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Abstract

The cell division cycle requires duplication of the genome and segregation of the
replicated genomes into daughter cells. Failure to keep these two processes distinct can
compromise genomic integrity, causing oncogenic mutations or cell death. The interaction of
transcriptional and post-translational pathways coordinates genome duplication and genomes
segregation. Post-translationally, cyclin/CDK complexes generate distinct cellular states, while
protein degradation erase these states to enable transition to the next. The ATR-CHK1 kinases
modulate CDK activity to separate the two cellular states. Transcriptionally, two waves of gene
expression facilitate these states: a G1/S wave controlled by E2F to enable DNA replication and
a G2/M wave to enable mitosis driven by the MYBL2/MuvB(MMB)-FOXM1 complex.

We identified a MYBL2-cyclin F feedback loop controlled by CDK phosphorylation. The
E3 ubiquitin ligase complex SKP1-CUL1-F-BOX(SCF)®“inF specifically degrades MYBL2 in
G2/M. Loss of cyclin F led to persistence of the MMB-FOXM1 complex, G2/M gene expression,
and cyclin B1 levels through mitosis. A genome-wide CRISPR screen identified the MMB-
FOXM1 complex as required for sensitivity to CHK1 inhibitors that induced replication
catastrophe. We demonstrated that CHK1i derepressed an MMB-FOXM1-CDK1 positive
feedback loop that induced premature mitosis leading to replication stress and cell death.

Prolonged CHKZ1 inhibition led to APC/C dysregulation and CHK1i-induced replication
catastrophe. CHK1i induced the APC/C-dependent degradation of origin licensing factors
impairing DNA replication. The MMB-FOXM1 complex also was required for impaired DNA
replication and loss of origin licensing factors after CHK1 inhibition implicating the mitotic

transcriptional program in managing DNA replication. Consequently, the APC/C regulators,



Aurora B and FBXO5, were identified as potential biomarkers for CHK1i sensitivity. This work
demonstrated how MMB-FOXM1feedback loops facilitated cell cycle transitions that could be

dysregulated by CHKZ1 inhibition.
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Chapter 1. Introduction



Duplication of the genome followed by separation into two cells is the fundamental task
of the cell division cycle to propagate eukaryotic life. Within the cell division cycle, genomes are
duplicated during S phase and separated during mitosis. Reflecting the need to temporally
separate genome duplication from division, there are two gap phases, G1, between mitosis and
S phase, and G2, between S phase and mitosis. Failure to separate these two fundamental
tasks can lead to mutations that result in cancer or cell death. Faced with this challenge, the cell
needs to reliably create two distinct cellular states for DNA replication and mitosis from a single
genome.

The cell contains a variety of protein complexes that can read the genome and create or
erase distinct cellular states to distinguish DNA replication from cytokinesis. Cyclin/cyclin-
dependent kinase (CDK) complexes can post translationally modify a wide range of substrates
to write distinct cellular states for DNA replication and mitosis (Malumbres, 2011, 2014). They
regulate a series of transcriptional complexes that transactivate two distinct transcriptional
programs required for DNA replication and mitosis (Fischer et al., 2016; Sadasivam and
DeCaprio, 2013). Signals generated during DNA replication and mitosis subsequently activate
the E3 ubiquitin ligases SKP1-CUL1-F-BOX (SCF) and the Anaphase Promoting
Complex/Cyclosome (APC/C) respectively to erase these different cell cycle identities upon their
completion and prior to the next phase (Jang et al., 2020; Zhou et al., 2016). Consequently, the
cell cycle transcription factors, the cyclin/CDK complexes, and the proteolytic regulatory
complexes interact at cell cycle checkpoints to manage these cell cycle transitions. Cells with
oncogenic mutations that accelerate cell division are particularly dependent on these regulatory
pathways to manage these transitions creating potential therapeutic opportunities for treating
cancer (Kotsantis et al., 2018; Qiu et al., 2018). Understanding how the cell cycle readers,
writers, and erasers interact will provide insights into cell division as well as the targeting of

these pathway for cancer treatment.



Cyclin/CDK complexes write distinct cell cycle identities for DNA replication and mitosis
through post translational modification of proteins

Cyclin/CDK complexes establish temporally distinct cell cycle identities or states for DNA
replication and mitosis through phosphorylation of a multitude of substrates. The CDK
serine/threonine kinases typically phosphorylate S/T-P sites although other serine and threonine
sites can be phosphorylated as well (Errico et al., 2010; Malumbres, 2014; Suzuki et al., 2015).
Binding of the regulatory cyclins to the PSTAIRE helix of CDK catalytic subunit triggers a
conformation change thereby enabling kinase activation (Jeffery et al., 1995). While there are
over 20 members of the CDK kinase family, four CDK have major roles in the cell cycle: CDK1,
CDK2, CDK4, and CDK6, with CDK4 and CDK6 showing tissue specific expression and largely
overlapping roles (Malumbres, 2011, 2014). Phosphorylation of substrates at different times of
the cell cycle is achieved by pairings of the individual CDKs with specific cyclins. CDK4 and
CDKG®6 are paired with D-type cyclins, CDK2 is paired with cyclins E and A, and CDK1 with
cyclins A and B (Bates et al., 1994; Devoto et al., 1992; Draetta et al., 1989; Elledge et al.,
1992; Malumbres, 2011; Meyerson and Harlow, 1994; Rosenblatt et al., 1992). There is some
redundancy in these pairings as CDK1 can also pair with cyclin E in the absence of CDK2 and
cyclin E compensating for cyclin A in cyclin A knockout (KO) fibroblasts (Kalaszczynska et al.,
2009; Santamaria et al., 2007).

A hydrophobic MRAILXXWXXE motif, conserved in cyclins A, B, and E but not D,
interacts with RxL(F) motifs on substrates (Adams et al., 1999; Brown et al., 1999; Schulman et
al., 1998; Takeda et al., 2001). Subtle variations in how the cyclin/CDKs interact and within the
cyclin folds of cyclin A and cyclin B allow for further discrimination of substrates (Brown et al.,
2007). Similarly, the cyclin-binding preference of a substrate can be shifted from cyclin A to
cyclin B with a point substitution of the arginine in the RxL(F) motif to glutamic acid, resulting in
a charge reversal, to make it an ExL(F) motif (Ord et al., 2020). Cyclin D1 contains a less
conserved cyclin fold, with multiple motifs influencing binding to substrates. Perturbation of the

3



RXL, LXCXE and the N-terminal helix motifs on the canonical cyclin D/CDK4 substrate RB,
encoded by the retinoblastoma tumor suppressor gene RB1, all lead to reduced cyclin D binding
by differing extents (Dowdy et al., 1993; Topacio et al., 2019).

During the G1 phase of the cell cycle, cyclin D/CDK4/6 facilitates cell cycle reentry.
Phosphorylation of the pocket proteins, RB and RBL2, by cyclin D/CDK4 derepresses cell cycle
gene expression (Dowdy et al., 1993; Ewen et al., 1993; Johnson, 1995; Matsushime et al.,
1992; Schade et al., 2019b; Schulze et al., 1994). In addition to RB, cyclin D1/CDK4/6
phosphorylation of GCN5 also promotes gene expression (Lee et al., 2014). While the
phosphorylation GCN5 by cyclin D/CDK4/6 complexes has been only examined in post-mitotic
cells, GCN5 participates in TRRAP-containing complexes that promote E2F- and MYC-
dependent gene expression (Lang et al., 2001; Liu et al., 2003) suggesting that cyclin D/CDK4/6
may mobilize additional complexes and pathways to facilitate cell cycle entry.

CDK2 is activated by cyclins E1 and E2 as cells progress through G1 and initiates DNA
replication. Cyclin E/CDK2 hyperphosphorylates (multi-phosphorylates) the pocket protein RB to
inactivate it and fully derepress E2F-dependent expression of genes involved in DNA replication
(Akiyama et al., 1992; Dick and Rubin, 2013; Harbour et al., 1999; Hinds et al., 1992). In
addition, cyclin E/CDK2 phosphorylation of CDC45, Treslin, and TopBP1 triggers the initiation of
DNA replication (Bell and Dutta, 2002; Jeon et al., 2007; Kumagai et al., 2011). As cyclin E
levels increase, autocatalytic phosphorylation by CDK2 leads to the degradation of cyclin E
(Clurman et al., 1996; Welcker et al., 2003) making way for the formation of cyclin A/ICDK2
complexes. As cyclin E is degraded, cyclin A/ICDK complexes form and contribute to the
completion of DNA replication (Katsuno et al., 2009).

Cyclin A activates CDK1 to facilitate the transition from DNA replication to mitosis,
starting preparations for chromosome segregation. Cyclin A/CDK1/2 complexes phosphorylate
the transcription factors MYBL2 and FOXML1 to activate the G2/M transcriptional program (Lane
et al., 1997; Laoukili et al., 2008b; Saldivar et al., 2018). As the levels of cyclin A exceed the
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levels of unbound CDK2, cyclin A/CDK1 complexes will form (Merrick et al., 2008). Upon
completion of DNA replication, cyclin A/ICDK1 complexes initiate positive feedback loops with
PLK1 and CDC25B to activate cyclin BL/CDK1 complexes that triggers a rapid increase in
CDK1 activity (Lemmens et al., 2018; Van Horn et al., 2010; Vigneron et al., 2018). This
increase in CDK1 activity promotes replication fork disassembly and prevents further initiation of
DNA replication (Deng et al., 2019). Cyclin/CDK1 complexes phosphorylate BORA to activate
and sustain the activity of the PLK1 and Aurora kinases (Feine et al., 2014; Hutterer et al., 2006;
Van Horn et al., 2010; Vigneron et al., 2018), and thereby facilitating the transition into mitosis.

Cyclin B1/CDK1 complexes promote cytokinesis by activating a number of mitotic
processes. Chromatin condensation is promoted by the cyclin B1/CDK1-dependent
phosphorylation of factors such as condensin Il and KIF4A (Abe et al., 2011; Takata et al.,
2018). Hyperphosphorylation of Nup98 and Nup53 by cyclin B1/CDK1, PLK1, and the mitotic
kinase NIMA facilitates nuclear pore complex disassembly (Laurell et al., 2011; Linder et al.,
2017), leading to permeabilization of the nuclear envelope. Cyclin B1/CDK1 phosphorylation of
spindle associated factors including RanGAP1, RCC1, and importin-al leads to activation and
nucleation of the mitotic spindles, microtubule filaments used to separate the duplicated
chromosomes (Guo et al., 2019; Hutchins et al., 2004; Li and Zheng, 2004; Swaminathan et al.,
2004). Further, cyclin/CDK1 complexes promote the assembly of the core APC/C complex, the
ubiquitin ligases that triggers the metaphase to anaphase transition, while preventing the
association of co-activating proteins (Fujimitsu et al., 2016; Kramer et al., 2000; Yudkovsky et
al., 2000; Zhang et al., 2016), providing additional time for the mitotic spindles to form. Thus,
cyclin B1/CDK1 complexes establish and maintain a mitotic cellular identity or state until the cell
is ready for cytokinesis and can trigger the metaphase to anaphase transition.

Limiting the activity of cyclin/CDK complexes to the appropriate phase of the cell cycle is
achieved through multiple mechanisms including post-translation modification of the CDK

subunit and regulation of cyclin levels. CDK activating kinases (CAKSs), in particular cyclin
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H/CDK7, phosphorylate CDKs on the T-loop (T172 on CDK4, T160 on CDK2, and T161 on
CDK1) to stabilize the cyclin-CDK interaction (Desai et al., 1995; Ducommun et al., 1991;
Fesquet et al., 1993; Fisher and Morgan, 1994; Méakela et al., 1994; Matsuoka et al., 1994;
Merrick et al., 2008). CDK7 can phosphorylate monomeric CDK2 while CDK1 must be bound by
a cyclin to be phosphorylated by CDK7 (Merrick et al., 2008). This difference in CDK7 specificity
could explain the initial preference of cyclin A for CDK2 over CDK1. Phosphorylation of T161 on
CDK1 is coupled with MYT1-dependent inhibitory phosphorylation of T14 (Coulonval et al.,
2011). Linking T161 and T14 phosphorylation prevents aberrant CDK1 activation during
cyclin/CDK1 complex assembly. WEE1 kinase phosphorylates CDK1/2 on Y15 to repress CDK
activity (McGowan and Russell, 1993b; O'Connell et al., 1997). Phosphorylation of T14 and Y15
restricts CDK activity by blocking ATP-hydrolysis (Bartova et al., 2004). The inhibitory
phosphorylation of T14 and Y15 are removed by the CDC25 family of phosphatases (Gu et al.,
1992; Sur and Agrawal, 2016). Regulation of CDK activity by these post-translational
modifications allows for the fine tuning of CDK activity in response to cell cycle stimuli
independent of cyclin levels.

While CDK protein levels remain relative stable during the cell cycle, protein levels of the
cyclin regulatory subunits can fluctuate, limiting the activity of a particular cyclin/CDK complex to
the relevant phase of the cell cycle. Cyclin D expression is driven by a wide variety of mitogenic
signals and undergoes degradation in the absence of mitogenic signaling to prevent aberrant
cell cycle entry (Diehl et al., 1998; Yao et al., 2008). To limit cyclin E/CDK2 activity to DNA
replication, cyclin E is expressed as part of the DNA replication transcriptional program while its
degradation is promoted by autocatalytic phosphorylation (Fischer et al., 2016; Welcker et al.,
2003). Cyclins A and B are expressed as part of the mitotic transcriptional program and
degraded by the APC/C complex, a ubiquitin ligase that drives the transition out of mitosis (King
et al., 1995; Muller et al., 2012; Sudakin et al., 1995; Zhou et al., 2016). This results in the
protein levels of the mitotic A and B cyclins peaking late in the cell cycle and decreasing during
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the transition to the next round of cell division. Thus, temporally distinct cellular identities for
DNA replication and mitosis are achieved by using distinct transcriptional “reader” complexes
and E3 ubiquitin ligase “erasers” to modulate levels of specific cyclin/CDK complexes at distinct

points in the cell cycle.

E2F and MMB-FOXM1 transcriptional complexes read the genome to create two distinct
transcriptional programs in a motif and cyclin/CDK dependent manner

A series of interconnected transcriptional complexes contribute to the creation of
separate cellular states for DNA replication and mitosis. There are two distinct waves of gene
expression during the cell cycle: an early (G1/S) wave that enables DNA replication and a late
(G2/M) wave that facilitates mitotic progression. The activating E2F1-3 transcription factors
drive expression of the early cell cycle genes during the G1/S transition while a complex of
MYBL2 (B-MYB)/MuvB (MMB) and FOXM1 forms during the S/G2 transition to promote late cell
cycle gene expression (Dimova and Dyson, 2005; Fischer et al., 2016; Sadasivam and
DeCaprio, 2013). The early and late cell cycle genes can be distinguished at the sequence level
with early cell gene promoters enriched for E2F binding sites and late cell cycle gene promoters
enriched for CHR maotifs, to which the MuvB complex binds (Fischer et al., 2016; Muller et al.,
2017).

In quiescent GO cells, both the early and late cell cycle genes are repressed by the
DREAM (DP, RB-like, E2F and MuvB) complex. The pocket protein RBL2 (p130) bridges dimers
of DP proteins and repressive E2F4 or E2F5 with the MuvB complex to bind to early (E2F) and
late (CHR) cell cycle promoters (Litovchick et al., 2007a). MuvB is a 5-protein complex
containing LIN37, LIN52, LIN9, RBBP4 and LIN54 and remains intact throughout the cell
division cycle. The CXC domains of LIN54 binds specifically to the CHR motif in
phosphorylation-dependent manner (Marceau et al., 2016; Schmit et al., 2009a).

Phosphorylation of LIN52 at S28 promotes DREAM assembly by creating a LxpSxE motif, which
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resembles the LXCXE motif on cyclin D (Guiley et al., 2015; Litovchick et al., 2011). The DREAM
complex interacts with the SIN3B/HDAC complex to repress cell cycle gene expression (Bainor
et al., 2018). In G1, cyclin D/CDK4/6 complexes phosphorylate RBL2 to promote DREAM
disassembly (Schade et al., 2019b).

Upon dissociation from the DREAM complex, early cell cycle promoters are
subsequently occupied by activating E2F1/DP dimers to express G1/S genes and read the DNA
replication cellular identity from the genome (Takahashi et al., 2000; Trimarchi and Lees, 2002;
Wells et al., 2000). E2F1 recruits Tip60 containing complexes to promote H3 and H4 acetylation
(Taubert et al., 2004). In addition, E2F family members E2F2 and E2F3 can also transactivate
E2F target genes (Dimova and Dyson, 2005). RB will bind these activating E2Fs and repress
early cell cycle gene expression (Kato et al., 1993). While cyclin D/CDK4/6 phosphorylation of
RB may partially relieve E2F inhibition, some evidence suggests that cyclin D/CDK4/6
phosphorylation of RB may also prime RB to interact with E2F1 creating a barrier to G1/S
progression. This leaky inhibition may allow for expression of certain E2F target genes including
CCNEL1 and CCNE2 (Fischer et al., 2016; Ohtani et al., 1995; Yao et al., 2008). Once sufficient
levels of cyclin E are achieved, cyclin E/CDK2 complexes hyperphosphorylate and fully
inactivate RB to facilitate E2F-dependent gene expression that enables entry into S phase
(Akiyama et al., 1992; Harbour et al., 1999; Hinds et al., 1992; Rubin et al., 2005).

During S phase, the MMB-FOXM1 complex assembles on the promoters of late cell
cycle genes, such as cyclins A2 (CCNA2) and B1 (CCNB1) (Chen et al., 2013b; Down et al.,
2012b; Knight et al., 2009; Sadasivam et al., 2012a; Schmit et al., 2007). The MMB-FOXM1
complex therefore functions as the transcriptional “on” signal or reader for the mitotic cellular
identity. MYBL2 and the MuvB complex cooperatively bind late cell cycle promoters and
subsequently recruit FOXM1 (Down et al., 2012b; Sadasivam et al., 2012a). The MMB-FOXM1
complex likely activates cell cycle gene expression by recruiting the CBP/p300 acetyl-
transferases to deposit activating acetylations on promoter histones. While MYBL2 has been
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reported to interact with p300/CBP in a phosphorylation-independent manner, cyclin/CDK1/2
phosphorylation of FOXM1 is required for FOXM1 to interact with CBP (Major et al., 2004).
PLK1 phosphorylates FOXM1 in a CDK1-dependent manner to disrupt an intramolecular
interaction between the N-terminus of FOXM1 and the TAD to facilitate the CBP/p300
interaction and promote gene transactivation (Fu et al., 2008; Marceau et al., 2019). Thus, in a
phosphorylation dependent manner, MYBL2, MuvB, and FOXML1 transcriptionally create the
mitotic identity by driving G2/M gene expression in a step-wise fashion.

MYBL2 and FOXM1 are two unrelated transcription factors with distinct regions that
function similarly: a MuvB binding domain, a transcription activation domain (TAD), and DNA
binding domain. Both MYBL2 and FOXM1 have sequence specific DNA binding domains with
binding affinities that are considered weak for their respective families (Bergholtz et al., 2001;
Littler et al., 2010). The low affinity of the MYBL2 and FOXM1 DNA binding domains potentially
provides the rational for the CHR motif being the common feature of G2/M promoters (Muller et
al., 2012; Muller et al., 2014). Cooperative binding by MuvB to the late cell cycle promoters can
increase the binding affinity of MYBL2 and FOXM1. However, the MYB sites in the BIRC5
promoter were required for FOXML1 recruitment (Down et al., 2012b) suggesting that, while the
CHR is the dominant feature of late cell cycle promoters, MYB and Forkhead binding sequence
may also contribute to the complex formation at particular late cell cycle genes. p300 interacts
with the central TAD of MYBL2 (Bessa et al., 2001; Oka et al., 2012). The C-terminal TAD of
FOXM1 also serves as p300/CBP binding region given the requirement for phospho-T611 on
FOXML1 for the interaction (Major et al., 2004; Marceau et al., 2019). A conserved region on the
C-terminus of MYBL2 interacts with MuvB components LIN52 and LIN9 (Guiley et al., 2018)
while the N-terminus of FOXM1 interacts with LIN9 (Wiseman et al., 2015) implicating LIN9 as
the scaffold of the MMB-FOXM1 complex.

The stepwise activation of G2/M genes by the MMB-FOXML1 is likely regulated by
cyclin/CDK phosphorylation. Both MYBL2 and FOXM1 are phosphorylated by cyclin/CDK
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complexes at multiple sites(Anders et al., 2011; Johnson et al., 2002; Johnson et al., 1999;
Lane et al., 1997; Laoukili et al., 2008b; Major et al., 2004; Robinson et al., 1996; Ziebold et al.,
1997). These phosphorylation events are reported to be pro-transcriptional but mutagenic
studies that underlie this assessment used reporter constructs based on MYB and Forkhead
sites and not on CHR maotifs. Therefore, it is unclear what role phosphorylation plays for MYBL2
and FOXM1 in MMB-FOXMZ1-driven gene expression.

Cyclin/CDK1 phosphorylation of MYBL2 is required for MYBL2 to interact with the prolyl
isomerase, PIN1, that reduces the inhibiting intramolecular interactions between the C-terminus
and DNA-binding domain of MYBL2 and facilitates additional phosphorylation events (Werwein
et al., 2019). While mutation of the PLK1 phosphorylation sites in MYBL2 led to decreased
expression of cyclin B1 and PLK1 in asynchronous populations, the mitotic phospho-Histone H3
(pH3) population in these asynchronous samples also increased reflecting activation of the
mitotic transcriptional program. Further study is required to understand how CDK-
phosphorylation of MYBL2 contributes to the MMB-FOXM1 paradigm of G2/M gene expression.

Cyclin A/ICDK2 phosphorylation of FOXML1 reduces intramolecular interactions between
the N-terminus, which interacts with MuvB, and the TAD domain of FOXM1 (Chen et al., 2013b;
Laoukili et al., 2008b). The use of Forkhead-based reporters in this study again means that it is
unclear what the significance of the CDK-dependent conformational change in FOXM1 implies
for MMB-FOXM1 activity. Thus, the recruitment of p300/CBP and conformational changes
promoted by cyclin/CDK phosphorylation of MYBL2 and FOXM1 have yet to be integrated into
the MMB-FOXM1 mechanism of action.

The differential preferences of MYBL2 and FOXM1 for cyclin/CDK complexes may
provide some clues for how cyclin/CDK phosphorylation regulates the MMB-FOXM1 complex.
FOXM1 is promiscuously phosphorylated by cyclin/CDK complexes as all major cyclin/CDK
complexes have been implicated in FOXM1 phosphorylation (Anders et al., 2011; Laoukili et al.,
2008a; Major et al., 2004). In contrast, MYBL2 has a strong preference for cyclin A/CDK
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complexes (Johnson et al., 2002; Johnson et al., 1999; Robinson et al., 1996; Sala et al., 1997;
Ziebold et al., 1997). This difference in cyclin/CDK complex usage would indicate that FOXM1
could be phosphorylated earlier in the cell cycle than MYBL2. Additionally, the preference of
MYBL2 for cyclin A/ICDK complexes would suggest that MYBL2 functions at a later step of
MMB-FOXMZ1 activation as cyclin A expression is largely driven by the MMB-FOXM1 complex.
Together, it suggests a model of MMB-FOXM1 activation in which CDK phosphorylation of
FOXM1 triggers a confirmation change that allows recruitment of FOXM1, p300/CBP, or both to
the MMB complex. This is followed by MYBL2 phosphorylation as cyclin A and cyclin B levels
increase leading to activation of MMB-FOXM1. However, whether MYBL2 phosphorylation

promotes G2/M gene expression remains unclear.

Anaphase promoting complex/Cyclosome (APC/C) and SKP1-CUL1-F-BOX (SCF)
complexes erase cell cycle identity through degradation of cyclins and cell cycle
transcription factors

While cyclin/CDK complexes and cell cycle transcription factors write the different cell
cycle identities during S phase and mitosis, these cell cycle identities need to be erased when
DNA replication and genome segregation is completed to facilitate progress to the next step of
cell division. The erasure of early and late cell identities is carried out by the E3 ubiquitin ligases
SCF and the APC/C. These E3 ubiquitin ligases recruit E2 ubiquitin ligases to attach
polyubiquitin chains to protein substrates and mark them for degradation. The APC/C is multi-
subunit E3 ubiquitin ligase that has two co-activators, FZR1 and CDC20, that recruit substrates
through their WD40 domains (Alfieri et al., 2017; Zhou et al., 2016). SCF complexes contain the
E2-recruiting cullin 1, the adaptor protein SKP1 and substrate receptor F-box proteins (Bai et
al., 1996; Jang et al., 2020). Similar to the APC/C, several co-activating F-box proteins have
been implicated in cell cycle regulation allowing for degradation of specific cyclins and

transcription factors at temporally distinct points in the cell cycle.

11



SCF complexes degrade early cell cycle cyclins to regulate cell cycle transitions or in
response to DNA damage. During the G1 phase of the cell cycle, GSK3 and DYRK1A
phosphorylates cyclin D at threonine 286 to generate a binding site, or phospho-degron site, for
SCF complexes (Chen et al., 2013a; Diehl et al., 1998; Diehl et al., 1997; Lin et al., 2006;
Santra et al., 2009). An FBXO31-containing SCF complex (SCFF®*31) promotes cyclin D
degradation in response to DNA damage (Santra et al., 2009) while an SCF™*%4 complex will
degrade cyclin D during G1 (Lin et al., 2006). Perturbation of these degradation events
promotes cell cycle progression (Lin et al., 2006; Santra et al., 2009; Thompson et al., 2015)
suggesting that cyclin D1 degradation serves as a barrier to cell cycle entry. DYRK1A activity
also promotes DREAM formation (Litovchick et al., 2011) while GSK3 activity is suppressed by
mitogenic signaling (Diehl et al., 1998). GSK3 phosphorylation promotes the dimerization of
FBXO4 that is necessary for the SCF™*%4 complex to interact with cyclin D (Barbash et al.,
2008) suggesting that GSK3 activity may serve as a general check on cell cycle entry. Thus, in
the absence of mitogenic signaling or presence of DNA damage, cyclin D1 accumulation is
suppressed and the cell remains quiescent.

Cyclin E is degraded by a phospho-degron that is generated by autocatalytic
phosphorylation. Cyclin E/CDK2 activity can directly phosphorylate the T380 residue or
phosphorylate S384 on cyclin E to enable GSK3 binding and subsequent phosphorylation of
T380 (Welcker et al., 2003). This phospho-degron (pS380-x-x-x-pS384) is recognized by
SCFFBXWT and SCFSXP2 complexes (Koepp et al., 2001; Yeh et al., 2001). FBXW?7 is a p53-
dependent gene and will promote degradation of cyclin E in response to p53 signaling (Fischer
et al., 2016; Kimura et al., 2003; Mandal et al., 2010). SKP2 is a G1/S gene that will accumulate
during S phase (Fischer et al., 2016; Zhang and Wang, 2006) suggesting that SKP2-mediated
degradation of cyclin E functions to turn off cyclin E/CDK2 complexes as the cell progresses
through S phase, allowing cyclin A/ICDK2 complexes to form. Mutation of the S384
phosphorylation site results in the accumulation of S phase cells (Welcker et al., 2003)
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indicating that cyclin E degradation functions to limit S phase identity in response to DNA
damage or in preparation for the transition to G2/M.

The late cell cycle cyclins, cyclin A and cyclin B are predominantly degraded by the
APC/C in mitosis facilitating the transition back to G1 once cytokinesis is complete. CDK1
phosphorylation of APC1 and APC3 promotes assembly of the core APC/C complex (Fujimitsu
et al., 2016; Zhang et al., 2016) while phosphorylation of the coactivators FZR1 and, to a lesser
extent, CDC20 prevents their association with the APC/C core complex (Hein and Nilsson,
2016; Jaspersen et al., 1999; Kramer et al., 2000; Yudkovsky et al., 2000; Zachariae et al.,
1998). APC/CCPc2° complexes are inhibited by the mitotic checkpoint complex (MCC). The
MCC, comprised of several proteins including MAD2, BUBR1 and BUB3, blocks APC/C
activation by preventing substrate binding to the APC/C-CDC20 complex and sequesters an
additional CDC20 subunit away from the core APC/C complex (Izawa and Pines, 2015; Sudakin
et al., 2001). This MCC-inhibited APC/C complex is still capable of degrading cyclin A2. Cyclin A
binds to the CDC20 monomer bound to the MCC through non-canonical APC/C substrate
recognition motifs that allow for ubiquitination by the core APC/C complex (Zhang et al., 2019).
MCC disassembly coincides with the metaphase to anaphase transition as the APC/C is
activated to facilitate the release of sister chromosomes for segregation (Alfieri et al., 2017;
Irniger et al., 1995; Kim et al., 2018). Consequently, APC/CPC2° activity triggers a cascade of
phosphatase activation resulting in FZR1 dephosphorylation and its association with the core
APC/C complex (Hein et al., 2017; Jaspersen et al., 1999; Sanidas et al., 2019). The APC/CF#Rt
complexes proceed to degrade cyclin B1 via its D-box APC/C recognition motif when the cell
transitions from mitosis into the next G1 phase (King et al., 1996; Zur and Brandeis, 2002). Cell
expressing a non-degradable cyclin B1 will delay or arrest mitotic progression (Chang et al.,
2003; Clijsters et al., 2014) indicating that cyclin B1 degradation is required for the M/G1
transition. In the absence of APC/C activity during a prolonged mitosis, cyclin B1 can also be
degraded by CUL2%Y¢! (Balachandran et al., 2016). This alternative degradation pathway
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functions as a timer for mitosis as cyclin B1 loss will trigger APC/CF#R! activation and a
premature G1 state in the absence of chromosome segregation. The resulting tetraploid state
can activate p53 and induce either apoptosis or senescence (Andreassen et al., 2001 ; Ganem
et al., 2014).

Similar to cyclins, cell cycle transcription factors can be degraded by SCF and APC/C
complexes to limit cell cycle identities. The activating E2Fs are degraded by SCF¥“"F during G2
to prevent genome re-replication while FOXM1 is degraded by APC/CF#R! in G1 to prevent
premature expression of the G2/M genes (Laoukili et al., 2008a; Park et al., 2008). The KEN
box on FOXM1 that is recognized by APC/C overlaps with the required region for MuvB binding
(Chen et al., 2013b; Laoukili et al., 2008a; Park et al., 2008) suggesting that FOXM1 bound to
MuvB cannot be degraded by the APC/C. Thus, it is unclear if FOXM1 degradation functions as
an “off” switch for transcription of G2/M genes or as a reset button for cell cycle gene expression
as the cell enters a new round of division. In contrast to FOXM1, MYBL2 is degraded during
G2/M by an unknown factor (Sadasivam et al., 2012a) and its role in regulating MMB-FOXM1
activity remains to be elucidated. Degradation of MYBL2 coincides with peak G2/M gene
expression (Sadasivam et al., 2012a) suggesting that it could be necessary for maximal G2/M
gene expression or maximal G2/M gene expression triggers MYBL2 degradation.

To prevent premature activation of these erasers, the activities of SCF and APC/C
complexes oppose one another in negative feedback loops. During G1, the F-box protein cyclin
F and SKP2 are degraded by the APC/C (Bashir et al., 2004; Choudhury et al., 2016) allowing
for the accumulation of cyclin E and E2F1. The APC/C inhibitor FBXO5 is expressed as part of
the E2F G1/S phase transcription program and antagonizes APC/C activity (Hsu et al., 2002),
facilitating the subsequent accumulation of cyclin F and SKP2. As cyclin F is incorporated into
SCF complexes it degrades FZR1 to facilitate entry into S phase (Choudhury et al., 2016). As
the cell progresses through S phase, degradation of the G1/S cyclin E and E2F1 by SCF
complexes curtails DNA replication and facilitates the transition to G2/M (Clijsters et al., 2019;

14



Welcker et al., 2003; Yeh et al., 2001), when the APC/C becomes activated. Notably, both FZR1
and cyclin F can be degraded by the SCFFTRCP complex in response to differing phosphorylation
signals (Mavrommati et al., 2018; Pal et al., 2020). Cells remain in S phase when degradation
resistant FZR1 mutants are expressed and in mitosis when B-TRCP-mediated degradation of
cyclin F is perturbed (Mavrommati et al., 2018; Pal et al., 2020). Thus, the effect of this B-TRCP-
mediated degradation is to create a barrier that reduces aberrant activation of cyclin F and

FZR1 complexes that would antagonize cyclin/CDK activity and cell cycle progression.

The ATR-CHK1 pathway separates DNA replication and mitosis during the cell cycle by
modulating cyclin/CDK1 and APC/C activity

The ATR-CHK1 pathway functions to keep the activity of the writers and readers for
DNA replication (E2F and cyclin E/CDK2) separate from the activity of the readers and writers
for mitosis (MMB-FOXML1 and cyclin/CDK1) to allow for the completion of DNA replication
before initiation of mitosis. It achieves this feat by limiting mitotic CDK1 activity during DNA
replication thereby preventing premature activation of the mitotic program and by coordinating
APC/C activation with chromosome segregation to eliminate the mitotic complexes as the cell
exits mitosis and enter G1. Ataxia telangiectasia and Rad3-related (ATR) is a phosphoinositide
3-kinase related protein kinase that phosphorylates a wide range of proteins with SQ motifs and
is essential for cell viability (Brown and Baltimore, 2000; Cimprich et al., 1996; Kim et al., 1999;
Klein et al., 2000; Saldivar et al., 2017). ATR is recruited to RPA-bound, ssDNA-containing,
structures and activated by ETAAL or interactions with ATRIP and TopBP1 (Dart et al., 2004;
Haahr et al., 2016; Kumagai et al., 2006; Lee et al., 2016). Once activated, ATR will proceed to
phosphorylate the checkpoint kinase 1 (CHK1) on S317 and S345, derepressing the kinase
(Emptage et al., 2017; Liu et al., 2000; Walker et al., 2009; Zhao and Piwnica-Worms, 2001).

Activated CHK1 phosphorylates the CDC25 phosphatases and WEEL1 kinase to promote their
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interactions with the scaffolding protein 14-3-3 (Dalal et al., 1999; Lee et al., 2001; Lopez-
Girona et al., 1999). CDC25 family members are sequestered and degraded in the cytoplasm by
14-3-3 (Chen et al., 2003; Dalal et al., 1999; Kasahara et al., 2010; Lopez-Girona et al., 1999)
while the WEEL interaction with 14-3-3 promotes WEE1 activity (Lee et al., 2001). The increase
in WEEL1 activity and sequestration of CDC25 family members results in increased
phosphorylation of the inhibitory Y15 on CDK1 (de Gooijer et al., 2017; O'Connell et al., 1997).
Recently, CHK1 was also shown to oppose CDK1 activity by phosphorylating the PP2A
phosphatase inhibitor FAM122A/PIBAR1. CHK1-dependent phosphorylation of FAM122A
increases PP2A-B55a. activity by creating a 14-3-3 binding motif that sequesters FAM122A from
the PP2A holoenzyme (Li et al., 2020). The increased PP2A-B55a activity stabilizes WEE1L as
well as opposes CDK phosphorylation events in general (Godfrey et al., 2017; Li et al., 2020).
Activation of the ATR-CHK1 pathway during S phase limits CDK1 activity to coordinate
the completion of DNA replication prior to progression into mitosis. Activation of ATR during S
phase occurs in an RPA-dependent manner (Dart et al., 2004), leading to the CHK1 signaling
cascades described above. ETAAL appears to be the preferred activator ATR during an
unperturbed S phase although there is evidence supporting a role for TopBP1, particularly in the
case of impaired replication (Rainey et al., 2020; Saldivar et al., 2018; Sokka et al., 2018). The
ATR-CHK1 pathway subsequently limits the cyclin A/ICDK1 activity that drives MMB-FOXM1-
dependent transcription of the G2/M wave of transcription (Saldivar et al., 2018). However,
cyclin A/CDK1 also promotes late origin firing (Katsuno et al., 2009) so complete suppression of
CDK1 activity will hinder DNA replication. Furthermore, phosphorylation of RIF1 by CDK1
disrupts the RIF1-PP1 interaction that limits replication fork assembly (Moiseeva et al., 2019).
Inhibition of ATR and CHK1 activity can accelerate progression through S phase as CDK1
activity increases, leading to DNA replication in condensed chromatin (Eykelenboom et al.,

2013). This DNA replication in condensed chromatin highlights the role that the ATR-CHK1
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pathway plays in separating DNA replication from mitosis. Thus, by modulating CDK1 activity on
the post-translation level in response to DNA replication, the ATR-CHK1 pathways ensures
orderly DNA replication and prevents premature reading and writing of the mitotic program until
DNA replication is complete.

More recently, a CDK-independent role for the ATR-CHK1 pathway has emerged as
ATR and CHK1 activity have been shown to have a role in limiting APC/C activation prior to
cytokinesis. Late in the cell cycle, ATR relocalizes to centromeres in an Aurora A-dependent
manner (Kabeche et al., 2018). At the centromere, ATR is activated by R-loops and proceeds to
upregulate CHK1 activity. CHK1 phosphorylates the kinase Aurora B on S331 to promote
formation of the chromosome passenger complex (CPC), a complex of Aurora B, INCEP,
BORA, and Survivin that fully activates Aurora B in mitosis (Carmena et al., 2012; Petsalaki et
al., 2011). Activated Aurora B will phosphorylate BUBR1, facilitating its recruitment to the
kinetochore (Carmena et al., 2012; Morrow et al., 2005; Petsalaki et al., 2011). At the
kinetochore, BUBR1, as part of the mitotic checkpoint complex (MCC), will limit APC/C activity
until the mitotic spindles are ready for cytokinesis (Liu and Zhang, 2016; Morrow et al., 2005;
Sudakin et al., 2001). Similar to its role during S phase where it limits entry into mitosis, the
ATR-CHKZ1 pathway functions during mitosis to preserve the mitotic cellular identity by limiting

APC/C activity until the cell is ready for cytokinesis.

Readers, writers, erasers, and separators of cell cycle identities interact in feedback
loops at cell cycle checkpoints to coordinate cell cycle transitions

The transition between DNA replication and mitosis is managed by cell cycle
checkpoints where the readers, writers, erasers, and separates interact to switch from the DNA
replication cellular identity to the mitotic cellular identity and back again. Crosstalk between
these complexes and pathways can cause the cell to pause cell division at checkpoints if the

cell is not ready to proceed. The G1/S checkpoint occurs late in G1 at which point the DNA
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replication cellular identity is read and written as the cell begins genome duplication. In S phase,
the intra S phase checkpoint can be activated, pausing the reading and writing of the mitotic
cellular identity to allow for the completion of DNA replication. Finally, the Spindle Assembly
Checkpoint (SAC) is activated to prevent erasure of the mitotic cellular identity before
cytokinesis can occur.

During G1, the E2F transcription factors, APC/C, and cyclin E/CDK2 interact to form the
G1/S checkpoint at which the DNA replication cellular identity is read and written by E2F
transcription factors and cyclin E/CDK2 complexes respectively. The APC/C along with PP1 and
PP2A phosphatases is activated as the cell exits mitosis to erase the mitotic cellular identity
(Alfieri et al., 2017; Kernan et al., 2018; Wurzenberger and Gerlich, 2011). In addition to mitotic
cyclins and regulators, APC/CP¢2° complexes also degrade geminin, an inhibitor of DNA
replication that binds CDT1 (Clijsters et al., 2013; McGarry and Kirshcner, 1998). With geminin
degraded, CDT1 interacts with CDC6 and the origin of replication complex to load MCM
helicases onto chromatin, a process that licenses sites on the genome for the initiation of DNA
replication (Clijsters et al., 2013; Coleman et al., 1996; Cook et al., 2004; Nishitani et al., 2000).
However, there is limited time to license the genome in the absence of E2F activity, as E2F-
target gene CDC6 is degraded in G1 as APC/CRt complexes form (Clijsters et al., 2013;
Peterson et al., 2000). PP2A and PP1 phosphatases activated during the exit from mitosis help
to establish the new G1 state by dephosphorylating CDK1 substrates such as RB1 (Grallert et
al., 2015; Nelson et al., 1997). This dephosphorylated RB can then proceed to bind and inhibit
the activating E2F family members from reading the DNA replication program from the genome
as part of the G1/S wave of cell cycle gene expression (Chellappan et al., 1991; Helin et al.,
1993). Thus, at the G1/S checkpoint, the cells need to relieve RB repression of the E2F-
dependent cell cycle gene expression and inhibit the APC/C to allow the accumulation of DNA

replication regulators such as CDC6 and geminin.
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Cyclin D/CDK4 phosphorylates RB during G1 which primes RB to interact with the
activating E2F-DP1 dimers but also weakens the association between RB and these dimers
(Ewen et al., 1993; Kato et al., 1993; Narasimha et al., 2014; Yao et al., 2008), resulting in leaky
inhibition of E2F activity. This trickle of E2F gene expression allows for the expression of
CCNEL1 and CCNEZ2 (Ohtani et al., 1995; Yao et al., 2008), which form cyclin E/CDK2
complexes. The accumulation of cyclin E/CDK2 complexes that occurs with sustained mitogenic
signal results in the hyperphosphorylation of RB by cyclin E/CDK2, relieving the inhibition of
E2F activity by triggering a conformational change in RB (Burke et al., 2010; Lundberg and
Weinberg, 1998; Rubin et al., 2005; Yao et al., 2008). With G1/S cell cycle gene expression
activated, FBXO5, an inhibitor of the APC/C, accumulates and inhibits APC/C activity by binding
the core APC/C complex in addition to FZR1 to prevent the APC/C from interacting with poly-
ubiquitin-containing E2 enzymes (Cappell et al., 2016; Cappell et al., 2018; Hsu et al., 2002). At
low levels, FBXO5 can be degraded by the APC/C due to it interaction with FZR1 (Cappell et
al., 2018), so robust E2F activity is needed for inactivation of the APC/C, further linking the
expression and accumulation of DNA replication factors as the cell transitions into DNA
replication.

During S phase, the ATR-CHK1 pathway controls cyclin A/CDK1 writer complexes and
MMB-FOXML1 reader complexes to prevent the onset of the mitotic cellular identity prior to the
completion of DNA replication. As an E2F-dependent gene, MYBL2 accumulates as the cell
enters S phase forming the MMB complex to recruit FOXM1 and initiate mitotic gene expression
(Down et al., 2012b; Knight et al., 2009; Lam and Watson, 1993; Robinson et al., 1996;
Sadasivam et al., 2012a). Expression of mitotic cyclins and regulators leads to events that
impede DNA replication such as degradation of RRM2 and E2F1 (Clijsters et al., 2019;
D'Angiolella et al., 2012), disassembly of the replication forks (Deng et al., 2019), and
repurposing of the DNA damage response machinery for chromosome segregation (Bakhoum
et al., 2014; Kabeche et al., 2018; Palazzo et al., 2014). The cell could prevent this premature
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activation of the mitotic program by targeting mitotic transcription factor or cyclins for
degradation however cyclin A/CDK1 activity promotes late origin firing (Katsuno et al., 2009), as
cyclin E get degraded due to autocatalytic activity (Clurman et al., 1996; Welcker et al., 2003)
and cyclin A accumulates (Akopyan et al., 2014; Erlandsson et al., 2000). Consequently,
degradation of cyclin A would impair the completion of DNA replication. Thus, the cell needs
away to limit mitotic CDK1 activity and mitotic gene expression on the post-translational level
until DNA replication is complete.

The cell causes this delay by using DNA replication as a negative signal against reading
and writing the mitotic cellular program. DNA replication blocks the activation of the mitotic
kinases such as cyclin B1/CDK1 via the ATR-CHK1 pathway and when DNA replication is
blocked by degrading CDC6 and inhibiting CDC7, mitotic CDK1 and PLK1 activity is rapidly
induced (Lemmens et al., 2018). The ATR-CHK1 pathway limits CDK1 activity by promoting the
accumulation of inhibitory phosphorylations on CDK1 as previously discussed. This ATR-CHK1-
dependent block prevents reading of the mitotic programs via CDK1-dependent FOXM1
activation and expression of G2/M genes (Saldivar et al., 2018). The restriction of MMB-FOXM1
activity prevents cyclin F expression (Chen et al., 2013b; Fischer et al., 2016; Musa et al.,
2019), limiting the degradation of E2F1 during S phase (Clijsters et al., 2019) and allowing for
the continued reading of the DNA replication identity by E2F-dependent gene expression. The
intra S phase checkpoint also has implications for APC/C activity as FBXO5 levels needs to be
sustained to prevent premature activation of APC/C which would trigger the reestablishment of
Gl in S phase and rereplication (Machida and Dutta, 2007). FBXO5 is part of a small subset of
genes with both an E2F site and a CHR site at its promoter (Fischer et al., 2016) so its
expression can start with E2F activation and continue into G2/M with MMB-FOXM1 activation
but MMB-FOXM1 activity coincides with activation and expression of PLK1, which degrades
FBXO5 (Hansen et al., 2004; Moshe et al., 2004). This means that, as MMB-FOXM1 and CDK1
activity increase, FBXO5 will be degraded with the establishment of the mitotic cellular identity.
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Consequently, sustained E2F activity and suppressed MMB-FOXML1 activity allows for the
continued accumulation of FBXOS5 while limiting FBXO5 degradation. Once DNA replication is
completed as reflected by the reduced levels of ssSDNA-RPA, ATR-CHK1 activity decreases and
the restriction on cyclin/CDK1 activity is released (Eykelenboom et al., 2013; Saldivar et al.,
2018), allowing for the cell to establish the mitotic cellular identity.

In mitosis, the ATR-CHK1 pathway intersects with the APC/C at the SAC to prevent the
erasing of the mitotic reader FOXM1 and mitotic writer cyclin B/CDK1 complexes prior to
genome segregation. As the mitotic cellular identity is established through MMB-FOXM1-
dependent gene expression and cyclin/CDK1 activity, CDC20 and FZR1 expression increases
via MMB-FOXM1-dependent gene expression (Chen et al., 2013b; Fischer et al., 2016) and
CDK1 activity promotes assembly of the core APC/C complex (Fujimitsu et al., 2016; Zhang et
al., 2016). CDK1 phosphorylation of FZR1 however disfavors its association with the core
APC/C complex (Jaspersen et al., 1999; Kramer et al., 2000; Zachariae et al., 1998), so
establishment of the mitotic cellular identity results in the assembly and activation of the
APC/CCPc20 complexes, which will proceed to degrade a variety of mitotic substrates (Zhou et
al., 2016). It is important to note that this activation of the APC/C can occur independently of
genome segregation (Yang and Ferrell, 2013) so the cell needs a checkpoint to coordinate
APC/C activation, and subsequent erasure of mitotic identity, with genome segregation.

The ATR-CHK1 pathway also prevents the premature erasing of mitotic cellular identity
by activating the mitotic kinases Aurora B and PLK1 to promote MCC formation, which will
coordinate APC/C activation with genome segregation. Aurora A kinase activity causes ATR to
associate with R-loops at centromeres leading to CHK1 activation (Kabeche et al., 2018).
Activated CHK1 phosphorylates Aurora B on S331 and PLK1 on T210 to promote activation of
these kinases (Adam et al., 2018; Petsalaki et al., 2011). The activation of PLK1 by CHK1 is
notable as under low CDK activity conditions, such as DNA damage, CHK1 will antagonize
PLK1 in a PP2A-dependent process (Lee et al., 2010; Wang et al., 2015). Phosphorylation of
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CHK1 by PIM2 and CDK1 shifts CHK1 away from promoting CDK1 repression. CDK1
phosphorylation promotes the nuclear export of CHK1 (Enomoto et al., 2009; Shiromizu et al.,
2006). This allows for the CDK1 positive feedback loops to promote the degradation of WEE1
and prevent the inhibitory phosphorylation of CDC25C (Peng et al., 1997). PIM2
phosphorylation of CHK1 at S280 retargets CHK1 specificity to phosphorylation of PLK1 T210
(Adam et al., 2018) through a mechanism that remains to be fully elucidated. It is also unclear
whether CDK1 or PIM2-dependent phosphorylation of CHK1 are required for Aurora B
activation. Activated Aurora B phosphorylates BUBRL to facilitate its recruitment to kinetochores
and inhibition or loss of CHK1 impairs Aurora B activity resulting in decreased BUBR1
recruitment to kinetochores (Ditchfield et al., 2003; Morrow et al., 2005; Petsalaki et al., 2011).
In addition, Aurora B phosphorylate outer components of the kinetochore to prevent aberrant
microtubule attachments, linking regulation of mitotic spindle attachment with MCC formation
(Ditchfield et al., 2003; Tien et al., 2010).

The cell coordinates the activation of the APC/C with chromosome segregation through
the MCC. The core MCC, consisting of BUBR1, BUB1, BUB3, MAD1, MAD2, and MPS, binds
APC/CCPC20 complexes to block substrate binding and sequesters an additional CDC20 subunit
preventing its association with the core APC/C complex (Fraschini et al., 2001; Izawa and
Pines, 2015; Liu and Zhang, 2016; Sudakin et al., 2001). Phosphorylated BUBR1 at the
kinetochores interacts with BUB3 and MAD2 to repress APC/CP¢20 activity. MAD1 and MPS1
along with unattached kinetochores catalyze the conversion of MAD2 from the inactivate, open
confirmation (0-MAD2) to a closed confirmation (c-MAD?2) that can interact with BUBR1 and
CDC20 (Chen et al., 1996; De Antoni et al., 2005; Hewitt et al., 2010; Luo and Yu, 2008; Tipton
et al., 2013). Recruitment of active PLK1 by BUBL1 to kinetochores promotes Aurora B activity to
help enforce the SAC (O'Connor et al., 2015; Wei et al., 2006) through a mechanism yet to be
fully understood. c-MAD?2 interacts with BUBR1, which functions as a pseudosubstrate, to bind
APC/C-bound CDC20 and block APC/C activity while BUBR1 sequesters an additional CDC20
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subunit (Fang, 2002; Fang et al., 1998; Izawa and Pines, 2015; Malureanu et al., 2009; Sudakin
et al., 2001; Tang et al., 2001; Tipton et al., 2011). The attachment of mitotic spindles to
kinetochores slows the generation of c-MAD2 while ubiquitination of APC/C-bound CDC20 by
APC15 leads to disassembly of the MCC during mitosis. The slowing of c-MAD2 generation
allows TRIP13 and its adaptor p31 comet to convert the remaining c-MAD2 into the inactive o-
MAD?2 thereby fully inactivating the MCC and triggering APC/CP<20 activity and chromosome
segregation (Collin et al., 2013; Eytan et al., 2014; Kim et al., 2018; Wang et al., 2014a; Ye et
al., 2015) With the activation of the APC/C and chromosome segregation as the cell undergoes
the metaphase to anaphase transition, the mitotic cellular identity is erased as the cell exits from

mitosis.

The ATR-CHK1 pathway resolves oncogene-induced replication stress

Replication stress or the slowing of replication forks and subsequent accumulation of
incomplete DNA replication products can be caused by oncogenic perturbations that
dysregulate the licensing and firing of DNA origins of replications and impede the ability of the
cell to duplicate it genome. Oncogenic perturbations such as cyclin E or c-MYC overexpression,
the presence of HPV E7, or mutant RAS, directly and indirectly promote the inactivation of RB
leading to increased accumulation of cyclin E/CDK2 activity and G1/S gene expression (Gray-
Bablin et al., 1996; Hinds et al., 1992; Hwang et al., 2002; Leone et al., 1997; Munger et al.,
1989; Nass and Dickson, 1998), circumventing a barrier in G1 that limits expression of DNA
replication cellular identity and accumulation of cyclin/CDK2 activity to write that identity. The
elevated CDK2 activity results in the increased firing of more origins, decoupling the replication
program from progress through genome duplication (Thomson et al., 2010). Replication fork
progression slows as the number of origins fired increases likely due to the levels of rate limiting

replication factors (Zhong et al., 2013). The MCM helicase continues to unwind DNA and, while
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MCM4 limits excessive unwinding, ssDNA accumulates due to the slowed replications forks
(Nitani et al., 2008).

This dysregulation of E2F gene expression can also lead to origin refiring as elevated
levels of origin licensing factors CDC6 and CDTL1, expressed as part of the G1/S wave of gene
expression, continue to relicense fired origins during S phase (Vaziri et al., 2003). Cyclin E
overexpression, mutant Ras, and HPV E7 upregulate CDC6 expression while MYC will directly
promote CDT1 expression (Di Micco et al., 2006; Fan et al., 2016; Mailand and Diffley, 2005;
Valovka et al., 2013). Additionally, mutant cyclin D will prevent the CUL4-mediated degradation
of CDT1 in S phase (Aggarwal et al., 2007), leading to increased licensing, while decreased
geminin and cyclin A stability from FBXO5 loss can result in DNA rereplication (Machida and
Dutta, 2007). Refiring of the origin results in head-to-tail collision, where replication machinery
from the leading strand of refired origin collides with adjacent, unligated Okazaki fragments,
resulting in double stranded DNA breaks (DSBs) (Davidson et al., 2006).

Another consequence of this deregulated G1/S checkpoint can be the under-licensing of
DNA origins. Under licensing caused by CDC6 depletion prevents CDK2 activation during G1
due to abrogation of the G1/S checkpoint and p53 activity, leading to impaired DNA replication
and apoptosis (Nevis et al., 2009). It seemingly is difficult to reconcile how the under-licensing of
origins could trigger replication stress when increased origin firing induce replication stress.
However, the extra, dormant origins that get licensed in G1 are fired in response to replication
stress, allowing DNA replication to continue (Ge et al., 2007). Many of the oncogenic stresses
that alter cyclin E/CDK2 activity and origin licensing also induce increased transcription leading
to conflicts with the DNA replication machinery (Jones et al., 2013; Kotsantis et al., 2016). Thus,
the under-licensing of origins caused by these oncogenic drivers may leave the cell ill-disposed
to remedy stress induced by transcription. The end result of the dysregulation of origin firing and

licensing is under-replicated DNA which must be addressed prior to the initiation of mitosis.
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As mentioned, oncogenes, such as MYC and HRAS, promote global increased
transcription, which can result in collisions between the transcription and replication machinery
during S phase (Kotsantis et al., 2016; Valovka et al., 2013). Similarly, the increased origin firing
from cyclin E also leads to transcription-replication collisions (Jones et al., 2013). Inhibition of
transcription reduced the replication stress induced by HRAS or cyclin E overexpression
highlighting these conflicts as a source of replication stress (Jones et al., 2013; Kotsantis et al.,
2016). Collisions between the transcription and replication machinery can either be co-
directional, where the replication and transcription fork are headed in the same direction, or
head-on, where the replication and transcriptional machinery are traveling in opposing
directions. Head-on collisions result in the accumulation of R-loops while R-loops are resolved
in the co-directional collisions (Hamperl et al., 2017). The accumulation of R-loops contributes to
replication stress during cyclin E and Ras overexpression as expression of RNaseH1, an
RNAse that can process R-loops, improved fork progression and DNA replication in these cells
(Hamperl et al., 2017; Jones et al., 2013; Kotsantis et al., 2016). The accumulation of R-loops
that occurs with head-on collisions impairs transcription and DNA replication and results in ATR-
CHK1 activation (Hamperl et al., 2017).

The ATR-CHK1 pathway resolves oncogene-induced replication stress through multiple
approaches: (i) delaying the reading and writing of the mitotic cellular program, as discussed
earlier, to provide time to resolve the structures, (ii) limiting DNA replication, (iii) stabilizing the
replication fork, and (iv) mobilizing the DNA damage response to resolve these structures and
facilitate the completion of DNA replication. ATR and CHK1 preserve replication forks by limiting
CDK1 activity as cyclin B/CDK1 activity leads to replication fork disassembly (Deng et al., 2019).
Both ATR and CHK1 phosphorylate proteins to prevent CDC45 loading onto chromatin and
block origin firing. CHK1 phosphorylates Treslin to block CDC45 loading while ATR
phosphorylates the methyltransferase MLL to promote H3K4 methylation that blocks CDC45
loading (Guo et al., 2015; Liu et al., 2010). Both ATR and CHK1 stabilize forks by slowing origin
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firing, which limits the accumulation of ssDNA species. Further, ATR phosphorylates the DNA
translocase SMARCALL1 to limit fork reversal and prevent fork collapse (Couch et al., 2013).
FANCI and FANCD2 are both phosphorylated by ATR to activate the Fanconi Anemia repair
pathway to stabilize and help resolve stalled replication forks (Ho et al., 2006; Schlacher et al.,
2012; Tan et al., 2020). Phosphorylation of RPA32, a subunit of the ssDNA-binding RPA
complex, on S33 by ATR facilitates DNA synthesis under stressed conditions and recovery from
replication stress (Vassin et al., 2009). Activation of the ATR-CHK1 pathway in response to
replication stress will prevent formation of new DNA replication factors, or clusters of replicating
forks, but will allow the firing of dormant origins to complete replication in existing replication
factories (Ge and Blow, 2010). ATR phosphorylates MCM2 in response to genotoxic stress
including at S92 (Cortez et al., 2004; Yoo et al., 2004). Phosphorylation of MCM2 at S92
recruits PLK1 leading to CDC45 loading and origin firing. Firing of dormant origins allows for the
completion of ongoing DNA replication and prevents the generation of DSBs (Trenz et al.,

2008).

Inhibition of the ATR-CHK1 pathway triggers replication and mitotic catastrophe in
cancer cells

ATR-CHK1 inhibition selectively kills cancers cells by inducing replication catastrophe.
DNA replication is induced after ATR or CHKL1 inhibition due to the increased origin firing
resulting from elevated CDK1 activity but replication fork progress slows with the increased
origin firing (Moiseeva et al., 2017; Petermann et al., 2010; Syljuasen et al., 2005; Zhong et al.,
2013). This could be due to nucleotide pools being depleted from the increased active forks as
well as increased RRM2 degradation (Buisson et al., 2015), which would further disrupt the
nucleotide pools. As fork progression slows, RPA binds to the accumulating ssDNA species to
protect them from cleavage by nucleases while recruiting ATR to initiate ATR-CHKZ1 signaling

(Buisson et al., 2015; Toledo et al., 2013). As such, it is important to note that inhibition of CHK1
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by CHK1 inhibitors causes ATR activation as part of a feedback loop from increased DNA
replication (Syljuasen et al., 2005). This explains the increased pCHK1 levels after CHK1
inhibition but also complicates the interpretation of DNA damage markers, such as y-H2AX or
RPA, which are also ATR substrates (Vassin et al., 2009; Ward and Chen, 2001). Similarly, in
the presence of ATR inhibition and replication stress, CHK1 can be activated by DNA-PK
(Buisson et al., 2015) leading to pCHK1 and cell cycle arrest. DNA-PK will get activated as the
unresolved ssDNA replication structures accumulate, due to inhibition of the ATR-CHK1
pathway, and are converted into DSBs by the MUS81 or SLX4 nucleases (Couch et al., 2013;
Forment et al., 2011; Matos et al., 2020; Ragland et al., 2013). Consequently, the DSB DNA
damage response (DDR) is mobilized, resulting in the phosphorylation of the DDR machinery as
the cell tries to resolve the DSBs generated by the replication stress. ATM as well as DNA-PK
or ATR can phosphorylate KAP1 on S824 to promote chromatin relaxation and facilitate repair
of the DSB break (White et al., 2006; Ziv et al., 2006). Phosphorylation of RPA at S4/S8 by
DNA-PK limits DNA replication and cell cycle progression (Ashley et al., 2014), creating a
window of time for the cell to recover from the stress.

Failure to adequately resolve the DNA replication stress can lead to DNA replication or
mitotic catastrophe. The ssDNA generated from the excess of stalled replication forks
consumes the free RPA in the cell. Eventually, the cell exhausts its supply of RPA leading to
widespread fork breakage and irreparable DNA damage (Dunlop et al., 2020; Toledo et al.,
2013). Either ATR or CHK1 inhibition can induce DNA replication catastrophe while co-
treatment with hydroxyurea rapidly triggers DNA replication catastrophe (Dunlop et al., 2020;
King et al., 2015; Toledo et al., 2013). What remains unclear is how the threshold for RPA
exhaustion is determined and what makes widespread fork breakage unrepairable. Additionally,
replication catastrophe was largely defined in the presence of a DNA replication stress agent or
RPA perturbation rather than just ATR or CHK1 inhibition alone potentially biasing replication

catastrophe phenotypes observed towards DNA replication associated factors and pathways.
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Mitotic catastrophe has also been observed with ATR or CHKL1 inhibition (King et al.,
2015; Mak et al., 2015; Ruiz et al., 2016). Mitotic catastrophe, broadly speaking, is when mitotic
processes are dysregulated such that genome segregation is prematurely initiated or fails to be
triggered resulting subsequently in tetraploidy and senescence or cell death by apoptosis
(Castedo et al., 2004). While the precise mechanism of mitotic catastrophe after ATR/CHK1
inhibition is still unclear, it thought that the under-replicated DNA and replication stress
generated from increased origin firing persist into mitosis (King et al., 2015; Ruiz et al., 2016),
since unable to be resolved, and DNA damage leading to apoptosis is triggered when the
partially replicated genome undergoes genome segregation. In line with this, fragmented mitotic
chromosomes have been observed with CHK1 inhibitor treatment (King et al., 2015).

Currently, ATR and CHK1 inhibitors are being developed and tested for use as cancer
therapeutics either as monotherapy or in combination with replication stress inducing agents
such as gemcitabine or WEEL inhibitors (Cleary et al., 2020; Qiu et al., 2018). Preclinical work
in cellular and xenograft models has shown increased efficacy with combinations of these
compounds and ATR/CHKZ1 inhibitors (Chaudhuri et al., 2014; Chung et al., 2019; Dunlop et al.,
2020; Fordham et al., 2018; Jin et al., 2018; Liu et al., 2017; Nair et al., 2020; Qiu et al., 2018;
Wallez et al., 2018). In addition, preclinical studies have found ATR or CHK1 inhibition to be
synthetically lethal with MYC or cyclin E amplifications and deficiencies in the DDR such as
ATM or BRCAL loss, offering some potential biomarkers that could help target ATR and CHK1
in the clinics (Cleary et al., 2020; Cole et al., 2011; Murga et al., 2011; Paculova et al., 2017). In
fact, one trial with the CHKZ1 inhibitor, prexasertib, (NCT02873975) has used these markers of
replication stress or DDR deficiency as inclusion criteria. Prexasertib is a potent CHK1 inhibitor
that exhibits anti-proliferative activity in multiple cancer types but not in non-transformed cells
such as RPE-TERT cells or BJ-hTERT fibroblast (Blosser et al., 2020; King et al., 2015;
Koppenhafer et al., 2018). Like other ATR/CHK1 inhibitors, prexasertib can synergize with
WEEL1 inhibition and gemcitabine but resistance was observed after prolonged treatment of
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xenografts with prexasertib in combination with a WEELi (Chung et al., 2019). This underscores
the need to identify and examine factors that confer resistance or sensitivity to ATR and CHK1
inhibitors. Understanding how these factors regulate the ability of ATR/CHKZ1 inhibitors, like
prexasertib, to trigger replication and mitotic catastrophe will provide insights that will help guide

the use of these compounds in the clinic.

MMB-FOXM1 components are frequently overexpressed in tumors providing potential
therapeutic opportunities

MMB-FOXM1 components, MYBL2 and FOXM1, are frequently overexpressed in
proliferating tumors. High levels of MYBL2 or FOXM1 have been reported across multiple
cancer types including breast and ovarian (Barger et al., 2019; Calvisi et al., 2011; Gentles et
al., 2015; Hibi et al., 1998; Inoue and Fry, 2016; Qin et al., 2019; Raschella et al., 1999). Given
the requirement for cyclin/CDK activity for MMB-FOXML1 activity, it is likely that this high levels
of MYBL2 and FOXML1 are a consequence of the increased proliferation rate in these tumors
rather than a driving oncogene. However, MYBL2 and FOXM1 contribute to genomic instability
in tumors as overexpression of FOXM1 and MYBL2 as well as E2F1 were implicated as drivers
of aneuploidy in breast cancer (Pfister et al., 2018). This is supported by observations that
MYBL2 and FOXM1 levels are particularly high in p53-deficient backgrounds (Barsotti and
Prives, 2009; Pandit et al., 2009; Parikh et al., 2014). FOXM1 and MYBL2 also have prognostic
value. High FOXML1 levels correlate with lower overall survival across a range of cancer types
(Gentles et al., 2015; Li et al., 2017) while MYBL2 was incorporated into the proliferation section
of OncotypeDX (Sparano and Paik, 2008), a 21-gene RT-gPCR assay used to determine if a
patient would benefit from adjuvant chemotherapy in estrogen receptor-positive, node-negative
breast cancer.

Several lines of evidence demonstrate that the increase levels of MMB-FOXM1

component support this oncogenic proliferation and can influence drug sensitivity. Knockdown
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of MYBL2 or FOXML1 in cancer cells of various origins impedes cell cycle and cellular viability
(Calvisi et al., 2011; Consolaro et al., 2015; Li et al., 2021; Musa et al., 2019; Yang et al., 2013;
Zhao et al., 2014). High FOXM1 levels have been implicated in resistance to anti-mitotic and
DNA agents damaging like cisplatin (Carr et al., 2010; Nestal de Moraes et al., 2015; Zhao et
al., 2014). Similarly, increased levels of MYBL2 have been found to confer resistance to DNA
damaging agents like Doxorubicin and the estrogen receptor inhibitor, tamoxifen (Calvisi et al.,
2011; Li et al., 2021; Thorner et al., 2009). Notably in hepatocellular carcinoma cells, depletion
of MYBL2 or MuvB-component LIN9 increased sensitivity to doxorubicin (Calvisi et al., 2011),
implicating MMB-FOXML1 activity in doxorubicin sensitivity. A limiting factor however in
examining MYBL2 or FOXML in the clinic is the limited understanding of the mechanism of
MMB-FOXML1 activity in G2/M gene expression that impairs our ability to ask informed questions
and effectively interpret clinical data. Understanding the underlying mechanism of the MMB-
FOXM1 complex will enable us to ask profound clinical question about these frequently

overexpressed factors as well as provide basic insights into cell division.
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Chapter 2. A cyclin F-MYBL?2 degradation feedback loop turns off mitotic gene

expression
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Abstract

While cyclin B1-CDK1 is required for entry into mitosis, the levels of cyclin B must be
restrained for the cell to exit mitosis and enter G1. The MMB-FOXML1 transcriptional complex
activates cyclin B expression, but it is no known how it is regulated to ensure that cyclin B1
levels are limited as the cell exits mitosis. Here, we describe a CDK-dependent, negative
feedback loop between SCF¢i"F complexes and MYBL2 that limits mitotic gene expression.
SCFweinF complexes are required for the degradation of MYBL2 in G2/M. MYBL2 interacts with
cyclin F through an atypical RxH cyclin binding motif that is modulated by CDK phosphorylation
on MYBL2. Loss of cyclin F leads to increased pFOXML1 levels in G2 and persistent expression
of MMB-FOXM1 target genes, including cyclin B1 and cyclin F. Accumulation of cyclin F protein
levels in G2 were dependent on MMB-FOXML indicative of a negative feedback loop. Cyclin B1
levels and CDK1 phosphorylation events persisted through the M/G1 transition in cyclin F KOs
indicating that the MYBL2-cyclin F feedback loop limits cyclin B1 expression by turning off G2/M

gene expression through the degradation of MYBL2.
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Introduction

Cyclin A and cyclin B/CDK1 complexes promote entry into mitosis by activating mitotic
kinases such as PLK1 and Aurora A as well as by delaying activation of the APC/C that
terminates mitosis through inhibitory phosphorylation of the APC coactivators, FZR1 and
CDC20 (Abrieu et al., 1998; Gheghiani et al., 2017; Hein and Nilsson, 2016; Hutterer et al.,
2006; Vigneron et al., 2018). However, if the activity of the cyclin A and cyclin B/CDK1
complexes persist too long during mitosis, they can impair the metaphase to anaphase
transition and subsequent G1 checkpoint (Clijsters et al., 2014; Geley et al., 2001; Sorensen et
al., 2001; Yudkovsky et al., 2000). As such, the levels of cyclin A and B complexes must be
regulated to ensure orderly progression through the cell cycle. Cyclins A and B are regulated on
the posttranslational level by APC/C-mediated degradation as the cell exits mitosis (Geley et al.,
2001; King et al., 1995). Transcriptionally, the MYBL2(B-MYB)/MuvB (MMB)-FOMX1 complex
upregulates the expression of cyclin A and cyclin B as part of the mitotic program (Fischer et al.,
2016). However, whether the MMB-FOXM1 complex is regulated to ensure the proper
expression levels of cyclins late in the cell cycle remains unclear.

MYBL2 and FOXM1 are both phosphorylated by cyclin A/ICDK2 complexes as the cell
progresses through S-phase and G2 (Laoukili et al., 2008b; Robinson et al., 1996). CDK-
dependent phosphorylation of MYBL2 facilitates an interaction with prolyl-isomerase PIN1
resulting in a conformational change in MYBL2 that leads to phosphorylation by PLK1 (Werwein
et al., 2019). Similarly, cyclin/CDK2 phosphorylation of FOXML1 relieves an interaction between
the N-terminus and domain-terminal activation domain (Laoukili et al., 2008b). Phosphorylation
of T600 and T611 in the central transactivation domain of FOXM1 by cyclin/CDK complexes is
associated with target gene expression (Lane et al., 1997; Laoukili et al., 2008b; Saldivar et al.,
2018). Indeed, phosphorylation of MYBL2 and FOXM1 by CDKs is reported to activate
transcription (Laoukili et al., 2008b; Major et al., 2004) but the mechanism by which CDK
phosphorylation facilitates MMB-FOXM1 complex activation is not known. During S phase,
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MYBL2 and MuvB, a 5-protein complex comprised of LIN9, LIN37, LIN52, LIN54 and RBBP4,
interact and bind to G2/M cell cycle promoters (Knight et al., 2009; Litovchick et al., 2007a;
Pilkinton et al., 2007; Schmit et al., 2009a). FOXM1 is subsequently recruited to these
promoters in a MYBL2 and MuvB-dependent fashion (Chen et al., 2013b; Down et al., 2012b;
Sadasivam et al., 2012a). FOXML1 recruitment to the MMB complex coincides with an increase
in G2/M cell cycle gene expression.

In GO/G1 phase of the cell cycle, MYBL2 is degraded by CUL2-pVHL complexes in the
absence of growth signaling (Okumura et al., 2017). MYBL2 is also degraded in G2 during the
peak of G2/M cell cycle gene expression (Sadasivam et al., 2012a). However, factors required
for the loss of MYBL2 during G2/M remain to be identified. Cyclin/CDK activity is potentially
involved in MYBL2 degradation as phosphorylation at several CDK consensus sites on MYBL2
coincides with its degradation. Overexpression of cyclin A leads to reduced MYBL2 protein half-
life and promotes MYBL2 ubiquitination (Charrasse et al., 2000) while MYBL2 phospho-mutants
are not affected by cyclin A overexpression implicating CDK activity in MYBL2 degradation
(Charrasse et al., 2000; Saville and Watson, 1998).

In contrast to other cyclins, cyclin F functions as part of an E3 ubiquitin ligase with CUL1
and SKP1 to form an SCF complex to regulate cell cycle progression (Bai et al., 1996;
D'Angiolella et al., 2010; Fung et al., 2002). Cyclin F plays an important role in regulating cell
cycle progression by degrading several cell cycle factors including E2F1, CDC6, RRM2, CP110,
and CDH1 (Choudhury et al., 2016; Clijsters et al., 2019; D'Angiolella et al., 2012; D'Angiolella
et al., 2010; Walter et al., 2016). Cyclin F is a negative regulator of MYBL2 that has been
reported to limit activating MYBL2 phosphorylation by competing with cyclin A for MYBL2
binding (Klein et al., 2015; Mavrommati et al., 2018). However, there has been no evidence that
cyclin F promotes MYBL2 degradation (Klein et al., 2015). Furthermore, it is unclear how the
negative regulation of MYBL2 by cyclin F fits into the mechanism of MMB-FOXM1 complex
activation.
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Here we report that MYBL2 is degraded in a cyclin A-dependent manner by an SCFeeinF
complex upon MMB-FOXML1 activation. MYBL2 binds to cyclin F through an atypical RxH motif
in a phosphorylation dependent manner. The degradation of MYBL2 by cyclin F functions as an
off switch for MMB-FOXML1 activity while the accumulation of cyclin F in S/G2 is dependent on
the MMB-FOXM1 complex. Thus, we describe a negative feedback loop within the mitotic
transcriptional program that not only limits cyclin/CDK activity but is also activated by
cyclin/CDK activity, tightly regulating levels of cyclin A and B expression during the G2 and M

phases of the cell cycle.
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Results

MYBL2 is degraded during the S/G2 transition when the MMB-FOXM1 complex is
activated

To examine the relationship between cyclin/CDK phosphorylation of the MMB-FOXM1
complex and cyclin expression, MMB-FOXM1 components and cyclin levels were assessed in
lysates of synchronized HelLa cells by immunoblot (Fig. 2.1A). Slower migrating, phospho-
FOXM1 protein species, consistent with activation of the MMB-FOXM1 complex and increased
levels of the MMB-FOXML1 target genes, cyclins A and B1, appeared as HelLa cells progressed
through S phase into a 4N state at 6-8 hours after a thymidine block and release.
Phosphorylation of T487 on MYBL2 was detected at 6 hours post release just prior to the loss of
total MYBL2 at 8 hours post release, and coinciding with peak CCNBL1 transcript levels (Fig.
2.1B). The appearance MYBL2 phospho-species (pT487) just prior to the decrease in MYBL2
protein levels raises the possibility that MYBL2 loss in G2 is dependent on CDK phosphorylation
when cyclin A and cyclin B1 levels increased. Depletion of cyclin A2 by siRNA reduced MYBL2
loss at 8 hours post release (Fig. 2.1C). Since cyclin A/ICDK complexes have been reported to
phosphorylate both MYBL2 and FOXM1 and contribute to the transactivation of target genes
this raises the possibility that MYBL2 loss was linked to MMB-FOXM1 activation.

To determine if MYBL2 loss in G2 was associated with MMB-FOXM1 activation, levels of
MYBL2 and pT600 FOXM1 (pFOXM1), a CDK-dependent marker for MMB-FOXM1 activity
(reference), were assessed during the cell cycle by flow cytometry. Three MYBL2 populations, a
2N MYBL2-negative, a MYBL2-positive, and a 4N MYBL2-negative population, that roughly
corresponded to the G1, S, and G2/M phases of the cell cycle respectively were observed in
asynchronous Hela cells (Fig. 2.1D). These three MYBL2 populations could also be separated
based on pFOXML1 levels with the 4N-negative MYBL2 population having the highest pFOXM1
levels followed by the MYBL2-positive and the 2N- negative populations respectively (Fig.

2.1E). Levels of pFOXM1 were significantly higher in 4N-negative than MYBL2-positive cells in
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Figure 2.1. MYBL2 is degraded in G2 when MMB-FOXML1 is active in a cyclin A-dependent
manner

A) Immunoblot showing MYBL2 loss in G2. HelLa cells were synchronized by double thymidine
block and collected at the denoted time point after releases. Samples were then immunoblotted
for the denoted protein or were assessed for DNA content by Propidium lodide staining and flow
cytometry.

B) RT-qPCR of CCNBL transcript levels in HeLa cells synchronized as in A.

C) Immunoblot of MYBL2 levels in CCNA2 KD synchronized samples. HelLa cells were reverse
transfected with siCTRL and siCCNA2 and synchronize and collected as in A.

D-F) Flow cytometric analysis of MYBL2 and pFOXML1 levels during the cell cycle. HelLa cells
were pulsed with BrdU for 1 hour and stained with antibodies to BrdU, MYBL2, pFOXM1, as
well stained with DAPI. A) Dot plot of MYBL2 levels vs DAPI with cell cycle populations overlaid
and color as denoted in the legend. B) Dot plot of MYBL2 levels vs pFOXML1 levels with MYBL2
population as denoted in the legend overlaid. C) pFOXM1 MFI in MYBL2 populations during S
phase and G2. N=3; Two-way ANOVA with Tukey correction; **, p<0.01; *** p<0.001; ****,
p<0.0001.

G) RT-gPCR of MYBL2 transcript levels in HeLa cells synchronized as in A.

H) Immunoblot of HeLa cells synchronized as in A that were treated with the proteasome

inhibitor bortezomib 4 hours post release for the denoted time periods.
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Figure 2.1. (cont.)
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both S phase and G2 (Fig. 2.1E and 2.1F) suggesting that MMB-FOXM1 activity is linked to
decreased levels of MYBL2 in 4N cells. MYBL2 transcript levels did not change during the time
course (Fig 2.1G) and MYBL2 loss could be blocked by the proteosome inhibitor bortezomib
(Fig. 2.1H) indicating that the loss of MYBL2 in G2 is likely due to proteasome-dependent
protein degradation. Together this data suggests that MYBL2 is degraded in a cyclin A-

dependent manner during the S/G2 transition as the MMB-FOXML1 is being activated.

An SCF¢inFcomplex is required for MYBL2 degradation in G2

We next asked what factors were required for MYBL2 degradation in G2. The
NEDDylation inhibitor MLN4924 blocked MYBL2 degradation in G2 (Fig. 2.2A) implicating the
Cullin family of E3 ubiquitin ligases in MYBL2 degradation. Cullin 1 (CUL1) was required for
MYBL2 loss in G2/M but not CUL2, CUL3, CUL4, CULS5, or CUL7 when Cullin family members
were depleted by siRNA (Fig. 2.2B and 2.2C). CULL1 interacts with SKP1 and a family of
adaptor proteins known as F-box proteins to form SKP1-CUL1- F-Box (SCF) complexes (Bai et
al., 1996; Wang et al., 2014b). Cyclin E is degraded by an SCF5P?2 complex in S phase
(Nakayama et al., 2000). Depletion of SKP1 resulted in MYBL2 and cyclin E levels persisting
after release from a double thymidine block (Fig. 2.2D) indicating that an SCF complex is
required for MYBL2 degradation in G2.

Transcriptional analysis of SCF complex components in synchronized HelLa cells
identified two F-box proteins of interest (Fig. 2.3A). As shown in the heatmap, levels of Cyclin F
MRNA (CCNF) peaked at 8 hours when MYBL2 is typically degraded while SKP2 levels were
similar to MYBL2. Both F-box proteins have been previously reported to interact with MYBL2
(Charrasse et al., 2000; Klein et al., 2015). SKP2 and CCNF were knocked down in
synchronized HelLa cells and MYBL2 protein levels were assessed (Fig. 2.3B). Cyclin E levels

persisted during the S phase and G2 in SKP2-depleted samples consistent with previous
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Figure 2.2. A SKP1-CUL1-F-BOX (SCF) complex promotes MYBL2 loss in G2/M

A) Immunoblot with the indicated antibodies of HeLa whole cell extracts synchronized by a
double thymidine block, treated with 0.5 uM MLN4924 4 hours post release, and collected at the
denoted time points.

B and C) Immunoblot of HeLa whole cell extracts synchronized as in A) after depletion for cullin
family members. Samples depleted for B) CUL1-3 or C) CUL3-7 were probed with indicated
antibodies.

D) Immunoblot of synchronized HelLa cell lysates after depletion of SCF complex components

CUL1 or SKP1 with the indicated antibodies.
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Figure 2.3. The F-box protein cyclin F is required for MYBL2 loss in G2/M

A) Heat map depicting the changes in mMRNA expression of F-box containing proteins, cullins
and MYBL2 in HelLa cells, as assayed by Affymetrix Human Genome U133 Plus 2.0 Array, after
double thymidine block and release. Expression values of the target genes derived from
microarray analysis of the 0, 2, 4, 6, 8 and 12-hr time points were normalized to O hour.

B) Immunoblot of synchronized HelLa cell lysates depleted for the F-box protein SKP2 and

cyclin F.
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studies. In contrast, MYBL2 levels persisted into later time points after knockdown of CCNF, but
not SKP2, suggesting that an SCF®°"F complex is required for MYBL2 degradation in G2.

To confirm that cyclin F was required for MYBL2 degradation in G2/M, MYBL2 levels
were examined in CCNF KO MEFs and HelLa cells. The levels of MYBL2 as well as other cyclin
F substrates, CP110 and RRM2, were elevated in the CCNF KO MEF (Fig. 2.4A). In HeLa
CCNF KOs, MYBL2 levels were significantly increased in G2/M but not G1 or S phase in cyclin
F KO cells (Fig. 2.4B and 2.4C) suggesting that the degradation of MYBL2 by cyclin F is limited
to G2/M. Phospho-MYBL2 species robustly persisted into late cell cycle time points in the CCNF
KO cells consistent with the siRNA studies (Fig. 2.5A and 2.5B). Knockout of cyclin F allowed
the persistence of phospho-MYBL2 species into mitosis in nocodazole-synchronized HelLa and
HCT116 cells (Fig. 2.5C and 2.5D) indicating cyclin F is necessary to limit MYBL2 protein levels

during the G2/M transition.

Cyclin F promotes MYBL2 degradation in G2

The requirement of cyclin F for MYBL2 degradation during G2/M suggested the
possibility that MYBL2 was a direct substrate of the SCF"F complex. Cyclin F interacts with
substrates through its cyclin fold and binds to SKP1 through its F-box domain (Fig. 2.6A).
Alternatively, it has been proposed that cyclin F limits MYBL2 phosphorylation by competing
with cyclin A for MYBL2 binding, rather than promoting MYBL2 degradation (Klein et al., 2015).
This alternative model would predict that an F-box mutant of cyclin F would suppress phospho-
MYBL2 species as the cyclin F fold should be sufficient. Expression of an F-box domain mutant
of cyclin F however failed to increase the migration speed of MYBL2 or reduce MYBL2 protein
levels in three independent CCNF KO cell lines tested (Fig. 2.6B) indicating that the E3

ubiquitin ligase activity of cyclin F is required for the suppression of phospho-MYBL2 species.
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Figure 2.4. Increased levels of MYBL2 in CCNF KOs

A) Immunoblot of parental cyclin F flox/- and cyclin F KO MEFs whole cell lysates with the
indicated antibodies.

B and C) Flow cytometric analysis of MYBL2 levels in CCNF KO cells. C) Dot plot of MYBL2
levels vs DAPI levels in sgCTRL and sgCCNF-1 cells. Cell cycle populations were overlaid as
denoted and determined by BrdU vs DAPI staining. D) MYBL2 MFI for cell cycle populations in

CTRL and CCNF KO cell lines. N=3; Two-way ANOVA with Tukey correction; **** p<0.0001.
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Figure 2.5. Phosphorylated MYBL2 persists into mitosis in CCNF KO cells

A and B) Immunoblot of MYBL2 levels in synchronized CCNF KO cells. CTRL or CCNF KO
HelLa were synchronized by double thymidine block, released and collected as denoted time
points. Lysates for A) sgCTRL and sgCCNF-1 or B) sgCTRL and sgCCNF-2 and -4 were
analyzed by immunoblot using the antibodies indicated.

C) Immunoblot of phospho-MYBL2 levels in HeLa CTRL and CCNF KO synchronized to mitosis
by nocodazole treatment. Whole cell extracts were treated with Alkaline Phosphatase in the
presence or absence of phosphatase inhibitor to confirm the presence of phospho-MYBL2
species.

D) Immunoblot of phospho-MYBL2 levels in HCT116 CTRL and CCNF KO synchronized to
mitosis by nocodazole treatment and blotted with indicated antibodies.
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Figure 2.6. F-box domain of cyclin Fis required for MYBL2 loss in mitosis

A) Schematic of cyclin F denoting functional domains and approximate location of point
mutations used in this figure.

B) Immunoblot showing rescue of the cyclin F KO lines with cyclin F WT or cyclin F LP/AA
constructs. CCNF KOs cells were transduced with cyclin F WT or LP/AA F-box mutant
constructs, selected with blasticidin, and treated with 100 ng/ml for 18 hours to enrich for mitotic
cells. Samples were collected, whole cell extracts generated and blotted with the denoted
antibodies.

C and D) Coimmunoprecipitation of MYBL2 with cyclin F constructs. A) FLAG-cyclin F WT, F-
box domain mutant or cyclin fold mutant constructs were expressed in 293Ts. Whole cell
extracts were generated, FLAG-protein species were immunoprecipitated and interrogated by
immunoblot with the indicated antibodies. B) Same as in A except with FLAG-cyclin F constructs
containing the ALS-associated R392T mutation or the Burkitt ymphoma-associated R451C

mutation.
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Figure 2.6. (cont.)
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MYBL2 was able to interact with an F-box cyclin F mutant (Fig 2.6C) similar to CDC6, a
reported substrate of cyclin F. The cyclin fold of cyclin F was mutated in the MRXXLXXW
hydrophobic patch, conserved between cyclin A and cyclin F (Fig. 2.9D), or by point substitution
of the ALS-associated R392T or Burkitt Lymphoma-associated R451C mutations in the cyclin
fold (Abate et al., 2015; Williams et al., 2016). The MLW mutant failed to interact with either
MYBL2 or CDC6 while the MR mutation reduced the MYBL2-cyclin F interaction while
abrogating the CDC6-cyclin F interaction (Fig. 2.6C). For the disease-associated variants, the
R451C cyclin F mutation had impaired interactions with MYBL2 and CDCS6 in contrast to R392T
that retained binding to both (Fig. 2.6D). Thus, MYBL2 interacts with the cyclin fold of cyclin F
similar to other cyclin F substrates.

Recently, cyclin F has been reported to degrade the activating E2F transcription factors
that promote MYBL2 expression (Clijsters et al., 2019). MYBL2 transcripts levels however
weren’t elevated during S/G2 in the CCNF KO Hela cells (Fig. 2.7A), likely due to E2F
deregulation by HPV E7, meaning that the increased levels MYBL2 observed in the absence of
cyclin F were not due to increased E2F activity. Using Azidohomoalaninine (AHA) labeling to
examine protein turnover, AHA-labeled MYBL2 protein species persisted through S/G2 in the
CCNF KO cells indicating that MYBL2 protein turnover was impaired in the CCNF KO cells.
Furthermore, MYBL2 ubiquitination increased with cyclin F overexpression suggesting that
cyclin F promotes MYBL2 ubiquitination (Fig. 2.7). The promotion of MYBL2 ubiquitination and
requirement of E3 ubiquitin ligase activity to reduce MYBL2 protein levels in G2/M indicate that
cyclin F acts in an SCF complex as an E3 ubiquitin ligase to promote MYBL2 degradation in

G2/M.
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Figure 2.7. Cyclin F promotes MYBL2 ubiquitination

A) RT-gPCR of MYBL2 transcript levels in sgCTRL, sgCCNF-1, and sgCCNF-4 HelLa cells
synchronized as in Fig. 1A.

B) Immunoblot of AHA-labeled species and inputs from sgCTRL, sgCCNF-1, and sgCCNF-4
Hela cells synchronized as in Fig. 1A. Samples were labeled with 1 mM AHA during the second
thymidine block in methionine-free growth media, were released into regular growth media
containing 200 uM methionine and collected at the denoted timepoints post release.

C) Immunoblot of in vivo ubiquitination of MYBL2 by cyclin F. Ubiquitin conjugates from 293T
cells expression Myc-cyclin F, V5-MYBL2 and 6xHis-FLAG-ubiquitin were recovered on nickel

agarose under denaturing conditions.
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Figure 2.7. (cont.)
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MYBL?2 interacts with cyclin F through an atypical cyclin motif in a CDK phosphorylation-
dependent manner

Phospho-MYBL2 species were co-immunoprecipitated with the FLAG-cyclin F constructs
(Fig 2.8A) and endogenously expressed cyclin F interacted with phospho-MYBL2 in HelLa cells
during G2/M (Fig. 2.8B) raising the possibility that cyclin/CDK phosphorylation of MYBL2 could
be potentially regulating the MYBL2-cyclin F interaction. To identify the regions of MYBL2
required for the cyclin F interaction, the necessary and sufficient regions of MYBL2 for the cyclin
F interaction were mapped using truncation mutants (Fig. 2.8C). The C-terminus of MYBL2 was
sufficient for the cyclin F interaction as the 500-700 fragment of MYBL2 co-immunoprecipitated
cyclin F as well MuvB complex (Fig. 2.8D). While the interaction with the MuvB complex and
cyclin F was retained in the 1-685 construct, the MuvB components LIN9 and LIN37 failed to
bind to MYBL2 when MYBL2 was truncated prior to residue 685 consistent with previous studies
(Guiley et al., 2018). The 1-660 construct retained the interaction with cyclin F (Fig. 2.8E). The
cyclin F interaction however was lost when MYBL2 was further C-terminally truncated
implicating the 620-660 region of MYBL2 as required to interact with cyclin F. The 620-660
region of MYBL2 was further narrowed to the 643-660 as the 1-643 MYBL2 truncation mutant
failed to interact with cyclin F (Fig. 2.9A and 2.9B).

The 643-660 region of MYBL2 contains a highly conserved RxH motif, which resembles
the RxL cyclin binding motif (Fig. 2.9C). Mutation of this RxH motif on MYBL2 abolished the
cyclin F interaction without abrogating the MuvB interaction indicating the MYBL2 requires the
RxH motif to interact with cyclin F. Compared to a typical RXL cyclin binding motif, the histidine
of the RxH motif would be in position to have Van der Waals interaction with the cyclin fold (Fig.
2.9D) potentially explaining why MYBL2 but not CDC6, which interacts through typical RxL

motifs, could still interact with the cyclin F MR mutant (Fig. 2.8C).
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Figure 2.8. The C-terminus of MYBLZ2 is required to interact with cyclin F

A) Co-immunoprecipitation of phospho-MYBL2 species FLAG cyclin F constructs from
transfected 293T lysates.

B) Co-immunoprecipitation of MYBL2 with cyclin F containing complexes in G2/M. Cyclin F was
immunoprecipitated from synchronized HelLa treated with 10 M MG-132 starting at hour 4 and
immunoprecipitated complexes were subject to immunoblot with listed antibodies.

C) Schematic of MYBL2 depicting the MYBL2 truncation mutants used in this figure and their
observed ability to interact with the MuvB complex or cyclin F.

D and E) Co-immunoprecipitation studies with MYBL2 truncation mutants. 293T cells were
transfected with empty vector, WT, C-terminal (D), or N-terminal (E) V5-MYBL2 truncation
mutant constructs and cellular lysates were immunoprecipitated with a V5 antibody. The

resulting immunoprecipitates were analyzed by immunoblot as indicated.
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Figure 2.8. (cont.)
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The MYBL2 386-660 truncation mutant, which contains the RxH motif, failed to bind to
cyclin F (Fig. 2.8D) indicating that the cyclin F-MYBL2 interaction is regulated by additional
variables. The canonical cyclin binding RxL motifs, located near the N- and C-termini of MYBL2,
have been truncated from this mutant. One of these RxL motifs have been previously implicated
in cyclin A binding raising the possibility that CDK phosphorylation could regulate the cyclin F-
MYBL2 interaction. Two additional MYBL2 phosphorylation mutants were generated: (i) a
T405A mutant was generated as this site resembles a CDK1 phosphorylation site on RRM2 that
was previously implicated in the RRM2-cyclin F interaction (D'Angiolella et al., 2012) and (ii) a
ACDK mutant in which five CDK phosphorylation sites, previously implicated in the literature
(Johnson et al., 2002; Johnson et al., 1999), were mutated to alanine (Fig 2.9A). The cyclin F
interaction was impaired for the MYBL2ACDK mutant to greater extent than the T405A mutant
while both phospho-MYBL2 mutants interacted with MuvB (Fig. 2.9E) implicating CDK
phosphorylation in facilitating the MYBL2 interaction. This data suggests that MYBL2 interacts
with cyclin F through a non-canonical RxH cyclin binding motif that also requires CDK

phosphorylation for the interaction.

Cyclin F-mediated degradation of MYBL2 is a CDK dependent off-switch for G2/M gene
expression

Previous studies had proposed that cyclin F antagonizes MYBL2 activation but G2/M
expression was assessed in asynchronous and/or DNA-damaged samples (Klein et al., 2015;
Mavrommati et al., 2018). MMB-FOXMZ1 activity was assessed in cyclin F KO by probing for
levels of pFOXM1. pFOXML for mitotic cells were separated from G2 cells, as in previous
studies (Saldivar et al., 2018), since these have an MFI roughly a log higher than the G2
population (Fig. 2.10A). Surprisingly, pFOXML1 levels were similar in CCNF KO and CTRL cells
(Fig. 2.10B) indicating that cyclin F does not limit basal activation of the MMB-FOXM1 activity.

When MMB-FOXML target gene expression was examined in synchronized samples, CCNB1
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Figure 2.9. MYBL2 interacts with cyclin F through an atypical cyclin binding motifin a
phosphorylation-dependent manner

A) Schematic of MYBL2 depicting the MYBL2 point mutants used in this figure and their
observed ability to interact with the MuvB complex or cyclin F.

B) Co-immunoprecipitation studies with MYBL2 RxH mutant to assess cyclin F interaction.
Experiment same as described in Fig. 2.8D.

C) Alignment denoting degree of conservation of the 640-663 region of MYBL2.

D) Schematic showing the residues involved in cyclin-substrate interactions. Based upon
aligning cyclin F sequences with cyclin A and comparing cyclin A-RxL interactions from the
cyclin A3 — p107 structure (Brown et al., 1999).

E) Co-immunoprecipitation studies with MYBL2 phospho-mutant to assess cyclin F interaction.

Experiment same as described in Fig. 2.8.
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Figure 2.9. (cont.)
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Figure 2.10. Cyclin F turns off MMB-FOXML1 target gene expression by limiting MMB
complex formation

A and B) pFOXML1 levels in sgCTRL and sgCCNF KO cells. A) Schematic of the different
pFOXM1 populations. B) pFOXM1 levels in cell cycle populations in sgCTRL and sgCCNF
HelLa cells. G2/M was split base on the gating in A). N=3. Mean SEM. ANOVA with Tukey
correction.

C and D) RT-gPCR of MMB-FOXM1 target genes C) CCNB1 and D) CCNA2 in synchronized
Parental and sgCCNF-2 HeLa Cells synchronized as in Fig 1A.

E) Coimmunoprecipitation of the MMB-FOXM21 complex during mitosis in CCNF KO cells.
sgCTRL and sgCCNF Hela cells were synchronized with nocodazole and whole cell extracts

were generated for the coimmunoprecipitations with antibodies for the denoted proteins.
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Figure 2.10. (cont.)
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and AURKA, were expressed at similar levels during S phase, and at 4h and 8 hours post
release, in CTRL and cyclin F KOs cells (Fig. 2.10C and 2.10D). However, cyclin F KO cells
had increased levels of both G2/M genes at the 10h time point when there was a high fraction of
mitotic cells. MYBL2 and MuvB components could co-precipitate each other in mitotic lysates of
cyclin F KOs but not CTRL cells (Fig. 2.10E). This data indicates that the MYBL2 degradation
by cyclin F is not the rate limiting step of MMB-FOXM1 complex activity during activation but
functions as an off signal for MMB-FOXM1 complex activity as the cell progresses into mitosis

by limiting MMB complex formation.

MYBL2 and cyclin F are in a negative feedback loop that limits CDK activity in mitosis
Based on meta-analysis of genome wide data sets, cyclin F is predicted to be an MMB-
FOXML1 target gene (Fischer et al., 2016). Depletion of MYBL2, FOXM1, or the MuvB
component LIN54, reduced cyclin F transcript and protein expression in G2/M (Fig. 2.11A and
2.11B) indicating cyclin F expression is MMB-FOXM1 complex dependent late in the cell cycle.
Notably, cyclin F protein species were less stable with a faster turnover rate than MYBL2 during
S phase and mitosis (Fig. 2.11C and 2.11E). Cyclin F levels decreased faster than other APC/C
substrates in cycloheximide-treated cells during the M/G1 transition as the SCF?TRC? complex is
reported to limit cyclin F accumulation in mitosis (Mavrommati et al., 2018). MYBL2 protein
species were more stable than cyclin F protein species when translation and cell cycle
progression were blocked with cycloheximide at every timepoint tested during the S/G2
transition (Fig 2.11D). The cyclin F instability in S phase maybe due to degradation by B-TRCP,
which this data suggests may actually function earlier in the cell cycle. The instability of cyclin F
compared to MYBL2 after CHX treatments indicates that the activation of negative feedback

loop is dependent on cell cycle progression and MMB-FOXM1.
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Figure 2.11. The MMB-FOXM1 complex drives cyclin F accumulation in S/G2

A and B) RT-gPCR of CCNF transcript and immunoblot of whole extracts from HelLa cells
depleted for MMB-FOXM1 components. Cells were transfected with the denoted siRNAs,
synchronized as in Fig 1A, and samples collected at the listed time points.

C and D) Immunoblots of MYBL2 and CCNF protein levels after cycloheximide treatment in
synchronized Hela cells. Cells were synchronized as Fig. 1A and treated with cycloheximide for
the denoted times. In D), DNA content was also determined in samples using Pl stain.

E) Immunoblot of cyclin F and cyclin F substrates after cycloheximide treatment in nocodazole-
synchronized sgCTRL or sgCCNF-4 cells. Nocodazole-synchronized cells were released into

growth media or growth media containing cycloheximide for the denoted periods of time.
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Figure 2.11. (cont.)
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Disruption of this cyclin F-MYBL2 “off” switch could impair the M/G1 progression as
expression of mitotic cyclins and the mitotic program persists. Consistent with this hypothesis,
the 4N population persisted in CCNF KO cells at 11 and 12 hours post release from a double
thymidine block, when cells typically have entered the next G1 (Fig. 2.12A). Cyclin B1 protein
levels and slower-migrating FOXM1 phospho-species persisted into G1 in the cyclin F KOs (Fig.
2.11E and 2.12B). Further, mitotic pH3 was higher in cyclin F KO cells after an extend
incubation of synchronized cells with nocodazole (Fig. 2.12C) suggesting that disruption of this
off switch prevents slippage through the spindle assembly checkpoint likely due to the continued

expression of the mitotic program.
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Figure 2.12. Mitotic cellular identity persists in the absence of cyclin F

A) 4N population in synchronized HeLa CTRL and CCNF KO cells. Cell were synchronized as
Fig. 1A and 4N population was assessed using Pl staining.

B) Immunoblot of HeLa sgCTRL and sgCCNF lysates after release from nocodazole
synchronization and collected at the denoted times.

C) pH3 levels in synchronized sgCTRL and sgCCNF-2 Hela cells trapped in mitosis with
nocodazole. Samples were synchronized and treated as describe in the schematic on the left

and, on the right, dot plots of pH3 populations pseudocolored for density.
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Discussion

Here, we describe a cyclin F “off” switch that contributes to terminating G2/M gene
expression (Fig. 2.13). During the S/G2 transition, cyclin F accumulation is driven by the MMB-
FOXM1 complex. MYBL2 is subsequently degraded by an SCF®*"F complex in G2/M to disrupt
the MMB complex and reduce G2/M gene expression during mitosis. MYBL2 contains an
atypical cyclin binding motif that requires phosphorylation at CDK sites to optimally interact with
cyclin F linking activation of this negative feedback loop to CDK activity.

Multiple studies have implicated CDK-dependent phosphorylation of MYBL2 as pro-
transcriptional but it remains unclear how CDK phosphorylation facilitates MMB-FOXM1 target
gene expression as MYBL2 phospho-mutants can still interact with p300/CBP (Bartsch et al.,
1999; Bessa et al., 2001; Johnson et al., 2002; Johnson et al., 1999; Lane et al., 1997; Muller-
Tidow et al., 2001; Robinson et al., 1996; Saville and Watson, 1998; Ziebold et al., 1997).
Recently, CDK-dependent phosphorylation of MYBL2 was implicated in facilitating an interaction
with PIN1 that triggered a conformational change in MYBL2 leading to reportedly pro-
transcriptionally PLK1 phosphorylation (Werwein et al., 2019). The most compelling evidence
for cyclin/CDK phosphorylation being pro-transcriptional is impaired transactivation of reporters
by MYBL2 phospho-mutants and increased reporter expression with cyclin A overexpression
(Bartsch et al., 1999; Johnson et al., 2002; Johnson et al., 1999; Lane et al., 1997; Sala et al.,
1997; Saville and Watson, 1998; Ziebold et al., 1997) but the reporters used to study the
mutants were built around MYB or GAL4 binding sites rather than the CHR motif found at G2/M
promoters and activation of the endogenously expressed MYBL2 cannot be separated from
FOXM1 activation by cyclin A overexpression.

We observed that cyclin A/CDK phosphorylation was required for MYBL2 degradation
which limited G2/M gene expression indicating that CDK phosphorylation of MYBL2 is actually a
negative regulatory event in the context of the MMB-FOXM1 complex and G2/M gene

expression. Loss of MYBL2 in G2/M coincided with increased levels of pFOXM1, a marker for
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Figure 2.13. Model of MYBL2-cyclin F switch that turns off G2/M gene expression
In G2, CDK activity drives expression of G2/M genes including the mitotic cyclins and cyclin F.
MYBL2 subsequently is degraded by cyclin F in a phosphorylation-dependent manner, which

limits G2/M gene expression as the cell progresses to mitosis.
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MMB-FOXM1 activity. While MYBL2 is predominantly phosphorylated by cyclin A/CDK
complexes, FOXM1 can interact and be activated by cyclin D, cyclin E, cyclin A, and cyclin B
containing CDK complexes (Anders et al., 2011; Fu et al., 2008; Laoukili et al., 2008b; Major et
al., 2004). Although cyclin A/ICDK1 phosphorylation appears to be rate limiting for FOXM1
phosphorylation during the S/G2 transition (Laoukili et al., 2008b; Saldivar et al., 2018), this
difference in cyclin interactors suggests a model in which promiscuous CDK phosphorylation of
FOXM1 activates the complex while cyclin A/CDK phosphorylation of MYBL2 in G2 specifically
turns off the complex leading to MYBL2 degradation and preventing further recruitment of
FOXML1.

In an earlier study, cyclin F was reported to not degrade MYBL2 as depletion of cyclin F
didn’t alter MYBL2 protein stability after cycloheximide treatment (Klein et al., 2015). Since
cycloheximide blocks all protein translation, a key assumption when examining protein turnover
with cycloheximide is that the protein promoting the degradation event is more stable than the
protein being degraded. This is not the case with cyclin F and MYBL2 as MYBL2 was more
stable than cyclin F in the presence of cycloheximide at each time point tested during S/G2 test
in this study and the previous study (Klein et al., 2015). The rapid turnover of cyclin F implies
that the MYBL2-cyclin F feedback loop can’t be activated until there is persistent MMB-FOXM1
activity as cyclin F will be rapidly turnover and preventing premature activation of this negative
feedback loop. Consistent with this model, expression of a cyclin F mutant that cannot be
degraded by an SCF results in impaired G2/M gene expression and progression through mitosis
(Mavrommati et al., 2018).

The dependency of cyclin F accumulation on MMB-FOXM1 complex activity during S/G2
also highlights that there are opposing signals within the G2/M transcriptional program that
constitute a transcriptional switch involved in mitotic progression. Similar to how cyclin A and
cyclin B/CDK1 complexes promote their own degradation by driving mitotic progression via
positive feedback loops that activate the APC/C (Yang and Ferrell, 2013), CCNA2 and CCNB1
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eventually limit their own expression as cyclin/CDK complexes drive MMB-FOXM1-dependent
CCNF expression and promote the MYBL2 and cyclin F interaction. The presence of the “on”
and “off” feedback loops within the G2/M transcriptional program suggests that a finite amount
of mitotic gene expression is hardwired into G2/M transcription. Loss of cyclin F abrogates this
switch leading to the persistence of mitotic gene expression and allowing the cell to maintain the
mitotic phosphorylated histone H3 (pH3) for an extended period of time.

Recently, cyclin F was recently implicated in CHK1 inhibitor sensitivity as CCNF F KO
cells has increased sensitivity to CHK1 inhibitors (Burdova et al., 2019) which is notable given
the regulation of FOXM1 activity by the ATR-CHK1 pathway. Similar to CHK1 inhibition or
depletion, depletion of cyclin F led to increased mitotic entry as well as increased G2/M gene
expression after irradiation (Klein et al., 2015). Unfortunately, viability assays were not
conducted to determine if this increase in mitotic entry reflected abrogation of the G2 DNA
damage checkpoint or recovery from G2/M DNA damage in cyclin F-depleted cells. The
increased MMB-FOXML1 activity that results from depleting cyclin F can promote DNA damage
recovery as cyclin B1 levels correlate with the ability to recover from G2/M DNA damage
(Lindgvist et al., 2009).

While the increase in CHK1i sensitivity observed in CCNF KOs was attributed to
increased E2F gene expression due to an absence of cyclin F-dependent degradation (Burdova
et al., 2019), CHK1 limits CDK1 activity similar to the MYBL2-cyclin F negative feedback loops.
In contrast to CHK1 inhibition, the receptor tyrosine kinase inhibitor sorafenib synergizes with
CDKU1 inhibition in hepatocellular carcinoma (Wu et al., 2018) highlighting how levels of CDK1
activity during the late cell cycle can modulate sensitivity to targeted therapeutics. Further
investigation of the MYBL2-cyclin F switch and MMB-FOXM1 activity in response to CHK1 or
RTK inhibition may yield further insights into cell division and the targeting to cancer

therapeutics.
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Materials and Methods

Cell Culture

HelLa, HCT116, and 293T cells were propagated in DMEM medium (Life Technologies, Grand
Island, NY) supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO) and 1%
Pen/Strep (Gibco) at 37°C in 5% CO,. CCNF KO MEF were kindly provided by Dr. Steve
Elledge (Harvard Medical School, Boston, MA). CRISPR CCNF KO cell lines were generated by
transducing the cells with the appropriate lentiCRISPRv.2 lentivirus, selecting with puromycin,
and generating clonal populations using serial dilution. Loss of cyclin F was confirmed in clonal
populations by immunoblot. Inhibitors and chemicals used in tissue culture experiments are
listed in Table 2.1.

For thymidine synchronizations, samples were synchronized by two sequential 16 hours
incubations with 2 mM Thymidine Media. Cells were released into prewarmed for 8 hours
between incubations with 2 washes with prewarmed PBS. 2 washes with prewarmed PBS was
also used to release sample into prewarmed media for collection.

For siRNA experiments in synchronized samples, ~3 x 10° HelLa cells were reverse
transfected at a final concentration of 20 nM or 50 nM (for siCCNF and siSKP2) with the siRNAs
listin Table 2.2 using Lipofectamine RNAIMAX (Invitrogen, 13778030) in 100 mm dish. The
next day, samples were split into smaller 60 mm dishes (=5 x 10° cells) and double thymidine
blocks were initiated as described above.

For nocodazole synchronizations, media on the samples were replaced after triturating
the plates with 100 ng/ml nocodazole containing media and incubated for ~16-18 hours. To
release cell from synchronization, mitotic cells were triturated into nocodazole containing media
and washed twice with prewarmed PBS. Cells were then resuspended into prewarmed media

and divided into sample for collection.
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Table 2.1. Inhibitors and Chemicals

Thymidine
Nocodazole
Bortezomib
MLN4924
Cycloheximide

Polyethylenimine (PEI)

Sigma-Aldrich
Sigma-Aldrich

Cell Signaling Technologies
Active Biochem

VWR

Polysciences
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M1404

2204S

A1139

97064-724

23966-1



Table 2.2. siRNA oligonucleotides

SIiCCNA2 Dharmacon L-003205-00

siCUL2 Dharmacon L-007277-00

SiCUL4A Dharmacon L-012610-00

siCUL5 Dharmacon L-019553-00

SiSKP1 Dharmacon L-003323-00

SiCCNF Dharmacon L-009762-00

siLIN54 Dharmacon L-019325-01
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Immunoblots
Whole-cell extracts were generated by incubating cell pellets in EBC buffer (50 mM Tris pH 8.0,
150 mM NacCl, 0.5 mM EDTA, 10% Glycerol, 0.5% NP-40, Protease Cocktail Set | and
Phosphatase Cocktail Set I) and cleared by centrifugation. Relative protein levels in lysates
were normalized by Bradford assay and samples were boiled in 6x SDS buffer. Samples were
then loaded on 4-20% TGX gels (Bio-Rad) for electrophoresis which were then transferred to a
nitrocellulose membrane (Bio-Rad) by wet transfer. Membranes were blocked in 5% nonfat milk
(Boston Biochem) for 1 h at room temperature and incubated in primary antibody overnight at
4°C. Primary antibodies (listed in Table 2.3) were diluted as follows: FBXO5 was diluted 1:50 in
3% nonfat milk in TBST; cyclin F (sc-515207) and cyclin E were diluted 1:200 in 3% nonfat milk
in TBST; CULLIN 1, CULLIN 2, CULLIN 3, CULLIN 4, CULLIN 5, CULLIN 7, and SKP1 were
diluted 1:500 in 3% milk in TBST; FLAG, LIN9 and MYBL2 were diluted 1:1000 in 3% nonfat
milk in TBST; cyclin F (Bethyl and sc-952), cyclin A, SKP2, cyclin B1, and GAPDH were diluted
1:2000 in 3% nonfat milk TBST; LIN54, Actin, V5 and CP110 (Bethyl) was diluted 1:1000 in 5%
nonfat milk in TBST; FOXM1 was diluted 1:2000 in 5% nonfat milk TBST; pT487 MYBL2 was
diluted 1:5000 in 3% nonfat milk in TBST; vinculin was diluted 1:30000 in 5% nonfat milk in
TBST; LIN37, CP110 (CST), and CDC6 were diluted 1:1000 in 5% BSA in TBST; Membranes
were incubated in secondary antibodies, diluted 1:5000 in 5% nonfat milk, for 1 h at room
temperature. Bands were visualized using Super Signal West Pico (Thermo Scientific) or
Immobilon Western Chemiluminescent (Millipore) HRP substrate on the G-box imaging system
(Syngene).

For the phosphatase assay, sample pellets were split and lysed in EBC buffer or EBC
buffer without phosphatase inhibitor. To 50 pg of samples lysed with EBC buffer without
phosphatase inhibitor, 2 pl (10 U) of Antarctic Phosphatase (NEB, M0289S) was added.

Phosphatase inhibitor was added to a final concentration of 2X to a set of Antarctic phosphatase
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Table 2.3. Antibodies

Cyclin E
Cyclin B1
FOXM1
pT487 MYBL2
MYBL2
MYBL2
pT600 FOXM1
LIN37

LIN9

LIN54
CYCLIN F
CYCLIN F
CYCLIN F
CYCLIN A
CULLIN 1
CULLIN 2
CULLIN 3
CULLIN 4A/4B
CULLIN 5
CULLIN 7
SKP1

SKP2

CP110

CP110

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Abcam

Millipore

Santa Cruz Biotechnology

Cell Signaling Technologies

Bethyl Laboratories
Bethyl Laboratories
Bethyl Laboratories
Bethyl Laboratories
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Zymed Laboratories
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology

Bethyl Laboratories

Cell Signaling Technologies
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sc-247

sc-752

sc-520

Ab76009

MABE866

sc-724

14655S

A300-BL2983

A300-BL2981

A300-799A-M

A303-406A-M

sc-952

sc-515207

sc-751

sc-17775

51-1800

sc-166110

sc-377188

sc-373822

sc-53810

sc-7163

sc-7164

A301-343

12140S



Table 2.3. Antibodies (cont.)

RRM2

CDC6

FLAG

FLAG-HRP

MYC

V5

Actin

GAPDH

VINCULIN

FLAG magnetic beads
FLAG affinity matrix

anti-V5 goat agarose beads
pS10 histone H3 - Alexa 488
conjugate

anti-mouse IgG - HRP
anti-rabbit 1gG - HRP

Rabbit Trueblot: Anti-Rabbit
lgG HRP

anti-mouse IgG - Alexa 488
conjugate

anti-Rabbit IgG - PE conjugate
Rabbit IgG Alexa 488 isotype

control

Santa Cruz Biotechnology
Cell Signaling Technologies
Sigma-Aldrich
Sigma-Aldrich

Santa Cruz Biotechnology
GenScript

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Bethyl Laboratories

Cell Signaling Technologies

Bethyl Laboratories

Bethyl Laboratories

Rockland Immunochemicals

Cell Signaling Technologies

Cell Signaling Technologies

Cell Signaling Technologies
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sc-10846

3387S

F1804

A8592

sc-40

A01724

sc-47778

Sc-47724

V9131

M8823-1ML

A2220

S190-199

3465S

A90-116P

A120-101P

18-8816-33

4408S

4340S

4340S



Table 2.3. Antibodies (cont.)

anti-BrdU-APC conjugate Biolegend 339808
APC Mouse IgG1, k isotype Biolegend 400120
control
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samples as a negative control. All samples were incubated at 37°C for 1 hour and 6X SDS
buffer was added to each sample, followed by heating at ~95°C to stop the reaction and prepare

the sample for SDS-PAGE and immunoblotting.

Immunoprecipitation

For co-immunoprecipitation studies with expression constructs in 293Ts, constructs were
transfected into sub confluent 293T cells using 2 ug/ml PEI. Whole cell extracts were generated
using EBC on ice and cleared twice sequentially by centrifugation (16,100 rcf, 5 min 4°C).
FLAG-cyclin F and V5-MYBL2 containing complexes were then immunoprecipitated using FLAG
M2 magnetic beads or FLAG M2 affinity matrix and anti-V5-goat agarose beads respectively.
Immunoprecipitations were incubated at 4°C for 4 hours and washed three times with EBC.
Captured protein were then eluted from the beads by heating the samples at 70C in 1X SDS
buffer.

For immunoprecipitation of the endogenous MMB complex, lysates were generated as
described above and 1mg of lysate was incubated with 1 ug of either MYBL2 antibody or LIN9
antibody and magnetic protein A/G beads overnight at 4°C. Samples were then washed as
above. During immunoblotting, TrueBlot anti-rabbit IgG was used at 1:2000 for the secondary to
prevent detection of eluted rabbit IgG used for the immunoprecipitation.

For the co-immunoprecipitation studies with endogenous cyclin F, Cells were lysed in
EBC lysis buffer. Cell extracts were cleared at 14,000 rpm for 10 minutes and then mixed with
antibody for 12 hours at 4°C. Immune complex were captured with Protein A agarose beads
(Roche) for 1 hour at 4°C and washed 3 times with EBC buffer and 2 times with EBC buffer

containing 300 mM NacCl.

Azidohomoalanine labeling

75



The CLICK reaction for biotin conjugation to AHA-labeled species was based on previous
studies (Presolski et al., 2011) and used reagents listed in Table 2.4. Briefly, HeLa cells were
pulsed with 1 mM AHA in methionine-free growth media for 16 hours during the second
thymidine block of a double thymidine block. Samples were then released into regular growth
media containing 200 pM L-methionine. Samples were collected and cell pellets stored at -
80°C. Lysates were generated from cell pellets by resuspending pellets in 2100 mM PBS + 1%
NP-40 lysis buffer on ice for 15 min and were then cleared by centrifugation (16,100 rcf, 10 min,
4°C). Input samples were generated at this point. Biotin was conjugated to AHA-labeled protein
species using CLICK chemistry in a reaction comprised of the following final
concentrations/amounts: 400 pg of sample, 20 uM biotin-PEG4-Alkyne, premixed 0.1 mM
CuS0O4 + 0.5 mM THPTA, 5 mM aminoguanidine, 5 mM sodium ascorbate, 100 mM PBS to 500
ul). Reactions were rotated at room temperature for 1 hour. Excess biotin was removed by from
the reactions using Amicon 10 kDa ultracentrifuge filters (10000 rpm, 15 min, room temp) with
450 pl of 100 mM PBS being adding to ~30 pl concentrate and spun for a second time. The
resulting concentrate was resuspended 900 pl of 200 mM PBS to which 100 ul of Magnetic
Streptavidin beads was added. Beads and lysates were incubated rotating at room temperature
for 90 min and washed 3 times with 100 mM PBS. AHA-labeled proteins were then eluted from
the beads by heating for 5 min at 75°C in 1x SDS-PAGE buffer. Elutes and inputs were then

assessed by immunoblot.

Flow cytometry

Trypsinized cells were washed with PBS and fixed in 4% formalin in PBS for 15 min at
room temperature. Cells were then washed three times with 1% BSA in PBS and permeabilized
in 70% ethanol at -20°C for 30 min to overnight. After three washes with 1% BSA in PBS,
incorporated BrdU was exposed by incubating samples in 200 ug/ml DNasel in DPBS for 1 hour
at 37°C, using the reagents listed in Table 2.4. Samples were then washed thrice with 1% BSA
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Table 2.4. Reagents for AHA labeling and flow cytometry

Azidohomoalainine

THPTA

Biotin-PEG4-Alkyne

Streptavidin Magnetic Beads

Amicon Ultra-0.5 Centrifugal Filter Unit
-10 KDa

5-bromo-2’-deoxyuridine (BrdU)
DNasel

4' 6-diamidino-2-phenylindole (DAPI)

Click Chemistry Tools
Click Chemistry Tools
Click Chemistry Tools
New England Biolabs

Millipore-Sigma

Sigma-Aldrich

Sigma-Aldrich

Invitrogen

77

1066

1010

TA105

S1420S

UFC501024

B5002

D4513-1VL

D3571



in PBS and incubated with the primary antibody in 1% BSA in PBS overnight at 4°C. Primary
antibodies were diluted as follows: 1:200, MYBL2, 1:250, pT600 FOXM1. After 3 washes with
1% BSA in PBS, samples were incubated with secondary antibodies, which were diluted 1:250
in 1% BSA in PBS, for 1 h at room temperature in darkness. An anti-mouse Alexa 488
conjugate and anti-rabbit PE conjugate were used to detect MYBL2 and pFOXM1 respectively.
Following three 1% BSA in PBS washes, samples were incubated with anti-BrdU-APC (1:50 in
1% BSA in PBS) for 1 hour at room temperature. After three more 1% BSA in PBS washes,
DNA staining was then conducted by incubating samples in darkness and at room temperature
for 1 hiin a 1 ug/ml DAPI, 100 ng/ml RNase A staining solution. A negative control where an
BrdU pulse and primary antibodies were omitted but otherwise normally processed was used to
establish negative populations and perform background subtraction on MFls. For the negative
control, an APC isotype was used in place of the BrdU-APC conjugate. Single fluorophore and
fluorescence minus one control for the Alexa 488 channel were used to set any compensation
parameters to address spillover of the fluorophores into other filters. Samples were analyzed on
a Fortessa analyzer (BD Biosciences) and 50,000 total events were captured for each sample.

For DNA staining with PI, cells were harvested by trypsinization and fixed in ice cold
70% ethanol for 30 min to overnight after a PBS wash. Fixed samples were washed three times
in PBS-Tween and resuspended in 10X Pl stain diluted in PBS. Samples were then analyzed on
a FACSCanto.

For pH3, samples were harvested by trypsinization, fixed in 4% formaldehyde for 30 min
at room temp, and fixed in ice cold 70% ethanol for 30 min to overnight after a PBS wash. Fixed
samples were washed three times in PBS-Tween, incubated with pH3 Alexa Fluor 488
conjugate diluted 1:50 in 5% BSA in PBS-T overnight at 4C. After 3 more PBS-T washes,
samples were resuspended in 10X PI stain diluted in PBS. Samples were then analyzed on a

FACSCanto.
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RNA Expression
For RT-gPCR, Total RNA was extracted from cell pellets using the RNeasy Plus kit (Qiagen).
cDNA was generated from total RNA isolated using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). gPCR was performed on the cDNA using the primers
listed in Table 2.5 and Brilliant 11l Ultra-Fast gPCR Master Mix (Agilent) using a MxAria (Agilent).
Relative expression was determine using the AACq method with GAPDH as reference
gene. The microarray analysis was previously described (Sadasivam et al., 2012a). The HelLa
microarray data were downloaded from GEO (GSE26922). The Hela data were generated
using Affymetrix Gene 1.0 ST arrays. Fluorescence intensities were normalized using RMA
normalization and subsequently log-transformed. For each gene in our panel, we identified the
corresponding probesets on the array and computed a summarized vector of expression levels
by taking the average. We then subtracted the time zero value for each gene from each
expression level for that gene. These were the final values that were visualized on the heatmap
and the genes were clustered using hierarchical clustering using complete linkage and

Euclidean distance.

Ubiquitination Assay

Ubiquitin Assays were conducted as previously described. Briefly, 20% of each sample
harvested was used to analyze inputs by immunoblot and 80% for His-pulldowns to detect
ubiquitinated proteins. For the His-pulldowns, samples were lysed in buffer 1 (6 M Guanidine-
HCI, 0.1 M Na;HPO4/NaH;PO4, 0.01 M Tris/HCI [pH 8.0], 15 mM imidazole, and 10 mM (-
mercaptoethanol [BME]) and used for pull-down of His-ubiquitin-conjugated proteins. The

lysates used for pull-down were sonicated to reduce viscosity and loaded onto 50 pl of Ni?*-NTA
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Table 2.5. Oligonucleotides: qPCR Primers

CCNB1-gPCR-Forward Primer:
CCNB1-gPCR-Reverse Primer:
MYBL2-gPCR-Forward Primer:
MYBL2-gPCR-Reverse Primer:
AURKA-gPCR-Forward Primer:
AURKA-gPCR-Reverse Primer:
CCNF-gPCR-Forward Primer:

CCNF-gPCR-Reverse Primer:

GAPDH-gPCR-Forward Primer:

GAPDH-gPCR-Reverse Primer:

80

5-GATGGAGCTGATCCAAACC-3’
5-GGATGGCTCTCATGTTTCC-3’
5-CATCTCGGACCCTCATCTT-3’
5-AGGTCACCTGAAGACTCTC-3'
5-CTGCATTTCAGGACCTGTTAAGG-3’
5-AATGCGCTGGGAAGAATTT-3’
5-TGCTCTTGAACCGGAAAC-3
5-GTGGCCAGAATTCCCTTATAG-3’
5'-CGCCCAATACGACCAAAT-3'

5-CGCCCAATACGACCAAAT-3'



resin pre-washed with buffer 1. Binding was performed at room temperature for 4 hr. The beads
were successively washed with 750 pl of each of the following buffers: buffer 1; buffer 2 (8 M
urea, 0.1 M Na;HPO4/NaH>PO4, 0.01 M Tris/HCI [pH 8.0], 10 mM BME); buffer 3 (8 M urea,

0.1 M Na;HPO4/NaH;PO4, 0.01 M Tris/HCI [pH 6.3], 10 mM BME) plus 0.2% Triton X-100; buffer
3 and then buffer 3 plus 0.1% Triton X-100. After the last wash, beads were eluted by incubating
in 50 pl of buffer 4 (200 mM imidazole, 0.15 M Tris/HCI [pH 6.7], 30% glycerol, 0.72 M BME, 5%

SDS) for 20 min

Constructs

The lentiCRISPRv.2 constructs used in this study were generated by cloning the
oligonucleotides listed in Table 2.6 as previously described (Choudhury et al., 2016; Sanjana et
al., 2014; Shalem et al., 2014).

To rescue the CCNF KO cell lines, the pHAGE-3xFLAG-HA-gateway-SV40promoter-
blastocidin was generated by excising the Apal-SV40promoter-blasticidin-Clal fragment from
pwlz backbone and ligating into the pHAGE-3xFLAG-HA-Gateway linearized with Apal and Clal
(NEB) digestion backbone using T4 DNA ligase. pcDNA3-FLAG-Cyclin F WT, LP/AA mutant
and M309A mutant were kind gifts from Michele Pagano (New York University, NY). The cyclin
F WT and LP/AA mutant ORFs were amplified by PCR and recombined into the pDONR221
and then pHAGE-3xFLAG-HA-gateway-SV40promoter-BSD backbones using BP and LR
recombinases (Invitrogen) respectively. Silent mutations were introduced into cyclin F ORF to
disrupt the NGG site for sgCCNF-4 by site directed mutagenesis using the Quikchange
Mutagenesis kits (Agilent) ; no silent mutations were needed for sgCCNF-1 or sgCCNF-2 due to
overlap of the sgRNA and 5’ UTR. Additional cyclin F point mutants used in co-
immunoprecipitation studies were also generated in the pcDNAS3 backbone by site directed

mutagenesis.
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The MYBL2 truncation mutants were generated by PCR amplifying the MYBL2 ORF and
recombing the PCR fragments in the pDONR221 backbone using BP clonase. MYBL2 point
mutants were generated by site directed mutagenesis in the pDON221 backbone. MYBL2 ORFs
were moved from the pDON221 vector to the pcDNA3.1-nV5-DEST (Invitrogen) using LR

clonase to express the MYBL2 constructs in cells.

Data Analysis
Praline multiple sequence alignment program

(https://www.ibi.vu.nl/programs/pralinewww/) was used to align the MYBL2 sequences from the

following species from UniProt database (www.uniprot.org): H. sapiens (P10244), M. musculus
(P48972), F. catus (M3WEJ8), B. taurus (Q17QY0), M. mullatta (G7NT2), C. familiaris
(F1PQ73), and G. gorilla (G3REHS).

Flow cytometry data was analyzed using FlowJo. GraphPad Prism was used to generate
graphs and conduct statistical analyses for DepMap data, flow cytometry, viability, growth

curves and RT-gPCR.
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Abstract

The ATR-CHK1 pathway coordinates DNA replication with cell cycle progression
providing a potential therapeutic opportunity in cancer cells where oncogenic perturbations
leaded to accelerated cell division. The critical downstream events after perturbation of the
ATR-CHK1 pathway remain unclear potentially limiting the clinical use of inhibitors of pathway
components such as CHKL1. To identify genes whose loss confers resistance to CHKL1 inhibitors,
a genome-wide CRISPR-Cas9 screen was performed in NSCLC cell lines treated with the
CHKU1 inhibitor prexasertib (CHK1i). Five of the top six hits of the screen, MYBL2 (B-MYB),
LIN54, FOXM1, cyclin A2 (CCNA2), and CDC25B, are cell cycle regulated genes that contribute
to entry into mitosis. Knockout of MMB-FOXM1 complex components, LIN54 and FOXM1,
conferred resistance to inhibition of either ATR or CHK1 as well as reduced CHK1i-induced
DNA replication stress markers. Mechanistic experiments into the contribution of the MMB-
FOXM1 complex to CHK1li-induced DNA replication stress revealed that premature activation of
the mitotic program was required for CHKli-induced replication catastrophe. Activation of a
feedback loop between the MMB-FOXM1 complex and CDK1 was required for CHK1i-induced
premature mitosis in Late S phase and subsequent replication catastrophe indicating that
dysregulation of the S/G2 to M transition is necessary for CHK1 inhibitor sensitivity. Cells
resistant to CHK1i however remained sensitive to inhibition of WEEL. These findings provide
mechanistic insights into small molecule inhibitors currently studied in clinical trials and provide

rationale for combination therapies.
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Introduction

Duplication of the eukaryotic cellular genome occurs in an orderly process during S
phase of cell division. Replication of the genome must be completed prior to mitosis to avoid
events that result in genomic instability. DNA replication stress can occur when oncogenes,
genotoxic agents, or inhibitors of DNA replication cause stalled replication forks leading to
activation of DNA Damage Response (DDR) pathways. CHK1 is activated by ATR
phosphorylation of the SQ sites S317 and S345 (Kim et al., 1999; Zhao and Piwnica-Worms,
2001), to resolve incomplete DNA replication structures consisting at least partly of single-strand
DNA (Lupardus et al., 2002; Saldivar et al., 2017; Zou and Elledge, 2003). Replication stress
also leads to the phosphorylation of the replication fork component RPA32 on S4, S8, and S33,
and the regulator of heterochromatin KAP1 (also known as TRIM28 or TIF1B) on S824 to
remedy this altered DNA replication (Ashley et al., 2014; Liu et al., 2012; Olson et al., 2006;
Yajima et al., 2009). Unresolved replication stress can lead to cell death via replication
catastrophe, where exhaustion of replication factors, such as RPA, triggers widespread DNA
double-strand breaks (DSBs) marked by y-H2AX (Furuta et al., 2003; Toledo et al., 2013).
Understanding how the ATR-CHK1 pathway prevents replication catastrophe is critical as
inhibitors of ATR or CHK1 are considered for clinical use.

The ATR-CHK1 pathway limits DNA replication stress during S phase by coordinating
origin firing with CDK activity. ATR-activated CHK1 antagonizes CDK1 activity by activating the
CDK1-inhibitory WEE1 kinase and suppressing the CDK1-activating CDC25 phosphatases
(Furnari et al., 1997; O'Connell et al., 1997). Suppression of CDK1 activity during S phase by
ATR and CHKZ1 prevents premature activation of the transcription factor FOXM1 and expression
of mitotic genes (Saldivar et al., 2018). Cyclin A (CCNA2)/CDK1 activity however also is
required for late origin firing (Katsuno et al., 2009). Therefore, complete suppression of CDK

activity would decrease origin firing and subsequent activation of ATR. During S phase, the
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ATR-CHK1 pathway maintains a careful balance of sufficient CDK1 activity to complete DNA
replication but not enough to trigger mitosis.

Transcriptional regulation also plays a key role in managing cell cycle progression.
When cells enter the cell cycle, an E2F-dependent wave of gene expression facilitates DNA
replication during the G1/S transition, while the MYBL2/MuvB (MMB)-FOXM1 complex drives a
second wave of gene expression during G2/M that promotes mitosis. During S phase, the MuvB
complex, comprised of LIN54, LIN9, LIN37, LIN52, and RBBP4, together with MYBL2 binds to
cell cycle genes homology region (CHR) DNA motifs, which are LIN54 binding sites, at
promoters of genes whose expression is required for mitosis (Knight et al., 2009; Litovchick et
al., 2007b; Muller et al., 2012; Pilkinton et al., 2007; Schmit et al., 2009b). FOXM1 is
subsequently recruited to these promoters in an MMB-dependent fashion. This recruitment
coincides with an increase in the levels of several hundred G2/M cell cycle genes, including
CCNA2, CCNB1, PLK1, and CDC25B (Chen et al., 2013b; Down et al., 2012a; Fischer et al.,
2016; Sadasivam et al., 2012Db).

Due to oncogene-driven acceleration of cell division, cancer cells may become hyper-
dependent on the ATR-CHK1 pathway to manage replication stress and maintain sufficient
genomic integrity for continued survival. Inhibitors of ATR and CHK1 have been developed as
anti-cancer agents to exploit this vulnerability. Monotherapy with the CHK1 inhibitor prexasertib
(CHK1i) has shown safety and tolerability (Hong et al., 2016; Hong et al., 2018). Prexasertib
treatment or CHK1 depletion have little to no effect on non-transformed cells such as RPE-1,
while CHK1i monotherapy has exhibited activity in multiple cancer cell lines (Blosser et al.,
2020; Cole et al., 2011; King et al., 2015; Koppenhafer et al., 2018). However, intrinsic or
acquired resistance to CHK1i may limit clinical efficacy. Given the myriad roles of CHK1, such
resistance could potentially emerge by a wide range of possible mechanisms. CRISPR-Cas9
pooled whole-genome sgRNA knockout screens have emerged as particularly useful tools for
unbiased discovery of gene losses that confer a phenotype of interest (Hanna and Doench,
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2020). Prior CRISPR screens with ATR inhibitors (ATRi) have implicated both the cell cycle and
DDR regulatory roles of the ATR-CHK1 pathway in modulating inhibitor sensitivity. Loss of
CDC25 family members conferred resistance to ATR inhibition while the loss of RNaseH2
increased sensitivity (Ruiz et al., 2016; Wang et al., 2019). Mechanistic efforts to understand
how different roles of the ATR-CHK1 pathway mediate drug sensitivity can increase
understanding of the underlying biology of these inhibitors, identify potential markers and

improve strategies to overcome drug resistance.
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Results

MMB-FOXM1 complex components are required for CHK1 inhibitor sensitivity in NSCLC
cells

To identify genes whose monogenic loss confers resistance to the CHK1 inhibitor
prexasertib (CHKL1i), genome-wide CRISPR-Cas9 knockout screens were performed in two
non-small cell lung cancer (NSCLC) cell lines A549 and NCI-H460. Both lines showed
comparable CHK1i sensitivity with IC50 values in the 50-100 nM range (Fig. 3.1B). When
treated at these concentrations, cells showed increased levels of markers of replication stress
including phosphorylation of RPA32 on residues S4/S8 and S33 and KAP1 on S824 (pKAP1)
(Fig. 3.1A). There was also a concomitant increase in the DNA DSB marker y-H2AX. CHK1
phosphorylation reached maximum levels near the CHK1i IC50 dose, while overall levels of
CHK1 decreased at higher doses (Fig. 3.1A). The decrease in total CHKL1 is consistent with the
induction of specific degradation by ubiquitin-proteasome in response to genotoxic stress
(Zhang et al., 2005). The decreased viability, appearance of replication stress markers pRPA
and pKAP1 and indication of DSB reflected by y-H2AX indicate that CHK1 inhibition in A549 and
H460 NSCLC cells leads to replication stress-induced catastrophe.

Screens to identify genes required for CHK1i sensitivity were performed in A549 and
H460 cells using the Brunello human genome-wide lentiviral gRNA pooled library. The library
consists of 76,441 sgRNAs targeting 19,114 unigue genes (Doench et al., 2016). A549 and
NCI-H460 cells were grown for nearly three weeks in the continuous presence of 100 nM and
50 nM CHK1i respectively, leading to equal amounts of cell proliferation and cytotoxicity. DNA
sequencing was performed to identify sgRNAs that were substantially enriched compared to the
input levels, reflecting genes whose losses conferred CHK1i resistance. The STARS algorithm
(Doench et al., 2016) identified hits at the gene level with false discovery rates below 10% in

both cell lines. Loss of CCNA2, CDC25B, FOXM1, LIN54, and MYBL2 emerged as the top hits

89



Figure 3.1. MMB-FOXM1 complex components are required for CHK1i sensitivity in
NSCLC cells

A) Immunoblot of replication stress markers in A549 and NCI-H460 cells after treatment with
increasing CHKL1i concentrations for 24 h.

B) Sensitivity curves comparing the viability of A549 and H460 cells in the presence of
increasing CHKL1i concentrations for 72 h. Mean + SD.

C) Table of genes identified by the STARS algorithm as having multiple sgRNAs significantly
enriched after CHK1i treatment.

D) Heat map of individual genes enriched in STARS program either A549 or H460 cells.

E and F) Volcano plots of sgRNA enrichment in CHK1i positive selection screen in A549 (E) and

NCI-H460 (F) cells.
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Figure 3.1. (cont.)
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in both cell lines (Fig. 3.1C and 3.1D). All four of the individual sgRNAs targeting each of these
genes showed substantial enrichment in both cell lines (Fig. 3.1E and 3.1F). The presence of a
CDC25 family member and CCNAZ2 is consistent with previous studies (King et al., 2015; Ruiz
et al., 2016; Wang et al., 2019) but having multiple MMB-FOXM1 complex components as hits,
including LIN52 in A549 cells (Fig. 3.1D), stood out as this implicated mitotic gene expression in
CHKU1i sensitivity.

To determine how the loss of mitosis-promoting genes would confer CHK1i resistance,
clonal A549 cell lines with two independent sgRNAs targeting FOXM1 and LIN54 were
generated (Fig. 3.2A). There were no apparent differences in the growth rate of the LIN54 and
FOXM1 KO vs. EV cells over 10 days (Fig. 3.2B). LIN54 and FOXM1 KO cells showed
increased viability in the presence of CHKL1i and two different ATR inhibitors (ATRI) (Fig. 3.2C-

E).

Perturbation of LIN54 and FOXML1 reduces replication stress markers during Late S
phase

To determine if LIN54 and FOXM1 were required for replication stress induced by
CHK1i, LIN54 and FOXM1 KO cells were treated with CHK1i for up to 24 h (Fig. 3.3).
Phosphorylated CHK1 (pS317 and pS345) appeared within 2 h of treatment in EV as well as in
LIN54 and FOXM1 KO cells. In EV cells, phosphorylated RPA (pS4/S8) appeared within 2 h of
treatment (Fig. 3.3, Lanes 2 and 17), followed by pKAP1 at 4 and 8 h (Fig. 3.3, Lanes 3-4 and
18-19). Eventually, y-H2AX accumulated after 8 and 24 h of treatment (Fig. 3.3, Lanes 4-5 and
19-20). In contrast, LIN54 and FOXM1 KO cells showed greatly reduced levels and delayed
appearance of the replication stress markers in response to CHK1i. Detectable levels of
pS4/S8-RPA were delayed until 8 and 24 h after CHK1i and were diminished in both LIN54 and

FOXM1 KO cells compared to EV (Fig. 3.3, Lanes 9-10, 14-15, 24-25, and 29-30). Levels of
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Figure 3.2. Perturbation of MMB-FOXM1 components confers resistance to CHK1 and
ATR inhibitors

A) Immunoblot of MMB-FOXM1 components in A549 LIN54 KO, and FOXM1 KO cells lines.

B) 10-day growth curve and doubling time of A549 EV, LIN54 KO, and FOXM1 KO cells. N=3.
C-E) Viability curves of A549 EV, LIN54 KO, and FOXM1 KO cells in the presence of increasing
concentrations of CHK1i or ATR inhibitors (ATRI) for 72 h. CHK1i (C), ATRi-1 (VE-822) (D), and
ATR-2 (AZ20) (E). Viability was assessed using Cell-Titer Glo and normalized to 0 uM/nM
concentration of drug for each cell line. N=3.

Mean + SD.
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Figure 3.3. Loss of LIN54 or FOXM1 reduces induction of replication stress markers
Immunoblot of replication stress markers in EV, LIN54 KO and FOXM1 KO A549 cells treated

with 100 nM CHKZ1i over a 24 h time course.
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pKAP1 and y-H2AX were also decreased in LIN54 and FOXM1 KO cells (Fig. 3.3, Lanes 10,
15, 25, and 30). These results indicate that, while the LIN54 and FOXM1 KO cells respond in a
similar manner as EV cells to CHK1i as indicated by phosphorylation of CHK1 at ATR target

sites, they showed greatly reduced DNA replication stress and DNA damage responses.

To determine if CHK1i-induced replication stress was induced in a specific phase of the cell
cycle, pKAP1 levels during the cell cycle were assessed in four NSCLC cell lines by flow
cytometry. Of note, both A549 and NCI-H460 harbor KRAS mutations and are p53 wild-type,
while NCI-H23 has both KRAS and p53 mutations, and NCI-H1299 contains wild-type KRAS
and is p53 null. CHK1i treatment of the NSCLC cell lines did not lead to substantial changes in
cell cycle distribution regardless of KRAS or p53 status except for a slight but significant
decrease in the G2/M phase of H460 cells (Fig. 3.4A and 3.4B). pKAP1 was induced by CHK1i
during Late S phase and, to a lesser extent, Early S phase but not during G1 or G2/M in NSCLC
cells regardless of their KRAS or p53 status (Fig. 3.4C and 3.4D) indicating that CHK1i-induced

replication stress mostly occurs during late DNA synthesis.

Next, pKAP1 levels and cell cycle distribution were interrogated in LIN54 and FOXM1 KO cells
or cells depleted for CCNA2, MYBL2, or LIN54 to determine if perturbation of these genes
prevented the induction of pKAPL in Late S phase. MYBL2 and cyclin A have been previously
implicated in DNA synthesis (Garcia and Frampton, 2006; Katsuno et al., 2009) raising the
possibility that altered S phase progression could explain why perturbation of these loci
conferred CHKZ1i resistance. CHK1 inhibition did not alter the cell cycle distribution of the LIN54
or FOXM1 KO cells, although both showed increased G2/M populations consistent with
impaired G2/M progression (Fig. 3.5A). Similar to the LIN54 and FOXM1 KO cells, depletion of
LIN54, CCNAZ2, or MYBL2 led to diverging changes in S phase populations and increased G2/M

populations consistent with impaired G2/M progression (Fig. 3.5B and 3.5C).
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Figure 3.4. CHK1 inhibition induces pKAPLl in late S phase in NSCLC cell lines

Assessing pKAP1 staining during the cell cycle by flow cytometry. Asynchronous cells were
treated with 100 nM CHKZ1i for 2 h and pulsed with 10 uM EdU for the last hour. Samples were
stained for pKAP1, EdU incorporation and with DAPI and analyzed by flow cytometry.

A and B) Analysis of cell cycle populations. A) Representative EdU vs DAPI and pKAP1 vs
DAPI plots denoting the cell cycle gates used in the study described in Fig. 2B. Gates were
based on no staining negative controls shown. B) Cell cycle populations in A549, H460, H23,
H1299 NSCLC cells , including breakdown of Early and Late S phase populations. N=4.

C and D) Flow cytometry to assess pKAPL1 levels in different cell cycle phases. C) NSCLC cells
were treated with DMSO or 100 nM CHK1i for 2 h and pulsed with 10 uM EdU for the last hour.
Samples were then stained for pKAP1 while DAPI staining and EdU labeling were used to
determine the cell cycle phase. pKAP1 vs DNA content with cell cycle populations denoted by
the colors in the legend. Box denotes the gate for pKAP1-positive cells. D) Quantification of (B),
with replicates. N=3.

Mean + SEM. ANOVA with Tukey correction; *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001.

96



Figure 3.4. (cont.)
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Figure 3.5. Perturbation of LIN54 or FOXM1 prevents induction of pKAP1 in late S phase
Asynchronous EV, sgLIN54-2, sgFOXM1 or A549 cells transfected with denoted siRNA cells
were treated with 100 nM CHKU1i for 2 h and pulsed with 10 uM EdU for the last hour. Samples
were stained for pKAP1, EdU incorporation and with DAPI and analyzed by flow cytometry.

A) Cell cycle populations in EV, LIN54 KO, and FOXM1 KO cells , including breakdown of Early
and Late S phase populations. N=4.

B) Immunoblot showing siRNA knockdown of LIN54, CCNA2, and MYBL2 in A549 cells.

C) Cell cycle distribution of A549 cells following LIN54, CCNA2, or MYBL2 siRNA knockdown
and treated as in Fig. 4. N=3.

D) EV, LIN54 KO, and FOXM1 KO cells were treated and labeled as in B. pKAP1-positive cells
in each cell cycle phase. N=3.

E) pKAP1 staining of A549 cells following LIN54, CCNA2, or MYBL2 siRNA knockdown and
treated as above. N=3.

Mean + SEM. ANOVA with Tukey correction; *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001.
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Figure 3.5. (cont.)

SiCTRL siLIN54siCCNA2 siMYBL2

Early 5 Late S G2M

G1

< Zz
e —
= 5 9 2
r 3 0o M O
Tz 2 z
O 4 o > =
e
o -
+ — — w
_ « — WH Em" -
o Bg?
+ — — . L_St
IR | g
. Il ] =8 o
8 RE 9 =
[ - i — 2 M.m. o o
. |
Al )
_ a
! _ m o 0
T o R
) S &
+
[m) —
O
oowm
= 3 2
[ [=}
o w
]
7| ...u.n\.@.. |||||||||||||||||||||||||||
3| — _
= o S 5
........................... L g, o I
= w = :
_a % 3 5 b2
Fy T T T T T T T a_..\,_.._
rllhv%u?o . 2 2 - B 2 = A._.M.u..
— .ﬂu«%@M [ | o W aseud apid 180 W S8 %
||||||||||||||||||||||||||| - 3 o w
= =
_"-n\ 2 £ =]
3 W@..TO W v |
_|| Q&‘Q ............................
|||||||||||||||||||||||||||| I.ﬁﬁvhm.\\._.&,w.._ -
—— oy
vy o
. ’ - o :
| 50,
.“.ﬁv#‘ i,
T T T T &.,.v&m. T
= = L] [=] =]
=] =t o~ @
Sled % (6]

W DMS0O  m CHK1

99



Loss of either LIN54 or FOXML1 significantly reduced the induction of pKAP1 in Late S
phase cells as well as a small but significant population in Early S phase (Fig. 3.5D). pKAP1
levels in G2/M were similar in CHK1i compared to vehicle-treated cells but the overall levels of
pKAP1 in G2/M were lower in the LIN54 and FOXM1 KO cells compared to EV cells. Depletion
of LIN54 reduced the appearance of pKAP1 in Late S phase similar to the LIN54 KO cells while
perturbation of CCNAZ2 resulted in increased pKAPL1 levels that were insensitive to CHK1i (Fig.
3.5E). In contrast, pKAP1 was significantly induced by CHK1i in siMYBL2 samples in both Early
and Late S phase. These results suggest that induction of replication stress may not be

sufficient for CHK1i sensitivity.

Induction of pKAP1 by CHK1i during Late S phase is ATR-dependent

To understand the role of replication stress in CHK1i sensitivity, the requirements for the
induction of phosphorylated KAP1 were assessed. ATM, ATR, and DNA-PK activities have
been linked to KAP1 phosphorylation at S824 (White et al., 2006). Subsequent studies
predominantly focused on ATM-dependent KAP1 phosphorylation in response to DNA DSBs
(White et al., 2012; Ziv et al., 2006) or, more recently, DNA-PK-dependent KAP1
phosphorylation in response to ATR inhibition (Buisson et al., 2015; Dunlop et al., 2020). To
assess the contribution of ATM and DNA-PK activity to KAP1 phosphorylation after treatment
with CHK1i or agents that induce DNA damage, i.e., hydroxyurea (HU) or doxorubicin (DOXO),
ATM and DNA-PK autophosphorylation was assessed in relation to pKAP1 levels by
immunoblot and by flow cytometry in the case of ATM. Auto-phosphorylation of pPDNA-PK was
induced to a similar extent by all three treatments while pATM was preferentially induced by
DOXO (Fig. 3.6A and 3.6B). HU led to reduced DNA synthesis, while CHK1i or DOXO did not
alter DNA synthesis appreciably (Fig. 3.6C). pKAP1-positive cells were induced modestly after

CHK1i or HU and to a greater extent after DOXO treatment (Fig. 3.6A and 3.6D). Similarly,
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pATM levels in pKAP1-positive cells were elevated to a lesser extent in CHK1i or HU treated
cells than DOXO treated cells (Fig. 3.6E, and 3.7F), raising the possibility that another kinase
led to CHK1i-induced activation of pKAP1 during Late S phase.

Given that increased pCHK1 after CHK1i treatment is a marker of ATR activity, it was
possible that ATR could phosphorylate KAP1 instead of ATM. To determine the relative
contribution of ATM, ATR, and DNA-PK to KAP1 phosphorylation, cells were treated with
specific ATR, ATM, or DNA-PK inhibitors alone or in combination with CHK1i. Similar to CHK1i,
ATRIi treatment led to a modest decrease in the G2/M population, while ATMi or DNA-PKi
treatment did not perturb the relative cell cycle distribution (Fig. 3.7A). In contrast to CHK1i,
ATRi alone did not increase levels of pKAP1 during S phase, indicating that the induction
pKAP1 at early time points was specific to CHK1i (Fig. 3.7B and 3.7C). ATRi, but not ATMi or
DNA-PKi, when combined with CHKZ1i, led to a significant reduction in pKAP1-positive cells
during Late S phase. The requirement of ATR activity for CHK1i-induced pKAP1 suggested that

DNA replication was deregulated.

CHK1i increases DNA replication regardless of loss of LIN54 or FOXM1

CHKU1 inhibition can lead to increased origin firing in a CDK-dependent manner
(Petermann et al., 2010). To assess the levels of DNA synthesis after CHK1 inhibition, EdU
incorporation was quantified in EV, LIN54 KO, and FOXM1 KO cells (Fig. 3.8A). The levels of
DNA synthesis in both Early and Late S phase increased significantly in response to CHKL1i
compared to DMSO in EV, LIN54 KO, and FOXM1 KO cells. Although the increased levels of
DNA synthesis after CHKL1i treatment were similar in EV, LIN54 KO, and FOXM1 KO cells
during Early S phase, DNA synthesis during Late S phase was significantly reduced in the

CHK1i-treated LIN54 KO and FOXM1 KO cells compared to EV cells.
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Figure 3.6. A pATM low pKAPL1 positive cell population is induced by CHK1 inhibition

A) Immunoblot of replication stress markers in A549 cells treated with 100 nM CHK1i, 2 mM HU,
or 500 nM DOXO for 2 h.

B-F) Flow cytometry to assess ATM activity and pKAPL1 levels after replication stress or DNA
damage as in (A) and pulsed with 10 uM EdU for the last hour. B) Density dot plot of EAU vs
DAPI with cell cycle populations gated C) pKAP1 vs DAPI levels. Box denotes the pKAP1+
positive population drawn using negative control, with the % of single cells in the box shown. D)
Density dot plot of pS1981 ATM levels vs DAPI stain with the gate denoting pS1981 ATM high
cells, based on the 98" percentile of the DMSO sample, and the % of single cells in the gate
shown. E) Density dot plot of pS1981 ATM levels vs DAPI stain of pKAP1-positive cells. The
gate denotes pS1981 ATM high based on the 98™ percentile of the DMSO sample. F) pS1981

ATM mean fluorescence intensity (MFI) in pKAP1-positive cells identified in Fig. S3B. N=4.
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Figure 3.7. Induction of pKAP1 by CHK1i during Late S phase is ATR-dependent

Flow cytometry to determine if KAP1 T824 phosphorylation after CHK1iis ATR, ATM or DNA-
PK-dependent after 2 hour co-treatment in A549 cells.

A) Flow cytometry of cell cycle states for cells treated with CHK1i, ATRi, ATMi, or DNA-PKi.
Density dot plot for EAU vs DAPI with cell cycle populations gated.

B) pKAP1 vs DAPI levels with cell cycle phases overlaid in the colors denoted in the legend.
Box denotes the pKAP1-positive population. C) pKAP1-positive cells in each cell cycle phase
shown in (B). N=5. ANOVA-mixed effects analysis with Tukey correction

Mean + SEM; ANOVA with Tukey correction; *, p<0.05; **, p<0.01; *** p<0.001.
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Figure 3.7. (cont.)
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Figure 3.8. CHK1i increases DNA replication regardless of loss of LIN54 or FOXM1

A) Relative EdU incorporation in Early S and Late S phase in LIN54 or FOXM1 KO cells after
CHK1 inhibition. MFI of S phase populations per gates in Fig. S2A were normalized to EV
DMSO Early S populations for each replicate. N=3.

B and C) Chromatin flow cytometry for chromatin-bound CDC45. B) Chromatin bound CDC45
vs DAPI levels with cell cycle phases overlaid in the colors denoted. Box denotes the CDC45
High gate drawn at the 98™ percentile of the sgEV-DMSO sample. C) MFI of chromatin-bound
CDC45 in Early and Late S phase. N=3.

D and E) Chromatin flow cytometry for chromatin-bound PCNA. D) Chromatin bound PCNA vs
DAPI levels with cell cycle phases overlaid in the colors denoted. Box denotes the PCNA High
gate drawn at the 98" percentile of the sgEV-DMSO sample. E) MFI of chromatin-bound PCNA
in Early and Late S phase. N=3.

Mean + SEM; ANOVA with Tukey correction; *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 3.8. (cont.)
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To understand the impact of CHK1 inhibition on DNA replication, levels of chromatin-
bound CDC45 and PCNA were assessed by chromatin flow cytometry. CDC45 loading on DNA
can provide a measure of origin firing (Kohler et al., 2016), while chromain-bound PCNA can be
used to assess active DNA replication (Janke et al., 2018; Sirbu et al., 2013). Chromatin-bound
CDC45 and PCNA increased significantly in response to CHK1i in EV cells as well as LIN54
and FOXM1 KO cells during Early S phase, and in EV and FOXM1 KO cells during Late S
phase (Fig. 3.8B-E) consistent with increased origin firing throughout S phase. Chromatin-
bound CDC45 and PCNA increased less in LIN54 KO cells compared to EV cells while the
increase in FOXM1 KO cells was not significantly different than in EV cells except for reduced
chromatin-bound CDC45 in Late S phase. Given that CHK1i-induced increases in DNA
replication and origin-firing were not blunted by loss of LIN54 or FOXM1, particularly in Early S
phase, suggested that another function of the MMB-FOXM1 complex was required for CHK1i

sensitivity.

Activation of G2/M genes after CHK1i is MMB-FOXM1 dependent

Phosphorylation of the MMB-FOXM1 components MYBL2 and FOXM1 by cyclin-CDK
complexes promotes their transcriptional activity in an ATR-CHK1-dependent manner (Laoukili
et al., 2008b; Saldivar et al., 2018; Ziebold et al., 1997). The induction of phosphorylation on
T600 of FOXM1 (pFOXM1) was assessed in synchronized A549 cells and asynchronous A549
by flow cytometry. pFOXM1 appeared within 2 h post-release from a thymidine block after 1 h of
CHK1i treatment compared to 9 h after release in untreated cells (Fig. 3.9A). Similarly, the
restriction of high levels of pFOXM1, as denoted by the pFOXM1-High gate, to the G2/M
population was abrogated by CHKL1i in asynchronous A549 cells (Fig. 3.9B). pFOXM1 was

induced by CHK1i in Late S phase in four NSCLC cell lines regardless of their KRAS or p53
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Figure 3.9. MMB-FOXM1 activity is induced in Late S phase after CHK1 inhibition in
NSCLC cell lines

A) Immunoblot of FOXM1 phosphorylation in A549 cells synchronized by a single thymidine
block to S phase. Cells were released for 1 h and then treated with DMSO or 100 nM CHK1i for
the indicated times.

B-D) pFOXML1 levels in NSCLC cell lines after CHK1i. Cells were treated with 100 nM CHK1i for
2 h with an EdU pulse for the last hour. Samples were stained for pFOXM1, EdU, and DAPI. B)
pFOXM1 vs DAPI levels with cell cycle phase overlaid in the colors denoted. The gate drawn is
for high pT600 FOXM1 levels found in G2/M cells of the DMSO sample. Percent of pFOXM1-
high cells in C) Early and Late S phase and D) G2/M. N=4.

Mean + SEM; ANOVA with Tukey correction; *, p<0.05; **, p<0.01; *** p<0.001; **** p<0.0001.
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status (Fig. 3.9C and 3.9D) indicating premature activation of the MMB-FOXM1 complex in the
absence of CHK1 activity.

To determine if disruption of the MMB-FOXM1 complex alters gene expression in
response to CHK1 inhibition, RNA-seq profiling was performed in EV, LIN54 KO, and FOXM1
KO cells synchronized in S phase and treated with CHK1i for 2 h. GSEA analysis revealed that
DNA repair genes were not significantly perturbed by CHKZ1 inhibition (Fig. 3.10A). In contrast,
G1/S genes, comprised of genes involved in DNA replication, were significantly decreased (Fig.
3.10B) while G2/M genes, many of which encode mitotic regulators, were significantly increased
following CHK1 inhibition (Fig. 3.10C). G1/S and G2/M genes were well represented in the top
350 most differentially expressed genes in the EV cells after CHK1 inhibition (Fig. 3.10D). G1/S
genes comprised the downregulated genes (Fig. 3.10E), while G2/M genes were among the
upregulated genes (Fig. 3.10F), consistent with the GSEA analysis. Compared to EV cells, loss
of LIN54 restored expression of downregulated genes to a greater extent than the loss of
FOXM1 (Fig. 3.10G). The induction of upregulated genes, however, was impaired to a similar
extent in both LIN54 and FOXM1 KO cells (Fig. 3.10H).The induction of MMB-FOXM1 target
genes by CHK1i was significantly reduced in both the LIN54 and FOXM1 KO cells (Fig. 3.10I-
K). Of note, CCNAZ2, a top screen hit, and CCNB1, a significant hit in H460 cells (Fig. 3.1D),
were both present in group of highly expressed MMB-FOXML1 target genes not induced by
CHKU1i in either LIN54 or FOXM1 KO cells. Levels of these genes, as well as top hit CDC25B,
were significantly increased in S phase by CHK1 inhibition in EV but not LIN54 and FOXM1 KO
cells (Fig. 3.10L-P). Cyclin B1 protein levels were reduced and not induced by CHK1i in S-
phase LIN54 KO cells (Fig. 3.11A). Thus, perturbing the MMB-FOXM1 complex impairs the
induction of CDK1 activators during S phase after CHK1 inhibition.

The decrease in CDK1 activators with MMB-FOXM1 complex perturbation suggested a

positive feedback between the MMB-FOXM1 complex and cyclin/CDK1 complexes. Consistent
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Figure 3.10. CHK1i induces the G2/M transcriptional program in a MMB-FOXM1
dependent manner

Changes in gene expression after CHKi in S phase. EV, LIN54 KO, and FOXM1 KO cells were
synchronized by a single thymidine block. Samples were treated with DMSO or 100 nM at 1 h
post-release and samples were collected at 3 h post-release. Total RNA was extracted and
sequenced.

A-C) Gene set enrichment was performed on the EV samples for B) DNA repair genes, C) G1/S
genes and D) G2/M genes.

D-H) Analysis of changes in cell cycle gene expression in EV cells. D) Heat map showing the
350 most differentially expressed genes in EV cells between the DMSO and CHK1 treated
samples. Gene annotations for G1/S and G2/M are from Schade et al. (Schade et al., 2019a).
Percentage of annotated gene categories in genes E) down- and F) upregulated by CHK1
inhibition. Fold change in G) down- and H) upregulated genes between DMSO and CHK1i-
treated samples in EV, LIN54 KO, and FOXM1 KO A549 cells.

I-J) Analysis of MMB-FOXM1 Target genes in LIN54 and FOXM1 KOs. ) Expression of MMB-
FOXML1 target genes in relation to EV cells. Log- fold change calculated using DESeg2. J and
K) Expression of MMB-FOXM1 target genes upregulated in EV cells after CHK1i by = 1.5-fold
change (51 genes), depicted as J) logz fold change determined in relation to EV DMSO treated
cells, with % of genes upregulated above 1.5-fold change in each sample reported, and K) as a
heat map.

L-N) Mean counts of MMB-FOXML1 target genes L) CDC25B, M) CCNA2, and N) CCNB1. N=2.
O and P) RT-gPCR of MMB-FOXM1 target genes O) CCNA2 and P) CCNB1 during S phase in

EV, LIN54 KO, and FOXM1 KO cells after CHK1 inhibition as above. N=3.
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Figure 3.10. (cont.)
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Figure 3.10. (cont.)
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Figure 3.11. CHK1i induces the G2/M transcriptional program in an MMB-FOXM1
dependent manner

A) Immunoblot for MMB-FOXM1 complex phosphorylation. A549 sgEV, sgLIN54-1, and
sgLIN54-2 cells were by a single thymidine block to S phase. Cells were released for 1 h and
then treated with DMSO or 100 nM CHK1i for the indicated times.

B and C) pFOXML1 levels in LIN54 KO cells. EV or LIN54 KO cells were treated with 100 nM
CHKU1i for 2 h with an EdU pulse for the last hour. Samples were stained for pFOXM1, EdU and
DAPI. Percent of pFOXM1-high cells in B) Early and Late S phase and C) G2/M. N=4.

D and E) Percentages of A549 cells with high levels of pFOXM1 after siRNA knockdown of
LIN54, CCNA2, or MYBL2, and CHK1i treatment as in B) and C) during D) Early and Late S
phase and E) G2/M. N=3.

Mean + SEM; ANOVA with Tukey correction; *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001.
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with this, CCNA2 siRNA knockdown substantially decreased the percentages of high pFOXM1
cells in Late S and G2/M (Fig. 3.11D and 3.11E).The fraction of G2/M cells with high levels of
pFOXM1 was not significantly affected by CHKL1i but was significantly decreased in LIN54 KO
and siMYBL2 cells (Fig. 3.11C and 3.11E). Perturbation of LIN54 or MYBL2 also prevented the
induction of pFOXML1 in Late S phase by CHK1i (Fig. 3.11A, 3.11B, and 3.11D) indicating that
full activation of MMB-FOXM1 complex requires an intact MMB complex. Taken together, these
results indicate that an MMB-FOXM1-CDK1 feedback loop drives the CHK1i-dependent

induction of the G2/M transcription program during S phase.

MMB-FOXM1 complex components are required for CHK1i-induced premature mitosis in
Late S phase

The premature activation of the mitotic program in response to CHK1i raised the
possibility that essential S-phase and mitotic processes were occurring simultaneously.
Increased or premature histone H3 S10 phosphorylation (pH3), a mitotic marker, has been
previously observed following perturbation of the ATR-CHK1 pathway (Ruiz et al., 2016;
Zuazua-Villar et al., 2014). A limitation of these studies is that the cell cycle phase was
assessed by DNA content leaving it unclear whether pH3 induced by these inhibitors coincided
with active DNA synthesis. Simultaneous pH3 and BrdU staining, however, was observed in
CHKZ1 haploinsufficient mice (Lam et al., 2004). If DNA synthesis and mitosis were occurring
simultaneously, mitotic events could sufficiently disrupt DNA synthesis to trigger replication

catastrophe.

To determine if ATR or CHK1 inhibition led to a breakdown in the separation of DNA
synthesis from mitosis, levels of pH3 were assessed by flow cytometry during each cell cycle
phase in four NSCLC cell lines representing various combinations of KRAS and p53 mutations

(Fig. 3.12A). Levels of pH3 were increased particularly in Late S phase in all four lines (Fig.
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3.12B and 3.12C). An increase in pH3 positive cells was observed during Late S phase
following inhibition of ATR or CHK1 but not ATM (Fig. 3.12D). Similarly, inhibition of ATR or
CHK1 but not ATM led to some increase in pH3 in G2/M cells (Fig. 3.12E). Dual inhibition of
ATR and CHKZ1 led to a significant increase, relative to either alone, in pH3 positive cells during
Late S phase but not G2/M (Fig. 3.12D and 3.12E). These results indicate that inhibition of the
ATR-CHK1 pathway leads to DNA replication and mitotic events occurring simultaneously
particularly during Late S phase.

Next, we assessed the role of the MMB-FOXM1 complex in regulating CHKli-induced
pH3 during S phase (Fig. 3.12F). While CHK1 inhibition led to increased levels of pH3 during
Late S phase in EV cells, the loss of LIN54 or FOXM1 abolished this effect (Fig. 3.12F and
3.12G). LIN54 and FOXM1 KO cells also showed a significantly smaller fraction of G2/M cells
positive for pH3 independent of CHK1i treatment (Fig. 3.12H). This was similarly observed
following siRNA knockdown of LIN54, CCNA2, or MYBL2 compared to siCTRL (Fig. 3.12] and
3.12 J). This indicates that a functional MMB-FOXM1 complex is required for CHKli-induced

breakdown in the separation between DNA replication and mitosis.

Activation of an MMB-FOXM1 complex-CDK1 positive feedback loop is required for
CHK1i-induced replication catastrophe

CDK1 activity may be necessary for sensitivity to ATR-CHK1 inhibition (Aarts et al.,
2012; Ruiz et al., 2016). CDK1 activity was restricted in CHK1i-resistant FAM122A KO cells via
WEEL1 stabilization (Li et al., 2020), suggesting that CDK1 activities during the S/G2 transition
influences CHK1i sensitivity. However, it remains unclear however what activities of CDK1 are
required for replication catastrophe. To identify CDK1 activities that trigger replication

catastrophe, the levels of CDK1 activity required for specific CHK1li-associated phenotypes was
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Figure 3.12. MMB-FOXM1 complex components are required for CHKli-induced
premature mitosis in Late S phase

A-C) Flow cytometry analysis of pH3 levels by cell cycle phase in NSCLC cells. Cells were
stained for pH3 and cell cycle populations were identified by EdU incorporation and DAPI stain.
A) Dot plot of pH3 levels vs DAPI levels with cell cycle phases overlaid in the colors denoted.
Box denotes the pH3+ gate drawn from negative controls. Percent pH3 positive cells in B) Early
and Late S phase and C) G2/M. N=3.

D-E) Flow cytometry analysis of pH3 levels by cell cycle phase in A549 cells after treatment with
100 nM CHK1i, 100 nM ATRI, or 1 uM ATMi. Samples were treated with inhibitors for 2 h and
pulsed with EdU for the last hour.

F-H) Flow cytometry analysis of pH3 levels by phase of the cell cycle in LIN54 KO or FOXM1
KO A549 cells after CHK1i. Sample treatment regimen is the same as Fig. 6D-E. F) pH3 levels
vs DAPI levels with cell cycle phases overlaid in the colors denoted. Box denotes the pH3+ gate
drawn from negative controls. Percent pH3 positive cells in G) Early and Late S phase and H)
G2/M. N=3.

I-J) Flow cytometry analysis of pH3 levels by phase of the cell cycle in A549 cells following
LIN54, CCNAZ2, or MYBL2 siRNA knockdown. Percent pH3 positive cells in ) Early and Late S
phase and J) G2/M. N=4.

Mean + SEM; ANOVA with Tukey correction; *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 3.12. (cont.)
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determined by treating A549 cells with CHK1i and increasing concentrations of the CDK1
inhibitor RO3306 (CDK1i). Levels of EdU incorporation, pFOXM1, pH3, and pKAP1 were
assessed by flow cytometry after CHK1 inhibition to determine how inhibition of CDK1 activity
impacted DNA replication, MMB-FOXM1 activity, mitosis, and DNA replication stress
respectively. As levels of CDK1i increased, the fraction of G2/M cells increased independently
of CHK1 inhibition (Fig. 3.13D) and the fraction of G1 and Early S phase cells decreased
correspondingly (Fig. 3.13A and 3.13B). In contrast, the fraction cells in Late S phase cells did
not change (Fig. 3.135C). Increased DNA synthesis in response to CHK1i was not diminished
by less than 5 uM CDK1i (Fig. 3.13E and 3.13F).

In contrast to DNA replication, significant induction of pFOXMZ1-High cells by CHK1i in
Late S phase was prevented by 2.5 uM CDK1i (Fig. 3.13G). While 1 uM CDK1i also
significantly reduced the fraction of pFOXMZ1-High cells in Late S phase after CHK1i, pFOXM1-
High cells were still significantly induced by CHK1i compared to the DMSO control for 1 uM
CDK1i. A small but significant increase in pFOXML1 after CHK1i treatment was observed at 2.5
uM CDK1i (Fig. 3.13H) suggesting that, while FOXM1 can still be phosphorylated, the level of
CDK1 activity blocked by 2.5 uM CDK1i was necessary for significant accumulation of pFOXML1.
Increasing doses of CDK1i did not affect the fraction of pFOXM1-High cells in G2/M but led to a
decrease in pT600 FOXM1 levels in a dose-dependent manner with a significant drop as the
concentration of CDK1i increased from 1 pM to 2.5 uM (Fig. 3.13I and 3.13J). 2.5 uM CDK1i
reduced the accumulation of pFOXML1 in S-phase synchronized A549 and H460 cells (Fig.
3.14A). CDK1 inhibition did not alter pT487-MYBL2 levels but caused a shift in the gel migration
of the pMYBL2 band suggesting that other MYBL2 phosphorylation sites may be CDK1
dependent. The degradation of cyclin E in S phase is dependent on CDK2 activity (Clurman et

al., 1996). Doses up to 10 uM of RO-3306 did not affect cyclin E degradation after CHK1
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Figure 3.13. Distinct Levels of CDK1 activity are required for different CHKli-associated
phenotypes

Characterization of cell cycle and CHK1i-associated and cell cycle markers by flow cytometry
after CHK1 and CDK1 inhibition. A549 cells were inhibited with the denoted concentrations of
CDK1i = 100 nM CHKU1i for 2 h and pulsed with EdU for the last hour.

A-D) Cell cycle distribution. % of single cells in the G1 (A), Early S (B), Late S (C) and G2/M (D)
phases determined by EdU vs DAPI staining.; N=5;

E and F) Relative EdU levels in Early (E) and Late (F) S phase. EdU levels were normalized to
the O uM CDK1i-DMSO sample in each phase. N=5.

G-J) Quantification of pPFOXM1 Levels during Late S phase and G2. G) % pFOXM1-High cells
and H) pFOXM1 MFI in Late S phase. I) % of cells in G2/M with High pT600 FOXM1 J) MFI of
pFOXM1 in G2/M. N=4.

K and L) Quantification of pH3+ cells during (K) Late S phase and (L) G2/M. N=5.

M-O) Quantification of pKAP1+ cells during (M) Early and (N) Late S phase as well as (O)
G2/M. N=5; ANOVA-mixed effects analysis with Tukey correction.

P) Percent Annexin V* PI- apoptotic cells after 24 h of treatment with 100 nM CHK1i and
denoted CDK1i concentrations. N=3.

Mean + SEM. *, ANOVA with Tukey correction; p<0.05; **, p<0.01; *** p<0.001; **** p<0.0001.
Grey boxes denote concentrations of CDK1i that showed a significant increase in pH3 levels

with CHKZi in (K).
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Figure 3.13. (cont.)
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Figure 3.14. 2.5 uM CDK1i blocks MMB-FOXML1 activity during S phase

A) Immunoblot of MMB-FOXM1 complex phosphorylation after CHK1i and CDK1i. A549 and
NCI-H460 cells were synchronized by a single thymidine block and released. Samples were
treated at 1 post-release with combinations of 100 nM CHK1i and 2.5 or 10 uM CDK1i and
samples were collected at the indicated times.

B and C) RT-qPCR for MMB-FOXML1 target genes CDC25B, CCNA2, and CCNB1, in S-phase
A549 and H460 cells. A549 cells (B) and H460 cells (C) were synchronized by single thymidine

block, released for 1 h and treated with 100 nM CHK1i and/or 2.5 uM CDK1i for 2 h. N=3. Mean

+ SEM. *, ANOVA with Tukey correction; p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001.
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inhibition in either A549 or H460 cells, suggesting that the CDK1i treatment did not impair CDK2
activity.

To determine if 2.5 uM CDK1i also blocked the induction of G2/M genes by CHK1i, the
expression of MMB-FOXM1 target genes was assessed by RT-gPCR in S phase A549 and
H460 cells. 2.5 uM of CDK1i blocked the induction of CCNB1 but not CDC25B or CCNAZ2 in
A549 cells (Fig. 3.14B) and significantly reduced the induction of CCNB1 and CCNAZ2 but not
CDC25B in the more sensitive H460 cells (Fig. 3.14C). The differential effect of CDK1i on these
MMB-FOXML1 targets genes could reflect the differing number of CHR maoitifs in the gene
promoters (Fischer et al., 2016) or the recently identified regulation of epigenetic factors by
CDK1 (Michowski et al., 2020). This data demonstrates that 2.5 uM CDK1i was sufficient to
block CHK1li-induced MMB-FOXML1 activity and increased expression of CCNB1, the mitotic
activator of CDK1, during S phase.

Similarly, 2.5 uM and higher doses of CDK1i reduced the appearance of the mitotic
marker pH3 in response to CHK1i during Late S phase and, in general, during G2/M (Fig. 3.13K
and 3.13L). Both the fraction of pKAP1-positive G2/M cells as well as CHK1li-induced pKAP1-
positive S phase cells was dependent on CDK1 activity (Fig. 3.13M-0). Increasing levels of
CDK1i reduced the appearance of pKAP1 in Early S, Late S, and G2. 2.5 uM CDK1i was
sufficient to reduce pKAP1 levels in G2/M and block CHK1i-induced pKAPL1 in Late S phase
(Fig. 3.13M-0). Further, the same concentration of CDK1i, 2.5 uM, prevented pH3 induction
suggesting that the breakdown in the separation of DNA synthesis and mitosis is a required step
for DNA replication stress after CHK1 inhibition.

At 2.5 uM, CDK1i appears to block a critical threshold of CDK1 activity. While lower
concentrations of CDK1i reduced the impact of CHK1 inhibition in Late S phase, 2.5 uM and
higher concentrations of CDK1i prevented CHK1i-induced pH3, pKAP1, pFOXM1, and CCNB1

expression but did not prevent increased DNA replication in Late S phase. This indicates that
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2.5 uM CDK1i keeps CDK1 activity below the threshold necessary to trigger mitotic events while
allowing for increased DNA replication.

To establish if activation of the MMB-FOXM1-CDK1 feedback loop is required for CHKZ1i-
induced replication catastrophe, the amount of CDK1 activity required for apoptosis 24 h after
CHK1 inhibition was assessed by dual Annexin V and PI staining. CHK1i induced an apoptotic
population that was dependent on CDK1 activity (Fig. 3.13P). At 2.5 uM, CDK1i blocked CHK1i-
induced apoptosis while 10 uM CDK1i significantly induced apoptosis by itself. The induction of
replication stress markers was also examined at 24 h post-CHK1i treatment (Fig. 3.15A).
pKAP1, as well as pRPA and pCHK1, were induced 24 h after CHK1 inhibition in the presence
of 2.5 uM CDK1i but not 10 uM CDK1i. 10 uM CDK1i also induced low levels of y-H2AX on its
own but 2.5 uM or higher CDK1i reduced CHK1i-induced y-H2AX. This data suggests that while
replication stress may be induced lower levels of CDK1 activity, CHK1li-induced DNA damage
and cell death require sufficient CDK1 activity to trigger the MMB-FOXM1-CDK1 feedback loop
and premature mitosis.

Replication catastrophe occurs when replication factors such as RPA become exhausted
leading to unrepairable DNA damage (Toledo et al., 2017). Prolonged CHK1i treatment induced
a pS4/S8 RPA -positive population that was also y-H2AX-High (Fig. 3.15B-D) indicating the
accumulation of DNA damage in replication stressed cells. A pS4/S8 RPA positive population
was observed with 2.5 uM CDK1i, consistent with a mitotic arrest where RPA is
hyperphosphorylated (Liu et al., 2012; Oakley et al., 2003). Treatment with CHK1i and 2.5 uM or
higher CDK1i reduced levels of pS4/S8 RPA-positive/y-H2AX-High cells. Notably,10 uM CDK1i
was required to completely block the induction of pS4/S8 RPA in response to CHK1i. This
indicates that blocking sufficient CDK1 activity to induce mitosis during DNA replication
prevented the accumulation of DNA damage but not replication stress. Chromatin-bound RPA

and y-H2AX
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Figure 3.15. Blocking CDK1 activity limits replication catastrophe but not replication
stress

A) Immunoblot of A549 and NCI-H460 lysates 24 h after treatment with 100 nM CHKZ1i and/or
the denoted concentrations of CDK1i.

B-D) Chromatin-bound y-H2AX and RPA S4/S8 phosphorylation assessing DNA damage in
cells undergoing replication stress in cells after 24 hours of treatment with CHK1i £ CDKi. B)
Percent pS4/S8 RPA+ cells. C) Percent pS4/S8 RPA and y-H2AX double positive cells.

D) Density dot plot of y-H2AX and pS4/S8 RPA cells after treatment with CHK1i + CDKi. N=3.
E-G) Chromatin-bound y-H2AX and RPA assessing replication catastrophe in cells after 24
hours of treatment with CHK1i + CDKi. E) Percent cells showing high chromatin-associated
RPA. F) Percent cells showing increasing levels of chromatin-associated RPA, in y-H2AX high
cells based on gates shown in G, following treatment with CDK1i and CHK1i as above. G)
Density dot plot of y-H2AX and RPA in cells after treatment with CHK1i £ CDKi. N=3.

Mean + SEM. *, ANOVA with Tukey correction; p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001.
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Figure 3.15. (cont.)
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were also examined to determine if this DNA damage was due to RPA exhaustion. CHKLi
induced an RPA-High population that was y-H2AX-High (Fig. 3.15 E-G) consistent with
replication catastrophe. An RPA-positive/y-H2AX-High population was also induced suggesting
a low RPA exhaustion threshold or exhaustion of an alternative replication factor. Similar to
pS4/S8 RPA, 2.5 uM CDK1i blocked the induction of the RPA-High, y-H2AX-High population
indicating that premature activation of the mitotic program is required for the accumulation of

DNA damage in RPA exhausted cells.

An MMB-FOXM1-CDK1 feedback loop is required for synergy between CHK1i and WEEL1i
The requirement for mitotic levels of CDK1 activity in CHK1i-induced replication
catastrophe raised the possibility that replication catastrophe could be induced in LIN54 or
FOXML1 KO cells by aberrantly activating CDK activity by targeting an alternative negative
regulator. Levels of WEE1, which phosphorylates an inhibitory site on CDK1 (McGowan and
Russell, 1993a), were induced by CHK1 inhibition during S phase in EV, LIN54 KO, and FOXM1
KO cells (Fig 3.16A). An inhibitor of WEE1, adavosertib (WEELi), has shown synergy in
combination with CHK1 inhibitors in vivo (Carrassa et al., 2012; Chila et al., 2015; Russell et al.,
2013). Treatment of EV and LIN54 KO cells with WEE1i resulted in the appearance of a slower
migrating FOXM1 species consistent with phosphorylation resulting from increased CDK activity
(Fig. 3.16B). The ATR-CHK1 pathway was activated after WEE1i treatment in EV, LIN54 KO,
and FOXM1 KO cells as denoted by induction of pCHK1 in the WEEL1li-treated samples. Thus,
WEE1 and the ATR-CHK1 pathway work to oppose CDK activation when the other is inhibited.
In EV cells, dual inhibition of CHK1 and WEEL1 induced higher levels of y-H2AX than either
CHKZ1i or WEEL1i alone while y-H2AX was induced in the LIN54 or FOXM1 KO cells only in the

presence of WEELi or dual CHK1/WEEL1i treatment (Fig. 3.16B) suggesting LIN54 and FOXM1
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Figure 3.16. LIN54 and FOXM1 KOs retain sensitivity to WEE1L inhibition

A) Mean counts of WEEL in EV, LIN54 KO and FOXM1 KO synchronized S phase cells after 2
h of CHKL1i treatment. Data from the experiment collected in Fig. 5D-G.

B) Immunoblot of y-H2AX levels in EV, LIN54 KO, and FOXM1 KO cells with 100 nM CHK1i and
200 nM WEEZ1i dual treatment for 8 h.

C) Viability curves of A549 EV, LIN54 KO, and FOXM1 KO cells in the presence of increasing
WEEL1i concentrations for 72 h. N=3. Mean % SD.

D) Viability of A549 EV, LIN54 KO, and FOXM1 KO cells after treatment with the denoted
CHK1i and WEEZ1i concentrations for 72 h. N=3. Mean + SEM. *, ANOVA with Tukey correction;

p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001.
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may still be sensitive to perturbation of WEEL activity. Consistent with this observation, EV cells
and three out of four LIN54 or FOXM1 KO cell lines had similar sensitivities to WEEL1i (Fig.
3.16C). Viability in LIN54 KO and FOXM1 KO cells however was not further reduced by the
addition of a CHK1i to a WEELi in contrast to EV cells (Fig. 3.16D) implicating the premature
mitosis induced by the MMB-FOXM1-CDK1 feedback loop after CHK1i in the synergy between

CHKZ1i and WEE1 inhibition.
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Discussion

The results in this study describe a positive feedback loop between the MMB-FOXM1
complex, the G2/M mitotic transcriptional program, and CDK1 activity that is restrained during S
phase by ATR and CHK1 (Fig S7E). The ATR-CHK1 pathway has previously been observed to
regulate FOXM1 via CDK1 activity (Saldivar et al., 2018) while cyclin A or B complexes, typically
expressed as part of the mitotic transcription program, also promote MMB-FOXML1 activity (Fu
et al., 2008; Lane et al., 1997; Laoukili et al., 2008b; Ziebold et al., 1997). In addition, loss of
cyclin F, a negative regulator of CDK phosphorylation of MYBL2, sensitizes cells to inhibitors of
the ATR-CHK1 pathway (Burdova et al., 2019; Klein et al., 2015; Mavrommati et al., 2018)
underscoring that interplay between cyclin/CDK and MMB-FOXM1 activities in ATR/CHK1
inhibitor sensitivity. This study builds on these prior observations by demonstrating the
interdependent nature of increased MMB-FOXM1 complex activity, G2/M gene expression, and
CDK1 activity required for CHKL1i sensitivity.

Positive feedback loops can promote the transition from one distinct state to another
when a sufficient level of activating signal is achieved (Mitrophanov and Groisman, 2008). Such
bimodal behavior was observed as levels of pH3 and pKAPL1 significantly decreased when
MMB-FOXM1 was disrupted or when CDKZ1 activity was decreased with increasing
concentrations of CDK1i from 1 uM to 2.5 uM in Late S phase and G2/M after CHK1 inhibition.
CDK1 is involved in multiple feedback loops critical for mitotic progression (Gavet and Pines,
2010; Pomerening et al., 2003) and our data identifies a positive feedback loop that links CDK1
activity to the MMB-FOXM1-dependent wave of G2/M gene expression required for mitosis.

The CHK1i-induced phosphorylation of KAP1 at S824 is an ATR- and CDK1-dependent
event that reflects dysregulation of the S/G2/M transition. A CHK1i-independent population of
pS824 KAP1-positive cells was observed basally in G2/M. The presence of this G2/M

population and its dependency on CDK1 activity indicate that KAP1 S824 phosphorylation is a
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Figure 3.17. CHK1 prevents replication catastrophe by limiting an MMB-FOXM1-CDK1
feedback loop to keep DNA synthesis and mitosis separate

Model for regulation of S/G2/M transition by an MMB-FOXM1-CDK1 positive feedback loop that
is restrained by the ATR-CHK1 pathway. CHK1 antagonizes the activation of an MMB-FOXM1-
CDK1 positive feedback loop to allow for the completion of DNA replication without activating
the mitotic program in Late S phase. Inhibition of CHK1 results in this feedback loop activating

the mitotic program in Late S phase leading to replication catastrophe.
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cell cycle-dependent event. KAP1 phosphorylation promotes chromatin relaxation to facilitate
DNA damage repair and coincides with the loss of HP1 foci on chromatin (White et al., 2012; Ziv
et al., 2006). HP1 chromatin dynamics are altered during mitosis to facilitate chromosome
segregation (Abe et al., 2016; Chu et al., 2014) so the observed pKAP1 in G2/M could result
from the regulation of heterochromatin during G2/M. Surprisingly, the induction of pKAP1 in Late
S by CHK1i was ATR- but not ATM- or DNA-PK dependent. Increased pKAPL1 after CHK1
inhibition could reflect altered heterochromatin dynamics, given that pKAP1 promotes chromatin
relaxation, as the cell attempts to complete DNA replication prior to mitosis. Further study of
KAP1 phosphorylation will be needed to understand the role of KAP1 phosphorylation in the
S/G2 transition and in response to CHK1 inhibition.

Premature mitosis during DNA replication is necessary for replication catastrophe and
stress after CHK1 inhibition. Loss of MMB-FOXM1 components reduced the induction of the
mitotic marker pH3 during Late S phase after CHK1 inhibition. CDK1 inhibition restored the
separation of DNA replication and mitosis with 2.5 uM of CDK1i blocking the induction of a pH3
positive population in Late S phase. The induction of pKAP1, pRPA-High/y-H2AX positive cells,
and apoptosis by CHK1i treatment was also blocked by 2.5 uM of CDK1i demonstrating that
premature mitosis was necessary for DNA replication stress and subsequent replication
catastrophe. 2.5 uM CDK1i was previously shown to partially rescue cell death after depletion of
ATR by an inducible degron (Eykelenboom et al., 2013) suggesting that this threshold of CDK1
activity also may be relevant for ATR inhibition as well. The MMB-FOXM1 target gene CCNB1
appears to be a key gene for CHK1 inhibitor resistance, as it was identified as a significant hit in
H460 cells and depletion of CCNB1 reduced CHK1i sensitivity in recently published work in
ovarian cancer cells (Nair et al., 2020). Expression of CCNBL1 in interphase Xenopus extracts
was recently shown to cause replisome disassembly suggesting a possible means by which

activation of the mitotic program could lead to slowed replication forks and DNA synthesis
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(Deng et al., 2019). Cyclin B1 levels however were not predictive of CHK1i sensitivity in a panel
of head and neck squamous cell lines (van Harten et al., 2019) indicating that other components
of the mitotic program may be involved in CHK1i sensitivity. Further investigation will be needed
to identify the key components of the mitotic program that promote CHKZ1i-induced replication
catastrophe.

Taken together, the results of this study add to the understanding of the factors that play
arole in the S-M checkpoint, which delays entry into mitosis until after DNA synthesis is
complete and was first described in fission yeast (Enoch and Nurse, 1990), Subsequently,
vertebrate cells including DT40 B-lymphoma cells lacking Chk1 were shown to enter mitosis
with incompletely replicated DNA when DNA synthesis is blocked (Zachos et al., 2005). Similar
to this study, these prior studies highlighted the crucial role of regulation of CDK1 activity. Here,
we demonstrated the impact of differences in CDK1 activity regulated by an MMB-FOXM1-
dependent feedback loop in triggering replication catastrophe after CHK1 inhibition. LIN54 and
FOXM1 were separately shown to modulate CHK1i sensitivity in ovarian and pancreatic cancer
respectively (Blosser et al., 2020; Chung et al., 2019), during the preparation of this work. This
indicates that the insights derived from this study could inform the use of CHK1 inhibitors in
multiple cancer types.

Synergism of CHK1 or ATR with WEEL inhibition has been observed in several
preclinical studies (Bukhari et al., 2019; Busch et al., 2017; Carrassa et al., 2012; Chaudhuri et
al., 2014; Chila et al., 2015; Chung et al., 2019; Davies et al., 2011; Ghelli Luserna Di Rora et
al., 2019; Hauge et al., 2017; Magnussen et al., 2015; Mak et al., 2015; Russell et al., 2013),
albeit with incomplete understanding as to why. Aberrant activation of CDK1 and CDK2, via
inhibition of WEE1, may bypass the attenuation of CDK1 activation due to the loss of the MMB-
FOXM1 complex. The addition of CHK1i to WEE1i may not be beneficial in cells that become

resistant to CHK1i due to this mechanism. Other approaches, such as the addition of a DNA
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damaging agent such as gemcitabine, may be more effective (Chung et al., 2019; Kausar et al.,
2015).

Several CHK1 and ATR inhibitors as well as WEE1 inhibitors have been the subject of
ongoing and completed clinical trials. In at least one trial (NCT02873975), patients were
selected based on markers of replication stress, which stems from the idea that tumors prone to
replication stress due to genetic abnormalities would be overwhelmed by additional DNA
replication stress induced by CHK1 inhibition. Rather, it appears that premature activation of the
mitotic program, which requires an intact MMB-FOXM1-CDK1 axis, triggers cell death via
replication catastrophe. This work suggests further examination of cell cycle-associated
biomarkers may inform our understanding of patients with responding tumors vs. those with

intrinsic resistance.
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Materials and Methods

Cancer Cell Lines and Cell Culture

Human NSCLC cell lines A549 and NCI-H460 cells stably transfected with pXPR_311
for constitutive expression of the Cas9 endonuclease (A549-Cas9 and NCI-H460-Cas9) were
obtained from the Genetic Perturbation Platform at the Broad Institute, Cambridge, MA (Broad
GPP). Cell lines listed in Table 3.1 were propagated in RPMI 1640 medium (Life Technologies,
Grand Island, NY) supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO)
and 1% Pen/Strep (Gibco) at 37°C in 5% CO,. KO populations of sgLIN54 and sgFOXML1 cell
lines were generated by serial dilution using the sgRNAs in Table 3.2 and confirmed by
immunoblot. Inhibitors used in the study are listed in Table 3.3.

For single thymidine blocks, 500,000 (60 mm plate) or 1,200,000 (100 mm plate) cells
were plated into 2 mM thymidine-containing RPMI media for 16 h. To release cells, cells were
washed twice with prewarmed PBS and grown in prewarmed RPMI media to which inhibitors
were added at the times denoted. For siRNA experiments, siRNAs listed in Table 3.2 were
reverse transfected at a final concentration of 20 nM into ~10° A549 cells using Lipofectamine
RNAIMAX (Invitrogen, 13778030) in 100 mm dish. The next day cells were plate into 2 100 mm

dishes for drug treatment the following day.

CRISPR positive selection screens for drug resistance

A549-Cas9 and NCI-H460-Cas9 cells were infected with the Brunello human genome-
wide lentiviral gRNA pooled library (Broad Institute, Cambridge, MA). The library consists of
76,441 sgRNAs targeting 19,114 different genes (Doench et al., 2016). A minimum of 135
million cells of each cell line was cultured in 12-well tissue culture plates containing 3 million
cells per well to ensure adequate representation of each sgRNA, e.g., an average of 500 cells

per sgRNA, when infected at a multiplicity of infection of 0.3 in media supplemented with 8
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ug/ml polybrene. Plates were centrifuged at 2000 rpm at 37°C for 2 h, and then the media was
replaced with fresh media without polybrene for incubation overnight. The cells were then
transferred to 15 cm tissue culture dishes and infected cells were selected with 2 ng/mL
puromycin for 4 days. After selection, 40 million cells were cultured for each of three replicates
in 15 cm dishes containing 5 million cells per dish. An additional 40 million cells per replicate
were harvested and frozen for subsequent genomic DNA extraction. Cultured cells were then
treated with either 100 nM (A549) or 50 nM (NCI-H460) prexasertib for 19 days. These
concentrations were selected to achieve roughly no net increase or decrease in the total
number of cells during the 19 days. Cells were re-plated every 3—4 days and maintained in
prexasertib-containing media, each time plating a minimum of 40 million cells per replicate. At

the end of the screen, the cells were harvested and frozen from genomic DNA extraction.

Genomic DNA isolation, sgRNA sequencing and identification of top hits

Genomic DNA was isolated using QlAamp DNA blood midi and maxi kits (Qiagen, Hilden,
Germany) per manufacturer’s instructions. PCR was performed to attach sequencing adaptors
and barcodes for multiplexed sgRNA sequencing, as previously described (Doench et al.,
2016). Samples were sequenced on an lllumina HiSeq2000. Reads per million + 1 were log>
transformed, and then the log.-fold change of each sgRNA after 19 days of prexasertib
treatment was determined by comparing its abundance to that in Brunello human genome-wide
lentiviral SgRNA pooled library plasmid DNA. The average (mean) values of three replicates
were used for subsequent analyses. The STARS gene-ranking algorithm was used to determine
the top 10% of genes for which 2 or more sgRNAs became enriched in cells treated with
prexasertib (Doench et al., 2016). Top gene hits were identified as those whose false discovery
rates were < 10% in both NSCLC cell lines. Additionally, the normalized data were also

analyzed with the hypergeometric distribution method
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Table 3.1. Cell Lines

A549-Cas9 (pXPR_311) Broad Institute N/A

NCI-H460-Cas9 (pXPR_311)  Broad Institute N/A

NCI-H1299 ATCC CRL-5803
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Table 3.2. Oligonucleotides: sgRNA sequences and siRNAs

sgFOXM1-1 5-ACCAGGTATGAGCTGACCCG-3
SsgFOXM1-2 5-CCTGGTCCAATGTCAAGTAG-3
sgLIN54-1 5-CCTGGTCCAATGTCAAGTAG-3’
SgLIN54-2 5-AAGTAGTTACCATTGGAGGG-3’
SiCTRL Dharmacon D-001810-10
SiLIN54 Dharmacon L-019325-01
SICCNA2 Dharmacon L-003205-00
siMYBL2 Dharmacon L-010444-01
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Table 3.3. Inhibitors

Prexasertib (LY2606368, CHKL1i)
AZ20 (ATRI-2)

VE-822 (ATRI-1)

KU-55933 (ATMi)

Nedisertib (DNA-PKIi)

RO-3306 (CDK1i)

Adavosertib (AZD1775, WEE1))

Doxorubicin (DOXO)

Eli Lilly & Co.

Santa Cruz Biotechnology
MedChem Express
Selleck

MedChem Express

Santa Cruz Biotechnology
Selleck

Cell Signaling Technologies
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S7178

sc-503186

HY-13902

S1092

HY-10570

sc-358700

S1525

5927S



(https://github.com/mhegde/volcano_plots). The volcano plots of these results were created

using R (https://www.r-project.org).

Growth Curves

A549 cells were seeded at 30,000 cells in 60 mm dishes and harvested and fixed with cold
ethanol (70%) every two days for ten days. The media was refreshed on days 4, 8, and 10, and
cells were re-plated into 150 mm dishes on day 6 to prevent contact arrest. Cell count was
determined using Countbright Beads (Life Technologies, C36950) and flow cytometry (BD

FACS Canto II).

Viability Assays

1000 cells in 100 ul media were placed in each well of a 96 well plate the day before drug
treatment. 100 ul of media with 2X drug concentration was added to achieve the final
concentrations shown. 72 h post-treatment, cells were incubated at room temperature for 30
mins before quantification of viability using CellTiter-Glo (Promega) on an M200 Infinite plate

reader (Tecan).

Immunoblotting

Whole-cell extracts were generated by incubating cell pellets in EBC buffer (50 mM Tris pH 8.0,
150 mM NacCl, 0.5 mM EDTA, 10% Glycerol, 0.5% NP-40, Protease Cocktail Set | (Millipore,
539131) and Phosphatase Cocktail Set |) and cleared by centrifugation. Relative protein levels
in lysates were normalized by Bradford assay and samples were boiled in 6x SDS buffer.
Samples were then loaded on 4-20% TGX gels (Bio-Rad) for electrophoresis which were then
transferred to a nitrocellulose membrane (Bio-Rad) by wet transfer. Membranes were blocked in

5% nonfat milk (Boston Biochem) for 1 h at room temperature and incubated in primary antibody
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overnight at 4C. Primary antibodies, listed in Table 3.4, were diluted as follows: CDK1 and
cyclin E were diluted 1:200 in 3% nonfat milk in TBST; pS1981 ATM was diluted 1:500 in 3%
nonfat milk in TBST; y-H2AX, pS317 CHK1, CHK1, ATM, DNA-PKcs and MYBL2 were diluted
1:1000 in 3% nonfat milk in TBST; pS824 KAP1, KAP1, pS4/S8 RPA, pS33 RPA, RPA, cyclin
B1, and GAPDH were diluted 1:2000 in 3% nonfat milk TBST; pT487 MYBL2 was diluted
1:5000 in 3% nonfat milk; LIN54 was diluted 1:1000 in 5% nonfat milk in TBST; FOXM1 was
diluted 1:2000 in 5% nonfat milk TBST; vinculin was diluted 1:30000 in 5% nonfat milk in TBST;
pS345 CHK1, pT161 CDK1, pY15 CDK1/2 and pS10 histone H3 were diluted 1:1000 in 5% BSA
in TBST; pS2056 DNA-PKcs was diluted 1:2000 in 5% BSA in TBST. Membranes were
incubated in secondary antibodies, diluted 1:5000 in 5% nonfat milk, for 1 h at room
temperature. Bands were visualized using Super Signal West Pico (Thermo Scientific) or
Immobilon Western Chemiluminescent (Millipore) HRP substrate on the G-box imaging system

(Syngene).

Flow cytometry

Trypsinized cells were washed with PBS and fixed in 4% formalin in PBS for 15 min at room
temperature. Cells were then washed three times with 1% BSA in PBS and permeabilized in
70% ethanol at -20°C for 30 min to overnight. After three washes with 1% BSA in PBS,
incorporated EdU was labeled using the reagents in Table 3.5 with a CLICK reaction (2 mM
CuSO04, 100 uM THPTA, 100 mM sodium ascorbate, and 2 uM Alexa 647 Azide or Calfluor 647
Azide in PBS) by rotating for 30 min at room temperature. In the case of pATM, instead of the
CLICK reaction, samples were incubated in 200 ug/ml DNasel in DPBS for 1 hour at 37°C.
Samples were then washed thrice with 1% BSA in PBS and incubated with the primary antibody
in 1% BSA in PBS overnight at 4°C. Primary antibodies were diluted, listed in Table 3.4 as

follows: 1:250, pT600 FOXM1; 1:500, pS824 KAP1; 1: 500, pS1981 ATM; and 1:50, pS10
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Table 3.4. Antibodies

pS1981 ATM
ATM
MYBL2
pT487 MYBL2
CDC45
CDK1
pT161 CDK1
pY15 CDK1/2
CHK1
pS317 CHK1
pS345 CHK1
Cyclin E (CCNE)
Cyclin B1
pS2056 DNA-PKcs
DNA-PKcs
FOXM1
pT600 FOXM1
GAPDH
y-H2AX
pS10 histone H3
pS10 histone H3 - Alexa 488
conjugate

KAP1

Biolegend

Cell Signaling Technologies
Millipore

Abcam

Cell Signaling Technologies
Santa Cruz Biotechnology
Cell Signaling Technologies
Cell Signaling Technologies
Santa Cruz Biotechnology
Cell Signaling Technologies
Cell Signaling Technologies
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Cell Signaling Technologies
Cell Signaling Technologies
Santa Cruz Biotechnology
Cell Signaling Technologies
Santa Cruz Biotechnology
Millipore

Cell Signaling Technologies

Cell Signaling Technologies

Bethyl Laboratories
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651201

2873T

MABE866

Ab76009

11881S

sc-17

9114S

9111S

sc-8408

2344S

2341S

sc-247

sc-752

68716S

38168S

sc-520

14655S

Sc-47724

05-636-I

3377T

3465S

A300-274A-M



Table 3.4. (cont.) Antibodies

pS824 KAP1

LIN54

PCNA

RPA32

pS4/S8 RPA32

pS33 RPA32

VINCULIN
anti-BrdU-APC conjugate
anti-mouse IgG - HRP

anti-rabbit 1IgG - HRP

anti-mouse IgG - Alexa 488 conjugate
Rabbit IgG Alexa 488 isotype control

anti-Rabbit IgG - Alexa 488 conjugate

anti-Rabbit IgG - PE conjugate

anti-Rabbit IgG - Alexa 647 conjugate

Bethyl Laboratories

Bethyl Laboratories

Cell Signaling Technologies
Bethyl Laboratories

Bethyl Laboratories

Bethyl Laboratories
Sigma-Aldrich

Biolegend

Bethyl Laboratories

Bethyl Laboratories

Cell Signaling Technologies
Cell Signaling Technologies
Life Technologies

Cell Signaling Technologies

Life Technologies
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A300-767A-M

A300-799A-M

2586S

A300-244A-M

A300-245A-M

A300-246A-M

V9131

339808

A90-116P

A120-101P

4408S

4340S

A11008

4340S

A21245



Table 3. 5. Flow Cytometry Reagents for Label DNA Synthesis

5-ethynyl-2’-deoxyuridine (EdU)
THPTA

Alexa 647 Azide

CalFluor 647 Azide

AFDye 546 Azide
5-bromo-2’-deoxyuridine (BrdU)
DNasel

4',6-diamidino-2-phenylindole (DAPI)

Life Technologies
Click Chemistry Tools
Life Technologies
Click Chemistry Tools
Click Chemistry Tools
Sigma-Aldrich

Sigma Aldrich

Invitrogen
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A10044

1010

A10277

1372

1283

B5002

D4513-1VL

D3571



histone H3-Alexa Fluor 488 conjugate. After 3 washes with 1% BSA in PBS, samples were
incubated with secondary antibodies, which were diluted 1:250 in 1% BSA in PBS, for 1 h at
room temperature in darkness. pATM samples was incubated with mouse-Alexa Fluor 488
conjugate, pT600 FOXM1 was incubated with a rabbit-Alexa Fluor 488 conjugate and pS824
KAP1 was incubated with a rabbit-PE conjugate. After three more 1%BSA in PBS washes, DNA
staining was then conducted by incubating samples in darkness and at room temperature for 1
hin a 1 pg/ml DAPI, 100 ng/ml RNase A staining solution. pATM samples were incubated with
anti-BrdU-APC (1:50 in 1% BSA in PBS) for 1 hour at room temperature followed by three
washes between secondary and DAPI staining. Samples were analyzed on Canto Il or Fortessa
analyzers (BD Biosciences) and 50,000 total events were captured for each sample. A negative
control where an EdU pulse and primary antibodies were omitted but otherwise normally
processed was used to establish negative populations and perform background subtraction on
MFIs. A rabbit-Alexa 488 isotype control was used for the negative control for experiments with
pH3-Alexa 488 staining. The Early and Late S phase gates were determined by dividing the
EdU positive population of the EV or DMSO control in half based on DAPI signal.

The chromatin flow cytometry protocol was based upon approached used in previous
studies (Hauge et al., 2017; Matson et al., 2016). Briefly, trypsinized cells were incubated on ice
in 750 pl of Buffer A (300 mM sucrose, 100 mM NacCl, 3 mM MgCl>,10 mM PIPES pH 7.0, 0.5%
Triton x-100, Protease Cocktail Set |, and Phosphatase Cocktail Set I) for 5 min. 250 ul of Buffer
B (300 mM sucrose, 100 mM NacCl, 3 mM MgCl;,10 mM PIPES pH 7.0, 0.5% Triton x-100,

10% Formalin, Phosphatase Cocktail Set I, and Phosphatase Cocktail Set |) was immediately
added, and samples were incubated for an additional 15 min on ice. Cells were then pelleted
(1000xg, 5 min, 4°C) and washed with 1% BSA in PBS 3 times before proceeding onto EdU
staining as with other samples. Primary antibodies for chromatin flow cytometry were diluted as

follows: CDC45, 1:50; PCNA, 1:500; RPA32, 1:500; pS4/S8 RPA32, 1:1000; and H2AX, 1:1000.
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For CDC45 samples, AFDye 546 Azide and anti-rabbit Alexa 647 secondary were used. An
anti-mouse Alexa 488 secondary antibody and Calfluor 647 Azide was used with PCNA
samples. For RPA32/pRPA32 and y-H2AX samples, anti-rabbit Alexa 647 secondary and anti-
mouse Alexa 488 secondary were used for RPA32/pRPA32 and y-H2AX respectively.
Otherwise, the CLICK reaction, primary and secondary as well as DAPI staining were
conducted as described above.

For Annexin V/PI staining, cells were dissociated with StemPro Accutase (Gibco) and

stained using the FITC Annexin V Apoptosis Detect Kit Il (BD Biosciences, 556570).

RNA Expression

Total RNA was extracted from cell pellets using the RNeasy Plus kit (Qiagen). RNA was
checked for quality using TapeStation and Qubit before library preparation using Kappa
stranded mRNA Hyper Prep and sequencing using lllumina NS500. Reads were mapped to
Hg19 using STAR alignment (Dobin et al., 2013) and counts were generated using HTseq
(Anders et al., 2015). Differential gene expression analysis was perform using DESeq2 (Love et
al., 2014) and heatmaps were generated using R package pheatmap. Mean counts were
generated using DESeq2 mean-ratio normalization method. Gene set enrichment analysis was
conducted using GSEA software ([http://www.broad.mit.edu/gsea/downloads.jsp) (Mootha et al.,
2003; Subramanian et al., 2005). RNA-seq data sets have been deposited in the GEO database
(accession number GSE154545). RT-qPCR to validate RNA expression data was done using
cDNA generated from total RNA isolated by the RNeasy Plus kit and the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). gPCR was performed on the cDNA using the
primers listed in Table 3.6 and Brilliant 11l Ultra-Fast gPCR Master Mix (Agilent) using a MxAria
(Agilent). Relative RNA expression was calculated using the AACq method and GAPDH as

reference gene.
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Table 3.6. Oligonucleotides: qPCR Primers

CCNA2-gPCR-Forward Primer: 5-TTCCTGTCTTCCATGTCAGTGC-3’
CCNA2-gPCR-Reverse Primer: 5-ACACAAACTCTGCTACTTCTGGG-3’
CCNB1-gPCR-Forward Primer: 5-GATGGAGCTGATCCAAACC-3
CCNB1-gPCR-Reverse Primer: 5-GGATGGCTCTCATGTTTCC-3’
CDC25B-gPCR-Forward Primer: 5-GGAACCGTGGTATGTCTGC-3'
CDC25B-gPCR-Reverse Primer: 5-GGACCGAGTGGGTAACTG-3’
GAPDH-gPCR-Forward Primer: 5' CGCCCAATACGACCAAAT-3'

GAPDH-gPCR-Reverse Primer: 5' CGCCCAATACGACCAAAT-3
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Data Analysis
Flow cytometry data was analyzed using FlowJo. GraphPad Prism was used to generate
graphs and conduct statistical analyses for flow cytometry, viability, growth curves and RT-

gPCR.

Data and Software Availability
RNA-seq data have been deposited in the NCI Gene Expression Omnibus database
(https:/iwww.ncbi.nim.nih.gov/geo/) and are accessible through the following accession number:

GSE154545, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE154545
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Chapter 4. APC/C dysregulation as a shared mechanistic step for CHK1i-induced

replication and mitotic catastrophe
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Abstract

CHK1 inhibition has been reported to trigger cell death through two mechanisms: DNA
replication catastrophe and mitotic catastrophe. While treated as distinct phenomenon, it is
unclear whether DNA replication catastrophe and mitotic catastrophe are triggered by shared or
separate mechanisms, potentially limiting the effective targeting of these inhibitors in the clinic.
To determine if there is a shared mechanistic step between CHKZ1i-induced DNA replication and
mitotic catastrophe, CHK1i-induced cell cycle phenotypes were studied in parallel. DNA
replication catastrophe, loss of S phase and G2/M cell cycle identities, and disruption of the
spindle assembly checkpoint were triggered by a common threshold of CHK1 inhibition. This
level of CHK1 inhibition impaired Aurora B activity in mitosis and triggered premature FBXO5
loss during S phase leading to the premature activation of the APC/C. While DNA polyploidy
was induced at CHK1i concentrations that triggered premature APC/C activity, overall levels of
DNA synthesis was impaired, likely due to the APC/C-dependent loss of DNA origin licensing
factors, offering a potential link between to the mitotic program and impaired DNA synthesis.
Consistent with this hypothesis, disruption of the MMB-FOXM1 complex, which drives
expression of the mitotic program, reduced the impairment of DNA synthesis and the loss of
these DNA replication factors. FBXO5 and Aurora B protein levels were stabilized or increased
after CHK1i treatment in LIN54 or FOXM1 KOs and the protein levels of FBXO5 and Aurora B
correlated with sensitivity to multiple CHK1 inhibitors in a cancer type-dependent manner. Thus,
this study identifies a mechanistic step after CHK1i that links DNA replication catastrophe and

mitotic catastrophe that has potential biomarkers for CHK1i sensitivity.
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Introduction

The ATR-CHK1 pathway functions in a critical role during cell division by coordinating
DNA replication with progression through the cell cycle. Oncogenic mutations that accelerate
cell cycle progression are dependent on the ATR-CHK1 pathway to limit DNA replication stress,
which can be generated by increased DNA replication (Gilad et al., 2010; Kotsantis et al., 2018;
Murga et al., 2011; Vendetti et al., 2015). Consequently, CHK1 inhibition or depletion has been
reported to induce cell death in cancer cells through two mechanisms: DNA replication
catastrophe, where exhaustion of replication factors particularly RPA, triggers irreparable DNA
damage, and mitotic catastrophe, where the dysregulation of mitosis, such as premature entry
into mitosis, leads to cell death (King et al., 2015; Lam et al., 2004; Toledo et al., 2013; Zuazua-
Villar et al., 2014). Replication catastrophe is typically assessed by comparing chromatin-bound
RPA levels with DNA damage markers like y-H2AX (Toledo et al., 2013), while mitotic
catastrophe is measured by examining mitotic markers such as phosphorylated S10 Histone H3
(pH3) (Aarts et al., 2012). Replication and mitotic catastrophe after CHK1 inhibition however are
rarely studied in parallel. Thus, it is unclear however if DNA replication and mitotic catastrophe
result from a shared or distinct mechanisms of action. Understanding how CHK1 inhibition
triggers DNA replication and mitotic catastrophe will provide mechanistic insights that could
inform the use of CHK1 inhibitors in the clinic.

Emerging evidence has implicated the ATR-CHK1 pathway in the regulation of the
spindle assembly checkpoint (SAC) during mitosis in addition to its role in DNA replication and
the DNA damage response. During mitosis, ATR relocates to centrosomes where it is activated
by R-loops leading to CHK1 activation (Kabeche et al., 2018). CHK1 phosphorylation of Aurora
B on S331 promotes formation of the chromosome passenger complex, which fully activates
Aurora B (Carmena et al., 2012; Petsalaki et al., 2011). Subsequently, Aurora B phosphorylates
BUBRL to facilitate formation of the mitotic checkpoint complex, which binds and sequesters

CDC20 to limit APC/C activity as part of the SAC (Ditchfield et al., 2003; Izawa and Pines, 2015;

152



Petsalaki et al., 2011; Sudakin et al., 2001). Similar to coordinating the activation of the mitotic
program with the completion of DNA replication, the ATR-CHK1 pathway also coordinates the
activation of the APC/C with the onset of chromosome segregation.

The APC/C is a mitotic regulatory complex with an underappreciated role in regulating
DNA synthesis. The APC/C facilitates the exit from M into the G1 phase of the cell cycle by
degrading a number of drivers of mitosis, such as cyclin B1, PLK1, and Aurora B, to erase the
mitotic program and allow for the resetting of origins of DNA replication (Alfieri et al., 2017,
Irniger and Nasmyth, 1997; King et al., 1995; Norton and Diffley, 2000; Zhou et al., 2016). As
APC/C substrates, geminin is degraded by APC/C-CDC20 complexes during the M/G1
transition while CDC6 is degraded as APC/C-FZR1 complexes form in the subsequent G1
(Clijsters et al., 2014; McGarry and Kirshcner, 1998; Peterson et al., 2000). During G1, CDC6
and CDT1 interact with origin of replication (ORC) complex to license for the loading of MCM
helicases onto DNA (Coleman et al., 1996; Cook et al., 2004; Nishitani et al., 2000). To limit the
cell to one round of genome replication, geminin binds to CDT1, during S phase/G2, blocking
the interaction with CDC6 (Wohlschlegel et al., 2000). Thus, the temporal separation of the
degradation of geminin and CDC6 by APC/C results in high levels of CDC6 and CDT1 that can
interact in G1 to facilitate DNA origin licensing for S phase in actively dividing cells.

In addition to promoting formation of the spindle assembly complex in mitosis, the ATR-
CHK1 pathway regulates the APC/C during S phase and the subsequent transition to G2/M.
E2F-dependent expression of FBXO5 (EMI1) inhibits the APC/C by blocking the binding of
substrates to the APC/C coactivators, FZR1 and CDC20, thereby allowing for entry into S phase
(Cappell et al., 2016; Cappell et al., 2018; Di Fiore and Pines, 2007; Hsu et al., 2002). FBXO5
however needs to be subsequently degraded to allow for mitotic progression (Di Fiore and
Pines, 2007; Reimann et al., 2001a). Although PLK1 targets FBXO5 for degradation during G2
and mitosis (Hansen et al., 2004; Moshe et al., 2004), the ATR-CHK1 pathway limits PLK1
activity in S phase during DNA replication (Lemmens et al., 2018), potentially impacting the
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timing of FBXO5 degradation. CHK1 also promotes FZR1 degradation to limit APC/C-FZR1
activity during S phase when CDK activity is limited by the ATR-CHK1 pathway (Pal et al.,
2020). Thus, the ATR-CHK1 pathway coordinate APC/C inhibition with cell cycle progression by
limiting FZR1 levels and PLK1 activity during S phase to maintain FBXO5 levels and promoting
spindle assembly complex formation in G2/M. However, whether APC/C activity is altered
during the S/G2 transition after inhibition of the ATR-CHK1 pathway has yet to be explored.
Recently, the mitotic transcriptional program, which is driven by the MMB-FOXM1
complex was implicated in replication catastrophe induced by CHK1 inhibition (Branigan et al.,
2021). Previously, CHK1 inhibition was thought to trigger replication stress and subsequent
catastrophe through unscheduled origin firing (Petermann et al., 2010; Syljuasen et al., 2005).
The increased demand for replication components results in the exhaustion of the replication
machinery leading to the impaired DNA replication at late time points during S phase.
Exhaustion of RPA, in particular, has been strongly implicated in triggering the DNA damage
response (Toledo et al., 2017; Toledo et al., 2013). In contrast, we recently reported that CDK1
activity sufficient for premature MMB-FOXML1 activation and mitosis was required for replication
catastrophe while increased DNA synthesis was not sufficient to induce replication catastrophe
(Branigan et al., 2021). These results indicated that dysregulation of the mitotic program was

required for DNA replication catastrophe after CHKL1 inhibition similar to mitotic catastrophe.
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Results

S phase and G2/M cell cycle identity is lost at CHK1i concentrations that trigger DNA
replication catastrophe

To determine the level of CHK1 inhibition required to induce replication catastrophe,
A549 cells were treated with increasing concentrations of the CHK1 inhibitor prexasertib
(CHKZ1i) for 24 hours and chromatin bound levels of RPA and y-H2AX were assessed (Fig.
4.1A). Cells were gated into three RPA populations: (i) Negative, non-detectable RPA levels; (ii)
Positive, detectable levels of RPA below 99" percentile of the DMSO control; and (iii) High,
where levels of RPA exceed the 99" percentile of the control and indicative of RPA exhaustion.
CHKZ1i concentrations at 50 nM and higher significantly induced a y-H2AX-High population,
where y-H2AX levels exceeded the 99™ percentile of the DMSO control, in the RPA-Positive and
RPA-High cells (Fig 4.1B) indicating that replication catastrophe was induced at = 50 nM
CHKU1i. Induction of the RPA-High population however appeared to have a slightly lower
threshold as 10 nM CHK1i induced an intermediate level of RPA-High cells compared to 5 nM
and 50 nM CHK1i (4.1C).

This 10 to 50 nM CHKZ1i dose transition was also apparent in cell cycle populations at 24
hours post treatment. The S phase population decreased and G2/M population increased as the
concentration of CHK1i increased from 10 nM to 50 nM (Fig. 4.2A and 4.2B). Similarly, DNA
synthesis significantly decreased as the concentration of CHK1i increased above 10 nM (Fig.
4.2C). This increase in the G2/M population suggested a G2/M arrest so levels of the G2/M
markers, pH3 and cyclin B1, were assessed. Distinct pH3-Low and pH3-High populations were
observed (Fig 4.2D). The pH3-Low population was present in late S phase and G2/M population
while the pH3-High population was restricted to G2/M (Fig. 4.2E) suggesting that the pH3-Low

population represented a pre-mitotic population while pH3-High population was the mitotic
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Figure 4.1. CHK1i induces replication catastrophe in a concentration-dependent manner
A-C) Induction of RPA exhaustion by CHK1i. A549 cells were treated with the denoted
concentrations of CHK1i for 24h and chromatin-bound RPA and y-H2AX levels were assessed
by chromatin flow cytometry. A) Density dot plots comparing chromatin levels of y-H2AX vs RPA

for increasing concentrations of CHK1i. B) % Cells y-H2AX-High in each RPA population. C) %

cells in RPA-High population.

N=3. Mean + SEM. ANOVA with Tukey correction; *, p<0.05; **, p<0.01; ***, p<0.001; ****,

p<0.0001.
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Figure 4.2. S phase and G2/M population identities are lost at CHK1i concentrations that
trigger replication stress

A549 cells were treated with the denoted concentrations of CHK1i for 24 hours and then
assessed for cell cycle phenotypes in the following assays.

A-C) Cell cycle distribution and DNA synthesis after CHK1i treatment. A) Pseudocolored density
dot plots of the cell cycle population for increasing concentrations of CHK1i B) % cells in cell
cycle populations from A) and C) Relative EdU incorporation for the denoted concentrations of
CHKUi. For C) EdU incorporation normalized to 0 nM.

D-G) Levels of pH3 after CHK1 inhibition. D) Pseudocolored density dot plot showing the pH3
population in 0 nM CHK1i. E) Pseudocolored density dot plots showing the cell cycle distribution
of the different pH3 populations. F) % cells of denoted cell phase that are pH3-Low G) % cells of
denoted cell phase that are pH3-High.

H and I) cyclin B1 levels during the cell cycle phases after CHKL1i treatment. H) Dot plot cyclin
B1 levels vs EdU incorporation overlaid with cell cycle populations. 1) Relative cyclin B1 levels in
the denoted cell cycle phases at the listed CHK1i concentrations. Cyclin B1 levels were
normalized to the S phase levels in 0 nM.

N=3. Mean + SEM. ANOVA with Tukey correction; *, p<0.05; **, p<0.01; ***, p<0.001; ****,

p<0.0001.
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Figure 4.2. (cont.)
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population of interest. The fraction of S phase and G2/M cells that were pH3-Low were similar
and didn’t change with CHK1i treatment (Fig. 4.2F). In contrast, the fraction of pH3-High cells
that were in G2/M was significantly higher than in S phase in the absence of CHK1i but
converged as CHKL1i concentration increased and were not significantly different at
concentrations 50 nM and greater (Fig 4.2.G). Cyclin B1 levels in A549 cells were significantly
higher in G2/M compared to S phase in the absence of CHK1 inhibition (Fig. 4.2H and 4.2I).
Similar to pH3, the difference in cyclin B1 levels between S phase and G2/M disappear at 50
nM CHKUi or higher with cyclin B1 levels increasing in S phase and decreasing in G2/M. The
loss of DNA replication and convergence of cyclin B1 and pH3 levels in S phase and G2/M
indicated concentrations of CHK1i sufficient to trigger replication catastrophe also compromised

distinctions between the S and G2/M phases of the cell cycle.

Sufficient CHK1i to trigger DNA replication also compromises spindle assembly
checkpoint

CHK1 helps to maintain G2/M cell cycle identity late in the cell cycle by phosphorylating
Aurora B, which in turn activates BUBR1 to facilitate MCC formation (Ditchfield et al., 2003;
Petsalaki et al., 2011). To determine if the loss of G2/M identity triggered by CHK1i involved
CHK1-dependent regulation of the SAC, Aurora B activity and APC/C levels were assessed by
immunoblot in nocodazole synchronized cells treated with sufficient (100 nM) or insufficient (10
nM) concentrations of CHK1i to trigger replication catastrophe. Aurora B activity was inhibited
by 100 nM, but not 10 nM, of CHK1i (Fig. 4.3A). Furthermore, levels of APC/C substrates,
CDC20, FOXML1, cyclin B1, etc., were not decreased at 10 nM but were lost at 100 nM of
CHKZ1i. Thus, sufficient CHK1 inhibition to trigger DNA replication catastrophe was required to

block Aurora B activation and trigger the loss of APC/C substrates.
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Figure 4.3. CHK1i inhibits Aurora Kinase B activity and compromises the SAC checkpoint
at concentrations that trigger replication catastrophe

A549 cells were treated with the denoted concentrations of CHK1i in the presence or absence
of nocodazole for 24 hours.

A) Immunoblot of lysates for Aurora B activity and APC/C substrates.

B-E) Analysis of pH3 staining in synchronized cells. B) % cells in G2/M as determined from EdU
vs. DAPI plot. C) Pseudocolored density dot plots of pH3 vs DAPI denoting the pH3 populations.
D) % cells pH3 - Low at the denoted CHK1i concentrations + hocodazole. E) % cells pH3 - High
at the denoted CHK1i concentrations + nocodazole.

N=3. Mean + SEM. ANOVA with Tukey correction; *, p<0.05; **, p<0.01; *** p<0.001; ****,
p<0.0001.
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The loss of APC/C substrates at 100 nM CHK1i suggested that the SAC was
compromised after CHK1i. Compromising the SAC can lead to mitotic slippage, where the cell
completes mitosis without undergoing cytokinesis, causing polyploidy or mitotic catastrophe
(Castedo et al., 2004; Zeng et al., 2019). To determine if CHK1i triggered mitotic slippage, pH3
levels were assessed in nocodazole-synchronized cells treated with 10 nM and 100 nM CHK1..
Similar levels of G2/M synchronization was achieved by nocodazole synchronization at all
CHK1i concentrations (Fig. 4.3B). While pH3-Low levels slightly increased with 100 nM CHK1i
in the nocodazole-synchronized samples, there was a dose dependent effect of CHK1i on the
pH3-High population with 100 nM CHK1i being significantly lower than 0 or 10 nM CHK1i (Fig.
4.3 C-E). Although pH3-High levels significantly decreased with 10 nM CHK1i, the presence of
cyclin B1, FOXM1, and other APC/C substrates indicates that the SAC is still intact. These
results show that replication and mitotic catastrophe are induced by a similar level of CHK1

inhibition, which compromises the G2/M identity via CHK1-dependent regulation of the APC/C.

APC/C substrates are degraded in S phase after CHK1i as FBXO5 is prematurely lost
To determine if CHK1i prematurely activated the APC/C during S phase, APC/C
substrates levels were assessed in synchronized A549 treated with 10 nM or 100 nM CHK1.i.
Cells were synchronized by thymidine block overnight then released for one hour followed by
addition of CHK1i. In untreated synchronized cells, entry into mitosis and activation of the
APC/C is expected to occur about 10 hours after release from a thymidine block. We observed
that 100 nM but not 10 nM CHKZ1i was sufficient to trigger the loss of APC/C substrates, cyclin
B1, cyclin A2, Aurora B, PLK1, and FOXM1, at 6 hours post treatment in S phase (Fig 4.4).
Loss of cyclin B1 could be observed as early as 4 post hours treatment of 100 nM CHK1.i.
Although protein levels were decreased, 100 nM CHK1i treatment led to increased levels of
CCNB1 and CCNAZ2 transcripts at 4 hours post treatment (Fig 4.5A and 4.5B). In addition,

proteasome inhibition blocked the decrease in APC/C substrate protein levels (Fig 4.5C)
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Figure 4.4. APC/C substrates and EMI1 protein levels decrease after CHK1i treatment in a
concentration-dependent manner

Immunoblot of A549 lysates synchronized via a single thymidine block and treated 1 hour post
release with the denoted concentrations of CHK1i. Whole cell lysates were generated and

blotted with antibodies for the listed proteins.
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Figure 4.5. CHK1 inhibition leads to premature APC/C activation

A and B) RT-gPCR of A) CCNB1 and B) CCNA2 in A549 cells after treatment with 100 nM
CHKU1i starting 1 hour post release from a single thymidine block.

C) Immunoblot of APC/C substrate levels after proteasome inhibition. A549 cells were
synchronized and were treated as in A) with combinations of 100 nM CHKZi or 100 nM
bortezomib for the denoted time periods.

D) Immunoblot of APC/C substrates after knockdown of individual APC/C co-activators. A549
cells were transduced with siRNA then synchronized by single thymidine 24 hours post
transfection. Synchronized samples were then released and treated as in A) with 100 nM CHK1i

for times denoted.
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Figure 4.5. (cont.)
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pointing to premature activation of the APC/C.

Knockdown of either APC/C co-activators FZR1 or CDC20 led to partial rescue of
protein levels of the APC/C substrates AURKB and FOXM1 but was unable to rescue cyclin B1
(Fig 4.5D) suggesting the CHK1i activates both FZR1 and CDC20-containing APC/C
complexes. Consistent with this hypothesis, FBXO5 was lost in the CHK1i 100 nM treated
samples at 6 and 8 hours post treatment (Fig. 4.4). FBXO5 can inhibit either FZR1 or CDC20
containing complexes by blocking substrate binding (Reimann et al., 2001a; Reimann et al.,
2001b). Of note, both 10 nM and 100 nM CHKZ1i were able to induce premature phosphorylation
of pFOXML1 indicating that even low levels of CHK1 inhibition can induce CDK1 activity. A
critical level of cyclin AICDK1 activity triggers PLK1 activation during the S/G2 transition, which
leads to phosphorylation of PLK1 substrate TCTP (Lemmens et al., 2018). 100 nM however
induced pTCTP earlier than 0 nM or 10 nM CHK1i indicating that a higher level of CDK1 activity
was induced by 100 nM CHKL1i. PLK1 activity in G2 results in the degradation of APC/C-
negative regulator, FBXO5 by an SCF complex (Hansen et al., 2004; Moshe et al., 2004). The
induction of PLK1 activity by 100 nM CHK1i before 0 or 10 nM CHKZ1i would explain the loss of
FBXO5 and subsequent degradation of APC/C substrates. The premature loss of FBXO5 and
subsequent APC/C substrate loss in the only 100 nM CHK1i samples suggests that premature

APC/C activity was also induced in S phase.

CHKZ1 inhibition sufficient for DNA replication catastrophe impairs DNA replication and
triggers APC/C-dependent loss of replication factors

Premature loss of FBXO5 and APC/C activation during S phase has been previously
implicated in genome rereplication (Di Fiore and Pines, 2007; Machida and Dutta, 2007). This
effect could implicate premature APC/C activation in CHK1i-induced S phase identity loss and
replication catastrophe. To determine if CHK1i induced DNA rereplication, DNA content was

examined two days post CHK1i treatment. Reduplication in A549 cells however can be
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restricted by p53 (Vaziri et al., 2003). To control for any p53-dependent effects, H23 cells, a
NSCLC cell line with mutant p53, was included. Single cells were identified by comparing the
FSC-A and FSC-H rather than DAPI stain to prevent any bias against >4N populations (Fig.
4.6A). An increase in the >4N population was induced by 50 and 100 nM CHKZ1i with little
change at 10 nM or lower CHK1i in both cell types (Fig 4.6B). This indicates that DNA
rereplication can be induced independent of p53 status at CHK1i concentrations sufficient to
trigger DNA replication catastrophe and compromise the SAC.

EdU levels in the >4N population however were lower at higher concentration of CHK i
(Fig. 4.6B) indicating that DNA replication was impaired in rereplicating cells. It could be that
fewer cells were undergoing DNA replication or that DNA replication was being impaired in cells
that were replicating their genomes. To differentiate between these two models, DNA synthesis
was measured in cells along with chromatin-bound PCNA, a marker for active replication forks
(Sirbu et al., 2013). The percentage of cells with chromatin bound-PCNA decreased slightly in
A549 cells with increasing CHK1i concentrations while remaining unchanged in H23 cells (Fig.
4.7B) indicating that a similar number of cells were undergoing DNA replication. The PCNA
positive population can be divided into a High population, where robust DNA synthesis is
occurring and a smaller low PCNA population that appear to be transition into and out of S
phase (Fig. 4.7A and 4.7G). In both A549 and H23 cells the levels of PCNA-High cells
decreased with at 100 nM CHK1i while there was a smaller but corresponding increase in the
PCNA-Low population (Fig. 4.7C and 4.7D) suggesting that cells have fewer active replication
forks at higher CHK1i concentrations that trigger APC/C activity. In addition to fewer replication
forks, 100 nM CHKZ1 also impaired DNA synthesis as EdU incorporation in PCNA populations
decreased significantly with 100 nM CHKZ1i (Fig 4.7E and 4.7F). Reflecting this decreased DNA
synthesis, the PCNA- Low population shifted from early S phase to G2/M in both A549 and H23

(Fig. 4.7 G-l) indicating that the PCNA low population shifted from cells entering S phase to
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Figure 4.6. Genome reduplication is triggered by concentration of CHK1i sufficient for
replication catastrophe

A549 or H23 cells were treated with the denoted concentration of CHK1i for 48 hours and
pulsed with EdU for the last 30 min. Cell cycle distribution was determined using EAU and DAPI
staining.

A) Pseudocolored density dot plots of FSC-H vs FSC-A used to identify single cells in this
experiment.

B) Pseudocolored density dot plots of EdQU vs DAPI displaying the >4N gate.
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Figure 4.7. CHK1 disrupts DNA replication in a concentration-dependent manner

A549 and H23 cells were treated with the denoted concentrations of CHK1i for 24 hours and
pulse with EdU for the last 30 min. Active DNA synthesis was examined using chromatin flow
and staining for EdU, PCNA and DAPI.

A-D) Chromatin-bound PCNA levels after CHK1i treatment. A) Pseudocolored density dot plot
showing chromatin-bound PCNA vs DAPI levels. Gates denote the particular PCNA
populations. B) % cell positive for chromatin-bound PCNA, C and D) % cells with low or high
levels of chromatin-bound PCNA in C) A549 cells and D) H23 cells.

E and F) DNA synthesis after CHK1i. Relative EdU incorporation in PCNA-Low and PCNA-High
population in E) A549 cells and F) H23 cells.

G-1) Cell cycle distribution of cells with chromatin bound PCNA. G) Pseudocolored density dot
plot showing cell cycle distribution of PCNA-Low and PCNA-High cells at the denoted CHK1.i
concentrations. Graphs showing the cell cycle populations at the denoted CHK1i concentrations
in H) A549 cells and I) H23 cells for both PCNA-Low and PCNA-High cells.

N=3. Mean + SEM. ANOVA with Tukey correction; *, p<0.05; **, p<0.01; ***, p<0.001; ****,

p<0.0001.
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Figure 4.7. (cont.)
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Figure 4.7. (cont.)
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replicating cells with impaired DNA synthesis. While a small-but-significant shift to G2/M at 100
nM occurred in the PCNA-High cells H23 cells, the vast majority of PCNA-High regardless of
CHK1i concentration were still in S phase showing that a smaller population of cells are still able
to replicate their genome 24 hours after CHK1 inhibition. Together, this data indicates that DNA
replication is impaired at concentrations of CHK1 sufficient to trigger APC/C activity in S phase.
The impairment of DNA synthesis at 100 nM but not 10 nM CHKU1i raised the possibility
that DNA synthesis was impaired after CHK1 inhibition due to premature activation of the
APC/C. The APC/C has been previously implicated in the degradation of the DNA origin
licensing factors CDC6, CDT1, geminin and ORC1 (Araki et al., 2003; Clijsters et al., 2014;
McGarry and Kirshcner, 1998; Peterson et al., 2000; Sugimoto et al., 2008). Levels of CDC8,
CDT1, and geminin, similar to cyclin B1, decreased at 50 nM or higher of CHK1i in both A549
and H23 cells (Fig 4.8A). Further, proTAME, an APC/C inhibitor that blocks APC/C co-activator
binding (Zeng et al., 2010), prevented the loss of geminin, CDC6, and to a lesser extent CDT1
in addition to rescuing Aurora B, cyclin A2, and cyclin B1 levels (Fig. 4.8B and 4.8C) indicating

that APC/C activity is required for CHK1i-induced loss of origin licensing factors.

Activation of the mitotic transcriptional program is required for impaired DNA synthesis
after CHK1i treatment

Premature mitosis driven by an MMB-FOXM1-CDK1 positive feedback loop was recently
implicated in CHKL1i sensitivity (Branigan et al., 2021). Phosphorylation of APC1 and APC3 by
CDK1 promotes APC/C complex formation (Fujimitsu et al., 2016) suggesting that premature
APC/C activation was triggered by this MMB-FOXM1-CDK1 feedback loop after CHK1
inhibition. To determine if APC/C-dependent degradation of licensing factors required premature
activation of the mitotic program, levels of CDC6, geminin and CDT1 were examined in LIN54
KO and FOXM1 KO cells after CHK1i treatment. In contrast to EV control cells, CDC6, CDT1,

and geminin protein levels did not decrease with CHK1i in LIN54 or FOXM1 KO cells (Fig. 4.9A)
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Figure 4.8. DNA Licensing Factors are degraded in APC/C dependent manner at

concentrations of CHK1i that trigger replication catastrophe

A) Immunoblot of DNA origin licensing factors after CHK1i treatments. A549 or H23 cells were
treated with the listed concentrations of CHK1i for 24 hours. Whole cell extracts were generated
and probed by immunoblot with antibodies for the denoted proteins.

B and C) Immunoblot showing APC/C dependent-loss DNA origin licensing factors. A549 cells
were treated for 24 hours with 100 nM CHK1i in concentrations with B) increasing dose of the

APC/C inhibitor, proTAME or C) 30 uM proTAME.
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Figure 4.9. Disruption of DNA replication by CHK1i requires activation of the mitotic
transcriptional program

A) Immunoblot of DNA origin licensing factors in LIN54 KO and FOXM1 KO cells after CHK1i
treatments. EV, LIN54 KO, and FOXM1 KO cells were treated with 100 nM CHKZ1i for 24 hours.
Whole cell extracts were generated and probed by immunoblot with antibodies for the denoted
proteins.

B-G) DNA replication in LIN54 KO and FOXM1 KO A549 cells. EV, LIN54 and FOXM1 cells
were treated with 100 nM CHKU1i for 24 hours and pulsed with EdU for the last 30 min.
Chromatin flow cytometry for EAU, PCNA, MCM2, and DAPI was performed to assess DNA
replication. B) % cells in S phase C) Relative EdU incorporation. Background subtracted EdU
MFIs were normalized to sgeV-DMSOQO. D) Pseudocolored density dot plot showing chromatin-
bound PCNA vs DAPI levels. Gates denote the particular PCNA populations. E) % cell positive
for chromatin-bound PCNA F) % cells with low or high levels of chromatin-bound PCNA G)
Pseudocolored density dot plot showing cell cycle distribution of PCNA-Low and PCNA-High
cells at the denoted CHK1i concentrations. H) Cell cycle distribution of the PCNA-Low
population I) Histograms of chromatin-bound MCM2 levels in the PCNA populations identified in
D).

N=3. Mean + SEM. ANOVA with Tukey correction and mixed effects analysis; *, p<0.05; **,

p<0.01; ***, p<0.001, ****, p<0.0001.
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Figure 4.9. (cont.)
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Figure 4.9. (cont.)
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indicating that premature activation of the mitotic program is required for premature APC/C
activation.

To determine if activation of the mitotic program was also required for impaired DNA
synthesis after CHK1 inhibition, DNA synthesis via EdU incorporation was assessed in LIN54
KO and FOXM1 KO cells along with chromatin-bound PCNA, to measure active replication
forks, and chromatin-bound MCM2, to assess loaded MCM helicase resulting from origin
licensing (Matson et al., 2016). LIN54 and FOXM1 KO cells had a significantly higher S phase
populations compared to EV after CHKL1i treatment although these populations were
significantly decreased compared to the respective DMSO samples. Strikingly, DNA synthesis
was significantly higher in the LIN54 and FOXM1 KOs after CHK1i treatment. Active replication
forks were also maintained in the LIN54 KO and FOXM1 KO cells after CHK1 inhibition (Fig
4.9D-4.9F). In particular, LIN54 and FOXM1 KO cells did not lose the PCNA-high population like
the CHK1i treated EV cells. This was also reflected in the cell cycle distribution of the PCNA-
Low population as perturbation of the MMB-FOXM1 complex prevented the shift from early S
phase to G2/M triggered by CHK1i that was observed in the EV cells (Fig 4.9G and 4.9H). In
EV cells, chromatin-bound levels of MCM2 decreased in the PCNA-Negative and PCNA-Low
populations after CHK1 inhibition while PCNA-High cells actually had increased chromatin-
bound MCM2 (Fig 4.91). Perturbation of the MMB-FOXM1 complex prevented the loss of the
MCM2 in the PCNA-Low and PCNA-Negative populations but did not block the increased
MCM2 levels in the PCNA-High population after CHK1i treatment. Together, this data shows
activation of the mitotic transcriptional program is required for impaired DNA synthesis induced
by CHKZ1i. Furthermore, it demonstrates that origin licensing is impaired after CHK1 inhibition in
an MMB-FOXM1-dependent manner, consistent with APC/C-dependent degradation of and
subsequent dysregulation of origin licensing as a potential mechanism by which the mitotic

program could trigger DNA replication catastrophe.
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Negative regulators of APC/C activity as potential biomarker for CHK1i sensitivity

The absence of CHK1i-induced DNA synthesis defects in LIN54 or FOXM1 KO cells was
consistent with altered regulation of APC/C activity in these KO cells. Levels of APC/C
substrates and CHK1li-altered regulators were assessed in LIN54 KO and FOXM1 KO cells.
Strikingly, cyclin B1, Aurora B and PLKL1 protein levels were not lost after 6 hours of CHK1i
treatment in both LIN54 and FOXM1 cells compared to EV control cells (Fig 4.10A). Cyclin B1
levels overall however were lower in both LIN54 and FOXM1 KO cells. FBXO5 levels were also
maintained after CHK1i in the LIN54 KO cells while, in the FOXM1 KO cells, FBXO5 levels
along with AURKB and PLK1 levels actually increased with CHK1i. The increase in PLK1 may
explain the higher levels of pTCTP observed in the FOXM1 KOs which were down slightly in the
LIN54 KOs. While Aurora B levels were not higher in the nocodazole synchronized FOXM1
cells, there were higher levels of pAurora B suggesting increased Aurora B activity (Fig 4.10B).
There were slight decreases in APC/C substrates in the FOXM1 KO but not in the LIN54 KO
cells suggest that some premature APC/C activation may occur in the FOXM1 KO cells. Thus,
LIN54 KO cells appear to be impeding APC/C by preventing FBXO5 loss while FOXM1 KO cells
stymied premature APC/C activation by upregulating negative regulators of FBXO5 and Aurora
B activity.

Consequently, FBXO5 and Aurora B could be potential biomarkers for CHK1i sensitivity
given the retention of FBXO5 and AURKB protein species in the LIN54 KO and FOXM1 KO
cells. Proteomic data from Nusinow et al. and CHK1 inhibitor sensitivity data from Corsello et
al. were integrated using DepMap Data Explorer to determine if FBXO5 or Aurora B protein
levels correlated with CHK1i sensitivity in cancer cell lines. In NSCLC cells, there was a weak
but significant negative correlation between FBXOS5 protein levels and sensitivity to CHK1i (Fig.
4.11A). FBXO5 protein levels in NSCLC cell lines, also negatively correlated with the CHK1
inhibitor PF-477736 while there was a negative trend the CHK1 inhibitor AZD7762 (Fig. 4.11B).

While Aurora B levels didn’t significant correlate with CHK1i sensitivity in NSCLC (Fig. 4.11A), a
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Figure 4.10. Perturbation of the MMB-FOXM1 complex leads to increased expression of
APC/C negative regulators after CHK1i

A) Immunoblot of EV, LIN54 KO and FOXM1 KO A549 lysates after synchronization by a single
thymidine block and treated with 100 nM CHKZ1i at 1 hour post release. Whole cell lysates were
generated and blotted with antibodies for the listed proteins.

B) Immunoblot of lysates for Aurora B activity and APC/C substrates in LIN54 KOs and FOXM1
KO cells. A549 EV, LIN54 KO and FOXM1 KO cells were treated with combinations of 100 nM

CHK1i and 100 ng/ml nocodazole for 24 hours.
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Figure 4.10. (cont.)
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Figure 4.11. Levels of FBXO5 and Aurora B negatively correlate with CHK1i sensitivity
Comparison of FBXO5 and Aurora B protein levels from Nusinow et al. and CHKL1 inhibitory
sensitivity data from Corsello et al. using DepMap data explorer.

A) Dot plot comparing FBXO5 (left) and Aurora (right) protein levels and CHK1i sensitivity data
in NSCLC cell lines.

B) Dot plot comparing FBXO5 protein levels and sensitivity data for CHK1 inhibitors PF-47736
(left) and AZD7762 (right) in NSCLC cell lines.

C and D) Dot plot comparing Aurora B protein levels and sensitivity data for CHK1 inhibitors
prexasertib (left), PF-47736 (middle), and AZD7762 (right) in C) breast cancer cell lines and D)
ovarian cancer cell lines.

Line of best fit, Pearson coefficient with p-value, number of cell lines (n) shown for each

comparison.
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Figure 4.11. (cont.)
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moderate to strong negative correlation between Aurora B protein levels and sensitivity to the
CHKU1 inhibitors prexasertib (CHK1i), PF477736, and AZD7762 in breast and ovarian cancer
cell lines (Fig. 4.11C and 4.11D) indicating that negative regulators of APC/C activity could

serve as potential biomarkers for CHK1i sensitivity in a cancer type-dependent manner.
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Discussion

This study suggests a model in which CHK1i treatment induced both DNA replication
catastrophe and mitotic catastrophe by premature activation of the APC/C (Fig. 4.12). CHK1.i
inhibition impairs APC/C inhibition during the S-M transition by promoting FBXO5 loss and
reducing Aurora B activity in a manner dependent on activation of the MMB-FOXM1 complex
and mitotic transcriptional program. This loss in APC/C inhibition leads to the premature
degradation of mitotic factors such as cyclin B1 and DNA origin licensing factors such as CDC86,
which impairs DNA synthesis in subsequent rounds of division. If the cell can complete DNA
replication prior to APC/C dysregulation, it can undergo a flawed mitosis where it may be prone
to DNA replication catastrophe in the subsequent S phase. If DNA synthesis is incomplete prior
to APC/C dysregulation, then the cell likely will undergo mitotic catastrophe as these partially
replicated structures impair chromosome segregation. Thus, these two different mechanisms of
CHK1i-induced cell death appear to stem from a shared mechanistic event that requires
activation of the mitotic program.

The current definition of replication catastrophe limits the cause of DNA replication
catastrophe to RPA exhaustion (Toledo et al., 2017; Toledo et al., 2013). In contrast, this study
suggests that dysregulation of additional replication factors may also be sufficient to trigger DNA
replication catastrophe. DNA damage accumulated in a similar fashion in the RPA-positive and
the RPA-exhausted RPA-High population suggesting that RPA might not be the limiting factor
for replication-induced DNA damage after CHK1 inhibition. Cyclin A/ICDK1 complexes promote
late origin firing while excess MCM helicases on chromatin facilitate the utilization of back up
origins when DNA replication is impeded (Ge et al., 2007; Katsuno et al., 2009). In agreement
with these observations, cyclin A2 was degraded at levels of CHK1 inhibition sufficient to trigger
impaired DNA replication and replication catastrophe while these concentration of CHK1i also

resulted in lower levels of chromatin MCM2 in the PCNA-Low population. Notably, the PCNA-
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High population, which sustained DNA replication after CHK1i, had increased chromatin-bound
MCM2 levels highlighting the role of excess MCM complexes on chromatin during times of
replication stress. Decreased levels of chromatin MCM2 in cells with impaired DNA replication
after CHK1 inhibition can be attributed to the APC/C-dependent loss of origin licensing factors
as the APC/C regulates CDC6 and geminin to facilitate origin licensing. To account for this data,
the definition of DNA replication catastrophe should be extended to include DNA-damage
triggered by the depletion of replication factors in addition to RPA such as CDC6.

The premature degradation of FBXO5 builds on the previous observation of CHK1 as a
negative regulator of PLK1 while resolving a longstanding conflict in the field that had obscured
the mitotic role of CHK1. CHK1 depletion in HeLa cells increased PLK1 activity and delayed
mitotic progression, which was restored by depleting components of the mitotic checkpoint
complex, (Tang et al., 2006) while knocking out CHK1 in DT40 cells impaired spindle assembly
checkpoint due to decreased Aurora B activity and impaired mitotic checkpoint complex
formation (Zachos et al., 2007). In this study, CHK1 inhibition led to premature loss of FBXO5,
likely due to PLK1-mediated degradation. Importantly, FBXO5 protein levels are upregulated by
HPV E7 leading to delays in mitosis (Yu and Munger, 2013). Consequently, APC/C activity in
HelLa cells likely would also be impaired by FBXO5 for longer due to increased expression
allowing the cells to enter mitosis. The higher levels of FBXO5 also would decrease the need for
the mitotic checkpoint complex, partly compensating for any impairment of Aurora B activity.
The Ying and Yang of FBXOS5 and Aurora B inhibition was mirrored in LIN54 and FOXM1 KO
cells as LIN54 KO cells stabilized FBXO5 while FOXM1 increased Aurora B expression. The
overlapping abilities of FBXO5 and Aurora B to inhibit the APC/C demonstrates the
interconnectedness of downstream events regulated by CHK1 and the need to understand the
mechanism of CHK1 perturbations from the perspective of the cell cycle system rather than

phenotypic outcomes.
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FBXO5 and Aurora B protein levels are potential biomarkers for CHK1 inhibitor
sensitivity in cancer type dependent manner. FBXO5 is an E2F-dependent gene that is
degraded in G2 (Hansen et al., 2004; Hsu et al., 2002; Moshe et al., 2004) indicating that levels
of FBXO5 in G1 may reflect activation of E2F dependent gene expression and progression
through the restriction point. In tumors where E2F gene expression is repressed in G1, FBXO5
levels may correlate with CHK1i sensitivity since it would indicate that the tumor more readily
expresses E2F genes and progresses into S phase. FBXO5 levels may have their prognostic
value in tumors with oncogenic mutations that basally derepress E2F gene expression, as in
these tumors, higher FBXOS5 level would reflect a higher barrier to APC/C activation during S
phase. Aurora B may be the stronger biomarker of the two as it is a mitotic kinase that is
degraded by the APC/C in G1 (Stewart and Fang, 2005). Thus, high levels of Aurora B may
indicate low basal levels of APC/C activity in addition to the robustness of the spindle assembly
checkpoint. A major limitation of our analysis is the lack of proteomic data for cancer cell lines
and tumors. Data on FBXOD5, in particular, was limited outside of NSCLC cell lines. Further work
to characterize the protein levels in cancer cells will facilitate the identification of additional
biomarkers and allow for further analysis of the ones identified here.

Nonetheless, Aurora B and FBXOS5 protein levels may be able to inform CHK1 inhibitor
use in the clinic as multiple cancer types have elevated protein levels of Aurora B and FBXO5
(Chen et al., 2009; Guan et al., 2016; Lehman et al., 2007; Lin et al., 2010; Takeshita et al.,
2013; Vaidyanathan et al., 2016; Vischioni et al., 2006). Elevated levels of Aurora B and FBXO5
have been found to correlate with poor prognosis and have been studied to understand tumor
sensitivity to targeted- and chemo-therapies. FBXOS5 levels were predictive of PARP inhibitor
sensitivity in BRCA1-negative triple negative breast cancer (Marzio et al., 2019) while low
Aurora B levels correlated with chemotherapy resistance in metastatic ovarian tumors (Hetland
et al., 2013). To date, when molecular markers are being considered in clinical trials for CHK1
inhibitors, such as NCT02873975, markers of replication stress but not cell cycle regulator like
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Aurora B and FBXO5 have been considered. Thus, the inclusion of Aurora B and FBXO5
protein levels as biomarkers may identify tumors sensitive to the DNA replication and mitotic
catastrophe triggered by CHK1i-dependent APC/C dysregulation, improving identification of

tumors that will respond to CHKLi.
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Materials and Methods
Cancer Cell Lines and Cell Culture

Human NSCLC cell lines A549 and H23 cells were propagated in RPMI 1640 medium
(Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum (Sigma-
Aldrich, St. Louis, MO) and 1% Pen/Strep (Gibco) at 37°C in 5% CO,. KO populations of
sgLIN54 and sgFOXM1 cell lines were generated as described in Chapter 3. Inhibitors used in
cell cultures experiments are listed in Table 4.1.

For single thymidine blocks, 500,000 (60 mm plate) or 1,200,000 (100 mm plate) cells
were plated into 2 mM thymidine-containing RPMI media for 16 h. To release cells, cells were
washed twice with prewarmed PBS and grown in prewarmed RPMI media to which inhibitors
were added at the times denoted. For siRNA experiments, siRNA (listed in Table 4.2) were
reverse transfected at a final concentration of 20 nM into ~108 A549 cells using Lipofectamine
RNAIMAX in 100 mm dish. The next day cells were plated into 2 100 mm dishes for drug

treatment the following day.

Immunoblotting

Whole-cell extracts were generated by incubating cell pellets in EBC buffer (50 mM Tris
pH 8.0, 150 mM NaCl, 0.5 mM EDTA, 10% Glycerol, 0.5% NP-40, Protease Cocktail Set | and
Phosphatase Cocktail Set 1) and cleared by centrifugation. Relative protein levels in lysates
were normalized by Bradford assay and samples were boiled in 6x SDS buffer. Samples were
then loaded on 4-20% TGX gels (Bio-Rad) for electrophoresis which were then transferred to a
nitrocellulose membrane (Bio-Rad) by wet transfer. Membranes were blocked in 5% nonfat milk
(Boston Biochem) for 1 h at room temperature and incubated in primary antibody overnight at
4°C. Primary antibodies (listed in Table 4.3) were diluted as follows: FBXO5 was diluted 1:50 in

3% nonfat milk in TBST; FZR1 and cyclin E were diluted 1:200 in 3% nonfat milk in TBST
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Table 4.1. Inhibitors and Chemicals

Bortezomib Cell Signaling Technologies 2204Ss

Thymidine Sigma-Aldrich T1985
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Table 4.2. Oligonucleotides: siRNAs

siCDC20 Dharmacon L-003225-00
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Table 4.3. Antibodies

Cyclin E (CCNE)
Cyclin B1
FOXM1
pT600 FOXM1
y-H2AX

LIN54

PCNA

RPA32
VINCULIN
PLK1

CDC20

FZR1
AURORA B
pT232 AURORA B
CYCLIN A2
FBXO5

pS46 TCTP
TCTP

ORC1

CDT1

CDC6
GEMININ
MCM2

Cyclin B1 conjugate

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Cell Signaling Technologies
Millipore

Bethyl Laboratories

Cell Signaling Technologies
Bethyl Laboratories
Sigma-Aldrich

Cell Signaling Technologies
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Cell Signaling Technologies
Cell Signaling Technologies
Sigma-Aldrich

Invitrogen

Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies

Cell Signaling Technologies

191

sc-247

sc-752

sc-520

14655S

05-636-I

A300-799A-M

2586S

A300-244A-M

V9131

4535S

sc-56312

3094S

291471

C4710

376600

5251S

8441S

4731S

8064S

3387S

5208S

3619S

4118S



Table 4.3. Antibodies (cont.)

Rabbit-PE isotype control Cell Signaling Technologies 5742S

10 histone H3 - Alexa 488 Cell Signaling Technologies 3465S

conjugate

anti-rabbit IgG - HRP Bethyl Laboratories Al120-101P

Rabbit IgG isotype control Cell Signaling Technologies  4340S
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pS1981 ATM was diluted 1:500 in 3% nonfat milk in TBST; pT600 FOXM1 and Geminin were
diluted 1:1000 in 3% nonfat milk in TBST; PCNA, CDC20, cyclin B1, and GAPDH were diluted
1:2000 in 3% nonfat milk TBST; LIN54 was diluted 1:1000 in 5% nonfat milk in TBST; FOXM1
was diluted 1:2000 in 5% nonfat milk TBST; vinculin was diluted 1:30000 in 5% nonfat milk in
TBST,; cyclin A2 was diluted 1:50000 in 5% nonfat milk in TBST; MCM2, pS46 TCTP, TCTP,
CDCS6, CDT1, ORC1, PLK1, pT232 Aurora B and Aurora B were diluted 1:1000 in 5% BSA in
TBST,; pS2056 DNA-PKcs was diluted 1:2000 in 5% BSA in TBST. Membranes were incubated
in secondary antibodies, diluted 1:5000 in 5% nonfat milk, for 1 h at room temperature. Bands
were visualized using Super Signal West Pico (Thermo Scientific) or Immobilon Western

Chemiluminescent (Millipore) HRP substrate on the G-box imaging system (Syngene).

Flow cytometry

Trypsinized cells were washed with PBS and fixed in 4% formalin in PBS for 15 min at
room temperature. Cells were then washed three times with 1% BSA in PBS and permeabilized
in 70% ethanol at -20°C for 30 min to overnight. After three washes with 1% BSA in PBS,
incorporated EdU was labeled with a CLICK reaction (2 mM CuSO4, 100 uM THPTA, 100 mM
sodium ascorbate, and 2 uM Calfluor 647 Azide in PBS), using the reagents listed in Table 4.4,
by rotating for 30 min at room temperature. Samples were then washed thrice with 1% BSA in
PBS and incubated with the primary antibody (listed in Table 4.3) in 1% BSA in PBS overnight
at 4°C. Primary antibodies were diluted as follows: 1:50, pS10 histone H3-PE conjugate, 1:50,
cyclin B1-Alexa Fluor 647 conjugate. After 3 washes with 1% BSA in PBS, samples were
incubated with secondary antibodies, which were diluted 1:250 in 1% BSA in PBS, for 1 h at
room temperature in darkness. After three more 1% BSA in PBS washes, DNA staining was

then conducted by incubating samples in darkness and at room temperature for 1 hiina 1 ug/ml
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Table 4.4. Flow Cytometry Reagents for Label DNA Synthesis

5-ethynyl-2’-deoxyuridine (EdU)
THPTA

Alexa 647 Azide

CalFluor 647 Azide

AFDye 546 Azide
5-bromo-2’-deoxyuridine (BrdU)
DNasel

4',6-diamidino-2-phenylindole (DAPI)

Life Technologies
Click Chemistry Tools
Life Technologies
Click Chemistry Tools
Click Chemistry Tools
Sigma-Aldrich

Sigma Aldrich

Invitrogen
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DAPI, 100 ng/ml RNase A staining solution. Samples were analyzed on a Fortessa analyzers
(BD Biosciences) and 50,000 total events were captured for each sample. A negative control
where an EdU pulse and primary antibodies were omitted but otherwise normally processed
was used to establish negative populations and perform background subtraction on MFIs.
Rabbit PE isotype and mouse Alexa Fluor 647 isotype controls were used for the negative
control for experiments with pH3-PE and cyclin B-Alexa Fluor 647 staining respectively.

The chromatin flow cytometry protocol was based upon approached used in previous
studies (Hauge et al., 2017; Matson et al., 2016). Briefly, trypsinized cells were incubated on ice
in 750 pl of Buffer A (300 mM sucrose, 100 mM NacCl, 3 mM MgCl2,10 mM PIPES pH 7.0, 0.5%
Triton x-100, Protease Cocktail Set I, and Phosphatase Cocktail Set I) for 5 min. 250 ul of Buffer
B (300 mM sucrose, 100 mM NacCl, 3 mM MgCl;,10 mM PIPES pH 7.0, 0.5% Triton x-100,

10% Formalin, Phosphatase Cocktail Set I, and Phosphatase Cocktail Set ) was immediately
added, and samples were incubated for an additional 15 min on ice. Cells were then pelleted
(1000x%g, 5 min, 4°C) and washed with 1% BSA in PBS 3 times before proceeding onto EdU
staining as with other samples. Primary antibodies (listed in Table 4.3) for chromatin flow
cytometry were diluted as follows: MCM2, 1:500 ; PCNA, 1:500; RPA32, 1:500; and H2AX,
1:1000. For RPA32 and y-H2AX samples, anti-rabbit Alexa 647 secondary and anti-mouse
Alexa 488 secondary were used for RPA32 and y-H2AX respectively. For the PCNA and MCM2
staining, an Alexa Fluor 647-azide was used with mouse Alexa Fluor 488 and rabbit PE
secondaries to stain for PCNA

and MCM2 respectively. Otherwise, the CLICK reaction, primary and secondary as well as DAPI
staining were conducted as described above.

RT-gPCR
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Total RNA was extracted from cell pellets using the RNeasy Plus kit (Qiagen). cDNA
was generated from total RNA isolated using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). gPCR was performed on the cDNA using the primers listed in Table 4.5
and Brilliant Il Ultra-Fast gPCR Master Mix (Agilent) using a MxAria (Agilent). Relative RNA

expression was calculated using the AACq method and GAPDH as reference gene.

Data Analysis

Proteomic data for cancer cell lines (Nusinow et al., 2020) and cell line drug sensitivity
data (Corsello et al., 2020) were collated using DepMap Data Explorer (www.depmap.org) .
Flow cytometry data was analyzed using FlowJo. GraphPad Prism was used to generate graphs

and conduct statistical analyses for DepMap data, flow cytometry, viability, growth curves and

RT-gPCR.
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Table 4.5. Oligonucleotides: qPCR Primers

CCNA2-gPCR-Forward Primer: 5-TTCCTGTCTTCCATGTCAGTGC-3’
CCNA2-gPCR-Reverse Primer: 5-ACACAAACTCTGCTACTTCTGGG-3
CCNB1-gPCR-Forward Primer: 5-GATGGAGCTGATCCAAACC-3
CCNB1-gPCR-Reverse Primer: 5-GGATGGCTCTCATGTTTCC-3’
GAPDH-gPCR-Forward Primer: 5-GTCAGCCGCATCTTCTTT-3'

GAPDH-gPCR-Reverse Primer: 5' CGCCCAATACGACCAAAT-3'
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Chapter 5. Discussion



Summary of Results

In this dissertation, we sought to understand the mechanisms that regulate MMB-
FOXM1 complex-dependent G2/M gene expression, the process by which the mitotic cellular
identity is read from the genome. We identified how cyclin/CDK activity limited MMB-FOXM1
complex-dependent gene expression in G2/M. We determined how an MMB-FOXM1-CDK1
positive feedback loop was facilitating sensitivity to ATR and CHK1 inhibitors and found a
shared mechanistic step between CHK1i-induced DNA replication and mitotic catastrophe.

In Chapter 2, we show that CDK-dependent degradation of MYBL2 by the SCFeeinF
complex turns off the MMB-FOXM1 complex and reduces levels of G2/M gene expression.
MYBL2 degradation in G2 was cyclin A-dependent (Fig. 2.1C) and linked to MMB-FOXM1
activity as the 4N MYBL2-negative population had higher levels of pFOXM1, a marker of MMB-
FOXM1 activity, than the MYBL2-positive population in S and G2(Fig. 2.1F). Depletion of
SCFoeinF complex components prevented MYBL2 degradation in G2/M (Fig. 2.2D and 2.3E)
and loss of cyclin F reduced the 4N MYBL2-negative population but not the 2N MYBL2-negative
population (Fig. 2.4B) indicating that cyclin F-dependent degradation of MYBL2 occurs later in
the cell cycle.

The F-box domain of cyclin F was required to reduce mitotic levels of MYBL2 in CCNF
KO cells (Fig. 2.6B) as demonstrated by the persistence of metabolically-labelled, pulse-chase,
MYBL2 protein species in mitotic CCNF KO cells (Fig. 2.7B). Further, cyclin F overexpression
promoted MYBL2 ubiquitination in vivo (Fig. 2.7C). Together, this data indicates that MYBL2 is
a SCF¥einF substrate for degradation.

Cyclin F interacted with MYBL2 through its cyclin fold (Fig. 2.6C and 2.6D) while an
atypical RxH cyclin binding motif on MYBL2 was required for MYBL2 to interact with cyclin F
(Fig. 2.9B). Mutation of CDK sites on MYBL2 reduced the MYBL2-cyclin F interaction (Fig. 2.9A
and 2.9E) indicating that cyclin/CDK phosphorylation of MYBL2 is a secondary requirement for

the MYBL2-cyclin F interaction and may facilitate access to the RxH motif. Expression and
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accumulation of cyclin F during the S/G2 transition was found to be MMB-FOXM1-dependent as
knockdown of MMB-FOXM1 components reduced CCNF transcript levels (Fig. 2.11A) and
cyclin F was less stable than MYBL2 during the S/G2 transition in the presence of
cycloheximide (Fig. 2.11C and 2.11D). Loss of cyclin F led to the MMB complex and G2/M
gene expression persisting into mitosis (Fig. 2.11C-E) and the cell was able to better maintain
the mitotic pH3 in the presence of an extended nocodazole block (Fig. 2.12C) indicating that
cyclin F functions to turn off G2/M gene expression. Thus, cyclin F degrades MYBL2 as part of a
negative feedback loop gated by cyclin/CDK activity to turn off MMB-FOXM1 activity and G2/M
gene expression as cyclin/CDK1 activity accumulates in G2.

In Chapter 3, we demonstrate that an MMB-FOXM1-CDK1 positive feedback loop
triggers premature mitosis after CHK1 inhibition leading to replication catastrophe. MMB-
FOXM1 components, MYBLZ2, LIN54, and FOXM1, were identified in a genome-wide CRISPR
screen as required for sensitivity to the CHK1 inhibitor (CHK1i) prexasertib (Fig 3.1C-F). Knock
out of LIN54 and FOXM1 did not alter cellular growth (Fig. 3.2B) but did confer resistance to
ATR and CHK1 inhibitors (Fig. 3.2C-E) as well as prevent the induction of replication stress
markers (Fig. 3.3).

The replication stress marker pKAP1 was induced by CHK1i in late S phase in a panel of
NSCLC cell lines (Fig. 3.4D). Perturbation of the MMB-FOXM1 complex prevented the induction
of pKAP1 by CHK1i in late S (Fig. 3.5D and 3.5E). The induction of pKAP1 in Late S phase
after CHK1i treatment was ATR-dependent (Fig. 3.7C) suggesting it was not part of a DNA
damage response. Increased DNA synthesis and origin firing were still induced by CHK1i in the
LIN54 KO and FOXM1 KO cells (Fig 3.8A-C) and the increased origin firing and DNA synthesis
did not corelate with the induction of pKAP1 by CHK1i in EV control cells indicating that altered
DNA replication was not sufficient for CHK1i-induced replication stress.

Levels of pFOXM1 and G2/M expression were increased during S phase after CHK1i
treatment (Fig. 3.9A-C, 3.10D, 3.10F and 3.10H) . Loss of LIN54 or FOXM1 prevented the
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induction of the mitotic cyclins, CCNB1 and CCNA2, by CHK1i (Fig. 3.10K-P). Loss of LIN54 or
MYBL2 also prevented the induction of CDK1-dependent pFOXM1 after CHK1 inhibition (Fig.
3.11A, 3.11B, and 3.11D) indicating that the MMB-FOXM1 complex and CDK1 were in a
positive feedback loop to promote G2/M gene expression that was being repressed by CHK1 in
S phase.

Premature mitosis was induced by ATR or CHKL1 inhibition (Fig. 3.12D) and the
induction of premature mitosis by CHK1i required an intact MMB-FOXM1 complex (Fig. 3.12F,
3.12G, and 3.12l) indicating that, in the absence of CHK1 activity, the MMB-FOXM1-CDK1
positive feedback loop was triggering premature mitosis in S phase. Modulating CDK1 activity
during CHK1 inhibition with a range of CDK1 inhibitor concentrations revealed that premature
activation of the MMB-FOXM1 complex and the induction of mitosis in S phase was required for
replication stress, DNA replication catastrophe, and apoptosis (Fig. 3.13G, 3.13K, 3.13N, 3.14F,
3.14G and 3.13P) . Together this data indicates that CHK1i depresses an MMB-FOXM1-CDK1
feedback look to triggers premature mitosis in S phase, eventually resulting in the induction of
DNA replication catastrophe.

In Chapter 4, we identify premature APC/C activity as a shared mechanistic step for both
CHK1i-induced DNA replication catastrophe and mitotic catastrophe. A threshold level of CHK1i
was required (50-100 nM) to induce both DNA replication catastrophe and mitotic catastrophe
(Fig. 4.1A, 4.1B, and 4.3E) suggesting a shared mechanism. 50 nM or greater of CHK1i also
impaired DNA replication and triggered a loss of G2/M markers (Fig. 4.2C, 4.2G and 4.2I)
including the APC/C substrate, cyclin B1, linking DNA replication and mitotic catastrophe to a
loss of cell cycle identity. CHK1 inhibition sufficient to induce DNA replication and mitotic
catastrophe also triggered premature APC/C activity as 100 nM CHKZ1i but not 10 nM CHK1i
promoted the degradation of APC/C substrates, cyclin B1, cyclin A, Aurora B, PLK1, and
FOXML1 in S phase and nocodazole synchronized cells (Fig. 4.3A and 4.4). This premature
APC/C activity could be explained by 100 nM CHK1i impairing Aurora B activity and triggering
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the premature loss of FBXO5 in S phase (Fig. 4.3A and 4.4). Consistent with DNA replication
being impaired by higher levels of CHK1i, 100 nM CHK1i, but not 10 nM CHK1i, caused an
accumulation of cells in G2/M with low levels of chromatin-bound PCNA at 24 hours post
treatment in A549 and H23 cells (Fig. 4.7G-l). 50 nM or greater of CHK1i also induced the
APC/C-dependent loss of DNA origin licensing factors at this timepoint (Fig. 4.8) suggesting
that premature activation of the APC/C by CHK1i impaired DNA replication.

Knock out of the MMB-FOXM1 components, LIN54 or FOXM1, prevented the loss in
DNA origin licensing factors and impaired DNA synthesis (Fig. 4.9A and 4.9C) implicating the
mitotic cellular program in the premature activation of the APC/C and subsequent impairment of
DNA synthesis by CHKZ1.i. In support of DNA origin licensing being impaired by CHK1i,
chromatin-bound MCM2 levels were lower in the PCNA-Low and PCNA-Negative populations of
EV cells but not LIN54 KO or FOXM1 KO cells (Fig. 4.91). FBXO5 loss in S phase was blocked
in LIN54 KO cells while Aurora B and FBXOS5 levels were upregulated in FOXM1 KOs (Fig 4.10)
indicating that CHK1i-resistant LIN54 KO and FOXM1 KO cells stabilized or upregulated levels
of APC/C negative regulators. Further, levels of FBXOS5 or Aurora B negatively correlated with
sensitivity to multiple CHK1 inhibitors in the cell lines of several cancer types (Fig. 4.11). Thus,
this data implicates premature APC/C activity in CHK1i-induced DNA replication and mitotic
catastrophe and suggests that negative regulators of APC/C activity, FBXO5 or Aurora B, could

serve as potential biomarkers for CHK1 inhibitor sensitivity.

Cyclin F is the eraser or “off” switch for cell cycle gene expression

An SCFo¢inF complex was identified as the factor degrading MYBL2 in G2. Cyclin F had
been previously reported to interact with MYBL2 but no evidence for cyclin F-mediated
degradation was observed (Klein et al., 2015). This previous observation can be explained by

the use of cycloheximide treatment to evaluate MYBL2 protein stability in the previous studies.
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A key observation not previously noted was that MYBL2 levels did not decrease in the control
cells after cycloheximide treatment (Klein et al., 2015) suggesting that MYBL2 was not being
degraded under the experimental conditions. In contrast, cyclin F was rapidly degraded in the
control cells after cycloheximide treatment. We observed a similar phenotype with cyclin F in our
experiments as well. Levels of cyclin F but not MYBL2 were reduced after CHX treatment in
HelLa cells at similar time points to Klein et al. in thymidine synchronized cells as well as every
time point during S phase and G2 we tested. This means that cyclin F is less stable than
MYBL2 in S/G2. Consequently, cycloheximide treatment is not an appropriate assay for
interrogating the effect of cyclin F on MYBL2 protein stability. A key assumption of
cycloheximide usage is that the degrader is more stable than the substrate that is being
degraded but this was not the case with cyclin F and MYBL2. Cyclin F levels were depleted
faster than MYBL2 can be degraded resulting in MYBL2 levels remaining stable after
cycloheximide treatment.

A more appropriate assay would be to examine MYBL2 protein turnover in cyclin F KO
cells using metabolic labeling, which wouldn’t perturb cyclin F levels. In accordance with this
thinking, AHA-labeled MYBL2 protein species were observed to persist in CCNF KO but not
CTRL cells indicating the cyclin F promotes MYBL2 protein turnover. The AHA protein labeling
experiment was supported by in vivo ubiquitination experiments where cyclin F overexpression
promoted MYBL2 ubiquitination. Additionally, the failure of a cyclin F mutant deficient for
ubiquitin ligase activity to restore MYBL2 loss in CCNF KO cells provides genetic evidence for
cyclin F-mediated degradation of MYBL2. Thus, we have generated multiple lines of evidence
supporting MYBL2 as a SCF¥¢inF substrate for degradation in G2/M.

The identification of MYBL2 as a cyclin F substrate makes cyclin F the eraser or “off”
switch for both the G1/S and G2/M waves of cell cycle gene expression as E2F1-3a had been
previously identified as cyclin F substrates (Clijsters et al., 2019). Perturbation of cyclin F-
mediated degradation of E2F1-3a or MYBL2 led to the respective waves of gene expression
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occurring outside the appropriate phase of the cell cycle resulting in altered cell cycle
progression. In the case of E2F-mediated degradation, cells expressing E2F degradation-
resistant mutants licensed their origins of DNA replication faster and entered S phase faster in
the next round of cell division leading to replication stress over time (Clijsters et al., 2019). For
MYBL2 degradation, loss of cyclin F allowed the cell to more robustly maintain the spindle
assembly checkpoint and mitotic cellular state in the presence of a mitotic block. Both cases
illustrate that the role of erasers or protein degradation complexes in the cell cycle is to limit the
DNA replication or mitotic cellular identity to the appropriate phase of the cell cycle.

A distinguishing feature between E2F and MYBL2 degradation by cyclin F is CDK
activity. MYBL2 requires CDK phosphorylation for an optimal interaction with cyclin F while no
CDK phosphorylation events were reported to regulate the E2F-cyclin F interaction (Clijsters et
al., 2019). This allows for the temporal separation of E2F1-3a and MYBL2 degradation within
the cell cycle as it adds an additional signal for MYBL2 degradation, delaying MYBL2
degradation until the cell is ready for mitosis. The interactions between cyclin F and substrates
involved in G2/M and mitosis are likely gated by CDK phosphorylation based on whether the
substrates are needed for establishing the mitotic cellular state. Substrates that primarily
regulate G1/S and DNA replication do not need CDK phosphorylation to interact with cyclin F
while the substrates that a have a role in G2/M required CDK phosphorylation to interact with
cyclin F. Cyclin F substrates FZR1, CDC6, E2F1-3a and E2F7/8 regulate the establishment and
maintenance of the DNA replication program and are reported to not require CDK
phosphorylation to interact with cyclin F (Choudhury et al., 2016; Clijsters et al., 2019; Walter et
al., 2016; Wasserman et al., 2020; Yuan et al., 2019). In contrast, RRM2 and SLBP, which
regulate the G2/M DNA damage response among other roles, required CDK phosphorylation for
their interaction with cyclin F (D'Angiolella et al., 2012; Dankert et al., 2016; Tanaka et al.,
2000). While the CP110-cyclin F interaction was not reported to be dependent on CDK
phosphorylation (D'Angiolella et al., 2010), CP110 is a cyclin/CDK1/2 substrate (Chen et al.,

204



2002), leaving open the possibility that cyclin/CDK phosphorylation could regulate the CP110-
cyclin F interaction. Thus, cyclin/CDK phosphorylation may create early and late pools of cyclin
F substrates that prioritizes cyclin F-mediated degradation. Factors involved in regulating the
DNA replication program are degraded as cyclin F accumulates during the S/G2 transition while
the degradation of substrates that regulate the establishment of the mitotic program is delayed

until sufficient CDK1 activity is reached in G2/M.

CDCE6 as a potential regulator of E2F degradation rather cyclin F substrate

CDC6 was reported to be a cyclin F substrate during G2/M (Walter et al., 2016).
However, we did not observe any change in CDC6 stability in the cyclin F KOs during the M/G1
transition. The discrepancy might be explained by the experimental set up and interpretation in
prior study. In the Walter et al. study, CDCB6 protein stability was assessed in nocodazole-
synchronized samples and two observation were made: (i) MG132 treatment increased CDC6
levels in sSICTRL cells and (ii) CDCE6 levels decreased with cycloheximide treatment. Depletion
of cyclin F increased CDC6 protein levels in the nocodazole synchronized samples (Walter et
al., 2016). The authors proposed that this is evidence for cyclin F-mediated degradation but this
phenotype can also be understood through the regulation of cell cycle gene expression by cyclin
F.

As an E2F transcriptional target, the higher levels of CDC6 could be explained by
increased E2F transcriptional activity in the CCNF-depleted samples. Expression of degradation
resistant E2F1, E2F2, or E2F3a leads to increased protein levels of CDC6 (Clijsters et al., 2019)
similar to what was reported by Walter et al. The loss of CDC6 in nocodazole-synchronized
control cells can be explained through the use of cycloheximide, which would block cyclin B1
translation in addition to CDC6 translation. Cyclin B1 is degraded by a CUL2%¢Y!! complex in
mitosis in the absence of APC/C activity (Balachandran et al., 2016). Cycloheximide treatment

would accelerate depletion of cyclin B1 levels via this complex below the threshold necessary to
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inhibit FZR1, leading to APC/C activity. As CDC6 is an APC/C substrate, the APC/C activity
induced by this cyclin B1 degradation would result in the decreased CDC6 levels observed.
Cyclin B1 levels were not assessed in the experiment so this hypothesis cannot be excluded.
We observed that cyclin B1 expression was higher during the M/G1 transition in cyclin F KO
cells meaning it would take longer for CUL2%Y¢1! complexes to reduce cyclin B1 below a critical
level in the absence of cyclin F, rendering the cyclin F-depleted samples more resistant to
premature APC/C activity after cycloheximide treatment. In nocodazole-synchronized cyclin F
KO cells released from nocodazole into cycloheximide in Chapter I, basal CDC6 levels were
higher in cyclin F KOs than CTRL cells and CDC6 protein stability mirrored that of APC/C
substrates, cyclin B1 and FOXM1, in both CCNF KO and CTRL cells suggesting that the
APC/C, not cyclin F, is the main determinant of CDC6 protein stability. Thus, the higher protein
levels of CDC6 observed in the cyclin F KO cells could be explained through indirect regulation
of cyclin gene expression.

CDCE6 interacts with cyclin F through an RxL-cyclin fold interaction, although it is unclear
when they interact during the cell cycle. Binding studies conducted in this dissertation and in
Walter et al., were performed in asynchronous HEK293T cells. In G2/M, when cyclin F and
CDCE6 are proposed to be interacting to mediate CDC6 degradation, cyclin F and CDC6 are
likely in different parts of the cell. During the late cell cycle, cyclin F localizes to the nucleus
based on immunofluorescence experiments (D'Angiolella et al., 2012). CDC6 however gets
exported from the nucleus by cyclin A/CDK2 phosphorylation and is largely cytoplasmic by
G2/M (Petersen et al., 1999). This would suggest that the robust cyclin F-CDC6 interactions
observed may be occurring early in the cell cycle during S phase. Additionally, minimal
ubiquitination of CDC6 was observed in in vitro ubiquitination assays with co-
immunoprecipitated cyclin F-CDC6 complexes (Walter et al., 2016). This lackluster

ubiquitination could be due to technical or biological reasons but a positive control was not
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included to demonstrate the robustness of the assay. Therefore, it is plausible that CDC6 is not
target for degradation by SCF¥¢i"F complexes during G2/M.

Alternatively, the CDC6-cyclin F interaction could function as a sponge for SCFeeinF
complexes during S phase, preventing premature degradation of E2F until sufficient DNA
replication has occurred. E2F reads the DNA replication program from the genome as it
transactivates E2F target genes including MYBL2 as part of this wave, that subsequently leads
to cyclin F expression (Fischer et al., 2016). Since CDK phosphorylation of E2F has not been
implicated in the E2F-cyclin F interaction, cyclin F should be able to interact with the activating
E2Fs and degrade them as cyclin F begins to be expressed in S phase. This would be
problematic though as E2F-mediated expression of FBXOS5 inhibits APC/C during S phase (Hsu
et al., 2002). Active E2F gene expression may also be crucial for maintaining MYBL2 protein
levels in S phase, as a PP2A-dependent phospho-degron (Morita et al., 2020) antagonizes
MYBL2 accumulation. Consequently, piecemeal degradation of the E2Fs by cyclin F would not
only impede DNA replication but could impair the transition to G2/M and establishment of the
mitotic cellular state. Thus, the cell needs a way to prevent E2F degradation until sufficient DNA
replication and MYBL2 accumulation has occurred.

One way to delay E2F degradation could be to limit MMB-FOXM1 activity via ATR-CHK1
and completely restrict cyclin F levels but this would prevent cyclin A expression necessary for
late origin firing. A non-degratory interaction between CDC6 and cyclin F would allow block the
E2F-cyclin F interaction on the protein level while allowing for the expression of cyclin A. CDC6
is expressed as part the E2F program after having licensed DNA and being degraded by APC/C
in in G1 (Clijsters et al., 2013; Hateboer et al., 1998; Ohtani et al., 1998; Yan et al., 1998).
CDC6 however has low affinity for licensed origins with bound MCM2 but regains its affinity for
origins once they have been fired (Oehlmann et al., 2004). As a result, soluble levels of nuclear
CDC6 accumulate during S phase until origins are fired or cyclin A/ICDK2-dependent
phosphorylation triggers nuclear export to the cytoplasm (Oehlmann et al., 2004; Petersen et
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al., 1999). This would mean that as DNA replication progresses and cyclin A/CDK activity is
permitted, CDCE6 is titrated away from cyclin F resulting in free cyclin F to degrade the activating
E2Fs once sufficient DNA replication has occurred. More study of the CDC6-cyclin F interaction
in S phase is warranted as it may serve as an important timer to coordinate E2F degradation

with DNA replication.

CDK-dependent degradation of MYBL?2 is a negative regulatory event linked to MMB-
FOXML1 activation

MYBL2 phosphorylation has been shown previously to promote MYBL2
degradation and MYBL2-mediated gene expression (Charrasse et al., 2000; Lane et al., 1997;
Robinson et al., 1996; Saville and Watson, 1998; Ziebold et al., 1997). These apparently
conflicting observations leads to the hypothesis that MYBL2 degradation could be required for
the activation of the MMB-FOXM1 complex. However, perturbation of MYBL2 degradation by
knockout of cyclin F led to persistent G2/M gene expression indicating the MYBL2 degradation
is CDK-dependent negative regulatory event for the MMB-FOXM1 complex. Nonetheless,
MYBL2 degradation appears to be linked to CDK-dependent activation of the MMB-FOXM1
complex in agreement with the previous studies linking MYBL2 phosphorylation and target gene
expression. MYBL2 degradation in G2 is dependent on cyclin A, which also activates FOXM1
during the S/G2 transition. The 4N-MYBL2 negative population that was reduced in CCNF KO
cells had higher levels of pFOXM1, a marker for MMB-FOXML1 activity, than the MYBL2-positive
population in parental HeLa cells supporting cyclin A-mediated degradation coinciding with
MMB-FOXML1 activation by cyclin/CDK complexes. Importantly, MYBL2-positive cells had
intermediate levels of pFOXM1 indicating that activation of FOXM1 by CDKs slightly precedes
MYBL2 degradation. Further, accumulation of cyclin F, which degrades MYBL2 during the S/G2
transition, is dependent on MMB-FOXM1 activity. This establishes a clear order of events: first

cyclin/CDK phosphorylation activates the MMB-FOXM1 complex and then cyclin A/CDK activity
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promotes MYBL2 degradation. MYBL2 activation and degradation by CDK
phosphorylation is also linked to the regulation of the MYBL2 protein. Multiple phosphorylation
sites mutated in the MYBL2ACDK mutant deficient for the cyclin F interaction have been
implicated in facilitating an interaction between MYBL2 and PIN1 (Werwein et al., 2019). The
conformational change in MYBL2 induced by PIN1 is reported to facilitate activating PLK1
phosphorylation but could also function as part of a restricted access degron that prevents an
interaction with cyclin F in the absence of CDK activity. Thus, a conformational change reported
to activate MYBL2 may also enable its own demise. Together, this work shows that CDK
phosphorylation can antagonize MYBL2 and MMB-FOXM1 activity after initially promoting it.
Intriguingly, there appears to be a hierarchy of CDK phosphorylation sites on MYBL2.
MYBL2 is phosphorylated early in S phase on S577 but phosphorylation of T487 does not
appear until later in S phase (Werwein et al., 2019) suggesting that MYBL2 is phosphorylated in
an ordered manner. In addition to the MYBL2-cyclin F interaction, the early S577
phosphorylation event has been implicated in the MYBL2-PINL1 interaction and conformational
change that leads to activating PLK1 phosphorylation (Werwein et al., 2020; Werwein et al.,
2019). However, it is unclear what molecular event late phosphorylation by PLK1 and CDK
facilitates. Inhibition of CDK1 in A549 and H460 cells prevented phosphorylation of T600 on
FOXM1 but failed to block phosphorylation of T487 indicating that pT487 is not CDK1-
dependent, making it a likely cyclin A/ICDK2 substrate. MYBL2 gel mobility increased despite
CDK1 inhibition indicating that there are CDK1-dependent phosphorylation sites on MYBL2.
However, it is unclear what determines the order of CDK phosphorylation events on MYBL2.
Considering that the early phosphorylation sites on MYBL2 promote a conformational change in
MYBL2 (Werwein et al., 2020), it is likely the structure of MYBL2 that determine the order of
phosphorylation. Early phosphorylation sites may be more solvent exposed than late sites and
the late phosphorylation sites become more exposed as the early sites get phosphorylated and
MYBL2 becomes isomerized by PIN1. The progressive phosphorylation of MYBL2 points to
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MYBL2 acting as sensor for CDK activity. Different thresholds of cyclin A/CDK activity would
trigger particular events for MYBL2 with the threshold of sufficient CDK activity for mitosis likely
triggering MYBL2 degradation. Such CDK phosphorylation codes are currently being worked out
in yeast (Ord et al., 2019) and may be applied to MYBL2 as the ordered phosphorylation of
MYBL2 is further described. Such work would help to incorporate MYBL2 phosphorylation in the
mechanism of MMB-FOXML1 activity and provide insights into how cyclin/CDK activity triggers
the switch from DNA replication to mitosis.

Another area for further study is the regulation of MYBL2 phosphorylation by
phosphatases. Notably, when MYBL2 persists through the M/G1 transition in CCNF KO cells,
there was a decrease in pT487 MYBL2 levels and an increase in MYBL2 gel mobility as the cell
exited mitosis, indicative of dephosphorylation. During the M/G1 transitions, PP1 and PP2A
complexes are activated to dephosphorylate CDK1 phosphorylation sites and erase the mitotic
program to help establish G1 (Wurzenberger and Gerlich, 2011). Recently, PP2A-B56¢ was
shown to dephosphorylate S241 on MYBL2 in leukemia cells to promote degradation of MYBL2
by an unknown factor (Morita et al., 2020). S241 on MYBLZ2 is not a CDK phosphorylation site
but fits the consensus phosphorylation sequence of S-X-X-E for CK2 kinase (Hornbeck et al.,
2004; Meggio and Pinna, 2003). Substitution of S241 to alanine promotes MYBL2 degradation
and prevented G2/M gene expression (Morita et al., 2020) indicating that S241 phosphorylation
is likely preventing MMB-FOXM1 complex formation and modulates MYBL2 levels earlier in the
cell cycle than cyclin F-mediated degradation. Given the diffuse nature of the MYBL2 signal on
the nitrocellulose membrane, it was difficult to determine if total MYBL2 levels were decreasing
during the M/G1 transition in CCNF KO cells but G1 cells were largely negative for MYBL2 in
our flow cytometry experiments. If active in G1, the S241 degron would disfavor MYBL2
accumulation until sufficient E2F activity has been achieved. pS241 MYBL2 has been detected
in IP-Mass Spec experiments of S phase-synchronized T98G cells (Litovchick et al., 2011)

suggesting degradation through the S241 degron is inhibited by phosphorylation prior to or
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during S phase. Interestingly, PP2A-B56 complexes have also been reported to
dephosphorylate cyclin E to oppose the autocatalytic-mediated degradation of cyclin E (Davis et
al., 2017) that occurs in S phase. Thus, PP2A-B56 activity promotes the establishment of the
DNA replication cellular identity during G1/S by stabilizing cyclin E, part of the DNA replication
program writer, and likely delaying the formation of the reader for the mitotic program, the MMB-
FOXM1 complex, by promoting MYBL2 degradation. Further study of this degron during the cell
cycle is warranted as it may provide insights into when the MMB complex forms during S phase
and how the cell manages the transition from G1/S gene expression to G2/M gene expression.
The loss of pT487 MYBL2 signal during the M/G1 transition also indicates that CDK
phosphorylation on MYBL2 can be removed by phosphatases. CDK phosphorylation of FOXM1
is antagonized by PP2A-B55a to limit its transcriptional activity (Alvarez-Fernandez et al., 2011).
Similarly, CDK phosphorylation on MYBL2 could be regulated by PP2A complexes during S
phase to delay MYBL2 degradation until FOXM1 is activated and recruited to the MMB-FOXM1
complex. While CHK1 inhibition activates cyclin/CDK complexes, it also antagonizes PP2A
activity by blocking the CHK1-dependent sequestration of FAM122A/PABIR1, an inhibitor of
PP2A, by 14-3-3 (Li et al., 2020). Thus, MYBL2 phosphorylation observed in S phase after
CHKZ1 inhibition could reflect PP2A inhibition as much as it reflects cyclin/CDK activation.
Regulation of MYBL2 phosphorylation by phosphatases, particularly in S phase, merits further
study as understanding the negative regulation of MYBL2 phosphorylation will provide insights

into the regulation of the MMB-FOXM1 complex.

Differential phenotypes caused by MYBL2, LIN54 and FOXM1 perturbations demonstrate
how the MMB-FOXM1 complex spans the cell cycle from G1/S to mitosis.
A surprising outcome of this work was that depletion or knockout of MYBLZ2, LIN54 or

FOXML1 led to distinct phenotypes even though all three proteins assemble to form the MMB-
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FOXML1 transcription complex. Perturbations of MYBL2 and LIN54 led to an earlier arrest in the
cell cycle then loss of FOXM1 while several G2/M genes could be induced by CHK1 inhibition in
FOXM1 KO but not LIN54 KO cells. These differences in phenotypes may reflect how the MMB-
FOXM1 complex spans the cell cycle from E2F-dependent gene expression of MYBL2 in G1 to
recruitment of FOXM1 by the MMB complex that triggers G2/M gene expression in S/G2.

The enrichment of the G1 population after MYBL2 knockdown implicates the MMB
complex in the G1/S transition. Consistent with previous studies (Saldivar et al., 2018),
depletion of MYBL2 led to cells accumulating in G1. In contrast, LIN54 KO or depletion led to
cells accumulating in late S phase and G2/M while only the G2/M population increased in
FOXML1 KO cells. The accumulation of G1 cells after MYBLZ2 but not LIN54 depletion likely
reflects the fact that DREAM complexes can still form in the absence of MYBL2 but are
disrupted by LIN54 depletion (Litovchick et al., 2007a). Consequently, E2F genes can be
expressed in the LIN54-depleted samples allowing for entry into S phase, but loss of LIN54
would impair progression through late S phase since the MMB complex could not form. But why
would loss of MYBL2, a G2/M transcription factor, allow for the continued repression of G1/S
genes? MYBL2 could disrupt MuvB-RBL1(p107) complex bound to CLE sites or titrate MuvB
away from the DREAM complex. CLE sites, found at a subset of G1/S genes, are variant CHR
sites that assist the E2F site in promoter repression and include such G1/S genes as CDCS6,
MCM5, CDC25A, and MYBL2 (Muller et al., 2017). MYBL2 has been reported to interact with
RBL1, a member of the RB pocket protein family, and overcome RBL1-mediated G1 arrest in
SAOS-2 cells (Joaquin et al., 2002). Recently, it was shown that RBL1 could form E2F4- or
MuvB-containing complexes to limit cell cycle gene expression after DNA damage (Schade et
al., 2019a), an environment, like G1, with low CDK1/2 activity. Thus, the absence of MYBL2
expression in G1 could allow MuvB-RBL1complexes to persist at G1/S promoters through MuvB

that is still bound to the CLE site, preventing G1/S gene expression and entry into S phase.

212



About 50% of high confidence MMB-FOXML target genes were upregulated by 1.5-fold
in S phase-synchronized FOXM1 KO cells after CHK1 inhibition indicating that the MMB
complex is sufficient to promote expression of a large subset of G2/M genes. Supporting the
sufficiency of the MMB complex was the upregulation of protein levels of Aurora B and FBXO5
in the FOXM1 KO cells after CHK1 inhibition. A few MMB-FOXML1 target genes, such as TICRR
and CCNA2, regulate DNA replication (Katsuno et al., 2009; Kumagai et al., 2010) perhaps
necessitating some MMB complex activity in S phase prior to FOXM1 recruitment. TICRR
encodes the protein Treslin ( human SId3), an essential protein for origin firing (Kumagai et al.,
2010; Pagliuca et al., 2011; Sansam et al., 2010). Treslin protein levels peak during M/G1 and
decrease during G1/S phase as PP2A-B55-dependent dephosphorylation triggers protein
degradation (Charrasse et al., 2017). Consequently, MMB-FOXM1 activity might sustain
TICRR/Treslin levels to complete DNA replication during late S phase when Treslin protein
levels reach a nadir. This could explain the delay in late S phase progression that was observed
in our A549 LIN54 KO cells as well as in LIN54-depleted BJ-hTERT fibroblasts (Schmit et al.,
2009a). Thus, the MMB complex may facilitate the completion of DNA replication by expression
of low levels of MMB-FOXML target genes in S phase.

While the MMB complex could induce a subset of G2/M genes in FOXM1 KO cells after
CHKU1 inhibition, premature mitosis was not induced in FOXM1 KO cells by CHK1i indicating
that the MMB complex is not sufficient to fully activate the G2/M program. Among the genes that
were not be induced by the MMB complex after CHK1 inhibition include CCNA2 and CCNB1
highlighting the integral part FOXM1 plays within the MMB-FOXM1 complex promoting the
transition to G2/M. The requirement of FOXML1 for CCNA2 and CCNB1 expression points to
FOXM1 being the amplifier of the MMB-FOXM1 signal as cyclin A/CDK1 and cyclin B/CDK1
complexes are in positive feedback loops with the MMB-FOXM1 complex. FOXML1 is recruited
to G2/M promoters during the S/G2 transition, likely due to activation by CDK phosphorylation of
FOXM1 being restricted by the ATR-CHK1 pathway during S phase. FOXM1 acting as an
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amplifier for G2/M gene expression would provide a rationale to limit its recruitment in S phase
as FOXML1 recruitment would trigger mitotic positive feedback loops during DNA replication.
Thus, MYBL2, MuvB, and FOXM1 each contribute to MMB-FOXM1 activity at different stages of
the cell cycle that reflects their recruitment. MYBL2 may help MuvB transition away from
repressive complexes in G1/S to the MMB complex, where the complex expresses G2/M genes
that facilitate the completion of DNA replication. As DNA replication is finishing, FOXM1 is
recruited to facilitate CCNA2 and CCNB1 expression, amplifying G2/M gene expression through

positive feedback loops and driving the cell cycle from DNA replication into mitosis.

MYBL2 is the timer of MMB-FOXM1 activity while FOXM1 is the amplifier of MMB-FOXM1
activity

Prior to this work, it was known that the MMB complex formed in S phase and recruited
FOXM1 to G2/M promoters and that perturbation of MYBL2, the MuvB complex, or FOXM1
impaired G2/M gene expression (Chen et al., 2013b; Down et al., 2012b; Sadasivam et al.,
2012a). CDK dependent phosphorylation of MYBL2 and FOXM1 as well as MYBL2 degradation
coincided with FOXM1 recruitment and G2/M gene expression (Sadasivam et al., 2012a) but it
was unclear how these events facilitated MMB-FOXML1 activity. As discussed above, MYBL2
phosphorylation facilitates an interaction with cyclin F that leads to MYBL2 degradation
indicating that MYBL2 phosphorylation functions to limit MMB-FOXM1 activity by MYBL2
degradation. But the question whether MYBL2 phosphorylation leads to MMB-FOXML1 activation
remains. One possible explanation is that CDK phosphorylation does not activate but rather
derepresses MYBL2. Cyclin A/CDK2 activity has been reported to disrupt an interaction
between MYBL2 and the NCoR-SMRT corepressors (Li and McDonnell, 2002). Unfortunately,
phospho-mutants for MYBL2 were not tested for the NCoR-SMRT interaction so it is unknown if
cyclin A/ICDK2 phosphorylation of MYBL2 or the NCoR-SMRT disrupts the interaction. The

NCoR-SMRT complex interacts with MYBL2 C-terminal to the DNA binding domain raising the
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possibility that MuvB and NCoR-SMRT compete for MYBLZ2 binding in G1/S. An interaction with
the NCoR-SMRT complex could protect MYBL2 from degradation by the S241 degron, allowing
MYBL2 to accumulate without initiating G2/M gene expression. Then, as cyclin A/CDK2 activity
increases in late S phase, sufficient cyclin A/ICDK activity is achieved to disrupt the MYBL2-
NCoR-SMRT complex, but not activate FOXM1, allowing for the formation of the MMB complex.
However, once cyclin/CDK1 activity has triggered G2/M gene expression by phosphorylation of
FOXM1, sufficient to progress through mitosis, cyclin/CDK1 activity will promote MYBL2
degradation.

Phosphorylation of FOXM1 appears to be the rate limiting step for MMB-FOXM1
activation during the S/G2 transition. The ATR-CHK1 pathway is known to restrict
phosphorylation of FOXM1 and G2/M gene expression during S phase and inhibition of this
pathway leads to the induction of pT600 FOXM1 and G2/M gene expression (Saldivar et al.,
2018) indicating that phosphorylation of FOXML1 is a key step for G2/M gene expression.
However, it remained unclear how FOXM1 phosphorylation fits with activation of the MMB-
FOXM1 complex considering MYBL2 phosphorylation had also been reported to be pro-
transcriptional. In agreement with the previous studies, this work provides evidence that
phosphorylation of FOXM1 may be the rate limiting step in MMB-FOXM1 activation. In our
studies, the knocking out of LIN54 or treatment with CDK1i blocked CHK1i-induced pT600
FOXM1 phosphorylation and MMB-FOXM1-dependent gene expression but did not prevent
CHK1-induced pT487 MYBLZ2. This indicates that MYBL2 phosphorylation likely accumulates
prior to FOXML1 activation. Additionally, FOXML1 is likely the component of the MMB-FOXM1
complex participating in the MMB-FOXM1-CDK1 positive feedback loop as pT600 FOXM1 was
LIN54- and CDK1-dependent while pMYBL2 was not. The phosphorylation of MYBL2 but not
FOXML1 in the LIN54 KOs after CHK1 inhibition indicates that FOXM1 phosphorylation depends
on an intact MMB complex while MYBL2 phosphorylation does not. Together, with the
observation that a subset of MMB-FOXML target genes could be induced in FOXM1 KO cells,
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these observations support the idea that FOXM1 acts an amplifier to fully active the G2/M
transcriptional program.

It is important to note that FOXM1 gel mobility decreases with co-treatment of CHK i
and CDK1i indicating that FOXM1 is also phosphorylated by CDK2. Similar to MYBL2, FOXM1
may have early and late CDK phosphorylation sites that may be associated with different events
with MMB-FOXM1 activation. The early and late CDK phosphorylation sites may mirror the two
major events in which CDK phosphorylation of FOXM1 has been implicated, relieving an
intramolecular interaction between the N-terminus (Laoukili et al., 2008b) and TAD and
facilitating p300 recruitment by creating PLK1 binding sites (Fu et al., 2008; Marceau et al.,
2019)suggesting a two-step mechanism. Moreover, There is some evidence to support this
model as N-terminal cyclin D/CDK6 phosphorylation sites on FOXM1 were not sufficient to
support gene transactivation but could stabilize FOXM1 in G1 (Anders et al., 2011).

A recent structural study of FOXM1 however questioned this two-step model by
providing evidence that phosphorylation at consensus CDK sites in the N-terminus and the
region just N-terminal to the TAD of FOXM1 were not sufficient to disrupt the interaction
between the N-terminus and TAD by isothermal titration calorimetry. Rather, PLK1
phosphorylation at S715 was found to be necessary and sufficient to disrupt the interaction
between the N-terminus and TAD, allowing for CBP to interact with the TAD (Marceau et al.,
2019). A limitation of this study is that only purified domains of FOXM1 were used and the
structural findings have yet to be validated with full length FOXML1 or in a cellular setting.
Nonetheless, these finding suggest that FOXML1 activation occurs as a single step with CDK
phosphorylation eventually leading to PLK1 phosphorylation which simultaneously relieves
these intramolecular interaction and recruits p300. Thresholds of cyclin/CDK activity can be
incorporated into either model. In the two-step model, there would be two distinct thresholds, a
first threshold to relieve intramolecular interactions leading to a poised state and a second
threshold of CDK activity that triggers p300 recruitment and MMB-FOXML1 activity, while, in the
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one-step model, there would be just one threshold result in FOXM1 being opened up and
activated once sufficient CDK phosphorylation had occurred at C-terminal CDK sites to
generate PLK1 binding sites.

Finally, it remains to be determined if CDK phosphorylation is required for recruitment of
FOXM1 to the MMB-FOXM1 complex. The N-terminus and forkhead binding domain of FOXM1
are required to interact with the MMB complex (Chen et al., 2013b) but it is unknown if the N-
terminal-TAD interaction within FOXML1 inhibits its ability to interact with the MMB complex. If
CDK phosphorylation of FOXM1 is not required to interact with the MMB complex, then this
might suggest a poised model where unphosphorylated FOXM1 can associate with the MMB
complex in late S phase and then be activated by CDK phosphorylation during the S/G2
transition. But considering that the FOXM1-LIN37 interaction increases at a similar rate as
FOXM1 phosphorylation levels, when the cell transitions from S phase to G2 (Sadasivam et al.,
2012a), it is more likely that CDK phosphorylation of FOXM1 promotes the association between
FOXM1 and the MMB complex in some manner. This suggests that there could a separate CDK
threshold for FOXM1 association with the MMB complex or a single CDK threshold for FOXM1
that triggers the confirmational change, MMB-FOXM1 association, and PLK1-dependent
recruitment of p300, resulting in a flurry of gene expression once the CDK threshold is crossed.

Taken together, this work suggests a model where the MYBL2, MuvB, and FOXM1
components serve different roles. MuvB functions as the specifier/anchor of the complex by
binding to the CHRs at G2/M promoters. MYBL2 serves as the timer for the MMB-FOXM1
complex with its accumulation in S phase allowing for MMB complex formation at G2/M
promoters and then prevents continued MMB complex formation with CDK-dependent
degradation after the G2/M transcriptional program is expressed. FOXM1 serves as the
amplifying step with its recruitment to the complex and phosphorylation by cyclin A/B/CDK1
complexes triggering positives feedback loops that result in MMB-FOXM1 activation and G2/M
gene expression.
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The G1/S and G2/M waves of cell cycle gene expression are interconnected waves of
transcription initiated by passing through the restriction point

The identification of cyclin F mediated MYBL2 degradation fills in a key missing piece in
the puzzle of connections between the G1/S and G2/M waves of cell cycle gene expression.
Cyclin F, expressed in the G2/M wave of gene expression, degrades key transcription factors
for both G1/S and G2/M gene expression, E2F1-3a and MYBL2 respectively, expressed as part
of the G1/S wave of gene expression (Clijsters et al., 2019; Fischer et al., 2016). Additionally,
one of the binding partners of E2F transcription factors, DP1, as well as multiple MuvB
components, LIN54, LIN52 and RBBP4, are G1/S genes while FOXM1 and the MuvB
component, LIN9, are G2/M genes (Fischer et al., 2016). Thus, the components for G1/S gene
expression are amplified in a positive feedback loop in G1 while components MuvB and MYBL2,
necessary for initiating G2/M gene expression are expressed, creating a bridge from the G1/S
wave to the G2/M wave. The inclusion of LIN52 in the G1/S wave is interesting as it is an
essential component of the DREAM complex and phosphorylation of S28 on LIN52, a key factor
for DREAM formation, promotes LIN52 protein turnover (Iness et al., 2019; Litovchick et al.,
2011). This suggests a mechanism of LIN52 being replaced ahead of MMB-FOXM1 complex
formation by G1/S gene expression as phosphorylated LIN52 remaining from the DREAM
complex is degraded by a phospho-degron centered on S28 to enforce DREAM complex
disassembly. A similar mechanism could exist for LIN54, the DNA binding protein of MuvB, as
part of DREAM disassembly. In the G2/M program, there is another positive feedback with
FOXM1 and LIN9 in the G2/M wave gene expression. The presence of LIN9 in the G2/M wave
stands out as LIN9 functions as a scaffolding protein in the MMB-FOXM1 complex interacting
with both MYBL2 and FOXM1 (Guiley et al., 2018; Wiseman et al., 2015). Little is known about

the regulation of LIN9 so the significance of LIN9 being expressed in the G2/M wave of gene
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expression is unclear. Finally, the expression of cyclin F in the G2/M wave of gene expression
results in the termination of both waves of cell cycle gene expression.

This interconnectivity between the G1/S and G2/M waves of cell cycle gene expression
underscores the concept of the G1/S checkpoint or restriction point first described by Arthur
Pardee back in 1970s. Pardee showed that DNA synthesis could be blocked in cells emerging
from quiescence if a deficiency or inhibitory agent in the media could pause cell division before
a certain point in G1. Once the cell had passed that restriction point however the cell was
committed to DNA synthesis (Pardee, 1974). While the molecular definition of the restriction
point has evolved with new discoveries, activation of G1/S genes by the E2F transcription
factors is a key step in the cell progressing past this restriction point (Bertoli et al., 2013; Cappell
et al., 2018; Yao et al., 2008). Consequently, the interconnectivity between the G1/S and G2/M
waves of cell cycle gene expression means that passing through the restriction point will result
in the reading of the entire cell cycle transcriptional program.

There are secondary mechanisms to turn off or down regulate cell cycle gene
expression in the absence of cyclin F. Given the instability of cyclin F, these alternative
pathways may serve to modulate cell cycle gene expression when MMB-FOXM1 activity is low.
For the activating E2Fs, phosphorylation of E2F1 by cyclin A/ICDK2 inhibits the ability of
E2F1/DP1 dimers to bind (Xu et al., 1994). The inhibition of E2F1 by cyclin A/CDK2 may also
serve to limit E2F1 activity in late S phase prior to activation of the MMB-FOXM1 complex. E2F
activity would reduce while preserving E2F1 level so, if DNA damage occurred or DNA
replication was interrupted causing CDK activity to decrease, CDK phosphorylation can be
removed by phosphatases and active E2F complexes can reform. As an alternative for MYBL2
degradation, FOXM1 degradation is part of the cell cycle reset driven by the APC/C (Laoukili et
al., 2008a; Park et al., 2008) to allow the establishment of G1. APC/C-mediated degradation of

E2F transcription factors has also be reported (Budhavarapu et al., 2012; Peart et al., 2010)
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suggesting that APC/C may also limit E2F levels in its efforts to reset the cell cycle as the cell

exits mitosis.

G2/M gene expression is part of the Intra-S ATR-CHK1 checkpoint that is critical for
CHKZ1 inhibitors mechanism of action

The ATR-CHK1 pathway enforces a checkpoint in S phase to time the activation of the
S/G2 transition with DNA replication. In an unperturbed cell cycle, this checkpoint functions to
ensure completion of DNA replication of the genome prior to proceeding onto cytokinesis and, in
the presence of DNA damage, the checkpoint arrests cell cycle progression and mobilizes the
DNA damage response to resolve the offending DNA damage (Ciardo et al., 2019; Kotsantis et
al., 2018; Sancar et al., 2004). Traditionally, the arrest of cell cycle progression by this
checkpoint had focused on limiting the writing of the mitotic cellular state by restricting CDK1
activity through CHK1-dependent upregulation of WEEL kinase activity and downregulation of
CDC25 phosphatase activity (Ciardo et al., 2019; Furnari et al., 1997; Kotsantis et al., 2018;
O'Connell et al., 1997). Consequently, the intra S checkpoint was typically investigated as a
post-translational event. However, recent work identified a transcriptional component of the
intra-S checkpoint by showing the ATR-CHK1 pathway to limit FOXM1-dependent G2/M gene
expression, delaying mitotic entry (Saldivar et al., 2018). Thus, the intra-S checkpoint prevents
the reading of the mitotic cellular program from the genome in addition to preventing the writing
of the program by cyclin/CDK1 complexes.

Work in this dissertation builds upon the observation of a transcriptional component to
the intra-S checkpoint by demonstrating how the ATR-CHK1-dependent restriction of G2/M
gene expression during S phase is necessary for the ATR-CHK1 pathway to manage replication
stress. ATR and CHKZ1 inhibitors are currently being considered for clinical use and the
mechanism of action for these inhibitors has largely focused on the regulation of DNA

replication and replication fork stability by the ATR-CHK1 pathway (Petermann et al., 2010; Qiu
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et al., 2018; Syljudsen et al., 2005). However, upregulation of origin firing and DNA replication
during S phase did not correlate with the induction of replication stress and was still induced in
CHKl1i-resistant LIN54 KO and FOXM1 KO cells. Instead, the induction of premature mitosis in
late S phase by CHK1 or ATR inhibition correlated with the induction of replication stress.
Mechanistic experiments with LIN54 KO and FOXM1 KO cells as well as CDK1 inhibitors
revealed that CHK1i-induced premature mitosis was necessary for replication stress and was
being driven by the MMB-FOXM1-CDK1 feedback loop . An important feature of this feedback
loop is that it links transcription of the mitotic cellular program with cyclin/CDK1 activity during
the S/G2 transition, indicating that the cell coordinates the writing and reading of the mitotic
cellular program through the intra-S checkpoint.

The requirement of MMB-FOXM1-driven premature mitosis for CHK1i sensitivity
indicates that the rate limiting step for cell death following CHK1 inhibition lies within mitosis
rather than DNA replication contrary to the current mechanism proposed for CHK1 inhibitors
(Qiu et al., 2018). Sufficient CDK1 activity to induce premature mitosis was required to induce
replication stress and apoptosis indicating that dysregulation of the mitotic cell program is
necessary for cell death. DNA replication however was still upregulated at these levels of CDK1
activity, similar to the LIN54 KO and FOXM1 KO cells, highlighting that increased DNA
replication after CHK1 inhibition was not sufficient to trigger cell death. Similarly, a concurrent
study with CHKZ1i in ovarian cells showed that ovarian cancer cells with acquired resistance to
CHK1i and parental cells had similar replication stability while the CHK1i-resistant cells had a
lower cyclin B1 expression and a G2/M delay (Nair et al., 2020). These observations are in line
with our model for CHK1i sensitivity in which dysregulation of the S/G2/M transition caused by
MMB-FOXM1-CDK1-driven premature mitosis, rather than increased origin firing, triggers

CHK1i-induced replication catastrophe.
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Unifying DNA replication and mitotic catastrophe under cell cycle dysregulation

By studying CHK1i-induced DNA replication and mitotic catastrophe in parallel,
premature APC/C activity was identified as a shared mechanistic step between DNA replication
and mitotic catastrophe. While previous work on replication catastrophe has largely focused on
dysregulation of the DNA replication machinery (Toledo et al., 2017; Toledo et al., 2013), the
requirement of MMB-FOXM1 activity for the loss of replication factors, impaired DNA synthesis,
and DNA replication catastrophe after CHK1 inhibition indicates a role for the mitotic cellular
program in triggering DNA replication catastrophe. CHK1li-induced premature APC/C activation,
due to loss of FBXO5 and impaired AURKB activity, leads to the degradation of G2/M regulators
and DNA origin licensing factors. The loss of DNA origin firing factors leads to decreased
chromatin-bound MCM complexes in cells with impaired DNA replication suggesting that, with
each round of cell division in the presence of CHKLi, cells become less and less competent to
replicate their genomes. Dormant origins are necessary for DNA replication under stressed
conditions (Ge et al., 2007) and deregulation of origin licensing by FBXO5 depletion impairs
DNA replication leading to the accumulation of sSDNA intermediates and replication stress
during S phase (Neelsen et al., 2013) suggesting that origin exhaustion due to premature
APC/C activity can trigger irreparable DNA damage during DNA replication similar to RPA
exhaustion. For mitotic catastrophe, premature induction of the APC/C by CHK1i reduces the
time that cells have to complete DNA replication, condense chromatin, and complete genome
segregation before the cell is reset to G1 by the APC/C. This would result in an increasing
number of cells undergoing failed genome segregation with a large amount of incomplete DNA
replication structures, which is mitotic catastrophe.

Thus, DNA replication and mitotic catastrophe are fundamentally the same phenomena
happening at different points in the cell cycle and consisting of two components: (i)
accumulation of a DNA damage signal that can trigger cell death and (ii) altered APC/C activity
that prevents cell cycle progression. The DNA damage signal could come from DSBs, ssDNA
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replication intermediates, or mis-segregated chromosomes while the APC/C dysregulation locks
the cell in a state where it cannot resolve these DNA damage signals allowing them to
accumulate and cause cell death. If the APC/C dysregulation occurs in the presence of active
DNA replication, it can present as DNA replication catastrophe, but if APC/C dysregulation
occurs after completion of or in the absence of DNA replication, it will present as mitotic
catastrophe due to the activation of the mitotic program.

This model can be extended to other DNA replication stress agents such as hydroxyurea
and WEEL inhibitors. Hydroxyurea alone and in combination with ATR inhibition triggers
replication catastrophe (Toledo et al., 2013). Hydroxyurea inhibits ribonucleotide reductase,
depleting the nucleotide pools necessary for DNA replication and resulting in the accumulation
of stalled replication forks (Davis and Elledge, 1990; Sogo et al., 2002), generating a DNA
damage signal. Studies of these conserved pathways in yeast provide clues as to how
hydroxyurea treatment also creates APC/C dysfunction. In S. pombe, Flp1, the homologue of
CDC14, is required for the replication stress response to hydroxyurea (Diaz-Cuervo and Bueno,
2008). ssDNA was identified as an activating ligand for CDC14 in studies of purified CDC14
from S. cerevisiae (Taylor et al., 1997) supporting the idea that CDC14 is activated by the
ssDNA generated during hydroxyurea treatment. In humans, where there are three CDC14
homologues, CDC14B dephosphorylates FZR1 in G2 to activate the APC/C in response to DNA
damage, leading to PLK1 degradation and cell cycle arrest to allow for repair of the DNA
damage (Bassermann et al., 2008). Further, phosphorylation of CDC14 in yeast by CDCS5, the
homologue of PLK1, promotes CDC14 release from nucleoli facilitating its activation (Visintin et
al., 2003). Thus, hydroxyurea could potentially trigger APC/C activity in S phase by ssDNA-
dependent activation of CDC14. ATR/CHK1 would accelerate APC/C activation in this model by
facilitating the release of CDC14 from nucleoli by upregulating CDC14 release from nuclei.
While the LIN54 and FOXM1 KO cells were resistant to ATR/CHKL1 inhibition, they retained
sensitivity to WEEZ1 inhibition indicating that WEEL inhibition can cause cell death through
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activities other than restricting CDK1 activity. In addition to CDK1 and CDK2, WEE1 has been
implicated as a negative regulator of APC/C activity through tyrosine phosphorylation of the
complex (Vassilopoulos et al., 2015). Thus, WEEL inhibitors may cause cell death in LIN54 and
FOXML1 KOs by directing derepressing APC/C activity and upregulating DNA replication through
increased CDK2 activity. Investigating whether these other replication stress agents activate the
APC/C or another form of cell cycle dysregulation to cause replication catastrophe will provide

insights that can potentially guide the use of this compound in the clinic.

Conclusion

In conclusion, this dissertation advances our understanding of how the MMB-FOXM1
complex promotes G2/M expression by identifying SCF%¢" F-mediated degradation of MYBL2
as the “off” switch for G2/M gene expression that functions as part of a negative feedback loop
to limit cyclin B/CDK1 activity. Additionally, this dissertation provides mechanistic insights into
how CHKZ1 inhibition induces DNA replication catastrophe and mitotic catastrophe and the
central role the MMB-FOXM1-CDK1 feedback loop plays in CHK1 inhibitor sensitivity. We
demonstrate that CHK1i derepresses an MMB-FOXM1-CDK1 feedback loop to prematurely
induce the mitotic cellular identity and that this premature mitosis in S phase is necessary for
replication catastrophe and cell death. We provide evidence that CHK1i-induced DNA
replication and mitotic catastrophe are linked by premature activation of the APC/C, which is
triggered by MMB-FOXM1-dependent loss of FBXO5 and impaired Aurora B activity in mitosis.
Our findings provide critical insights into the mechanism of action for CHK1 inhibitors, which are
currently being developed for clinical use, while demonstrating the central role that the MMB-
FOXM1 complex plays in transitioning between the two fundamental tasks of the cell division

cycle, genome duplication and cellular division.
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