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A fundamental hallmark of cancer is the cell’s ability to sustain proliferative signaling 

thereby deregulating the cell cycle. Uncovering the molecular changes that inappropriately drive 

proliferation has allowed researchers to specifically target cancer cell vulnerabilities related to 

cell cycle control. An important class of proteins that contribute to this control are the cyclins 

and cyclin-dependent kinases (CDKs). Cancer cell mutations that lead to aberrant activation of 

cyclin-CDKs are common in many cancers including oral, head, and neck squamous cell 

carcinomas (OHNSCCs). As the sixth most common cancer worldwide, OHNSCC represents a 
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key opportunity for researchers to study the application of targeted inhibitors to cell cycle 

control. In my dissertation, I explore the diverse roles that cyclin-CDKs play not only in driving 

cancer cell proliferation, but also in how they might contribute to therapeutic resistance of 

targeted inhibitors. Specifically, we employed a genome-wide CRISPR-Cas9 screen to reveal 

mediators of replication stress failure in cells with constitutively active CDK2 complexes. Data 

from this screen implicated CDK2 in activating apoptotic signaling. However, rather than 

contributing to apoptosis, CDK2 may instead activate non-canonical functions of apoptotic 

signaling molecules to initiate senescence. While our screen level data strongly suggested the 

involvement of apoptotic signaling in constitutively active CDK2 cells experiencing replication 

stress, validation of individual hits were unable to confirm this finding. We also investigated the 

role of cyclin E in conferring CDK4/6 inhibitor resistance in OHNSCC. Our data show that 

contrary to the established view that high cyclin E activity serves as a bypass mechanism to this 

class of drug, it is actually insufficient on its own phosphorylate pRb in lieu of CDK4/6 activity. 

Finally, we applied a chemical genetic approach refined in our lab to conduct a proteomic screen 

for the discovery of novel CDK6 substrates. With this technique, we found a host of novel 

candidate CDK substrates and validated one of these candidates, CDC45, in-vitro. Together, 

these studies have expanded our knowledge of cyclin-CDK biology while also providing an 

essential clarification in how these complexes contribute to therapeutic resistance. These insights 

will serve as the basis for future investigations on cell cycle deregulation and the appropriate 

application of targeted therapies.   
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Chapter 1. Introduction 

1.1 Cell Cycle Overview 

The eukaryotic cell cycle is a series of highly coordinated molecular events that ensures 

the production of two genetically identical daughter cells from a single mother cell (Figure 1.1)1,2. 

The cell cycle is composed of two discrete stages: interphase and M phase (mitosis). Within 

interphase there are three further subdivisions: G1 (Gap 1), S (DNA Synthesis), and G2 (Gap 2). 

In G1, the cell grows in size while producing the necessary proteins required for DNA synthesis. 

In the subsequent S phase, cellular DNA is accurately replicated to ensure identical copies for both 

daughter cells. Finally, in G2, the newly replicated DNA is checked for damage, repaired as 

needed, and the cell continues to grow prior to entry into M phase. Once the cell enters M phase, 

chromosomes are tightly condensed, aligned, and segregated to opposite ends of the cell which is 

followed by cytokinesis, the separation of two identical daughter cells thus marking the end of the 

cell cycle. 

1.2 Cyclins, Cyclin-Dependent Kinases, and Cell Cycle Checkpoints 

Between each of the cell cycle phases exists a checkpoint (also referred to as a restriction 

point) to guard against aberrant cell cycle progression3–5. The primary mediators of the cell cycle 

are a family of proteins known as the cyclins and cyclin-dependent kinases (CDKs), and they act 

on or in between these checkpoints to coordinate cell cycle kinetics6–8.  

1.2.1 Cyclins and CDKs 

There are four primary types of cyclins (A, B, D, & E), and their expression is modulated 

throughout the cycle6–8. Transcription of the D-type cyclins begins in G1, followed by the 

expression of cyclin E in late G1 and through the G1/S transition. As cells progress through S-

phase and into G2, cyclin A becomes the predominant cyclin followed by cyclin B once cells 
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transition to mitosis. Each cyclin exerts its effect by binding to its respective CDK to form an 

active complex which can then phosphorylate its specific substrates. In general, expression of the 

different CDKs is kept constant throughout the cell cycle while cyclin levels fluctuate through 

transcriptional activation and targeted degradation at the points specified above. These are the 

canonical cyclin-CDK complexes: cyclin D-CDK4, cyclin D-CDK6, cyclin E-CDK2, cyclin A-

CDK2, cyclin A-CDK1, and cyclin B-CDK18. 

Several layers of regulation act upon cyclin-CDK complexes to ensure they are activated 

and inactivated at the appropriate times. For example, for full activation of CDK1 and/or CDK2, 

the CDK-activating complex (CAK) must phosphorylate the CDK on a threonine residue, T160, 

found in the surface activation loop6–9. Furthermore, inhibitory phosphorylations on T14 and Y15 

by the Wee1 and Myt1 kinases, respectively, must be removed by the Cdc25 phosphatase10. It is 

in this state when A) the CDK is in complex with its cyclin, B) the CDK is phosphorylated on 

T160, and C) inhibitory phosphorylations on T14 and Y15 are removed that the cyclin-CDK 

complex is active and may target its own substrates for phosphorylation.  

Another layer of regulation is found within the family of CDK inhibitors (CKIs) known as 

the INK4 and CIP/KIP family of proteins7,11,12. The INK4 family consists of the proteins p15INK4a, 

p16 INK4b, p18 INK4c, and p19 INK4d whose roles are to specifically inhibit CDKs 4 and 6 in the event 

that a G1 arrest is initiated13. The CIP/KIP family consists of the proteins p21cip1/waf1, p27kip1, and 

p57kip2 which are capable of inhibiting a wider array of CDKs including CDK1 and CDK214,15. 

Interestingly the CIP/KIP proteins have also been shown to stabilize and activate cyclin D-CDK4/6 

complexes during G1. The expression of these inhibitors is typically induced when the cell cycle 

must be arrested in the event of, for example, excessive DNA damage requiring repair. Specific 

inhibitors and their actions on cyclin-CDK complexes will be discussed in further detail below. 



 3 

1.2.2 G1/S checkpoint 

The classical model for the G1/S transition first reported in 1974 defines a restriction point 

in late G1 where the cell is irreversibly committed to enter and complete S phase, even upon 

discontinuation of mitogen stimulation3. This restriction point relies on the assumption that all 

cells entering G1 have unphosphorylated pRb through the action of protein phosphatase 1 (PP1) 

in the previous round of mitosis4,16. As cells approach the G1/S transition, CDKs 4 and 6 partner 

with one of three D-type cyclins, cyclin D1-3, to form an active complex whose primary role is to 

phosphorylate pRb. This initial pRb phosphorylation releases the E2F transcription factor resulting 

in the transcription of S-phase promoting genes such as CCNE1/2 (Figure 1.2). The subsequent 

increase in cyclins E1 and E2 promotes the formation of active cyclin E-CDK2 complexes, which 

go on to further phosphorylate pRb pushing the cell into S-phase. This positive feedback loop 

results in the hyperphosphorylation and complete inactivation of pRb thereby allowing the E2F 

family of transcription factors to express their full array of S-phase promoting genes. If, for 

example, CDKs 4 and 6 are inhibited pharmacologically or by the native INK4 family of CDK 

inhibitors, cells will typically fail to reach the restriction point and exit the cell cycle into a state 

of quiescence or senescence. Technological advances since the 1970s have allowed researchers to 

elaborate on the classical G1/S restriction point resulting in many proposed updates to this 

model17–21. These updates include new three new “commitment points” that can extend as far back 

as mother cell mitosis and impact daughter cell G1/S transition (Figure 1.3).  

1.2.3 Intra-S checkpoints 

To ensure accurate DNA replication, cells may activate checkpoints during S-phase in 

order to prevent excessive damage formation22. DNA damage can occur from both intrinsic and 

extrinsic sources such as reactive oxygen species or UV radiation. Depending on the type of lesion 
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and extent of damage, cells initiate specific repair pathways including base excision repair (BER), 

nucleotide excision repair (NER), and mismatch repair for single-strand defects and non-

homologous end joining (NHEJ) or homologous recombination (HR) for double-strand breaks23,24. 

There are two primary S-phase kinases responsible for initiating intra-S checkpoints and 

coordinating DNA damage response (DDR): ataxia telangiectasia mutated (ATM) and 

ATM/Rad3-related protein (ATR). ATM is typically activated in response to double-strand breaks 

while ATR is activated in response to a more diverse set of DNA lesions often resulting in 

replication protein A (RPA) coated single-stranded DNA. When either of these kinases are 

activated, they subsequently phosphorylate and activate the two effector kinases, Chk1 and Chk2. 

These two proteins have many overlapping roles in mammalian cells, however, Chk1 activation is 

primarily mediated by ATR and Chk2 activation is primarily mediated by ATM22–24. Upon 

activation, Chk1 and Chk2 target multiple substrates for phosphorylation such as Cdc25, p53, 

Rad51, among others to inhibit cell cycle progression and promote DDR. Cdc25 is a phosphatase 

responsible for maintaining CDK1/2 activity during S-phase by removing inhibitory 

phosphorylations on those kinases10. Chk1 phosphorylation of Cdc25 targets the protein for 

ubiquitin-mediated degradation thereby resulting in the accumulation of inhibitory 

phosphorylations on CDK1/2. Once the cell is arrested through the action of Chk1 and/or Chk2, 

the cell either repairs DNA damage and completes S-phase or initiates apoptosis in cases of 

excessive damage thus preventing the propagation of faulty DNA to future generations. 

1.2.4 S/G2 checkpoint 

Recently, an S/G2 checkpoint was described implicating ATR in regulating entry into G2 

from S phase, distinct from its role as an intra-S phase checkpoint kinase25. By measuring ATR 

activity and pFOXM1 levels throughout S-phase and into G2, Saldivar et al. demonstrate a distinct 
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and causative relationship between the two. When ATR activity naturally dropped at the end of S-

phase, this resulted in a switch-like phosphorylation of FOXM1 by CDK1 suggestive of a 

regulatory checkpoint that defines the transition from S to G2. ATR inhibition (ATRi) of S-phase 

cells demonstrated increasing levels of phospho-FOXM1 and experienced accelerated mitotic 

entry while ATR inhibition during G2 did not affect the rate of mitotic entry. Furthermore, ATRi 

cells experienced under-replicated DNA along with increased DNA damage. Thus, the activity of 

ATR was shown to protect cells from premature entry into G2 and M from S-phase. 

1.2.5 G2/M checkpoint 

The G2/M checkpoint represents a critically important step that ensures DNA damage is 

sufficiently repaired prior to mitosis, and this step relies heavily on cyclin B-CDK1 activity26,27. 

Throughout G2, cyclin B slowly accumulates and forms a complex with CDK1. These cyclin B-

CDK1 complexes are actively exported from the nucleus until the cell is ready to transition into M 

phase. Cyclin B-CDK1 is also rendered inactive by inhibitory phosphorylations at Y15 and T14 

by the Wee1 and Myt1 kinases, respectively. To surpass the G2/M checkpoint, cyclin B-CDK1 

must be localized to the nucleus, dephosphorylated at Y15 and T14 by the Cdc25 phosphatase, and 

activated by phosphorylation at T161 by the CDK-activating kinase (CAK). Once active in the 

nucleus, cyclin B-CDK1, also referred to as the mitosis-promoting factor (MPF), may 

phosphorylate its substrates to promote progression through mitosis. If, however, DNA damage is 

detected during G2, the cell cycle is momentarily delayed while DNA damage response (DDR) 

pathways are activated. One way in which this is accomplished is through the activation of the 

DNA damage sensing kinases ATM and ATR, as discussed previously. However, if DNA damage 

is extensive, cells will initiate apoptosis to prevent the propagation of faulty DNA to subsequent 

daughter cells. 
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1.3 Cell Cycle Deregulation in Cancer 

One of the fundamental hallmarks of cancer is the capacity for unrestrained cell 

proliferation28. Therefore, many of the most frequently mutated genes are related to cell cycle 

regulation. For example, the gene encoding the tumor suppressor p53 (TP53), which has a wide 

array of effects on cell cycle modulation, is the most commonly mutated gene across all 

cancers29,30. p53 is responsible for many regulatory effects including cell cycle arrest at the G1/S 

transition upon DNA damage detection, activation of DNA damage repair pathways, reinitiation 

of the cell cycle upon successful DNA repair, activation of apoptosis in cases of irreparable DNA 

damage, among many others. Therefore, inactivating mutations in TP53 impair a cell’s ability to 

control proliferative rate, and this becomes particularly problematic as cells accumulate other 

mutations and DNA lesions that go unchecked.  

Cyclins and CDKs are the primary mediators of several cell cycle checkpoints, and 

common mutations in genes like PIK3CA, BRCA, or KRAS contribute to oncogenic signaling in 

part by converging on cyclin/CDK activation29. In addition to upstream mutations, copy number 

changes like CDK4 and/or CDK6 amplifications that inappropriately drive the G1/S transition have 

been observed in glioblastomas and in squamous cell carcinomas of the lung and esophagus31. 

Overexpression of CDK1 and/or CDK2 which can drive all aspects of the cell cycle has been 

reported in some colon adenocarcinomas, lymphomas, and advanced melanomas31. In addition to 

CDKs, amplifications in CCND and CCNE have been observed in OHNSCC, breast cancers, colon 

cancers, AML, and other cancers thus highlighting the critical need to understand how these 

molecules could be targeted in treatments. Of course, the natural CKIs are also often mutated or 

deleted in cancer, thus adding to the complexity of cell cycle deregulation. Deletion of CDKN2A 

(p16) can be seen in up to 50% of gliomas and 40-60% of OHNSCC and pancreatic cancers13. 
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Consequently, deletions to CDKN2B (p15) which is closely located to CDKN2A, and changes to 

CDKN2D (p19) which shares the CDKN2A locus following an alternative reading frame are often 

co-observed in instances of CDKN2A deletion32. In addition, low p27 expression has been 

associated with poor prognosis in some cancers such as renal cell carcinoma and astrocytoma33,34. 

All in all, the cell cycle deregulation represents a fundamental aspect of cancer cell biology and 

targeting specific components for the treatment of specific cancer types remains an active and 

fruitful area of scientific research. 

1.4 Oral, Head, and Neck Squamous Cell Carcinoma 

As the sixth most common cancer worldwide (890,000 new cases and 450,000 deaths in 

2018), OHNSCC represents a growing and significant public health concern35. Incidence of this 

disease continues to rise globally and is projected to surpass one million new cases annually by 

the year 203036. In the US, over 54,000 new cases of oral cancer will be diagnosed each year, and 

approximately 10% of cases will be fatal37. The overall 5-year survival rate is 65% but can range 

as high as 84% if diagnosed early or as low as 39% if the cancer has metastasized to a distant site 

within the body. 

OHNSCC typically arises in the mucosal epithelia that line the oral cavity, pharynx, or 

larynx and is broadly grouped into two major categories: human papilloma virus (HPV)-positive 

or HPV-negative. HPV-positive OHNSCC is primarily caused by high-risk strains such as HPV-

16 and HPV-18 whose oncoproteins E6 and E7 deregulate the cell cycle by abrogating the host 

tumor suppressors p53 and pRb, respectively. HPV-negative OHNSCC is most commonly caused 

by exposure to tobacco products, alcohol, and other carcinogenic substances which place a high 

mutational burden on the epithelial cells lining the mucosa. Men are generally two to four times 

more likely to develop OHNSCC, which largely reflects differences in sex-specific modifiable risk 
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behaviors. Cultural differences at the population level help explain a striking difference in etiology 

for the rising incidence of OHNSCC by geographical region. For example, the prevalence of areca 

nut chewing products in Southeast Asia and India likely explains the high incidence of HPV-

negative OHNSCC in those regions, while increasing rates of HPV infection explain the higher 

incidence of HPV-positive OHNSCC in places like the USA and Western Europe. The general use 

of tobacco products and alcohol consumption are global contributors to OHNSCC incidence36.  

1.4.1 Genomic landscape of OHNSCC and disease progression 

Some of the most common genomic changes in HPV-negative OHNSCC are in cell cycle 

genes such as TP53, CDKN2A, FAT1, NOTCH1, and CCND1, among others38–41.  Up to 84% of 

HPV-negative OHNSCCs harbor a mutation in TP53 making it the most commonly mutated gene 

and often one of the earliest driving mutations for this disease. Other early and common genomic 

alterations such as homozygous loss of CDKN2A and amplification of CCND1 work together to 

deregulate the G1/S transition of the cell cycle. 

In OHNSCC, progression of disease from hyperplasia to dysplasia to invasive carcinoma 

is centered around key genetic events. Progression from normal mucosa to hyperplasia typically 

occurs with loss of the chromosomal region 9p21 which includes the tumor suppressor genes 

CDKN2A and ARF36. Progression from hyperplasia to dysplasia is typically marked by the loss of 

3p21 and 17p13 which includes the site for TP53. And finally, progression to carcinoma in situ 

and invasive carcinoma relies on the loss of additional regions such as 11q13 and 10q23 while 

frequently being driven by amplifications to genes such as CCND1 and EGFR. While the 

prevalence of these events has been gleaned from genomic and histologic data out of The Cancer 

Genome Atlas (TCGA), disease progression need not always rely on the specific sequence outline 

above. Mutations, amplifications, and deletions may indeed progress differently based on unique 
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factors from individual to individual. The prevalence, however, of CDKN2A mutation/loss (up to 

45% of cases) and CCND1 amplification (up to 30% of cases) point to the critical role of G1/S 

deregulation for the development of HPV-negative OHNSCC38–40. 

1.4.2 Standard treatments, targeted therapies, and clinical trials for OHNSCC 

Surgery remains the primary method of treatment for OHNSCC as techniques have 

improved considerably in recent decades42. For advanced-stage cancers, microvascular 

reconstruction following tumor resection has become the standard treatment modality allowing for 

more favorable outcomes. However, radiotherapy and cytotoxic chemotherapy are often required 

prior to surgical intervention, especially in cases of advanced disease. Recent advancements in 

radiation oncology have led to the development of intensity-modulated radiotherapy, adaptive 

radiotherapy, and proton beam therapy which have all served to improve disease prognosis and 

reduce treatment-related morbidities43. Induction chemotherapy often precedes radiotherapy and 

includes some combination of the cytotoxic drugs docetaxel, cisplatin, and/or 5-fluorouracil. It has 

been argued that the application of these drugs may serve as radiosensitizers prior to surgery, but 

opposing studies have challenged this notion as cytotoxic treatment regimens have been shown to 

provide modest benefit to overall survival rates while significantly increasing acute toxicities44,45. 

This has led many scientists and oncologists to consider immunotherapies and targeted therapies 

as the next generation of systemic treatment. 

Epidermal growth factor receptor (EGFR) inhibitors like cetuximab and anti-programmed 

cell death protein (PD)-1 agents like pembrolizumab have shown enough promise to garner FDA 

approval for the treatment of certain OHNSCCs as recently as 2006 and 2016, respectively. 

Clinical trials to determine the most effective combination of these drugs with existing treatments 

have been underway since the mid 2000s and 2010s46,47. As with many immunotherapies and 
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targeted therapies, however, resistance to these drugs has emerged as a serious problem48,49. A 

more recent addition to the list of targeted therapy candidates for OHNSCC includes the CDK4/6 

inhibitor, palbociclib (PD-0332991 or PD). Palbociclib was first approved by the FDA in 2015 in 

combination with letrozole for the treatment of ER+ advanced breast cancer. It’s primary 

mechanism of action is to inhibit CDK4 and CDK6 thus preventing phosphorylation of the tumor 

suppressor, pRb, during G1 of the cell cycle (Figure 1.4A). As a result, these cells are unable to 

pass the restriction point to enter S phase and instead exit the cell cycle into a state of quiescence 

or senescence50. Cancers with genomic changes that deregulate the G1/S transition (e.g., 

CCND1/2/3 amplification or CDKN2A loss) are the primary candidates for treatment with this 

class of drug. To date, one phase I and two phase II clinical trials have been completed using 

palbociclib for the treatment of OHNSCC, and six additional trials are currently active or recruiting 

(ClinicalTrials.gov). Related CDK4/6 inhibitors such as abemaciclib and ribociclib are also being 

studied in over eight phase I and II clinical trials, but the focus of this project will remain on the 

more prevalent inhibitor, palbociclib. While many pre-clinical and clinical data have supported the 

use of palbociclib in the treatment of HPV-negative OHNSCC, innate and acquired resistance is 

emerging as a serious and growing obstacle for the widespread application of this drug51–55.  

The first phase I clinical trial of palbociclib for the treatment of OHNSCC was published 

in 201656. The drug was combined with cetuximab to treat recurrent and/or metastatic OHNSCC 

and included patients with cetuximab- or platinum-resistant disease. For all nine patients involved 

in the study, none experienced dose limiting toxicity and a maximum tolerated dose of palbociclib 

was not reached. Two patients experienced partial response, six had stable disease, and only one 

had progressive disease. Thus, the combination with cetuximab was deemed safe and a 

recommended dose of palbociclib for a phase II clinical trial was made (125mg/day for days 1-21 



 11 

of each 28-day cycle). Following this study, several phase II clinical trials including palbociclib 

were initiated, but they have produced mixed results thus far. In one study, the combination of 

palbociclib and cetuximab against cetuximab- or platinum-resistant OHNSCC showed favorable 

outcomes with limited adverse events57. In another study, however, the combination of palbociclib 

with carboplatin for the treatment of unresectable recurrent or metastatic OHNSCC was associated 

with significant treatment related toxicity and insufficient anti-tumor activity58. In yet another 

study, the combination of palbociclib and cetuximab did not meet the prespecified statistical 

threshold to outperform the combination of placebo and cetuximab in platinum-resistant tumors59. 

These data indicated that further study of the combination of palbociclib and cetuximab for patients 

with platinum-resistant disease was unwarranted. Conclusions from these phase II trials must be 

evaluated carefully as the participants typically entered the studies with some degree of advanced 

disease. Nonetheless, these studies highlight the issue of innate or acquired palbociclib resistance, 

a phenomenon readily observed in a growing number of breast cancer cases, and the lack of solid 

data to predict when or how resistance may occur. 

1.4.3 CDK4/6 inhibitor resistance 

Several mechanisms of palbociclib resistance have been described for different cancers, 

but they most commonly include RB1 downregulation or loss, CDK4/6 amplification, and CCNE1 

upregulation or amplification51,52,55,60. There is strong preclinical and clinical evidence to support 

the idea that pRb loss indeed renders cancer cells resistant to CDK4/6 inhibition, especially in the 

context of HPV-positive OHNSCC61,62. The ultimate effect of palbociclib – to reduce pRb 

phosphorylation and force cells into G0 – is offset by the HPV-E7 oncoprotein as it abrogates host 

pRb. Consequently, neither HPV-positive cells in vitro nor patients with HPV-positive OHNSCC 

are responsive to the drug. CDK4/6 amplifications have also been described as a common pathway 
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to resistance in various cancers63,64. As the specific target of palbociclib, overexpressed CDK4 and 

CDK6 in amplified tumors may simply outcompete circulating drug and promote cell cycle 

progression even in its presence. There is also some discussion with respect to the kinase 

independent activities of CDK6 and the role its overexpression may play in conferring resistance, 

but the findings are inconclusive at this time60.   

The theoretical rationale for cyclin E mediated palbociclib resistance is strong, but pre-

clinical evidence to support this idea is mixed51,55,65–68. According to the classical model of the 

G1/S restriction point, cyclin E-CDK2 complexes are responsible for pRb hyperphosphorylation 

during late G1. Therefore, in the presence of palbociclib, increased cyclin E-CDK2 activity could 

in principle bypass the effects of CDK4/6 inhibition and phosphorylate pRb (Figure 1.4B). 

Furthermore, a recent study by Guiley et al. demonstrated that the primary mechanism through 

which cell cycle arrest is achieved by palbociclib is due to the downstream inhibition of cyclin E-

CDK2 complexes as a result of CIP/KIP inhibitor (i.e., p21 and p27) redistribution69. In short, 

palbociclib can only bind and inactivate monomeric CDK4, and to a lesser extent, dimeric cyclin 

D-CDK4 complexes. But the active trimeric complex which includes cyclin D, CDK4, and Y74-

phosphorylated p27 physically blocks the drug from interacting with the kinase. This binding was 

shown to be mutually exclusive as p27 showed no affinity for monomeric CDK4 saturated with 

palbociclib. As a result, when palbociclib is bound to and inhibiting CDK4, the CIP/KIP inhibitors 

that are no longer able to interact with the kinase are instead redistributed to cyclin E-CDK2 

complexes where their primary effect is inhibitory. It is important to note that these results were 

only reported for CDK4, and this effect has not yet been demonstrated for CDK6. The authors of 

this study argue that this redistribution and indirect inhibition of CDK2 is the true mediator of cell 

cycle arrest after palbociclib treatment. Whether the arrest is occurring due to direct CDK4/6 
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inhibition by palbociclib or due to indirect CDK2 inhibition by p21/p27, cyclin E hyperactivity 

could bypass these inhibitions and phosphorylate pRb to promote cell cycle progression. Indeed, 

multiple studies demonstrate some upregulation of cyclin E associated with palbociclib resistance, 

but these studies often fail to demonstrate cyclin E activity as the primary mediator 65,66,68. In other 

words, cyclin E abundance is often correlated with palbociclib resistance, but whether cyclin E is 

driving the phenotype or is simply the passenger of another genetic change has not been 

determined conclusively.  

In HPV-negative OHNSCC, CCNE1 amplification is relatively rare as compared to other 

mutations that may deregulate cyclin E activity. Specifically, the E3 ubiquitin ligase Fbw7, which 

is known to regulate the degradation of cyclin E among a host of other substrates, is mutated or 

lost (4q31.3 deletion) in up to 10% of OHNSCC cases70–73. Knowing that cyclin E activity would 

be deregulated in Fbw7 null OHNSCC, we hypothesize that FBXW7 loss predicts resistance to 

CDK4/6 inhibitors such as palbociclib (Figure 1.4C). 

1.5 Dissertation Overview 

Though the cell cycle has been a fertile area of research for decades, many questions remain 

unanswered and new questions have been raised as novel therapeutics have entered the market. 

The specific roles and responses of cyclins and CDKs to these new therapies inform much of the 

work found in this dissertation. Starting with Chapter 2, I use a genome-wide CRISPR-Cas9 

knockout screen to find candidate mediators of replication stress failure in constitutively active 

CDK2 colon cancer cells. In Chapter 3, I explore the role of cyclin E in mediating resistance to 

CDK4/6 inhibition in HPV-negative OHNSCC. CCNE1 amplification is frequently cited as a bona 

fide resistance mechanism to CDK4/6 inhibition, however my data challenge this paradigm by 

demonstrating the limited effects of cyclin E hyperactivity on palbociclib treated cells. 
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Furthermore, I hypothesize FBXW7 loss as a novel resistance mechanism to CDK4/6 inhibition, 

though similar to cyclin E activity, I demonstrate its limitation in conferring robust resistance to 

palbociclib. Finally in Chapter 4, I employ an analog sensitive CDK6 molecule for an in-situ 

proteomic screen to identify novel CDK substrates. Our screen reveals a pool of novel CDK 

substrate candidates, one of which I successfully validate in vitro, and lays the foundation for 

future in-vivo studies. Overall, the work outlined below expands our understanding of the diverse 

roles that cyclins and CDKs play in the context of human cancers and their treatments.  
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Figure 1.1 Cell cycle overview 
The cell cycle is a series of highly coordinated molecular events that eventually gives rise to two 
genetically identical daughter cells from one mother cells. Here, each phase of the cell cycle is 
shown with the relevant cyclin-CDK complexes and their inhibitors which can either drive or 
regulate the checkpoints between each phase (created with BioRender.com).  



 16 

 
 

Figure 1.2 Classical G1/S restriction point 
In the classical model of the G1/S restriction point, increasing cyclin D-CDK4/6 activity through 
G1 leads to the hypophosphorylation of pRb. This allows for the initial release of the E2F family 
of transcription factors and thus an increase in cyclin E transcription. Rising cyclin E levels and 
cyclin E-CDK2 activity leads to the hyperphosphorylation and full release of E2F. Once initiated, 
this positive feedback mechanism ensures full commitment to S-phase entry as the full array of S-
phase promoting genes are transcribed (created with BioRender.com).  
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Figure 1.3 Proposed updates to the G1/S transition 
The updated model for the G1/S transition identifies three commitment points rather than a single 
restriction point. Note that this model has not necessarily replaced the old paradigm (schematic 
was adapted with modifications from the 2020 review of the G1/S transition by Hume, Dianov, 
and Ramadan18. (A) 1st major departure from the classical model is that cells enter G1 phase with 
Rb already phosphorylated, and the job of cyclin D-CDK4/6 is to maintain phosphorylation 
through G1 while cyclin E/A-CDK2 takes over in S-phase. This pushes the first commitment point 
(CP1) back from daughter cell G1 to mother cell mitosis. If all is well during mother cell mitosis, 
PP1 activity is limited and Rb remains phosphorylated. Alternatively, if mitogens are absent and/or 
DNA damage is sensed during mother cell mitosis, pRb phosphorylation is prevented, and cells 
exit the cell cycle. (B) CP2 occurs in cells that are unable to pass CP1 and have therefore 
dephosphorylated Rb during mother cell mitosis. If mitogen signals return and DNA damage is 
sufficiently repaired, Rb is once again phosphorylated by cyclinD-CDK4/6 and re-entry to the cell 
cycle is achieved. (C) CP3 is the final commitment point determined entirely by daughter cell G1 
DNA damage detection and APC/C-CDH1 inactivation (heavily dependent on E2F). If APC 
remains active through G1 due to DNA damage (p53 induces p21 which represses cyclin D-
CDK4/6 & cyclin E-CDK2), S-phase promoting proteins are degraded and the cell can still back 
out of the cell cycle. Initial release of E2F and activation of cyclinE-CDK2 results in partial 
inhibition of APC/C-CHD1.  

A C 

B 
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Figure 1.4 Mechanisms of action and resistance to palbociclib 
(A) Palbociclib is a highly selective CDK4/6 inhibitor that promotes cell cycle arrest during G1 
by preventing CDK4/6 phosphorylation of pRb. The arrest can either be transient (i.e., quiescence) 
or permanent (i.e., senescence) depending on several factors such as tumor type, concentration of 
drug, length of treatment, co-treatment with other drugs, among others still under investigation. 
(B) Several mechanisms of palbociclib resistance have been described including 
amplification/overexpression of cyclin E. It is thought that cyclin E-CDK2 complexes can bypass 
CDK4/6 inhibition by directly phosphorylating pRb in lieu of the D-type cyclins leading to E2F 
release and S-phase progression. (C) Because cyclin E amplification is rare in OHNSCC, we 
propose a novel mechanism of palbociclib resistance in OHNSCC, namely FBXW7 mutation or 
deletion, which would result in cyclin E deregulation and bypass of CDK4/6 inhibition. 

A 

B 

C 
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Chapter 2. Genome-Wide CRISPR-Cas9 Screen to Identify 

Mediators of Replication Stress Failure in CDK2AF Cells 

2.1 Introduction 

The cell cycle is regulated by cyclin-CDK complexes, and they are in turn regulated by 

activating and inhibitory phosphorylations on specific amino acid residues6–8. For example, once 

CDK1 or CDK2 is bound to its partner cyclin, they must be phosphorylated on T160 by the CDK-

activating kinase (CAK) to become fully active9. To inhibit activity, CDK1 and CDK2 are 

phosphorylated on Y15 and T14 by the Wee1 and Myt1 kinases, respectively (Figure 2.1A). CDK1 

inhibitory phosphorylation by Wee1 is best understood at the G2/M transition where cyclin B-

CDK1 activity is suppressed until the onset of mitosis when the Cdc25 family of phosphatases 

oppose the action of Wee1 and Myt110,26,27. These inhibitory phosphorylation sites, found on both 

CDK1 and CDK2, can also be utilized when DNA damage is sensed, and the cell cycle must be 

paused to initiate DNA repair.  

 In 2014, Moser/Xu et al. revealed Wee1 as a therapeutic target in OHNSCC using an RNAi 

functional kinomics viability screen, and they discovered that p53 deficient OHNSCC 

demonstrated the greatest sensitivity to the small-molecule Wee1 inhibitor, AZD-177574. One 

byproduct of Wee1 inhibition is the prevention of inhibitory phosphorylation on CDK2, and 

further analysis revealed that p53 deficient cells treated with AZD-1775 underwent premature 

mitotic entry/catastrophe and apoptosis (Figure 2.1B)75,76. Thus, a synthetic lethal model of Wee1 

inhibition in p53 deficient OHNSCC was created and a phase I clinical trial combining AZD-1775 

with docetaxel and cisplatin was launched. Initial data from the trial were first published in 2018 

and they revealed 4 extreme responders, 3 partial responders, and 1 patient with progressive 

disease out of 8 patients eligible for analysis at the end of the study77. Further investigations of 
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Wee1 inhibition have revealed additional mechanisms of action such as the exacerbation of 

replication stress by slowing replication forks in cells treated with AZD-1775 and FOXM1 driving 

hypersensitivity to AZD-1775 in HPV+ OHNSCC78,79. These studies collectively highlight the 

importance of regulating CDK2 activity, particularly in the context of p53 deficient OHNSCC.   

 Because CDK1 and CDK2 are similarly regulated on T14/Y15, it has historically been 

difficult to study the regulation of one specific kinase over the other. To address the specific impact 

of CDK2 inhibitory phosphorylation, the Clurman lab previously engineered a colon cancer cell 

line (HCT-116) to express CDK2 lacking the two inhibitory phosphorylation sites (herein named 

CDK2AF) (Figure 2.1C)80. As a result, CDK2AF cells had constitutively active CDK2 and 

exhibited aberrant cell cycle kinetics such as premature S-phase entry, increased origin firing, and 

decreased fork speed. Furthermore, CDK2AF cells were hypersensitive to S-phase agents that 

cause replication stress such as hydroxyurea (HU) and aphidicolin (APH). Low dose treatment 

with either of these agents resulted in excess accumulation of DNA damage measured by γH2AX, 

S-phase exit, and failure to return to the cell cycle resulting in senescence (Figure 2.2A). While 

the repercussions of constitutive CDK2 activity were clearly outlined, one question remained: what 

were the downstream targets of CDK2 that were mediating such dramatic sensitivity to replication 

stress? We hypothesized that CDK2 would have downstream targets that, when phosphorylated, 

would become active and contribute to the dramatic S-phase agent hypersensitivity observed in 

CDK2AF cells.  

 To test this hypothesis, we employed a genome-wide CRISPR-Cas9 knockout screen in 

HU treated CDK2AF cells (Figure 2.2B). The objective was to find downstream targets of CDK2 

that when knocked out, would restore proliferation in CDK2AF cells treated with HU. We 

conducted the screen in collaboration with the Paddison lab using the Brunello CRISPR library81. 
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Three independent screen replicates were designed with slight variations in each one. In the first 

screen, we treated cells with 1mM HU and allowed four days of growth following drug washout. 

In the second and third screens, we allowed fourteen days of growth following drug washout while 

treating one replicate with 1mM HU and the other with 100μM HU. To confirm the theoretical 

and technical success of the screen, guides targeting CDK2 would serve as positive controls since 

previous work had shown a reversal of HU hypersensitivity in CDK2 knocked down CDK2AF 

cells80. For bioinformatics, we utilized Model-based Analysis of Genome-wide CRISPR/Cas9 

Knockout (MAGeCK) to score positively selected sgRNAs at the end of outgrowth82. Indeed, the 

top hit from the screen demonstrating the most robust recovery and proliferation following HU 

treatment was CDK2, thus affirming the presence of our positive control (Figure 2.3A). Including 

CDK2, we collated the top 150 up represented genes from each screen and found an overlap of 

seven hits shared between all three. Gene ontology analysis of our top hits showed an enrichment 

for genes involved in several different pathways, most notably in apoptotic signaling (Figure 

2.3C). Following the screens, siRNAs and sgRNAs were used to validate our top hits. While 

modest recovery from HU treatment was observed in most of the validated hits, none displayed 

the same degree of recovery as sgCDK2 indicating that either 1) no single downstream target of 

CDK2 was responsible for the observed hypersensitivity, or 2) that the action of CDK2 in this 

context is inactivating, in which case the screen would be unable to identify the downstream target. 

One of our candidate hits, FAM122A, did reveal a reduction in γH2AX levels when knocked out 

of HU treated CDK2AF cells thus laying a foundation for future work studying the relationship 

between FAM122A and CDK2. 
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2.2 Materials and Methods 

2.2.1 Cell lines, plasmids, and drug treatments 

HCT-116 (WT and CDK2AF) cells were grown in Dulbecco’s Modified Eagle Medium 

(DMEM) supplied with 10% fetal bovine serum (Gibco) and penicillin-streptomycin (Gibco). To 

generate individual knockouts, the lentiCRISPRv2 vector backbone was obtained from the 

Paddison lab (originally from the Feng Zhang lab, MIT)83. For drug treatments, HU (Sigma) was 

used at the indicated concentrations, either 100µM or 1mM.   

2.2.2 CRISPR-Cas9 screening 

The human genome-wide Brunello CRISPR-Cas9 pooled library was used in a lentiviral 

format to transduce HCT-116 WT and CDK2AF cells. In each replicate of the screen, we aimed 

for 500-fold representation of the library at 30% infection efficiency. Cells were washed the 

morning after library transduction, and puromycin selection was initiated at 1µg/mL the morning 

after for 48 hours. A fraction of cells was harvested for the day 0 control timepoint, and 120 million 

cells were divided and plated in 15cm plates for three experimental replicates (40 million 

cells/replicate). The remainder of the cells were frozen down for the two future screen repeats. The 

plated cells were allowed to grow and were passaged as needed for seven days to allow CRISPR 

knockouts to take full effect. The treatment protocol for screen #1 called for 24-hour treatment 

with 1mM HU, wash and replace with drug-free media for 24 hours, another round of 24-hour 

treatment with 1mM HU, and wash and grow in drug-free media for four days. At the end of the 

growth period, genomic DNA was extracted from each replicate using the DNeasy Blood and 

Tissue Kit (Qiagen), and a two-step nested PCR was conducted to amplify sgRNA sequences and 

incorporate deep sequencing barcodes on the sgRNA amplicons (full primer sequences can be 

found in Table 2.4). Purified PCR products were submitted for next generation sequencing (NGS) 
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using the HiSeq 2500 (Illumina) platform in the Fred Hutchinson Cancer Center Genomics Shared 

Resources. For screens #2 and #3, the treatment protocols were changed in the following ways: 

Screen #2: 24-hour treatment with 1mM HU, wash and replace with drug-free media for 

24 hours, another round of 24-hour treatment with 1mM HU, and wash and grow in drug-free 

media for 14 days. 

Screen #3: 24-hour treatment with 100µM HU, wash and replace with drug-free media for 

24 hours, another round of 24-hour treatment with 100µM HU, and wash and grow in drug-free 

media for 14 days. 

NGS reads were aligned to the Brunello library using Bowtie v1.0.0 and counts were tallied 

using the R/Bioconductor packages edgeR v3.20.9 and MAGeCK v0.5.7. For MAGeCK analysis, 

data were collapsed so as to represent each gene with 4 guides, and values for logFC(log2 ratio), 

logCPM(average log2 counts per million), false discovery rate (FDR), normalized guide counts, 

raw guide counts, and positive/negative composite ranks (taking into consideration logFC & FDR) 

were generated by the MAGeCK algorithm. Using the positive ranks to order the significantly up 

represented genes, we restricted our candidate validations to the top 150 hits per screen as 

determined by the MAGeCK ranking algorithm. 

2.2.3 siRNA 

FlexiTube products containing 4 preselected siRNAs per gene of interest were purchased 

from Qiagen for initial validation studies. Sequences of each siRNA product are provided in Table 

2.2. All siRNA transfections were completed using Lipofectamine RNAiMAX Reagent according 

to manufacturer’s protocol (Invitrogen). Target protein knockdown was confirmed via western 

blot, and all follow up assays were completed within five to ten days of siRNA delivery. 
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2.2.4 sgRNA assembly 

sgRNA sequences were designed using the online Synthego Knockout Guide Design tool 

and the online Broad Institute GPP sgRNA Design/CRISPick tool. Two guide sequences (20 base 

pairs in length) were selected per gene between the two online platforms. Guide sequences for 

each gene are provided in Table 2.3. DNA oligonucleotides were ordered from Integrated DNA 

Technologies (IDT) with the following sequences flanking the 20bp guide sequences on either 

side:  

5’- GTGGAAAGGACGAAACACCG - 20bp sequence - GTTTTAGAGCTAGAAATAGC - 3’ 

PCR was then performed with the following primers to generate ~200bp guide sequence: 

F: TAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCG 

R: ACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC 

The PCR product was run on a 2% TBE gel and its presence was confirmed using the Bio-

Rad ChemiDoc Imaging system. DNA was purified using the Zymoclean Gel DNA Recovery Kit 

(Zymo Research) according to manufacturer’s protocol. The lentiCRISPRv2 vector was subject to 

a vector digest reaction using the BsmBI restriction endonuclease (NEB) and also gel purified 

using the Zymoclean Kit. The purified PCR product was then cloned into the cut backbone using 

Gibson Assembly Master Mix (NEB) by a one-hour incubation at 50°C. The ligated plasmid was 

then electroporated into Stbl3 competent E. coli cells, spread over agar plates containing 50µg/mL 

ampicillin, and left to grow overnight in 37°C. The following morning, two to four colonies of 

each guide were selected and dropped into tubes containing 3mL LB Broth (Miller) also containing 

50µg/mL ampicillin. Tubes were left to allow overnight growth in a shaker at 37°C. The following 

morning, approximately 2mL of the culture was used for plasmid extraction using the PureLink 

Quick Plasmid Miniprep Kit (Invitrogen). A sequencing PCR was conducted on the isolated 
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plasmid using the “24 master mix” (Fred Hutch) with the following sequencing primer: 5’-

GAGGGCCTATTTCCCATGAT-3’. Once sequence was confirmed with the appropriate CRISPR 

guide in the lentiCRISPRv2 backbone, the remaining liquid culture was used to inoculate 250mL 

LB Broth (Miller) for larger scale plasmid preparation using PureLink HiPure Plasmid Filter 

Maxiprep Kit (Invitrogen). 

2.2.5 Lentivirus generation 

2-3 million Lenti-X 293T cells were seeded into 10cm plates and left to settle and grow 

overnight. The following afternoon, cells were transfected using 10µg CRISPR vector along with 

6.5µg pSPAX2 and 6.0µg pMD2.G packaging vectors using the traditional calcium-phosphate 

transfection protocol. Media was changed the following morning and lentivirus containing media 

was filtered and harvested the morning after. Viral transduction was completed immediately upon 

harvest and any excess viral media was stored in -80°C for future use.  

2.2.6 Generating individual knockouts 

HCT-116 WT and CDK2AF target cells were plated at approximately 25% confluency in 

6cm plates for next day lentivirus infection. Lentivirus was delivered to target cells with 4µg/µL 

polybrene and left to incubate overnight. Cells were washed the following morning, and puromycin 

selection was initiated the morning after at 1µg/mL. Once cells in the control plates had completely 

died off (approximately two to four days), surviving cells in the target plates were pelleted and 

successful gene knockout was confirmed by western blot. Remaining cells were frozen down in 

10% DMSO + DMEM in liquid N2 for future use.   

2.2.7 Immunoblotting 

Cells were harvested by trypsinization, pelleted, washed with PBS, and lysed in 0.5% NP-

40 lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, and 0.5% (vol/vol) NP-40) supplemented with 
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protease and phosphatase inhibitors. Lysates were sonicated, cleared, and protein concentrations 

were normalized using Bradford assay. Lysates were prepared in Laemmli buffer, boiled at 95°C 

for 10 minutes, loaded into Bolt 4-12% Bis-Tris (Invitrogen) gradient gels, and electrophoresed 

for approximately 1 hour at 125 volts. Gel contents were then transferred to a PVDF membrane 

using the iBlot 2 Gel Transfer Device (Invitrogen). Equal protein loading and successful gel 

transfer were confirmed with Ponceau staining and the membrane was blocked for at least 30 

minutes in 5% milk/TBST shaking at room temperature. The membrane was then incubated with 

the appropriate primary antibody shaking at 4°C overnight. The following morning, the membrane 

was washed with TBST and incubated with the appropriate HRP-conjugated anti-mouse or anti-

rabbit secondary antibody at 1:10,000 for at least 1 hour shaking at room temperature. Proteins 

were then visualized on the membrane using ECL (Thermo Fisher Scientific) with the Bio-Rad 

ChemiDoc Imaging system. 

2.2.8 Growth assays (CellTiter-Glo, colony formation, and pooled qPCR outgrowth) 

For CellTiter-Glo assays, cells were seeded in 96-well plates on day 0 at 1,000 cells per 

well. Following the treatment protocol of the CRISPR screen, HU was added on day 1 at either 

100µM or 1mM, washed out on day 2, applied once again on day 3, washed out on day 4, and cells 

were allowed to grow for 4 days or longer until control wells were nearing confluence. At the end 

of outgrowth, plates were removed from the incubator and allowed to reach room temperature 

along with the CellTiter-Glo reagent (Promega). 15µL of reagent was added to each well and put 

on the shaker at room temperature covered from light for 2-3 minutes. The plates were then 

removed from the shaker and allowed to sit in darkness at room temperature to allow stabilization 

of the luminescence signal. The final luminescence readout was conducted in The Synergy HT 

microplate reader (BIO-TEK).  
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For colony formation assays, cells were seeded in 6-well plates on day 0 at 5,000 cells per 

well. Following the treatment protocol of the CRISPR screen, HU was added on day 1 at either 

100µM or 1mM, washed out on day 2, applied once again on day 3, washed out on day 4, and cells 

were allowed to grow for up to 10 days. At the end of outgrowth, cells were washed with PBS and 

fixed on the plates with a 1:7 mixture of acetone and methanal at room temperature for 2 minutes. 

The methanal mixture was recovered, and cells were stained with 0.5% crystal violet solution for 

20 minutes on the shaker at room temperature. After recovery of the crystal violet solution, the 

wells were washed with diH2O and allowed to dry overnight.  

For pooled qPCR outgrowth assays, we designed the following experiment to replicate the 

CRISPR screen conditions and results as accurately as possible: Control vs knockout cells were 

pooled together at a known ratio (10,000:1) and plated in three replicates within 15cm plates. A 

day 0 batch was frozen down to serve as the no treatment control condition. Following the 

treatment protocol of the CRISPR screen, HU was added on day 1 at either 100µM or 1mM, 

washed out on day 2, applied once again on day 3, washed out on day 4, and cells were allowed to 

grow for either 4 or 14 days. 14-day outgrowth plates were split 1:4 as they neared confluence so 

as to prevent contact inhibition and to maintain representation. At the end of outgrowth, cells were 

harvested by trypsinization, and genomic DNA was extracted. qPCR primers were designed 

against sgRNA guide sequences (details found in Table 2.5), and the assay was run on ABI 

QuantStudio5 Real Time PCR Systems. Primers targeting the sgCTRL sequence were treated as 

our housekeeping gene and ΔΔCt analysis was used to detect changes in knockout vs control cell 

ratios between Day 0 and Day 4/14.  
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2.2.9 Cell cycle analysis and flow cytometry 

Growing cells were pulsed with 3µg/mL bromodeoxyuridine (BrdU) for one hour prior to 

harvest. At the end of one hour, cells were washed, harvested by trypsinization, and fixed in 4% 

paraformaldehyde at room temperature for 15 minutes. Once fixed, cells were washed with PBS 

and stored in ice cold methanol for at least 24 hours at -20°C. To prepare samples for flow 

cytometry, fixed cells were washed twice with flow wash buffer (0.3% bovine serum albumin 

(BSA) and 0.1% tween in PBS) and centrifuged at 300g for 3 minutes in between washes. After 

the second wash, the pellet was resuspended in 500µL of 2M HCl and incubated at room 

temperature for 20 minutes. HCl was washed out with flow wash buffer, centrifuged, and aspirated. 

The pellet was resuspended in 500µL 0.1M sodium borate to neutralize any residual acid and once 

again washed, centrifuged, and aspirated. The pellet was resuspended for 15 minutes in blocking 

buffer (3% BSA, 3% normal goat serum in PBS). Once washed out, the pellet was incubated with 

the appropriate primary antibodies overnight at 4°C. The following morning, primary antibody 

was washed out, and the pellet was incubated with propidium iodide (0.5µg/mL) for 10 minutes, 

washed, resuspended in FBS Stain Buffer (BD Biosciences), and taken to the flow cytometry core 

at the Fred Hutch Cancer Center for analysis. Flow cytometry was conducted on a BD LSRFortessa 

X-50 cytometer and data was analyzed using FlowJo software.  

2.2.10 Antibodies 

Antibodies were purchased from suppliers and used as follows: Abnova: FAM122A (3E9, 

mouse monoclonal, 1:1,000); BD Biosciences: γH2AX Ser139 (N1-431, mouse monoclonal Alexa 

647 conjugated, 1:500 for flow cytometry); Cell Signaling Technology: Actin (13E5, rabbit 

monoclonal HRP-conjugated, 1:1,000), CASP8 (1C12, mouse monocloncal, 1:1,000), DR4 

(D9S1R, rabbit monoclonal, 1:1,1000), DR5 (#3696, rabbit polyclonal, 1:1,000), γH2AX Ser139 
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(20E3, rabbit monoclonal, 1:1,000), MAPK14 (#9212, rabbit polyclonal, 1:1,000), MAP2K3 

(#9238, rabbit polyclonal, 1:1,000); Invitrogen: p-CDK2 Tyr15 (A700-101, rabbit monoclonal, 

1:1,1000); Santa Cruz Biotechnology: CDK2 (M2, rabbit polyclonal, 1:250 for IP, 1:1,000 for IB), 

PCNA (PC10, mouse monoclonal HRP-conjugated, 1:1,000).   

2.3 Results 

2.3.1 CRISPR-Cas9 screen reveals diverse array of candidate mediators that modestly rescue 

growth during replication stress in CDK2AF cells 

We performed three independent CRISPR-Cas9 screens to identify genes contributing to 

HU hypersensitivity in HCT-116 CDK2AF cells. As expected, guides targeting CDK2 were 

consistently up represented across all screens (Figure 2.3A). Gene set enrichment of the top 150 

hits (scored by MAGeCK analysis) revealed several interesting pathways involved in rescuing 

CDK2AF cells upon HU treatment, most notably the TRAIL-activated apoptotic signaling 

pathway, replicative senescence, and DNA damage response (Figure 2.3C). Seven of the top 150 

hits shared by all three screens included AKT1, CDK2, CEBPB, FAM122A, MAPK14, 

TNFRSF10A, and TNFRSF10B (Figure 2.3B). In addition to these hits, CASP8 and MAP2K3 were 

hits shared by at least two of the screens guiding us toward the apoptotic and MAPK signaling 

pathways for our validation studies. As a result, we chose to include the following candidates in 

our validations: CASP8, TNFRSF10A, TNFRSF10B, MAP2K3, and MAPK14. CDK2 was included 

during validation as a benchmark for HU treatment rescue. A full list of the top 150 hits from each 

screen can be found in Table 2.1. Note: the genes TNFRSF10A and TNFRSF10B are alternatively 
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named DR4 and DR5 as they encode the proteins death receptor 4 (DR4) and death receptor 5 

(DR5), respectively, and will herein be referred to as DR4 and DR5. 

2.3.2 siRNA knockdown of primary candidates fails to validate screen results 

For our initial validation studies, we used siRNAs against our candidate hits and attempted 

to recapitulate screen results through growth assays after drug treatment. Successful knockdown 

of each protein was confirmed via western blot and cells were seeded into 96-well plates for 

completion of the growth assay (Figure 2.4A). Cells were treated with 1mM HU, washed, and 

allowed to for 4 days before analyzing outgrowth by CellTiter-Glo (CTG). CTG values of HU-

treated siCTRL wells were not significantly different from CTG values of HU-treated siRNA wells 

targeting our screen hits (Figure 2.4B). Treated vs. untreated CTG ratios also failed to show growth 

rescue in drug, however, we were surprised to see that siCDK2 cells also failed to outgrow siCTRL 

after treatment. We concluded that incomplete knockdown of target proteins might be preventing 

robust rescue, and thus siRNA was not an ideal tool for validation experiments. As a result, we 

proceeded to generate individual knockouts of each target from CDK2AF cells using CRISPR-

Cas9. 

2.3.3 CRISPR-Cas9 knockout of primary candidates fails to validate screen results  

To knockout each gene, we cloned sgRNA sequences targeting our screen candidates into 

the lentiCRISPRv2 vector backbone and confirmed successful gene knockouts by western blot 

(Figure 2.5A). To replicate our screen results, we designed an outgrowth assay to mimic the 

conditions of the screen as closely as possible. Briefly, we spiked a growing population of 

CDK2AF sgCTRL cells with a small fraction of sgCDK2 cells and determined the initial ratio of 

sgCDK2:sgCTRL cells by qPCR using primers specific to the CRISPR guide sequences for each 

knockout (detailed protocol in materials and methods). We then exposed the growing pool of cells 
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to HU (100µM and 1mM), washed out the drug, allowed cells to recover over the predetermined 

outgrowth period (4 or 14 days), and measured the final sgCDK2:sgCTRL ratio using the same 

qPCR protocol. Log2 fold change (log2FC) could then be calculated between initial and final 

sgCDK2:sgCTRL values along with each of the other screen candidates. 

Data from these qPCR outgrowth assays revealed strong proliferation of sgCDK2 cells 

within the HU-treated pooled sgCDK2:sgCTRL population demonstrating the validity of this 

assay. In the 1mM HU, 4-day outgrowth validation, sgCDK2 cells had an average log2FC of 3.65 

meaning the population of sgCDK2 within the pool increased 12.5X during outgrowth (Figure 

2.5C). In line with this finding, average log2FC of sgCDK2 cells in the 1mM HU/14-day outgrowth 

was 6.38, and in the 100µM HU/14-day outgrowth was 2.1. The lower log2FC value in the 100µM 

outgrowth assay may reflect the enhanced growth capacity of sgCTRL cells in lower 

concentrations of HU thus rendering a lower fold-change value for sgCDK2 cells. 

Individual knockouts of our screen candidates unfortunately failed to rescue growth after 

drug treatment to the same degree as CDK2 knockouts (Figure 2.5C). Nearly all knockouts in all 

treatment and outgrowth conditions demonstrated positive log2FC values, however, the degree of 

rescue was modest at best. The highest observed log2FC was seen in sgDR5 cells in the 1mM/4-

day outgrowth assay (log2FC = 2.6), though these cells failed to show the same degree of 

outgrowth in the two 14-day assays. 

In parallel with our qPCR outgrowth assays, we also set up colony formation assays for 

two of our candidate hits (CASP8 and MAPK14). Briefly, 5,000 cells were seeded in each well, 

treatments were given at either 100µM or 1mM HU, and cells were allowed to grow for 10 days. 

Once again, we observed growth rescue only in our sgCDK2 cells while sgCASP8 and sgMAPK14 

failed to rescue growth in this setting (Figure 2.5B).  
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In addition to outgrowth, we wanted to assay changes in DNA damage in knockout cells 

treated with HU. The Clurman lab had previously shown that eliminating CDK2 from CDK2AF 

cells dramatically reduces γH2AX after HU treatment80. Indeed, when we analyze cells by flow 

cytometry, we observe a 56% reduction in γH2AX for HU-treated sgCDK2 cells (Figure 2.5D). In 

contrast, none of our other knockout cells experienced a reduction in γH2AX when treated with 

HU as compared to our sgCTRL line, and in some cases even increased γH2AX upon treatment 

(Figure 2.5E). 

2.3.4 CRISPR-Cas9 knockout of FAM122A prevents HU-induced DNA damage 

After conducting growth and γH2AX assays for our initial screen candidates, we revisited 

the master list of candidates and selected FAM122A for additional study. Very little had been 

known about the function of this protein, but a publication from Li et al. in 2020 demonstrated its 

role in regulating Wee1 degradation and thus prompted us to revisit this candidate from our screen. 

In the model proposed by Li et al., FAM122A normally inhibits the phosphatase PP2A which is 

responsible for dephosphorylating and thus stabilizing the Wee1 kinase. When a cell experiences 

replication stress or DNA damage, ATR activates Chk1, and Chk1 phosphorylates a number of 

substrates to initiate DNA damage response, including FAM122A. Upon phosphorylation, 

FAM122A localizes in the cytoplasm where it binds to the protein 14-3-3 and is prevented from 

reentering the nucleus. The absence of FAM122A in the nucleus allows Wee1 dephosphorylation 

by PP2A thus stabilizing the protein and enabling an appropriate G2/M checkpoint. When 

FAM122A is absent, Wee1 degradation is prevented by continuous PP2A activity, and Li et al. 

show that FAM122A can therefore be an acquired resistance mechanism to ATR and Chk1 

inhibitors. Since our screen induced DNA damage through the application of HU, sgFAM122A 
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cells may have gained a slight replicative advantage by enhancing DNA damage response and thus 

becoming one of our top hits.  

To test this idea, we once again used CRISPR-Cas9 to generate sgFAM122A CDK2AF 

cells (Figure 2.5F). We measured sgFAM122A outgrowth after HU treatment by CTG but saw no 

difference in proliferation when compared to HU-treated sgCTRL cells (Figure 2.5H). However, 

when we assayed DNA damage by western blot, we did observe a notable drop in γH2AX levels 

in sgFAM122A cells treated with HU (Figure 2.5G). This outcome, though not our outgrowth data, 

was consistent with the model proposed by Li et al. 

2.4 Discussion 

In this study, we employed a genome wide CRISP-Cas9 screen to find mediators of HU 

hypersensitivity in CDK2AF cells. These cells were previously engineered in our lab to express 

constitutively active CDK2 so that the effects of CDK2 inhibitory phosphorylations during S-

phase could be studied directly. While it wase shown that these cells exhibited excessive amounts 

of DNA damage and senesced after HU treatment, the downstream targets of CDK2 that were 

mediating this phenotype were still unidentified. Our goal was to identify these mediators by 

knocking them out with the Brunello CRISPR-Cas9 library and screening for those cells that were 

able to grow after HU treatment. Initial data from the three versions of our screen showed an 

enrichment for genes involved in the apoptotic signaling pathway (CASP8, DR4, DR5, FADD, and 

BIDD) and the MAPK signaling pathway (MAP2K3 and MAPK14). The identification of multiple 

genes in the apoptotic signaling pathway was intriguing given the lack of apoptosis seen in HU-

treated CDK2AF cells in previous experiments80. Rather than initiating apoptosis, CDK2AF cells 

were shown to exit the cell cycle by senescence when treated with HU and assayed for senescence-

associated beta-galactosidase activity. One possible explanation for this apparent disparity might 
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be that caspase-8 is performing one of its non-apoptotic functions in response to HU treatment in 

these cells. More specifically, in addition to its role in apoptosis, caspase-8 has been described in 

recent years as having a role as a scaffolding protein to promote NF-κB-dependent expression of 

pro-inflammatory cytokines and chemokines such as IL-6 and IL-884,85. Interestingly, IL-6 and IL-

8 are among the most commonly found cytokines in microenvironments surrounding senescent 

cells, otherwise known as the senescence-associated secretory phenotype (SASP)86. Furthermore, 

MAPKs have also been shown to contribute to cell senescence under conditions of oxidative stress 

and/or DNA damage87. It’s therefore conceivable that the MAPK and apoptotic genes found in our 

screen actually contribute to CDK2 driven senescence in HU-treated CDK2AF cells.  

Of note from the MAGeCK analysis of our screens were the particularly modest gene 

logFC values, especially in conditions of higher drug concentration (1mM HU) and shorter 

outgrowth (4 days) (Table 2.1). It was only in our 100µM, 14-day outgrowth screen that we 

observed a large positive logFC value (5.7) for our strongest expected hit, CDK2. Most other genes 

that scored highly in the analysis exhibited logFC values between 0.5-1.5 depending on screen 

conditions. Nonetheless, we moved forward with validation and prioritized CASP8, DR4, DR5, 

MAPK14, and MAP2K3 because these hits were shared between at least two of our three screens, 

ranked in the top 10 of their respective screens by the MAGeCK algorithm, and occupied roles in 

shared pathways (i.e., apoptotic signaling or MAPK signaling).  

After generating individual knockouts of each hit in CDK2AF cells, we assayed DNA 

damage and cell outgrowth after HU treatment to recapitulate our screen results. However, with 

the exception of CDK2 knockout cells, all of our aforementioned hits failed to strongly rescue 

growth after HU treatment (Figure 2.5C). Furthermore, DNA damage was either unchanged or 

slightly increased in our hits when measuring for γH2AX+ cells by flow cytometry (Figure 2.5E). 
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A colony formation assay with sgCDK2, sgMAPK14, and sgCASP8 cells also confirmed the 

inability of individual hits (besides CDK2) to rescue growth after HU treatment (Figure 2.5B). 

These results may suggest that the modest growth rescue seen from these hits in our screen may 

be secondary to the DNA damage induced by HU rather than participating in the formation of that 

damage directly. Following these initial validation experiments, we revisited another hit, 

FAM122A, after a recent publication implicated this protein in regulating Wee1 stability88,89. We 

created an individual knockout of this gene in CDK2AF cells, but once again failed to see strong 

growth rescue after HU treatment. However, HU-treated sgFAM122A CDK2AF cells did exhibit 

a noticeable reduction in γH2AX levels measured both by western blot and by flow cytometry. In 

concert with the model proposed by Li et al, the reduction in γH2AX observed in our cells may be 

the result of proper G2/M checkpoint activation by Wee1 stabilization. While CDK2 in this setting 

could not be inactivated by Wee1 due to the AF mutation, the phosphorylation of other Wee1 

substrates including CDK1 may be enough to override the activity of CDK2 and initiate some 

amount of DNA repair.  

Because our screen data and our validation experiments were unable to show strong growth 

rescue, we could eliminate the following explanations for the observed HU hypersensitivity 

phenotype in CDK2AF cells: 1) CDK2 has a single downstream target that is activated upon 

phosphorylation and responsible for HU hypersensitivity. It is possible that the observed HU 

hypersensitivity is the result of multiple downstream targets being activated by CDK2 which might 

explain why none of our individual knockouts could rescue growth after HU treatment on their 

own. It is also possible that the downstream target is an essential gene, so we would be unable to 

find it in a knockout screen.  2) If CDK2 does have a single downstream target that is responsible 

for the HU hypersensitivity phenotype, then the effect of CDK2 phosphorylation is activating. One 
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of the assumptions made in our screen is that the downstream target responsible for HU 

hypersensitivity would be activated upon CDK2 phosphorylation and readily contribute to 

γH2AX+ accumulation and senescence. If the opposite is true, then our knockout screen would 

fail to find such a target since the act of knocking out that gene would be equivalent to an 

inactivating phosphorylation by CDK2. Thus, a CRISPR activation screen would be a logical next 

step to find such a substrate.  
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Figure 2.1 Regulation of CDK2 activity 
(A) For full cyclin E-CDK2 activation, Cdc25 must dephosphorylate CDK2 at the two inhibitory 
phosphorylation sites, T14 and Y15, which are regulated by the Wee1 and Myt1 kinases, 
respectively. (B) The Wee1 kinase can be targeted by AZD1175 so as to prevent inhibitory 
phosphorylation of CDK2. This treatment results in overactive cyclin E/A-CDK2 complexes and 
promotes synthetic lethality in TP53 mutant cancers by driving replication catastrophe, premature 
mitotic entry, and apoptosis. (C) In order to study the specific effects of CDK2 hyperactivity, the 
Clurman lab generated a mutant form of CDK2 lacking the two phosphorylation sites at T14/Y15. 
Thus, these “CDK2AF” cells possess constitutively active CDK2 and display several unique 
phenotypes including hypersensitivity to S-phase agents.  
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Figure 2.2 CDK2AF HU hypersensitivity and CRISPR screen design 
(A) HCT-116 WT and CDK2AF cells were treated with 1mM HU overnight and assayed for DNA 
damage by γH2AX western blot. CDK2AF cells were confirmed to be missing inhibitory 
phosphorylation by immunoprecipitating CDK2 and blotting for phospho-Y15. (B) A schematic 
depicting the genome-wide CRISPR-Cas9 knockout screen in CDK2AF cells. A population of 
CDK2AF knockout cells would be created using the Brunello CRISPR library, exposed to various 
HU treatments, and then allowed to grow out. Enrichment of specific knockouts can then be 
detected by isolating genomic DNA of surviving cells and submitting samples for deep 
sequencing.  
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Figure 2.3 CDK2AF CRISPR-Cas9 screen results 
(A) An example readout of sgCDK2 enrichment from one of the screens. All four guides in the 
Brunello library targeting CDK2 (seen in different colors) show an increase in read counts i.e., 
enrichment) between the two day 0 replicates and three outgrowth replicates submitted for deep 
sequencing. (B) Venn diagram showing overlap of the top 150 up represented hits between each 
of the three screens. (C) Gene ontology terms that were enriched for specific pathways in the top 
150 hits from each screen ranked in order by decreasing p-value.  
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Figure 2.4 siRNA validation of selected screen hits 
(A) Successful knockdowns of selected hits were confirmed by treating CDK2AF cells with 
siRNAs targeting CDK2, MAP2K3, MAPK14, CASP8, DR4, and DR5. AllStars Negative Control 
siRNA (Qiagen) was used as our siCTRL. (B) Each knockdown was seeded in triplicate into 96-
well plates, treated with two rounds of 1mM HU for 24 hours each round, washed with PBS, and 
allowed to grow for four days. Post-treatment outgrowth of each knockdown was measured by 
CellTiter-Glo and normalized to siCTRL.  
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Figure 2.5 sgRNA validation of selected screen hits 
(A) Western blots depicting successful knockout of each target in CDK2AF cells. Two sgRNA 
sequences were designed for each gene and delivered alone or in combination to generate 
knockouts. All subsequent validation experiments proceeded with sg#1 for each gene. (B) Colony 
formation assay of select hits treated with HU and allowed to grow for 10 days. (C) Pooled qPCR 
outgrowth assays measuring fold change of KO to sgCTRL cells after corresponding HU 
treatments and outgrowth periods. This assay was completed three times so as to replicate the 
conditions of each of the three original CRISPR screens: 1mM HU, 4-day outgrowth (n=3); 1mM 
HU, 14-day outgrowth (n=3); 100µM HU, 14-day outgrowth (n=3). (D) DNA damage assayed by 
flow cytometry in CDK2AF sgCTRL vs. sgCDK2 cells. Cells were treated with 1mM HU for 24 
hours, fixed, stained, and analyzed by flow cytometry gating for γH2AX+ cells. (E) Quantification 
of flow cytometry plots for each hit showing change in γH2AX+ cells between treated and 
untreated cells, normalized to sgCTRL. (F) Western blot depicting successful knockout of 
FAM122A in CDK2AF cells. Two sgRNAs were designed and delivered alone or in combination 
to generate knockouts. (G) CDK2AF sgCTRL and sgFAM122A cells were treated with 1mM HU 
for 24 hours and assayed for DNA damage by γH2AX western blot. (H) Each sgFAM122A line 
was seeded in triplicate into 96-well plates, treated with two rounds of 1mM HU for 24 hours each 
round, washed with PBS, and allowed to grow for four days. Post-treatment outgrowth of each 
knockout was measured by CellTiter-Glo and normalized to sgCTRL.  
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Table 2.1 Top 150 hits from each screen ranked by MAGeCK algorithm 
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Table 2.2 siRNA sequences used for validation experiments 
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Table 2.3 sgRNA sequences used for validation experiments 
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Table 2.4 Primers used in two-step nested PCR for NGS preparation 
 

 
 

 
 

 
 

Table 2.5 Primers used for pooled qPCR outgrowth assay 
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Chapter 3. Molecular Determinants of CDK4/6 Inhibitor Response 

in OHNSCC 

3.1 Introduction 

Following FDA approval of the first CDK4/6 inhibitor for the treatment of ER+ advanced 

breast cancers in 2015, scientists and oncologists have been exploring its application in a wide 

variety of other cancer types including ovarian, pancreatic, oral, among others51,55,90–94. In many 

pre-clinical and early phase clinical trials, CDK4/6 inhibitors such as palbociclib show promising 

results initially, however, tumor resistance and/or recurrent disease ultimately emerges as a 

frequent problem52,57,60,95–97. Understanding the exact mechanisms of CDK4/6 inhibitor resistance 

will be vital to its proper application for these various cancer types. 

 As mentioned previously, the most commonly described mechanisms of CDK4/6 inhibitor 

resistance include RB1 downregulation or loss, CDK4/6 amplification, and CCNE1 upregulation 

or amplification. In the context of OHNSCC, the most relevant of these changes are pRb loss and 

cyclin E upregulation. pRb loss in OHNSCC is typically the result of HPV infection wherein the 

E7 oncoprotein binds to and promotes the degradation of pRb98–101. This results in the elimination 

of the main CDK4/6 substrate and thus negates the primary effect of CDK4/6 inhibitors. Several 

pre-clinical and clinical studies have demonstrated robust CDK4/6 inhibitor resistance in HPV-

positive OHNSCC61,62. Intriguingly, one phase I clinical trial showed dramatic response to 

CDK4/6 inhibition in a patient with HPV+ OHNSCC, however follow-up studies were unable to 

recapitulate this result58. Nonetheless, one-off results like this demonstrate the complexity in 

forming a unified model for cell cycle drugs and possibly suggest alternate mechanisms at play 

beyond the prevention of pRb phosphorylation.  
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 CCNE1 gain was first described as a mechanism of CDK4/6 inhibitor resistance in 2015 in 

the context of ovarian cancer65. The following year, a separate group showed that CCNE1 

amplification occurred in breast cancer cell lines that were chronically exposed to palbociclib over 

the course of 3 to 4 months and thus gained drug resistance over that time66. These two studies are 

the foundation of the now accepted paradigm that cyclin E upregulation results in CDK4/6 

inhibitor resistance. Mechanistically, the authors of these studies suggest that upregulated cyclin 

E complexes with CDK2 to phosphorylate pRb during G1 as a way to bypass CDK4/6 inhibition. 

This especially makes sense given the functional redundancy between cyclin E and the D-type 

cyclins that was elegantly demonstrated by Geng et al. in 1999102. Since 2016, many studies have 

been published supporting a correlation between high cyclin E and poor CDK4/6 inhibitor 

response67,68,103,104. One of the more notable studies in favor of this resistance mechanism is the 

ongoing PALOMA-3 clinical trial that is testing the efficacy of combining palbociclib with 

fulvestrant (ER antagonist) over fulvestrant alone105. In this study, the authors show a correlation 

between high CCNE1 mRNA expression and low palbociclib efficacy, though other clinical trials 

like PALOMA-1 and PALOMA-2 previously failed to find this correlation106,107. 

 Recently, Guiley et al. published their study demonstrating that the primary mechanism by 

which palbociclib induces cell cycle arrest is through the indirect inhibition of cyclin E-CDK2 

complexes69. Using crystallography, the authors show that palbociclib binds directly to monomeric 

CDK4/6 and is otherwise unable to bind the kinase(s) when they are in complex with the D-type 

cyclins. Furthermore, p27 is known to bind and bring together the D-type cyclins and CDK4/6 to 

help form the mature complex108,109. Phosphorylation of p27 on Y74 yields the active cyclin D-

CDK4/6 complex, and this structure prevents the binding of palbociclib. However, when 

palbociclib binds monomeric CDK4/6 prior to complex formation, p21 and p27 molecules are 
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shuttled to cyclin E-CDK2 complexes where their primary effect is inhibitory. Challenging the 

conventionally accepted mechanism of action, Guiley et al. argue that this shuttling of p21/p27 to 

cyclin E-CDK2 complexes is the key event leading to cell cycle arrest upon palbociclib treatment. 

This proposed mechanism could help explain how high cyclin E levels may outcompete 

endogenous p21/p27 thus leading to CDK4/6 inhibitor resistance. However, while in our hands we 

are able to see a slight increase in cyclin E associated p21 and p27 upon palbociclib treatment, it 

is an insufficient amount to inhibit kinase activity. Thus, our data do not support the model of 

palbociclib induced arrest through indirect cyclin E-CDK2 inhibition in the setting of OHNSCC. 

 Cyclin E1 is infrequently altered at the genomic level in OHNSCC, so its contribution to 

CDK4/6 inhibitor resistance, if present, must be the result of transcript or protein level 

deregulation. One obvious candidate for cyclin E deregulation in OHNSCC is loss of Fbw7, an E3 

ubiquitin ligase responsible for regulating the levels of cyclin E, Myc, Notch, Jun, and a host of 

other substrates110,111. Fbw7 is generally considered a tumor suppressor since the majority of its 

targets are proto-oncogenes. Thus, inactivating mutations or deletions of the Fbw7 gene, FBXW7, 

usually contribute to carcinogenesis and can be found in approximately 6% of all human cancers, 

including 5-10% of OHNSCCs39,72,73. Since loss of FBXW7 would result in cyclin E deregulation, 

we hypothesized that OHNSCCs lacking FBXW7 would be resistant to CDK4/6 inhibition given 

the current paradigm of high cyclin E and CDK4/6 inhibitor resistance. 

 To test this idea, we used CRISPR-Cas9 to knockout FBXW7 in three OHNSCC cell lines 

(FaDu, PCI-15A, and SCC1) and examined their response to the CDK4/6 inhibitor, palbociclib. 

To our surprise, FBXW7 knockout cells demonstrated only a mild but reproducible resistance 

phenotype as measured by EdU incorporation and cell proliferation assays. To further examine 

palbociclib response and resistance, we stably overexpressed cyclin E as a more direct method to 
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study its effects in response to CDK4/6 inhibition. Furthermore, we used CRISPR-Cas9 once again 

to knockout RB1 to create a benchmark for true resistance in previously sensitive cell lines. While 

cells lacking RB1 demonstrated the clearest palbociclib resistance phenotype, cells stably 

overexpressing cyclin E more closely resembled FBXW7 knockout cells rather than RB1 knockout 

cells. Overall, we demonstrate that high cyclin E abundance and activity may drive palbociclib 

resistance, though to a far lesser extent than what would be expected from a bona fide mediator of 

resistance such as RB1 loss. Thus, our results suggest that while high cyclin E levels may contribute 

to clinical CDK4/6 inhibitor resistance, cyclin E is insufficient on its own to drive resistance and 

may depend on other pathways to exert its full effect.  

3.2 Materials and Methods 

3.2.1 Cell lines, plasmids, and drug treatments 

All cell lines were maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplied 

with 10% fetal bovine serum (Gibco) and penicillin-streptomycin (Gibco). To generate individual 

knockouts, the lentiCRISPRv2 vector backbone was obtained from the Paddison lab (originally 

from the Feng Zhang lab, MIT). The pBABE vector backbone with a hygromycin selection marker 

was used to stably overexpress full length cyclin E as previously described112. All palbociclib 

(MedChemExpress) treatments were delivered at 500nM unless otherwise noted.  

3.2.2 Generating overexpression and CRISPR/Cas9 knockout systems 

sgRNA assembly for knockouts of FBXW7 and RB1 were completed as previously 

described (Chapter 2). Guide sequences used to knockout each gene are provided in Table 3.1.  

Retrovirus and lentivirus generation began by seeding 2-3 million Lenti-X 293T cells into 10cm 

plates and left to settle and grow overnight. The following afternoon, cells were transfected using 

10µg cyclin E retroviral vector or sgFBXW7/sgRB1 CRISPR vector along with 6.5µg pSPAX2 
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and 6.0µg pMD2.G packaging vectors using the traditional calcium-phosphate transfection 

protocol. Media was changed the following morning and retrovirus/lentivirus containing media 

was filtered and harvested the morning after. Viral transduction was completed immediately upon 

harvest and any excess viral media was stored in -80°C for future use.  

One day prior to viral transduction, target cells were plated such that they would reach 

approximately 25% confluency at the time of virus delivery. Retrovirus/lentivirus was delivered 

to target cells with 4µg/µL polybrene and left to incubate overnight. Cells were washed the 

following morning, and puromycin (1µg/mL) or hygromycin (250µg/mL) selection was initiated 

the morning after. Once cells in the control plates had completely died off (approximately 2-4 days 

for puromycin or 6-8 days for hygromycin), surviving cells in the target plates were pelleted and 

successful gene knockout or overexpression was confirmed by western blot. Remaining cells were 

frozen down in 10% DMSO + DMEM in liquid N2 for future use. 

3.2.3 Immunoblotting, immunoprecipitation, and in-vitro kinase assays 

Immunoblotting was completed as described previously (Chapter 2). 

Immunoprecipitations for cyclin E were done using the anti-cyclin E (HE111) antibody (Santa 

Cruz Biotechnology). 100µg of lysate from each sample was loaded into a 1.5mL Eppendorf tube 

containing 1.5µL HE111 antibody and 15µL Protein G agarose beads at a final volume of 400µL. 

Tubes were left to tumble overnight at 4°C and washed the following day 3 times with 0.5% NP-

40 lysis buffer supplemented with protease and phosphatase inhibitors with a 30 second centrifugal 

spin at 9.5g between each wash. After the final wash, samples were prepared in Laemmli buffer, 

boiled at 95°C for 10 minutes, spun down for 1 minute at 9.5g, and the supernatants were loaded 

into immunoblotting gels for electrophoresis. The remainder of the protocol is identical to the steps 

described for immunoblotting (Chapter 2). 
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For completion of in-vitro cyclin E kinase assays, immunoprecipitations against cyclin E 

were conducted as described above. Following the second wash in 0.5% NP-40 lysis buffer, the 

beads were equilibrated with kinase reaction buffer (50mM HEPES pH7.4, 10mM MgCl2, 1mM 

DTT), centrifuged, and the supernatant aspirated. Beads were then manually mixed with the kinase 

reaction buffer (50mM HEPES pH7.4, 10mM MgCl2, 10mM DTT, 30µM cold ATP, 2µCi [g-32P] 

ATP and 0.5µg recombinant GST-pRb was used as a substrate (prepared in lab previously)) at a 

final volume of 20µL. Samples were incubated in a Heat Only Thermal Mixer II (Boekel) at 30°C 

for 30 minutes shaking at 1500RPM. At the end of the reaction, samples were prepared with 

Laemmli buffer, boiled at 95°C for 10 minutes, spun down for 1 minute at 9.5g, and the 

supernatants were loaded into Bolt 4-12% Bis-Tris (Invitrogen) gradient gels, and electrophoresed 

for approximately 1 hour at 125 volts. Following electrophoresis, kinase reactions on the gel were 

visualized in the cellular imaging core of the Fred Hutch Cancer Center using the Typhoon Trio 

Imager (GE). Quantifications of the gel were subsequently completed using ImageJ software. 

3.2.4 Antibodies 

Antibodies were purchased from suppliers and used as follows: Bethyl: Fbw7 (A301-720A, 

rabbit polyclonal, 1:1,000); Cell Signaling Technology: Actin (13E5, rabbit monoclonal HRP-

conjugated, 1:1,000), p21 (12D1, rabbit monoclonal, 1:1,000), p27 (#2552, rabbit polyclonal, 

1:1,000), pRb (4H1, mouse monoclonal, 1:1,000), p-pRb Ser807/811 (D20B12, rabbit 

monoclonal, 1:1,000); Santa Cruz Biotechnology: Cyclin A1 (H-230, rabbit polyclonal, 1:1,000), 

Cyclin E IB (HE12, mouse monoclonal, 1:1,000), Cyclin E IP (HE111, mouse monoclonal, 1:250), 

PCNA (PC10, mouse monoclonal HRP-conjugated, 1:1,000). Sigma:  Vinculin (hVIN-1, mouse 

monoclonal, 1:10,000). 
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3.2.5 Cell cycle analysis and flow cytometry 

Growing cells were pulsed with 10µM 5-ethynyl-2’deoxyuridine (EdU) for one hour prior 

to harvest. At the end of one hour, cells were washed, harvested by trypsinization, and fixed in 4% 

paraformaldehyde at room temperature for 15 minutes. Once fixed, cells were washed with PBS 

and stored in ice cold methanol for at least 24 hours at -20°C. To prepare samples for cell cycle 

analysis by flow cytometry, fixed cells were washed twice with flow wash buffer (0.3% bovine 

serum albumin (BSA) and 0.1% tween in PBS) and centrifuged at 300g for 3 minutes in between 

washes. A third was completed using 3% BSA alone after which a “click” chemistry reaction was 

performed to conjugate a fluorescent azide to incorporated EdU. Final concentrations of reaction 

components were carried out in a 100µL reaction as follows: 0.48µM biotin-azide, 11mM ascorbic 

acid, 2.2mM CuSO4. Fixed cells were incubated in the reaction mixture at room temperature for 

45 minutes, washed with flow wash buffer, centrifuged, aspirated, and stained with 1µg/mL DAPI 

for an additional 10 minutes. After a final wash, cells were resuspended in FBS Stain Buffer (BD 

Biosciences) and taken to the flow cytometry core at the Fred Hutch Cancer Center for analysis. 

Flow cytometry was conducted on a BD FACSymphony A5 cytometer and data was analyzed 

using FlowJo software.  

3.2.6 siRNA 

siRNA transfections against p21 (Qiagen, Cat. No. SI00604898) and p27 (Cell Signaling 

Technology, Cat. No. 12324S) were completed using Lipofectamine RNAiMAX Reagent 

according to manufacturer’s protocol (Invitrogen). Target protein knockdown was confirmed via 

western blot, and all follow up assays were completed within five days of siRNA delivery. 
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3.2.7 Growth assays 

Cells were seeded in 6-well plates at 10,000 cells/well on day 0. The following morning, 

treatment plates were given 500nM palbociclib and incubated for 48, 96, 144, and 192 hours. At 

each timepoint, cells from a single treatment and control well were harvested by trypsinization, 

pelleted, and resuspended in 50-250µL of PBS. 10µL of each sample was then loaded onto a 

counting slide and cell counts were measured using the TC20 Automated Cell Counter (Bio-Rad). 

Final analysis of cell count data was completed using Prism software. 

3.2.8 Quantitative reverse transcription PCR (RT-qPCR) 

Cells were harvested by trypsinization, pelleted, and snap frozen at -80°C until time of 

assay. Total RNA was extracted from pellets using RNeasy Plus Mini Kit (Qiagen) according to 

manufacturer’s protocol. RNA was quantified using the NanoDrop OneC spectrophotometer 

(Thermo Scientific) and 1µg from each sample was used for the reverse transcription reaction. A 

20µL reaction with the iScript Reverse Transcription Supermix (Bio-Rad) was carried out in a 

Mastercycler Pro S (Eppendorf) according to manufacturer’s protocol to generate cDNA. Platinum 

SYBR Green qPCR SuperMix-UDG with ROX (Invitrogen) was combined with gene specific 

primers (IDT) and cDNA for RT-qPCR in a QuantStudio 5 instrument. Primer sequences used for 

RT-qPCR can be found in Table 3.2. Transcripts were normalized to the housekeeping genes TBP 

and RPLP0 and ΔΔCt analysis was used to detect changes in gene expression between treatment 

and non-treatment groups. 

3.2.9 FUCCI system delivery and live-cell imaging 

The FUCCI vectors pCSII-EF-FUCCI-mAG-hGeminin and pCSII-EF-FUCCI-mCherry-

hCdt1 were individually transfected into Lenti-X 293T cells along with the lentiviral packaging 

plasmids psPAX2 and pMD2.G using calcium-phosphate transfection113. Cells were washed the 
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following day and target cells (FaDu WT, CycE, sgFBXW7, and sgRB1) were plated in 10cm 

plates at approximately 25% confluency. The following morning, lentiviral media was filtered, 

harvested, and delivered to target cells with 4µg/µL polybrene. After overnight incubation in 

lentiviral media, cells were washed and allowed to grow until plates were approximately 90% 

confluent (3-5 days). Cells were then harvested by trypsinization, pelleted, and resuspended in 

DMEM containing 1% BSA in preparation for flow sorting. Cells were sorted using the Sony 

MA900 in the Fred Hutch Cancer Center flow cytometry core initially gating for FITC+ (green) 

cells to confirm expression of the mAG-hGeminin plasmid. Sorted cells were plated into 10cm 

plates and allowed to recover for 4-5 days until they reached approximately 90% confluency. Cells 

were again harvested by trypsinization, pelleted, and resuspended in DMEM containing 1% BSA 

in preparation for flow sorting. Cells were sorted using the Sony MA900 in the Fred Hutch Cancer 

Center flow cytometry core this time gating for PE+ (red) cells to confirm expression of the 

mCherry-hCdt1 plasmid. Doubly sorted cells were plated into 10cm plates and allowed to recover 

for 4-5 days until they reached approximately 90% confluency at which point, they could be used 

for experiments and/or frozen down for future experiments as needed. 

For live-cell imaging, each FUCCI-FaDu genotype (WT, CycE, sgFBXW7, and sgRB1) 

was seeded into two wells within a 24-well plate at 5,000 cells/well. Cells were treated the 

following morning with 500nM palbociclib and placed within the IncuCyte ZOOM incubator for 

the next 5 days. Phase contrast, red fluorescence, and green fluorescence images were taken every 

hour at 20X magnification over that time. Data files were exported, compiled within ImageJ, and 

then imported to Imaris Cell Imaging Software for analysis. 50 cells for each condition were 

manually traced and their red/green fluorescence values were used in Prism for cell cycle length 

analysis. 
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3.3 Results 

3.3.1 Establishing sensitivity and resistance to CDK4/6 inhibition in OHNSCC 

To determine baseline responses to CDK4/6 inhibition, we treated a panel of OHNSCC 

lines with palbociclib for 24 hours and measured cell cycle inhibition by EdU incorporation and 

flow cytometry. Since MCF7 is well characterized in the literature as a highly sensitive breast 

cancer line to palbociclib, we used it as a baseline for comparison against our OHNSCC lines. 

Indeed, when treated for 24 hours with 500nM palbociclib, MCF7 cells show a strong G1 arrest 

(>90% decrease in S-phase fraction) when analyzed by flow cytometry (Figure 3.1A). 

Furthermore, pRb phosphorylation at S807/811 was dramatically reduced showing proper 

inhibition of the D-type cyclins (Figure 3.3E). Our panel of three HPV-negative OHNSCC lines 

(FaDu, PCI-15A, SCC1) are each TP53 mutated, CCND1 amplified, and CDKN2A loss114–117. 

While the role of p53 loss in determining sensitivity or resistance to CDK4/6 inhibition is still an 

unsettled question in the field, it is generally accepted that cells with high cyclin D and little or no 

p16 are the most likely to be sensitive to CDK4/6 inhibition, though these biomarkers are also 

imperfect at predicting drug response in patient tumors118–120. In our hands, all three of our HPV-

negative cell lines demonstrated similar levels of sensitivity to palbociclib when treated at 500nM 

for 24 hours (Figure 3.1A). 

To understand longer term palbociclib response, we also grew cells in drug containing 

media for eight days and measured cell growth by counting cells every two days. Wild type MCF7, 

FaDu, PCI-15A, and SCC1 all demonstrated poor growth in palbociclib containing media (Figure 

3.3C). Of note, all cell lines did appear to grow to varying degrees despite being in drug, albeit at 

a very slow rate, suggesting that not all cells experienced complete cell cycle arrest. This was 

particularly the case for our panel of OHNSCC lines which were able to complete 1.5-2.5 cell 
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doublings in that period. On the other hand, while MCF7 cell number did increase over time, the 

total population failed to double suggesting that these cells are more sensitive to CDK4/6 inhibition 

than our panel of OHNSCC lines. Other groups have also reported that while cells may appear 

sensitive to CDK4/6 inhibitors, they may not necessarily exit the cell cycle completely, though 

their growth rate is dramatically curbed in the presence of drug121. This may be critically important 

in how we understand the mechanism of action for CDK4/6 inhibitors depending on if they truly 

arrest cells in the cycle or simply slow them down during specific phases.  

We also looked at EdU incorporation in three HPV-positive cell lines to confirm that the 

absence of pRb (due to abrogation by the E7 oncoprotein) truly rendered these cells resistant to 

CDK4/6 inhibition. Indeed, when treated with varying concentrations of palbociclib up to 1µM, 

the cell cycles of all three HPV-positive lines were virtually unaffected validating the conventional 

wisdom that pRb loss is a strong predictor of palbociclib resistance (Figure 3.1B). 

3.3.2 RB1 knockout confers strong palbociclib resistance in HPV-negative OHNSCC 

To continue testing the idea that pRb loss predicts palbociclib resistance, we sought to 

induce resistance in previously sensitive cells by knocking out RB1 (cells herein referred to as 

sgRB1) (Figure 3.2A). To accomplish this, we used two CRISPR-Cas9 targeting guides to 

knockout RB1, treated those cells with palbociclib, and assayed their cell cycle profiles by EdU 

incorporation and flow cytometry. Knocking out RB1 did not significantly change the baseline cell 

cycle profile, however, sgRB1 cells demonstrated strong palbociclib resistance as seen by the high 

level of EdU incorporation as compared to palbociclib treated WT cells (Figure 3.3A-B). While 

WT cells consistently showed >90% decrease in EdU-positivity after palbociclib treatment, sgRB1 

cells had a far milder decrease, between 10% and 40%, depending on the cell line.  
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Eight-day outgrowth assays of sgRB1 cells in palbociclib supported our flow cytometry 

data showing enhanced capacity for growth in drug as compared to WT cells (Figure 3.3C). While 

growth was inhibited by up to 98% in WT cells, sgRB1 growth was only inhibited between 20% 

to 37% depending on the cell line. We speculate that the higher degree of growth inhibition in 

FaDu sgRB1 cells, as compared to PCI-15A sgRB1 cells for example, may reflect varying degrees 

of G1/S regulation by the other pocket proteins (p107 and p130) in the different cell lines. 

3.3.3 FBXW7 knockout and stable CCNE1 overexpression only confer mild palbociclib 

resistance in HPV-negative OHNSCC 

After establishing a baseline resistance phenotype in previously sensitive cells, we began 

to explore the role of cyclin E in mediating palbociclib response and resistance. To test the idea 

that high cyclin E confers resistance to CDK4/6 inhibition, we generated two systems of high 

cyclin E expression in each of our OHNSCC lines. In one system, we stably overexpressed cyclin 

E using the pBABE vector backbone (cells herein referred to as CycE), and in the other, we 

knocked out the gene FBXW7 (cells herein referred to as sgFBXW7) to prevent cyclin E turnover 

thus resulting in high protein accumulation (Figure 3.2B-C). As expected, high cyclin E levels 

resulted in slightly higher EdU incorporation in untreated CycE and sgFBXW7 cells across the 

board (Figure 3.3A). 

When treated with palbociclib, CycE and sgFBXW7 cells failed to demonstrate strong drug 

resistance as measured by EdU incorporation (Figure 3.3A-B). While we observed a reproducible 

and statistically significant increase in EdU positive CycE and sgFBXW7 cells treated with 

palbociclib at 24 and 48 hours, it was to a far lesser extent than the EdU incorporation we observed 

in sgRB1 cells (Figure 3.3A-B). Statistical significance was maintained when controlling for 

differences in baseline EdU levels for untreated cells (Figure 3.3B).  
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Interestingly, all of our WT cells showed some degree of S-phase recovery at the 48-hour 

treatment mark. For example, average S-phase fraction increased from 3.33% in 24-hour treated 

FaDu WT cells to 16.3% in 48-hour treated FaDu WT cells (Figure 3.3B). A similar pattern was 

observed in WT PCI-15A cells (3.57% to 12.0%) and to a lesser extent in SCC1 cells (1.07% to 

4.47%) (Figure 3.3B). While average S-phase fractions were consistently higher in palbociclib 

treated CycE and sgFBXW7 cells, this S-phase “rebound” was also observed in these genotypes. 

In some cases (e.g., FaDu CycE/sgFBXW7 and PCI-15A CycE), the 48-hour S-phase fractions 

were either approaching or surpassing the levels seen in sgRB1 cells. While this might suggest 

strong resistance on first glance, these data points need to be considered in context with all others, 

including the 24-hour S-phase fractions and outgrowth assay numbers, to fully characterize levels 

of drug sensitivity and resistance. In our experience, the most durable data points indicating true 

resistance remain the 24-hour timepoint for EdU incorporation and cell count numbers from 

outgrowth assays.  

With that in mind, eight-day outgrowth assays of CycE and sgFBXW7 cells in palbociclib 

again demonstrated only a mild degree of drug resistance at best (Figure 3.3C). Doubling times of 

FaDu CycE cells increased from 29.9 hours (untreated) to 57.2 hours (treated) (91.3% increase) 

and of FaDu sgFBXW7 cells from 29.7 hours (untreated) to 59.8 hours (treated) (101.3% increase) 

(Figure 3.3D). These values are far closer to the doubling time increases seen in FaDu WT cells 

(30.2 to 83.4 hours, 176.2% increase) than FaDu sgRB1 cells (27.8 to 30.9 hours, 11.2% increase), 

and similar patterns were observed across all three OHNSCC lines (Figure 3.3D). Taken together, 

these results suggest that high cyclin E levels are insufficient in driving strong resistance to 

CDK4/6 inhibitors and can only contribute to a mild but reproducible degree of resistance on its 

own. 
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3.3.4 High cyclin E levels contribute to mild palbociclib resistance by promoting slow S-phase 

entry after 78 hours of treatment 

To examine how cyclin E exerts its effect on the cell cycle in the presence of palbociclib, 

and to better understand the kinetics of the S-phase rebound, we designed an EdU pulse/chase 

regimen and compared cell cycle progression across FaDu WT, CycE, and sgFBXW7 cells (Figure 

3.3G). For this assay, we treated cells with 500nM palbociclib for 48 hours and pulsed with 10µM 

EdU for the final hour of treatment. After one hour of EdU labeling, we washed cells twice with 

PBS, replenished plates with drug and media, and harvested timepoints for up to 48 hours after 

EdU washout. After analyzing samples by flow cytometry, we could gate for EdU-positive cells 

and track their progression through the cell cycle from our first timepoint (2 hours post-EdU 

washout) to our final timepoint (48 hours post-EdU washout). While the histograms between WT, 

CycE, and sgFBXW7 appear largely the same until hour 30, real differences begin to emerge in the 

final three timepoints between hour 30 and 48. After hour 30, WT cells appear mostly stuck in G1, 

and CycE/sgFBXW7 cells appear to slowly transition from G1 to S over the course of those 18 

hours (Figure 3.3G). These data suggest that high cyclin E exerts a weak effect on accelerating the 

G1/S transition, but only after a certain amount of time that cells are incubated in drug (in this case 

between 78-96 hours). 

These results were supported by our live cell imaging FUCCI experiment. Briefly, FaDu 

WT, CycE, sgFBXW7, and sgRB1 cells were transduced with lentivirus expressing the FUCCI 

vectors, pCSII-EF-FUCCI-mAG-hGeminin and pCSII-EF-FUCCI-mCherry-hCdt1. This system 

allows us to measure cell cycle phase length based on the amount of time cells fluoresce green 

(indicating G1), yellow (indicating G1/S), or red (S-G2-M). We plated cells of each genotype in 

its own well within a 12-well plate (including control and treatment wells) and let the cells grow 
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in an Incucyte ZOOM incubator for the next 5 days, taking 1 image every hour for the full duration 

of the experiment. Average G1 length in untreated WT FaDu cells was 10.8 hours, however, when 

treated with palbociclib, average G1 length in WT cells increased to 81.1 hours (Figure 3.7A). In 

contrast, average G1 length in untreated sgRB1 cells was 9.4 hours and only increased to 17.8 

hours when treated with PD (Figure 3.7D). In line with our previous observations, data for CycE 

and sgFBXW7 cells more closely mirrored WT than sgRB1 cells with average G1 lengths 

increasing with PD treatment from 13.0 hours to 73.9 hours and 12.1 to 72.3 hours, respectively, 

indicating only limited resistance once again (Figure 3.7B-C).  

The most critical observation from this experiment was seen in the difference between the 

number of WT and CycE/sgFBXW7 that were able to progress through the G1/S transition and 

ultimately reach the subsequent mitosis. Every WT cell that we observed transitioning past G1/S 

while in drug failed to reach mitosis by the end of the experiment. In contrast, a handful of 

CycE/sgFBXW7 cells that transitioned past G1/S were observed to reach mitosis, indicated by 

green dots in the figure, and successfully divide before the end of the experiment (Figure 3.7B-C). 

These observations suggest that in addition to its role during G1/S, cyclin E may play an additional 

role either during S, G2, or M that allows cells to divide more readily in the presence of palbociclib. 

3.3.5 Palbociclib treatment stabilizes cyclin E, but not through p21/p27 redistribution 

One interesting observation from our experiments has been the consistent increase in cyclin 

E protein levels after palbociclib treatment (Figure 3.3E). This observation has held true across all 

cell lines irrespective of any genetic manipulations (i.e., protein overexpression and/or knockout). 

Initially, we suspected that palbociclib induced cyclin E accumulation was due to p21/p27 

redistribution as described by Guiley et al. In their model, palbociclib binds to monomeric CDK4 

or CDK6 thus preventing the formation of active p27-cyclin D-CDK4/6 complexes. As a result, 
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p27 (and p21) are shuttled to cyclin E-CDK2 complexes resulting in the accumulation of inactive 

cyclin E-CDK2, and they argue that this inhibitory effect is the true mediator of palbociclib 

induced cell cycle arrest. To test these ideas, we immunoblotted for cyclin E associated p21 and 

p27 in palbociclib treated MCF7 cells (Figure 3.4A). We also used siRNAs to knockdown p21 and 

p27 in these cells. If the redistribution model is correct, then it should predict palbociclib resistance 

in the absence p21 and p27. In agreement with the redistribution model, we did observe an increase 

in cyclin E associated p21 upon palbociclib treatment, though cyclin E associated p27 only 

increased when p21 was knocked down (Figure 3.4A). In opposition to their model, however, 

knocking down either of the inhibitors alone or in combination did not change the EdU profile of 

palbociclib treated MCF7 cells (Figure 3.4B). This suggests that these inhibitors do not contribute 

to palbociclib induced cell cycle arrest as the model predicts. 

We extended this observation to FaDu cells, though only examining cyclin E associated 

p27 since these cells are TP53 mutated and thus fail to induce p21 appropriately. In this case, we 

observed only a modest increase in cyclin E associated p27, but it once again failed to induce 

resistance to palbociclib as measured by EdU incorporation in WT and in CycE cells (Figure 3.4C-

D). The redistribution model appears to apply even less in cells lacking p53 as the accumulated 

cyclin E after palbociclib treatment results in active cyclin E complexes as seen in our kinase 

assays (Figure 3.3F). In the context of intact p53, as is the case in MCF7, cyclin E activity remains 

relatively constant despite rising levels of protein after palbociclib treatment, most likely due to 

the effects of p21 (Figure 3.3F). The precise cause of rising cyclin E levels in response to 

palbociclib remains unsettled, but we have so far ruled out an increase in transcription by 

measuring mRNA through RT-qPCR. Cyclin E mRNA levels are relatively constant over 24 and 

48 hours of palbociclib treatment, while a clear reduction and return of cyclin A mRNA is observed 
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which closely resembles the pattern seen in cyclin A western blots (Figure 3.6A and Figure 3.3E). 

It is possible that palbociclib induces an increase in translation of cyclin E due to an observed drop 

in cyclin E protein levels when cells are co-treated with the mTOR inhibitor rapamycin (Figure 

3.6B). 

3.4 Discussion 

In this study, we have demonstrated that high cyclin E levels (achieved either through 

stable overexpression or FBXW7 knockout) fail to induce robust resistance to CDK4/6 inhibition 

in a panel of HPV-negative OHNSCC lines. This finding was also reproduced in a breast cancer 

cell line (MCF7) where amplification of CCNE1 had previously been reported as a mechanism of 

resistance to palbociclib. In contrast, loss of RB1 consistently demonstrated strong resistance to 

CDK4/6 inhibition, and this was seen in HPV-negative cell lines with RB1 knockout, as well as in 

HPV-positive cell lines where pRb is abrogated by the E7 oncoprotein. While high cyclin E cells 

failed to confer resistance to the level of pRb null cells, there was clearly a small but reproducible 

level of resistance that we observed in our flow cytometry and cell outgrowth assays (Figure 3.3A-

D). This suggests that while high cyclin E has been observed clinically in patients with resistance 

to CDK4/6 inhibitors, it is insufficient on its own to drive that resistance. Thus, we conclude that 

cyclin E may be dependent on other molecular changes that occur with continuous exposure to 

CDK4/6 inhibitors in order to contribute to resistance.  

An important finding that we have not previously seen discussed in the literature are 

differences seen in cells treated with palbociclib for 24 hours versus 48 or more hours. In general, 

we observed high accumulation of cells in G1 measured by EdU incorporation after 24 hours of 

exposure to drug, but then varying degrees of cell cycle reentry after 48 hours of treatment across 

our panel of cell lines (Figure 3.3A-B). This result was recapitulated even when new drug was 
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added after the first 24 hours thus eliminating the possibility that this observation was due to decay 

of the drug over time (data not shown). This suggests that while cells may exhibit acute sensitivity 

to CDK4/6 inhibition, they are not necessarily exiting the cell cycle upon exposure to drug. Rather, 

cells are dramatically slowed down at the G1/S transition as phosphorylation of pRb by the D-type 

cyclins is prevented. The inability of cyclin E to bypass this inhibition may reflect its dependence 

on a priming phosphorylation by cyclin D-CDK4/6 in order to fully hyperphosphorylate pRb. As 

an example, Narasimha et al. demonstrated that cyclin E relies on cyclin D mediated mono-

phosphorylation of pRb in order to fully hyperphosphorylate the protein122. This explanation could 

be supported by our data that show high cyclin E cells conferring a greater degree of resistance to 

palbociclib when treated with lower concentrations of drug (Figure 3.5). In other words, at lower 

concentrations of drug, cells may experience incomplete inhibition of CDK4/6 thus 

hypophosphorylating pRb to some degree and allowing cyclin E to more effectively 

hyperphosphorylate pRb and drive the G1/S transition.  

In one of the seminal studies that first demonstrated cyclin E amplification as a resistance 

mechanism to CDK4/6 inhibition, the investigators produced palbociclib resistant MCF7 cells by 

chronic exposure to drug over three to four months and showed an increase in the copy number 

for CCNE166. While their follow up experiments focused on cyclin E, a number of other genetic 

changes were also reported, though none were specified outside of an activating mutation to 

PIK3CA. Activation of the PI3K-Akt pathway is known to stabilize cyclin D and has also been 

implicated in CDK4/6 inhibitor resistance in this study and others123,124. Perhaps the increased 

copy number of CCNE1 can only contribute to CDK4/6 inhibition resistance in a robust fashion 

when coupled with activating mutations in pathways such as PI3K-Akt. 
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Finally, we challenged the redistribution model of p21 and p27 as the mechanism of cell cycle 

arrest seen with palbociclib. While subtle increases in cyclin E associated p21 and p27 were seen 

in palbociclib treated MCF7 cells, or just p27 in the case of FaDu, it was an insufficient amount to 

restore the cell cycle when measured by EdU incorporation (Figure 3.4A-D). These data were in 

accordance with another group that also demonstrated palbociclib efficacy in cells lacking p21 and 

p27125. Furthermore, the slight accumulation of p27 on cyclin E in FaDu cells did not prevent 

cyclin E-CDK2 activity, but rather, we saw a dramatic rise in cyclin E levels and activity upon 

palbociclib treatment. Because our panel of OHNSCC lines are p53 deficient and thus fail to induce 

p21, we consistently observed an increase in cyclin E activity when cells were treated with 

palbociclib (Figure 3.3E). We determined that this increase was not due to transcription, but might 

instead be the result of increased translation, however, further studies are required to elucidate this 

exact mechanism (Figure 3.6A-B). The fact that we observe high cyclin E accumulation and 

activity in WT backgrounds in response to palbociclib is further evidence that it alone cannot drive 

resistance to CDK4/6 inhibition. Thus, finding the accompanying molecular and genetic changes 

that occur in conjunction with cyclin E deregulation will be an important finding of future studies 

to more accurately predict CDK4/6 inhibitor resistance.  
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Figure 3.1 Baseline palbociclib 
responses in WT cell lines 
(A) Cell cycle analysis by flow cytometry 
and EdU incorporation (1 hour pulse) of 
palbociclib sensitive WT cells treated 
with 500nM PD for 24 hours. (B) Cell 
cycle analysis by flow cytometry and 
EdU incorporation (1 hour pulse) of 
HPV-positive, PD-resistant HNSCC 
lines. Cells were treated with increasing 
concentrations of palbociclib up to 1µM 
for 24 hours.  
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Figure 3.2 Cell line modifications 
(A) MCF7, FaDu, PCI-15A, and SCC1 cells were transduced with lentivirus containing sgRNA 
targeting RB1. (B) MCF7, FaDu, PCI-15A, and SCC1 cells were transduced with retrovirus to 
stably overexpress cyclin E. (C) MCF7, FaDu, PCI-15A, and SCC1 cells were transduced with 
lentivirus containing sgRNA targeting FBXW7.  
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Figure 3.3 Palbociclib responses in modified cell lines 
(A) Cell cycle analysis by flow cytometry and EdU incorporation (1 hour pulse) of WT and 
modified (CycE, sgFBXW7, sgRB1) MCF7, FaDu, PCI-15A, and SCC1 cells. Cells were treated 
with 500nM PD for either 24 or 48 hours prior to EdU pulse and analysis. (B) Quantification of 
flow cytometry analyses and relative EdU incorporations for each condition in OHNSCC panel 
only (n=3) (*=p<0.05; **=p<.005, ***=p<.0005, ****=p<.0001). (C) Long term (8-day) 
outgrowth of each cell line (WT and modified) in 500nM PD. Cell counts were taken every two 
days (MCF7 cells (n=1), OHNSCC panel (n=2). (D) Doubling times of MCF7 and OHNSCC panel 
with and without palbociclib treatment over 8-day outgrowth. Doubling times were calculated 
using the following formula: doubling time = (192 hours*log(2))/(log(day 8 cell count) – (log(day 
0 cell count)) (E) Western blot panel and cyclin E kinase assay of each cell line. Cells were treated 
with 500nM PD for either 24 or 48 hours prior to harvest. (F) Cyclin E kinase assay quantifications 
all normalized their own untreated WT lanes. (G) EdU pulse chase assay in FaDu WT, CycE, and 
sgFBXW7 cells. Cells were treated with 500nM PD for 48 hours, pulsed with EdU for 1 hour, 
washed, and allowed to grow in drug for the indicated timepoints prior to fixation. EdU+ cells 
were then gated by flow cytometry and their histograms were generated for each timepoint.  

G 
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Figure 3.4 p21 and p27 response to palbociclib 
(A) MCF7 cells were given siRNAs targeting p21, p27, or both and then treated with 500nM 
palbociclib overnight. To see changes in cyclin E associated p21 and p27, we immunoprecipitated 
cyclin E and then blotted for p21 and p27. (B) Cell cycle analysis by flow cytometry and EdU 
incorporation (1 hour pulse) of MCF7 sip21 and/or sip27 cells. (C) FaDu WT and CycE cells were 
given siRNAs targeting only p27 and treated with 500nM palbociclib overnight. To see changes 
in cyclin E associated p27, we immunoprecipitated cyclin E and then blotted for p27. (D) Cell 
cycle analysis by flow cytometry and EdU incorporation (1 hour pulse) of FaDu WT and CycE 
sip27 cells.  

A B 

C D 
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Figure 3.5 Low dose palbociclib treatment in modified SCC1 Cells 
Cell cycle analysis by flow cytometry and EdU incorporation (1 hour pulse) of SCC1 cells (WT, 
CycE, and sgFBXW7) treated with 125nM or 250nM palbociclib for 24 hours. S-phase differences 
between WT and high cyclin E cells are more pronounced at lower concentrations of drug.  
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Figure 3.6 Cyclin E response to palbociclib in FaDu cells 
(A) RT-qPCR of cyclin E and cyclin A in palbociclib (500nM) treated FaDu WT cells. Note: PD1 
= 1-day (24hr) treatment and PD2 = 2-day (48hr) treatment. (B) Cyclin E western blot of FaDu 
WT cells treated with 1µM rapamycin alone, 500nM palbociclib alone, or 1µM rapamycin and 
500nM palbociclib in combination.  
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Figure 3.7 Live cell imaging with FUCCI in FaDu cells 
(A) WT (B) CycE (C) sgFBXW7 and (D) sgRB1 live cells were tracked (n=40) using the FUCCI 
system while being treated with 500nM PD over a five-day period. Each row represents a single 
cell, and the length of each cell cycle phase is denoted by the indicated colors (red = G1, yellow = 
G1/S transition, green = G2 & M). Note that if cell division was observed in PD treated CycE or 
sgFBXW7 cells, they are indicated with a green dot at the end of their row. None of our tracked 
PD treated WT cells were seen dividing. Note that all of our tracked PD treated sgRB1 were seen 
dividing but we omitted the use of green dots to prevent cluttering in the figure. Average G1 
lengths were calculated as: WT CTRL: 10.8 hours; WT PD: 81.1 hours; CycE CTRL: 13.0 hours; 
CycE PD: 73.9 hours; sgFBXW7 CTRL: 12.1 hours; sgFBXW7 PD: 72.3 hours; sgRB1 CTRL: 
9.43 hours; sgRB1 PD: 17.8 hours.  
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Table 3.1 sgRNA sequences used for CRISPR-Cas9 knockouts 

 
 
Table 3.2 Primers used for RT-qPCR 
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Chapter 4. In-Situ Phosphorylation and Mass Spectrometry Screen 

to Identify Novel CDK Substrates 

4.1 Introduction 

The classical pocket proteins (i.e., pRb, p107, and p130) have been known as the primary 

substrates of CDK4 and CDK6 since the early 1990s16,126. The importance of these proteins was 

steadily uncovered in the following years as their role in the cell cycle and deregulation in cancer 

were outlined in detail. Briefly, the pocket proteins regulate the G1/S transition by binding to and 

suppressing the E2F family of transcription factors. As cells progress through G1, cyclin D-

CDK4/6 activity increases resulting in hypophosphorylation of the pocket proteins. This releases 

E2F allowing the transcription of S-phase promoting genes like cyclins E & A, which go on to 

hyperphosphorylate the pocket proteins thus generating a positive feedback loop pushing the cell 

past the G1 restriction point and into S-phase.  

These discoveries revealed an apparent redundancy between cyclin E-CDK2 and cyclin D-

CDK4/6 in controlling pocket protein phosphorylation102. While much attention was given to the 

fact that cells could substitute cyclin E function in place of the D-type cyclins, many groups 

overlooked CDK4 and CDK6 in favor of the more active and seemingly more important kinases, 

CDK1 and CDK2. Indeed, while CDK1/2 targets have been the subject of many reports over the 

years, only a handful of studies have identified CDK4/6 substrates outside of the classical pocket 

proteins such as SMAD3, FOXM1, and CDH1 to name a few127–129. This is mainly due to a lack 

of systemic screens for CDK4/6 substrates like the one conducted by Anders et al. in 2011129. 

While this group was successfully able to validate one of their hits (FOXM1), their method was 

limited by the use of wild-type kinases and screening candidate substrates against a protein 
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database. A more direct and unbiased approach using analog-sensitive kinases could uncover a 

broader and more accurate list of candidate substrates.  

In 1997, Shah et al. engineered a mutant version of the protein tyrosine kinase v-Src to 

identify its specific substrates130. The ATP-binding site was mutated so as to accept a unique, bulky 

ATP analog (N6-(cyclopentyl)-ATP) that wild-type kinases were unable to use. By subjecting cell 

lysates to the mutant, analog-sensitive (AS) kinase and ATP analog, Shah et al. would go on to 

identify novel and specific substrates of v-Src thus laying the groundwork for a new method to 

identify substrates of other protein kinases. 

Members of the Clurman lab later built upon this principle by introducing similar ATP-

binding site mutations into the cell cycle kinases CDK2, CDK4, and CDK6. In 2008, Chi et al. 

published their method utilizing AS-CDK2, N6-(2-phenylethyl)-ATP (PE-ATP), and mass 

spectrometry (MS) to identify over 180 potential substrates131. They went on to refine their “in-

situ” method by restricting the kinase reaction to isolated cell nuclei so as to maintain more 

physiologically relevant conditions132,133. Once again, over 100 potential substrates were 

identified, 40% of which were already known, and several novel substrates were validated 

including LSD1, DOT1L, and Rad54133. 

To further broaden our understanding of CDK functions in the cell cycle, we applied the 

in-situ phosphorylation method to CDK6 in the context of OHNSCC. In addition to searching for 

novel CDK6 substrates, another goal of this study was to uncover any secondary effects of CDK4/6 

inhibition. The consequences of CDK4/6 inhibitors like palbociclib can sometimes be 

unpredictable or at odds with data generated between different research groups. One potential 

reason behind these discrepancies may rise from potentially unknown effects of CDK4/6 

inhibition. While it is known that the primary effect of CDK4/6 inhibition is to prevent pRb 
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phosphorylation, this may be an oversimplification if CDK4 and/or CDK6 are responsible for 

phosphorylating any number of other substrates. The current scarcity of known CDK4/6 substrates 

not only provides us an opportunity to fill in this knowledge gap using known methodologies, but 

it may also help us better understand the global effects of CDK4/6 inhibition. 

We conducted three independent AS-CDK6 screens using nuclei isolated from FaDu cells 

(OHNSCC) and introduced slight modifications to each of the three screens. In the first screen, we 

transfected cells using only AS-CDK6 and identified 50 potential substrates (Figure 4.2A). In the 

second screen, we used AS-CDK6 harboring an additional activating mutation (S178P) that 

mimics the phosphorylated CAK sites on CDK1/2 thereby increasing kinase activity in our 

experiment (herein referred to as AS-CDK6*) (Figure 4.2B). To our surprise, we identified fewer 

candidate substrates (38) with this more active kinase, though in this screen we identified an 

expected substrate, the pocket protein p107 (gene: RBL1). And finally in our third screen, we co-

transfected cells with AS-CDK6* and cyclin-D to maximize in-vivo kinase activity (Figure 4.2A). 

This third screen yielded 162 potential substrates and most importantly, it identified the known 

CDK6 substrate pRb which had been unexpectedly absent in our previous two runs. Within the list 

of potential substrates, we observed an enrichment for proteins involved cell division, chromatin 

remodeling, DNA replication initiation and elongation, among others (Figure 4.3B). Intriguingly, 

the list of potential CDK6 substrates had substantial overlap with the list of potential CDK2 

substrates from our lab’s previous studies133. We speculate that this overlap reflects the functional 

redundancy observed between the different CDKs, however its biological significance will require 

further study to understand. Between our three AS-CDK6 screens, eight potential substrates were 

shared between all three conditions (Figure 4.3A). While those eight substrates served as the 

starting point in selecting candidates for the validation process, we chose to focus on the candidate 
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substrate, CDC45 (found only in the cyclin D-AS-CDK6* screen), due to its relevance in the cell 

cycle and ease of future study. 

4.2 Materials and Methods 

4.2.1 Cell lines, plasmids, recombinant protein expression/purification 

FaDu and Lenti-X 293T cells were grown in Dulbecco’s Modified Eagle Medium 

(DMEM) supplied with 10% fetal bovine serum (Gibco) and penicillin-streptomycin (Gibco). PE-

ATP-g-S was synthesized in the Clurman lab and all CDK phosphosite mutants were generated in 

the Clurman lab by site-directed mutagenesis as previously described132. Plasmids encoding HA-

tagged CSNK1D and FLAG-tagged FOXK1 were generated previously in the Clurman lab using 

the pCMV vector backbone (Markus Welcker). pCMV-FLAG-CDC45 was purchased from 

SinoBiological. GST-CDC45 was generated using cDNA isolated from pCMV-FLAG-CDC45 

vector (SinoBiological) and cloned into a pGEX-4T1 vector backbone (Addgene). The plasmid 

was expressed in bacteria and purified using glutathione Sepharose beads. 

4.2.2 Cell nuclei isolation and in situ kinase assay 

FaDu cells transiently overexpressing WT-CDK6, AS-CDK6, AS-CDK6*, or cyclin D-

AS-CDK6* were each grown on two 15cm plates for two days after transfections and harvested 

by trypsinization around 80-90% confluency. Pellets were washed once with PBS and then twice 

in 1mL cold hypotonic lysis buffer (10mM HEPES pH7.4, 10mM KCl, and 2mMgCl2) followed 

by centrifugation for 1min at 0.5g. Pellets were resuspended in 1mL hypotonic lysis buffer and 

left on ice for 15min to allow cells to swell. Swollen cells were then lysed by repetitive pipetting 

(5-7 times) using a 1-mL, 26-gauge needle syringe keeping nuclei intact and verified by trypan 

blue staining (Life Technologies). The remainder of the slurry was added to the surface of 7mL 

cold hypotonic lysis buffer with 30% sucrose (w/v) in a 15mL Falcon tube. The tube was then 
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centrifuged for 10min at 1000g, and the supernatant aspirated. The remaining pellet containing 

only nuclei was washed three times with cold hypotonic buffer and centrifuged for 1min at 0.5g 

between washes. After a final trypan blue check for intact and isolated nuclei, the final pellet was 

resuspended in kinase assay reaction buffer containing 500mM PE-ATP-g-S, 50mM HEPES 

pH7.4, 10mM MgCl2, 1mM DTT and incubated at 30°C for 30min with continuous shaking in a 

Heat Only Thermal Mixer II (Boekel). Following the reaction, tubes were centrifuged briefly (0.5g, 

30sec), supernatant aspirated, and the pellets were either processed immediately (described below) 

or flash frozen in liquid nitrogen for future processing. 

4.2.3 Purification of thiophosphorylated peptides 

Frozen nuclei pellets were resuspended in 400µL of 30mM HEPES pH7.4, 10mM EDTA, 

and 25U/mL benzonase (Millipore Sigma) and incubated on ice for 30 minutes. After adding 

Tween-20 for a final concentration of 0.1%, samples were pulse sonicated for 1 second, twenty 

times each. Sonicated samples were centrifuged for 10 min at 20,000g, and the supernatant was 

subject to sequencing grade modified trypsin (Promega) at 1:20. Thiophosphopeptides from the 

mixture were purified by using 40µL Thiopropyl Sepharose 6B disulfide beads (GE Healthcare) 

at pH 4.0. After washing, beads were eluted with 25mM DTT in 5% acetonitrile in H2O at room 

temperature for 30 min. 5mM tris(2-carboxyethyl)phosphine and 0.1% formic acid were added to 

the eluate for the final acidification step prior to analysis by mass spectrometry. 

4.2.4 Mass spectrometry analysis 

Samples were submitted to the shared resources proteomics core at the Fred Hutch Cancer 

Center where they were analyzed by Nanoflow liquid chromatography (NanoLC) and electrospray 

ionization tandem mass spectrometry (MS/MS) using the LTQ-Orbitrap mass spectrometer 

(Thermo Scientific) as previously described133. Four samples (WT-CDK6, AS-CDK6, AS-
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CDK6*, Cyclin D-CDK6*) were analyzed in duplicate runs for a total of eight MS runs. Acquired 

spectra were searched against a human peptide database with parameters including a precursor 

tolerance of 20 parts per million. Peptides containing thiophosphate modifications were filtered 

for and WT samples were compared against AS samples to generate the initial list of CDK6 

candidate substrates. 

4.2.5 Immunoblotting, immunoprecipitation, and in-vitro kinase assays 

Immunoblotting, immunoprecipitations, and validation in-vitro kinase assays were 

completed as previously described (Chapter 2, 3) with the following modifications: candidate 

substrates were immunoprecipitated from lysate using the 12CA5 anti-HA antibody and the M2 

anti-FLAG antibody. 

4.2.6 Antibodies 

Antibodies were purchased from suppliers and used as follows: BD Biosciences: Anti-

BrdU (3D4, mouse monoclonal PerCP-CyTM5.5 conjugated, 1:100 for flow cytometry); 

BioLegend: HA (16B12, mouse monoclonal, 1:1,000 for IB); Santa Cruz Biotechnology: CDK6 

(C-21, rabbit polyclonal, 1:1,000), Cyclin D1 (DCS-6, mouse monoclonal, 1:1,000), PCNA (PC10, 

mouse monoclonal HRP-conjugated, 1:1,000); Sigma: FLAG (M2, mouse monoclonal, 1:1,000 

for IB, 1:250 for IP), HA (12CA5, mouse monoclonal, 1:250 for IP). 

4.3 Results 

4.3.1 Identification of nuclear cyclin D-CDK6 substrates in OHNSCC 

We performed a large-scale mass spectrometry screen using WT-CDK6 and three 

replicates of AS-CDK6 to label substrates in cell nuclei with PE-ATP-g-S. Each replicate of the 

AS-CDK6 samples had minor modifications to enhance kinase activity for each run: AS-CDK6, 

AS-CDK6*, and cyclin D-AS-CDK6*. Our screen identified 5,889 total unique peptides, and 563 
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of those were unique, proline directed thiophosphopeptides. Of those, 295 belonged to the WT 

sample and 268 belonged to the AS samples. 499 thiophosphopeptides were shared by both WT 

and AS samples. 317 total thiophosphopeptides were found across all AS samples (268 unique) 

and among those, 55 were found in the AS-CDK6 run, 46 were found in the AS-CDK6* run, and 

216 were found in the cyclin D-AS-CDK6* run. This corresponded to 49 candidate proteins found 

by AS-CDK6, 36 candidate proteins found by AS-CDK6*, and 159 candidate proteins by cyclin 

D-AS-CDK6. Gene set enrichment of candidate proteins from all screens revealed a diverse array 

of nuclear functions including cell cycle regulation (RB1, CSNK1D, CSNK1E, NUMA1, CHEK1, 

CDK11A, CDK11B), mRNA processing and transport (NUP214, NUP133, NUP153, POM121), 

DNA replication (CDC45, ORC1, MCM4, RPA1), and more (Figure 4.3B). Of these candidate 

proteins, 26 were shared by two of the three runs, while eight were shared by all three (Figure 

4.3A). The eight shared proteins included MKI67, SON, TFPT, NOP2, LIG3, KIAA1522, NCL, 

and LMNB2. A full list of all identified proteins from each screen can be found in Table 4.1. 

Of note, the AS-CDK6 and AS-CDK6* returned a noticeably smaller list of 

thiophosphorylated peptides reflecting the limitation of endogenous cyclin D activity to 

phosphorylate substrates in our assay. It was only upon co-transfection with exogenous cyclin D 

that our third run returned the well characterized CDK6 substrate, pRb. Thus, as we proceeded in 

our selection of candidate substrates for validation, we primarily focused on the list returned by 

the cyclin D-AS-CDK6* run. Interestingly, the list of candidate proteins returned in our cyclin D-

AS-CDK6* sample had considerable overlap (40 out of 162 proteins) with substrates found in a 

previous AS-CDK2 screen conducted in our lab133. This likely reflects the functional redundancy 

amongst different cyclin-CDKs throughout the cell cycle.  
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To narrow down our list of candidate substrates for validation, we focused on proteins 

relevant to the cell cycle. We prioritized candidates containing only a handful of SP/TP sites for 

ease of future mutagenesis experiments or ones that our lab had previous experience working with. 

With these factors in mind, we selected the candidates FOXK1, CSNK1D, and CDC45 for in-vitro 

kinase assay validation. 

4.3.2 In-vitro validation of candidate substrates as cyclin-CDK targets 

To test whether cyclin D1-CDK6 could indeed phosphorylate our candidate substrates in 

vitro, we first expressed FLAG-FOXK1, FLAG-CDC45, and HA-CSNK1D in HEK-293A cells 

by calcium-phosphate transfection and immunoprecipitated each protein using antibodies against 

FLAG or HA (Figure 4.4A). After confirming expression of each protein, we exposed them to an 

in-vitro 32P-ATP kinase assay with recombinant cyclin D1-CDK6 (Sigma-Aldrich) and used GST-

pRb as a positive control for the reaction. While we confirmed phosphorylation of our GST-pRb 

positive control, we failed to see in-vitro phosphorylation of CDC45, CSNK1D, or FOXK1 by 

recombinant cyclin D1-CDK6 (Figure 4.4B).  

Concerned that phosphosites of the expressed proteins might be saturated while in the cell, 

we decided to express and purify one of our candidate substrates, CDC45, in E. coli so as to prevent 

in vivo phosphorylation of our substrate. To accomplish this, we used the pGEX-4T-1 bacterial 

expression plasmid and cloned in CDC45 cDNA. After purifying GST-CDC45 from bacteria, we 

exposed the protein to a panel of cyclin-CDK complexes for in-vitro 32P-ATP kinase assays and 

once again used GST-pRb as positive control. Our GST-pRb positive control was phosphorylated 

by all cyclin-CDK complexes to varying degrees indicating differential activity of each cyclin-

CDK complex (Figure 4.4A). We could only visually confirm phosphorylation of our GST-CDC45 

substrate by cyclin A-CDK2 and cyclin D1-CDK6 (previously immunoprecipitated from 
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mammalian cell lysate) thus providing our first piece of in-vitro validation data (Figure 4.4A). 

While our substrate may well have been phosphorylated by the additional cyclin D3-CDK6 and 

commercial cyclin D1-CDK6 complexes, the activity was too low to be observed visually in this 

assay. 

We next wanted to confirm substrate phosphorylation by mass spectrometry and identify 

the specific peptide(s) being phosphorylated in the reaction. Because signals from the cyclin D-

CDK6 in-vitro kinase assays were comparatively weak next to cyclin A-CDK2, we opted to use 

the latter complex for this validation step. Once again using GST-pRb as a positive control and 

two separate cyclin A-CDK2 complexes (one commercial and one purified), we ran two kinase 

assays in parallel: i) a cold ATP kinase assay to submit to mass spectrometry, and ii) a hot 32P-

ATP kinase assay to confirm successful reaction. We observed successful 32P-ATP labelling on 

both GST-pRb and GST-CDC45 with a stronger signal from our purified cyclin A-CDK2 reaction 

(Figure 4.5B). Thus, we cut out the corresponding band on the cold kinase assay gel (located via 

Coomassie staining) and submitted for mass spectrometry. Five total phospho-CDC45 peptides 

were identified in the MS run, and among them only one site was proline directed (S386) (Figure 

4.5C). Encouragingly, among the five identified phospho-peptides, the one containing S386 had 

the greatest number of peptide spectral matches (31 vs. the next highest at 8), and S386 was the 

site identified in our original screen, thus validating this site as an in-vitro CDK substrate. 

4.4 Discussion 

The identification of novel CDK4 and CDK6 substrates has historically been a challenge 

due to the difficulty in untangling target redundancy from the more active kinases, CDK1 and 

CDK2. With the refinement of chemical genetic techniques beginning with Shah et al. in the late 

1990s through to Chi et al. as recently as 2020, we now have the tools to better identify the 
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substrates of specific kinases in more physiologically relevant conditions than ever before. In this 

study, we sought to identify novel CDK substrates by expressing AS-CDK6 in FaDu cells and 

subjecting nuclear extracts to an in-vivo kinase assay with a bulky ATP analogue, PE-ATP-g-S. 

We then isolated thiophosphorylated peptides and generated a list of candidate CDK6 substrates 

by submitting our samples to mass spectrometry and screening for thiophosphorylation at 

canonical proline directed CDK phosphorylation sites, i.e., SP/TP. Our three versions of this 

proteomic screen yielded many candidate CDK6 substrates involved in a variety of cellular 

processes including cell cycle regulation, mRNA processing, DNA replication, and more. 

With an abundance of candidates to select for validation, we chose a substrate involved in 

cell cycle regulation and DNA replication with only two possible proline directed CDK 

phosphorylation sites, CDC45. The site identified in our screen (S386) is found within a consensus 

CDK phosphorylation motif (S/T-P-X-K/R), specifically, SPEK. This candidate was interesting 

for several reasons including its known role as part of the CMG helicase at the onset of S-phase 

for proper DNA replication134. The CMG helicase consists of CDC45, MCM hexamer, and the 

GINS complex and is responsible for unwinding DNA prior to replication135,136. Formation of the 

CMG relies on the recruitment of its constituents by DBF4-dependent kinase (DDK) and S-phase 

CDK activity, but the recruitment of CDC45 is specifically thought to be mediated by DDK 

activity, not CDK137. To our knowledge, until now, direct CDK phosphorylation of CDC45 has 

never been described or characterized.  

Our initial attempts to validate CDC45 by transient expression in HEK-293A cells and in-

vitro kinase assays proved unsuccessful (Figure 4.4B). Thus, we constructed a GST-tagged form 

of CDC45, expressed the protein in E. coli, purified GST-CDC45 out of bacterial lysate, and 

repeated our 32P-ATP in-vitro kinase assay with a panel of cyclin-CDK complexes (Figure 4.5A). 
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This method proved successful, and we observed the greatest degree of phosphorylation from 

cyclin A-CDK2 with more limited phosphorylation from cyclin D1-CDK6, thereby validating our 

candidate as a CDK substrate in-vitro. After submission of our in-vitro kinase assay product to 

mass spectrometry, we were able to verify the specific site (S386) of CDK phosphorylation which 

coincided with the peptide identified in the AS-CDK6 screen (Figure 4.5C). 

Significance of this phosphorylation in-vivo is currently speculative and characterizing the 

biological effects will be the basis for future study. As a first step, synthesis of a phospho-S386 

CDC45 antibody is currently underway. As noted previously by Chi et al., in-situ implementation 

of AS-CDKs continues to be an effective method for the discovery of novel substrates at near-

physiologic conditions. Overall, data from these experiments suggest a more expansive role for 

CDKs throughout the cell cycle than previously described. Specifically, while it is well established 

that cyclin D-CDK4/6 complexes primarily act on the pocket proteins to drive the G1/S transition, 

our proteomic screens indicate their involvement in non-canonical processes such as DNA 

replication initiation, among others. If confirmed, these non-canonical functions would be highly 

relevant to the proper application of CDK4/6 inhibitors in the clinic. Predicting tumor sensitivity 

and/or resistance to this class of drug remains a challenge for clinicians and scientists, and the 

problem is further complicated by an incomplete understanding of the full network of CDK4/6 

substrates. We hope that our work here will serve as the basis for future studies to validate these 

candidate substrates and provide a more complete understanding of the biological consequences 

of CDK phosphorylation.  
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Figure 4.1 Analog sensitive CDK screen design 
(A) Schematic depicting the difference between wild-type and analog-sensitive kinases. With a 
mutation in the ATP-binding site of the AS kinase, it can use bulky ATP analogs that will not fit 
in the WT binding site (original schematic designed by Chi et al. 2010). (B) In-vitro 32P-ATP 
kinase assay demonstrating the specificity of AS-CDK6 using bulky PE-ATP-g-S compared to WT 
CDK6 (data originally by Markus Welcker). (C-D) Schematic outlining each step of the in-vivo 
thiophosphorylation and peptide elution process. Cell nuclei expressing AS-CDK6 are incubated 
in a kinase reaction with PE-ATP-g-S. Nuclei are then lysed and digested with trypsin to create 
shorter peptides. Thiophosphorylated peptides are then captured by disulfide beads, eluted with 
DDT, and submitted for mass spectrometry (original schematic designed by Chi et al. 2008).  
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Figure 4.2 Expression of AS-CDK6 in FaDu cells 
 (A) Expression of WT and AS-CDK6 in FaDu cells for screen #1. (B) Expression of cyclin D 
and/or AS-CDK6* in FaDu cells for screens #2 and #3.  

A B 
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Figure 4.3 AS-CDK6 mass spectrometry screen results 
(A) Venn diagram showing overlap of identified proteins from each of the three proteomic 
screens. (B) Gene ontology terms from all screens that were enriched for specific biological 
functions ranked in order by decreasing p-value.  

A 
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Figure 4.4 In-vitro kinase assay validation of candidate substrates 
(A) Expression of three candidate substrates (CDC45, CSNK1D, FOXK1) in HEK-293A cells 
tagged with either FLAG or HA. Substrates were expressed in HEK-293A via calcium phosphate 
transfection, immunoprecipitated with antibodies against either FLAG or HA, and then blotted 
with antibodies against those epitopes. (B) In-vitro 32P-ATP kinase assays with commercial 
cyclinD1-CDK6, immunoprecipitated candidate substrates, and GST-pRb as a positive control 
substrate. No differences were observed in any of the candidate substrates between +/- cyclin D1-
CDK6. Bands outside of the GST-pRb + cyclin D1-CDK6 lane most likely represent non-specific 
32P binding.   

A 
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Figure 4.5 In-vitro and mass spectrometry validation of CDC45 
(A) In-vitro 32P-ATP kinase assays with a panel of cyclin-CDK complexes and GST-CDC45 
purified from E. coli (GST-pRb once again used as positive control). Coomassie stains of the 
kinase assay gels were used to confirm the presence and location of substrates used in the 
reactions. (B) In-vitro 32P-ATP kinase assays with cyclin A-CDK2 and GST-CDC45 used for 
mass spectrometry submission. After confirming phosphorylation of our substrate with longer 
exposure of the gel on the phospho-imaging plate, we cut out the corresponding Coomassie 
stained band and submitted our sample for analysis by mass spectrometry. (C) Results from mass 
spectrometry analysis revealed five phosphorylated peptides including the site identified in our 
original proteomic screen, S386. Peptide spectral matches at this site (31) were significantly 
greater than at the next highest site (8).  

A 

B 

C 
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Table 4.1 Full protein ID list from each mass spectrometry screen 
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Chapter 5. Summary and Future Directions 

Aberrations in the cell cycle that contribute to carcinogenesis are commonly found in most 

cancers and OHNSCCs are no exception. These molecular changes in cancer represent an 

opportunity for researchers to differentially target tumorigenic cells while preserving healthy tissue 

and minimizing sequelae related to traditional therapies (i.e., chemo, radiation, surgery). Thus, in 

my dissertation, I sought to uncover mechanisms that cancer cells rely on for replication and how 

they may adapt to targeted therapies that are currently in the clinical trial pipeline.  

First, we conducted a genome-wide CRISPR-Cas9 screen to better understand the 

mechanisms contributing to replication stress failure in cells with constitutively active CDK2. This 

project was motivated by previous work completed in the Clurman lab where a colon cancer cell 

line (HCT-116) was engineered to express a mutant form of CDK2 (CDK2AF) that lacked the 

inhibitory phosphorylation sites used by Wee1 and Myt1 to regulate its activity. CDK2AF cells 

showed exquisite sensitivity to drugs that induce replication stress such as HU or APH ultimately 

resulting in senescence80. Adding to those data was a synthetic-lethal model of cancer therapy that 

demonstrated the vulnerability of p53 deficient OHNSCC to targeted inhibition of the Wee1 

kinase74. Inhibition of Wee1 prevents regulation of CDK1/2 activity thereby driving these cancer 

cells toward mitotic catastrophe and apoptosis, especially when paired with low doses of 

traditional cytotoxic agents like docetaxel and/or cisplatin78. To understand why unregulated 

CDK2 activity induces sensitivity to replication stress, we employed a CRISPR-Cas9 in CDK2AF 

cells to see what downstream mediators, when knocked out, might rescue growth after HU 

treatment. Initial data from our screen pointed to specific pathways like apoptosis and MAP kinase 

signaling, however, validating individual hits proved challenging. After curating a list of screen 

hits for follow-up experiments that included CASP8, DR4, DR5, MAPK14, and MAP2K3, we 
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generated individual knockouts of each gene in CDK2AF cells to study their response to HU. 

Unfortunately, none of our knockouts successfully rescued CDK2AF cells from HU 

hypersensitivity when we assayed cell growth and DNA damage accumulation. From these results, 

we were forced to conclude that CDK2 either does not have a single downstream target that 

contributes to replication stress failure (but it may have several that act simultaneously to produce 

the observed phenotype), or that the effect of CDK2 activity in this context is inhibitory in which 

case our screen would be unable to detect such a target. One interesting finding, however, came 

about when we revisited the hit FAM122A, a highly conserved protein in mammals that inhibits 

the phosphatase activity of PP2A88. When we knocked out FAM122A from CDK2AF cells and 

treated them with HU, we once again failed to rescue post-treatment growth, but we did observe a 

noticeable drop in DNA damage accumulation. Published literature on FAM122A is sparse, but it 

has been implicated in regulating Wee1 protein levels89. It is therefore possible that CDK2 

promotes FAM122A mediated degradation of Wee1 during replication stress thereby preventing 

proper G2/M checkpoint activation. As a result, cells accumulate DNA damage which is then 

reversed when we knock out FAM122A. Future studies that build on these findings will first have 

to validate FAM122A either as a direct or indirect target of CDK2 that is activated upon replication 

stress. Another approach for this line of inquiry might include a CRISPR activation screen rather 

than the knockout screen we conducted. This would address the possibility that the ultimate effect 

of CDK2 activity leading to replication stress failure might actually be inhibitory. In other words, 

CDK2 might be shutting off certain pathways that would otherwise allow, for example, proper 

DNA damage response. It would therefore be possible to find such mediators by repeating our 

screen protocol but using a CRISPR activation library in lieu of the knockout library we employed.  
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The second and third major projects of my dissertation were related to the critical cyclin-

CDK complexes that regulate the G1/S transition (cyclin D-CDK4/6 and cyclin E-CDK2). The 

mutational profiles of HPV-negative OHNSCCs have made these cancers good candidates for the 

application of CDK4/6 inhibitors such as palbociclib, abemaciclib, and ribociclib. As such, over 

15 clinical trials using this class of drug have either been completed or are currently undergoing 

investigation in OHNSCC. While initial data from these trials looked promising, issues with 

intrinsic and/or acquired resistance have been reported58,62. Resistance to CDK4/6 inhibitors has 

also been observed in other cancers which has prompted researchers to find potential biomarkers 

that may predict tumor response. Several mechanisms have been hypothesized such as RB1 loss 

and CCNE1 amplification, but data are often correlational, and some reports are in direct conflict 

with one another. Of particular interest to our lab is the claim that high cyclin E-CDK2 activity 

can bypass CDK4/6 inhibition by directly phosphorylating pRb on its own. Because CCNE1 

amplification is rare in OHNSCC, we hypothesized that loss of Fbw7, an E3 ubiquitin ligase that 

regulates cyclin E degradation, would confer resistance to palbociclib in OHNSCC.  

To test this idea, we engineered a panel of OHNSCC cell lines with various genomic 

modifications including RB1 knockout, FBXW7 knockout, and stable overexpression of cyclin E. 

Cells lacking pRb, including HPV-positive lines, consistently demonstrated strong resistance to 

palbociclib in EdU incorporation and cell outgrowth assays thus establishing a baseline for 

comparison against our other modifications. To our surprise, cells with high levels of cyclin E 

(either through stable overexpression or as a consequence of FBXW7 knockout) consistently 

demonstrated a minor but reproducible level of resistance to palbociclib as compared to our pRb 

null cells. We were unable to demonstrate a bypass effect of cyclin E when the D-type cyclins 

were inhibited by palbociclib, which stands in stark contrast to the increasingly accepted idea that 
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high cyclin E levels confer robust resistance to CDK4/6 inhibition. Thus, our data suggest that 

high cyclin E activity on its own is insufficient to generate CDK4/6 inhibitor resistance, and that 

it must be accompanied by other molecular changes in order to confer strong resistance. Future 

studies to uncover co-mutations that accompany high cyclin E activity will more accurately depict 

the nature of CDK4/6 inhibitor resistance in such cells and tumors. To accomplish this, a CRISPR 

knockout and/or activation screen in our high cyclin E cell lines can serve as an initial step to find 

candidate co-mediators of palbociclib resistance. A list of candidate mediators from these screens 

could then be cross-referenced with patient tumor sample data to identify the most likely pathways 

that are altered in conjunction with high cyclin E to confer resistance. It is also possible that cyclin 

E mediated resistance is somehow modulated by the immune system and/or tumor 

microenvironment. If true, our cell culture and in-vitro experiments would be unable to recapitulate 

the observed resistance in patient tumors. Therefore, we have initiated a study in mice that will 

include our engineered cell lines, and we will measure tumor response to palbociclib in a more 

biologically relevant setting. If we observe more robust palbociclib resistance in cells with high 

cyclin E, we can then begin exploring changes in tumor microenvironment that would help explain 

this difference. 

Finally, we conducted a proteomic screen to identify novel CDK6 substrates in OHNSCC. 

Our approach built on the chemical-genetic method developed by Shokat and colleagues who 

engineered analog-sensitive kinases that could differentially utilize ATP analogs in their 

assays130,132. Our screen revealed over 100 candidate substrates, many of which were 

unsurprisingly involved in cell cycle regulation. Of particular interest to us was the candidate, 

CDC45, which is a critical component of the CMG helicase involved in initiating DNA replication. 

To our knowledge, no group has previously described CDK phosphorylation of CDC45 despite 
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the presence of a consensus phosphorylation sequence in the protein (SPEK). Using mass 

spectrometry, we successfully validated CDC45 as a CDK substrate in-vitro and have initiated the 

development of a phospho-specific antibody on residue S386. With this tool, future studies will be 

tasked with validating CDC45 as a bona fide CDK substrate in-vivo. The next challenge will then 

be to understand the biological consequences of CDK phosphorylation on S386. Questions in this 

line of research will include: which CDK is primarily responsible for phosphorylation on this site? 

Is phosphorylation on S386 an activating or inhibitory event? And what induces phosphorylation 

on this site specifically?  

Although cell cycle research has been ongoing for many decades, there are an abundance 

of critical questions that remain unanswered. Particularly as the next generation of targeted 

therapeutics are developed and deployed, it is essential that we continue to elaborate the 

mechanistic rationale for the application of these drugs. I believe my work outlined in this 

dissertation has advanced our understanding of cyclin-CDK biology while also providing a sound 

basis for future research projects in this field.
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