., 1996) 

Swi5/Ace2 Cln3-CDK Transcription  Dual 
(Di Talia et al., 2009; Simon et 
al., 2001) 
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6.2 Destabilization and re-establishment of a global G1 
stationary phase 

Despite the large number of network components and high degree of 

interconnection, this model suggests that the G1 inhibitors Whi5/Stb1/APCCdh1/Sic1 

(Figures 37 and 38, red) provide an important mechanism to prevent uncoupled 

oscillations of the integrated network. Specifically, transcriptional corepressors 

Whi5/Stb1 directly inhibit the G1/S transcriptional activators SBF/MBF, thus indirectly 

inhibiting the transcription of network TFs downstream of SBF/MBF (Figures 37 and 38, 

green). Furthermore, APCCdh1 destabilizes numerous network components that function 

in S/G2/M phases, including network TFs Nrm1/Yhp1/Ndd1, S-phase and M-phase B-

cyclins, APC coactivator Cdc20, and polo kinase Cdc5. Finally, the stoichiometric 

inhibitor Sic1 binds to and inhibits all Clb-CDK activities. Taken together, this G1 

stationary phase established by Whi5/Stb1/APCCdh1/Sic1 globally inhibits the oscillations 

of both Clb-CDK activities and the TF network before cell cycle commitment. 

In wild-type cells, Cln-CDK activities eventually destabilize this G1 stationary 

phase during G1/S transition. Presumably, in the absence of mating pheromone that 

inhibit Cln-CDKs, the dilution of Whi5 by increasing cell size allows Cln3-CDK to 

initiate the positive feedback loop between SBF/MBF and Cln1/2-CDKs and promote 

G1/S transition (Figure 38). Cln1/2-CDKs then feedback to further inhibit 

Whi5/Stb1/APCCdh1/Sic1, thus reliving the global inhibition of the network. 

Subsequently, both S-phase and M-phase Clb-CDKs are potentially responsible for 
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maintaining the inhibition of Whi5/Stb1/APCCdh1/Sic1. Finally Cdc14 phosphatase 

reactivates the G1 inhibitors Whi5/Stb1/APCCdh1/Sic1 during mitotic exit to re-establish 

the G1 stationary phase (Figure 38). 

 

Figure 38: Inactivation and reactivation of the G1 stationary phase of the integrated 
network. 
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In summary, this integrated network model substantiates the view that CDKs, 

APC/C, and the TF network function together in a highly interconnected network to 

regulate the cell cycle. Furthermore, this model suggests that the G1 stationary phase 

provides an important mechanism for coordinating the oscillations of CDK activities and 

the TF network. During the normal cell cycle, the periodic inactivation and activation of 

Whi5/Stb1/APCCdh1/Sic1 by G1 cyclin-CDKs and Cdc14 phosphatase, respectively, ensure 

that only one round of Clb-CDK oscillations and one cycle of the cell-cycle 

transcriptional program occur per cell cycle. This “G1 checkpoint” is similar to “G1 

attractor” in the previously proposed model of the budding yeast cell-cycle network (Li 

et al., 2004). Outside G1 stationary phase, the DNA replication and spindle assembly 

checkpoints further provide complementary mechanisms to halt the oscillations of CDK-

APC/C and the TF network (Bristow et al., 2014). From this perspective, the lack of 

checkpoint activity during CDK-APC/C arrests then allows the cell-cycle transcriptional 

program to continue and potentially trigger individual cell-cycle oscillations. 

6.3 Generation of autonomous oscillations by local network 
motifs outside the G1 stationary phase 

While cell-cycle oscillations are normally restricted to once-and-only-once per 

normal cell cycle, their autonomous oscillations in mutant cells have also been observed. 

For example, periodic re-budding, DNA re-replication, and spindle pole body re-

duplication can persist in budding yeast cells deleted for all or some B-cyclins (Haase 

and Reed, 1999; Haase et al., 2001; Simmons Kovacs et al., 2012). When mitotic exit is 
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blocked by non-degradable Clb2, Cdc14 phosphatase is periodically released from the 

nucleolus (Lu and Cross, 2010). Finally, multiple pulses of G1/S transcription can be 

observed in a variety of mitotically arrested mutants (this study, Chapter 5). To account 

for these observations, conceptual models have been proposed in which multiple 

autonomous oscillators are coupled together to drive the budding yeast cell cycle. 

Nonetheless, the integrated network model proposed in this dissertation suggests an 

alternative view that while local network motifs have the potential to trigger 

autonomous oscillations, their activities are entrained to a common G1 stationary phase 

established by Whi5/Stb1/APCCdh1/Sic1. 

In support of this view, the uncoupling of cell-cycle oscillations have been mostly 

observed in mutants cells arrested outside the G1 stationary phase. In the clb1-6Δ 

mutant cells, Whi5/Stb1 are inactivated by Cln-CDKs, and the transcription of CLN1/2 is 

highly activated by SBF. Since Cln1/2 proteins are destabilized by their own CDK 

phosphorylations, this post-translational negative feedback may provide a mechanism 

to generate oscillations of Cln1/2-CDK activities and thus periodic re-budding cycles. 

Similarly, in the clb1-5Δ mutant cells, the inhibition of Whi5/Stb1/APCCdh1/Sic1 allows the 

feedback loop of MBF/Nrm1 in the TF network to generate transcriptional pulses of the 

S-phase cyclin CLB6. Because the degradation of Clb6 protein is also promoted by its 

CDK phosphorylations, Clb6-CDK activity can then oscillate without periodic APC 

activity to trigger periodic DNA re-replication. Finally, periodic Cdc14 release can be 
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driven by the Cdc5/Cdc14/APCCdh1 feedback loops in cells expressing hyperstable Clb2, 

which maintains the transcription of CDC5 and negatively regulates APCCdh1. 

 Importantly, the negative feedback loop of Clb2-CDK/APCCdc20 is also inhibited 

in the G1 stationary phase at both transcriptional and post-translational levels. These 

regulations further support the view that while Cdk1-APCCdc20 can function as an 

autonomous oscillator in embryonic cells, this circuit is tightly coupled to the global cell-

cycle network in somatic cells. Similarly, while the G1/S negative feedback loops in the 

TF network have the capability of generating multiple pulses autonomously, their 

dynamics are globally inhibited by Whi5/Stb1/APCCdh1 in early G1.  

In summary, this integrated network model highlights the importance of 

studying network motifs in the context of the global network. While individual feedback 

loops in the budding yeast cell-cycle network can oscillate autonomously in mutant 

cells, the G1 stationary phase in wild-type cells functions to coordinate their dynamics 

and ensure their synchrony with cell-cycle progression. 

6.4 Conclusion: a unifying view of the budding yeast cell cycle 

In this dissertation, I began by asking how the CDK-APC/C network and the TF 

network function together during the budding yeast cell cycle. I employed genetic and 

genomic approaches to validate the predictions of an integrated network model. By 

further integrating the findings in this study with results from previous literature, I 

proposed an integrated model with extensive feedback regulations between CDK-
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APC/C and the TF network. Significantly, this model provides a unifying explanation 

for a broad range of experimental data regarding the coupling and uncoupling of cell-

cycle oscillations from previous literature or this study (Figure 39). 

 

Figure 39: The state transition graph of the integrated network during the normal or 
perturbed cell cycle.  

 

As discussed above and illustrated in the state transition graph (Figure 39), the 

integrated network has a G1 stationary phase established by Whi5/Stb1/APCCdh1/Sic1 in 

early G1. In wild-type cells, the progression through the cell cycle is dependent on the 

sequential activation of Cln-CDKs, Clb-CDKs, APCCdc20, and Cdc14 phosphatase in the 

CDK-APC/C network. Simultaneously, the TF network also oscillates in concert and 
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triggers one cycle of the transcriptional program before both CDK-APC/C and the TF 

network re-enter the G1 stationary phase. However, in various CDK-APC/C mutants 

arrested with constitutive CDK activities, the TF network can still trigger a proportion of 

the cell-cycle transcriptional program (Chapters 2, 4, and 5); furthermore, individual 

cell-cycle events can be initiated periodically by local network motifs. Finally, as shown 

in this study, genetically inhibiting Whi5/Stb1/APC can allow the TF network to 

generate a large program of cell-cycle transcription even in the cdc28-4/cdk1 mutant 

background (Chapter 3). 

In conclusion, from the results in this dissertation, a model emerges in which 

CDK-APC/C and the TF network function together as a pulse-generator to generate both 

sequential waves of CDK activities as well as the cell-cycle transcriptional program, with 

the G1 stationary phase that provides a global mechanism to maintain the tunability and 

robustness of these cell-cycle oscillations. 

6.5 Future directions 

While this dissertation has established the general principles of cell-cycle control 

by an integrated network in budding yeast, several gaps of knowledge remain to be 

addressed. Most importantly, the dynamical behaviors of this integrated network in 

both wild type and mutants need to be investigated by quantitative modeling, which 

will likely generate new hypotheses that can then be further tested by experiments. In 

the regard, the DSGRN database built by our collaborator would be a useful tool 
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(Cummins et al., 2015). Moreover, the network model proposed in this chapter only 

represents the core regulators, and whether or how additional transcription factors (such 

as Ash1 and Sfg1) or CDK regulators (such as the Cdh1 inhibitor Acm1) modulate the 

dynamics of the cell-cycle network should be considered. Finally, how DNA replication 

and spindle assembly checkpoints halt the dynamics of the TF network outside the G1 

stationary phase is still incompletely understood. Similar genetic and genomic 

approaches will be needed to dissect the regulations of network TFs by checkpoint 

kinases.  

Although this dissertation has focused on the coupling of CDK-APC/C 

oscillation and the TF network, how these cell-cycle oscillations interact with the yeast 

metabolic cycle (YMC) remains an outstanding question (Papagiannakis et al., 2016). 

Studies on the budding yeast Saccharomyces cerevisiae have significantly improved our 

understanding of the cell-cycle control in eukaryotes in the past decades. Future works 

will likely continue to provide insights into the general principles for the coupling of 

biological oscillations as well as the control of mammalian cell cycle. 
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