
 

 

 

 

Evaluating Synthetic Lethal Interactions in DNA Damage Signaling for Breast Cancer 

Therapy 

 

by 

 

Amirali Bukhari 

  

  

 

 

 

 

A thesis submitted in partial fulfillment of the requirements for the degree of 

 

 

Doctor of Philosophy 

 

in 

 

Cancer Sciences 

 

 

 

 

 

Department of Oncology 

University of Alberta 

 

 

 

 

 

 

 

  

 

 

© Amirali Bukhari, 2021 

 



ii 

 

Abstract 

Breast cancer is the most common cancer amongst women in Canada. The current 

treatment regime for early stage breast cancers is breast-conserving surgery with radiation therapy. 

However, 10-20% of patients develop local recurrence, and some exhibit metastatic spread, which 

is associated with a high mortality rate. Treatment resistance is commonly seen in such patients. 

In this regard, therapies combining two or more therapeutic agents/drugs has become a cornerstone 

of cancer therapy. Oncogene-induced DNA damage is a common feature of cancer cells, which 

leads to high levels of replication stress in cancer cells compared to normal proliferating cells. 

To achieve the necessary therapeutic window for a wide range of tumors, in view of tumor 

heterogeneity, we tested whether increasing genotoxic stress and simultaneously inhibiting an 

important rescue pathway would lead to cancer cell-selective death by evaluating the efficacy of 

combined inhibition of the kinases ATR and Wee1. ATR is essential in the DNA damage 

checkpoint in response to replication stress, whereas Wee1 is an effector kinase required to 

maintain the G2/M and intra S-phase checkpoints. Our findings suggest that inhibition of Wee1 

kinase leads to ATR activation, and combined inhibition of the two kinases promotes synergistic 

cell killing in a panel of cancer cells, but not in non-tumorigenic epithelial cell lines in vitro. Live 

cell microscopy experiments monitoring the fate of individual cells showed that combined 

treatment with ATR and Wee1 inhibitors leads to a significant increase in the number of cancer 

cells undergoing centromere fragmentation and mitotic catastrophe, eventually resulting in cell 

death in mitosis. Cell cycle synchronization experiments indicate that combined ATR and Wee1 

inhibition leads to a significant delay of S and G2/M phases. Furthermore, 4-day cell survival 

assays using reversible inhibition of ATR and/or Wee1 for short periods during the cell cycle show 

that not only do the two drugs act synergistically, but suppression of checkpoint activation and 
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DNA repair in the two cell cycle phases, S and G2, also cooperate to kill cancer cells. In an 

orthotopic breast cancer model, tumor-selective synergistic lethality between ATR and Wee1 

inhibitors led to tumor remission and inhibited metastasis with minimal side effects.  

Furthermore, early identification of non-responders in the clinic could help identify 

patients that should be put on alternative therapies to minimize unnecessary toxicities. In this 

regard, we show that [18F]-FLT uptake, measured by positron emission tomography, can be 

employed as a predictive biomarker to evaluate early response to combined ATR and Wee1 

inhibitor treatment. Lastly, we assess the impact of combined ATR and Wee1 inhibitors as 

adjuvant to radiotherapy or surgery. Our preliminary data suggests that combined ATR and Wee1 

inhibitor treatment results in radiosentization of 4T1 tumors. Furthermore, when combined ATR 

and Wee1 inhibitors were used adjuvant to surgery for advanced tumors, we observed tumor “cure” 

in a few cases, despite the aggressive nature of the cancer model. 

As these inhibitors of ATR and Wee1 are currently undergoing phase I/II clinical trials, 

this knowledge could soon be translated into the clinic, especially because we showed that the 

combination treatment targets a wide range of tumor cells. Particularly the anti-metastatic effect 

of combined ATR and Wee1 inhibition and the low toxicity of ATR inhibitors compared to Chk1 

inhibitors show great clinical potential. 
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Chapter 1: Introduction 
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1.1 Breast cancer 

Breast cancer is the most diagnosed cancer amongst women around the world. Due to the 

heterogenous nature of the disease, over the last two decades, treatment options have increasingly 

taken into account biological parameters (gene signatures, protein expression levels) to tailor 

treatment plans to individual patients. However, locoregional tumor burden or presence of 

metastatic lesions remain the most important factors in deciding between therapeutic approaches. 

The confinement of cancer to the breast tissue or its spread just to the axillary lymph nodes is 

termed early breast cancer and is deemed curable in about 80-90% patients with existing treatment 

options (Harbeck et al. 2019). On the contrary, advanced, or metastatic breast cancer – that is, 

spread of cancer from the breast tissue to other parts of the body (most commonly to liver, lung, 

bone, and/or brain) – is not considered curable, but it is a treatable disease, for which the goal of 

therapy is to prolong survival keeping in mind treatment associated toxicities to improve the 

adjusted “quality” of life. 

The histological and molecular characteristics of breast cancer are determining factors on 

the choice of treatment options – which include locoregional treatment (such as surgery or 

radiation therapy) and/or systemic therapy (such as chemotherapy or hormone therapy). Early 

pathological classification of breast cancer categorized it into four different subtypes: luminal A 

and B (hormone receptor - oestrogen receptor (ER) and progesterone receptor (PR) - positive), 

human epidermal growth factor receptor 2 (HER2) enriched, and basal-like (ER, PR, and HER2 

negative) (Perou et al. 2000). The current practice in the clinical management of breast cancer 

classifies it into five subtypes: luminal A-like (high expression of ER and PR; HER2 negative), 

luminal B-like HER2+ (ER+, HER2+, but lower ER and PR expression than luminal A-like), 

luminal B-like HER2- (ER+, HER2-, but lower ER and PR expression than luminal A-like), 
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HER2-enriched (ER-, PR-, HER2+), and Triple negative breast cancer (TNBC; ER-, PR-, 

HER2-).  

1.1.1 Epidemiology 

In 2020, more than 2.2 million women were newly diagnosed with breast cancer (24.51% 

of all newly diagnosed cancer cases in females) surpassing the global incidence of newly 

diagnosed colorectal and lung cancer cases in women by ~15% (Fig. 1A) (Sung et al. 2021). 

Additionally, approximately 685,000 (~ 15.5%) women died due to breast cancer making it the 

leading cause of cancer related deaths in women (Fig. 1B) (Sung et al. 2021). In Canada, it is 

estimated that about 28,000 women will be diagnosed with breast cancer representing ~ 21% of 

all new cancer cases in women in 2020 (Fig. 1C). Despite the rate of mortality in Canada dropping 

at ~ 0.2% between 1991 and 2015, likely due to increased mammographic screening programs 

resulting in early detection and better disease prognosis, about 5,700 women will still die of breast 

cancer accounting for 14% of all cancer related deaths – making breast cancer the second leading 

cause of death in women (Committee 2019) (Fig. 1D). In 2020, approximately 75 Canadian 

women will be diagnosed with breast cancer and approximately 13 will die due to it on average 

daily (Committee 2019). Nearly 40% of breast cancer cases are expected to be diagnosed in 

females aged 30 to 59. 

Data collected by the National Cancer Institute between 2013 and 2017 indicates that 

luminal A (hormone receptor positive / HER2 negative) is the most diagnosed subtype of breast 

cancer with incidence of 87 new cases per 100,000 women. This was significantly higher than any 

other subtype [TNBC (hormone receptor negative / HER2 negative) incidence was 13 new cases 

per 100,000 women; luminal B (hormone receptor positive / HER2 positive) incidence was 13.3 

new cases per 100,000 women; and HER2-enriched (hormone receptor negative / HER2 positive) 
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Figure 1.1. Distribution of cancer incidence and mortality in 2020. 

Chart shows that breast cancer is the most diagnosed cancer (A) and the leading cause of cancer-related deaths amongst women globally 

(B). In Canada, breast cancer remains the most diagnosed cancer (C) and the second leading cause of cancer-related deaths amongst 

women (D). Data was accessed from GLOBOCAN 2020 (Sung et al. 2021). 
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incidence was 5.5 new cases per 100,000 women] (NCI). A recent study compared the change in 

incidence rates of breast cancer subtypes across various age and race/ethnic groups in the United 

States and found that out of the 320,124 women diagnosed with breast cancer between 2012 and 

2016, the incidence of luminal A breast cancer increased from 2.3% to 4.2% in non-Hispanic 

White, and from 2.5% to 4.5% in non-Hispanic Asian/Pacific Islander women aged 40 to 54 years 

(Acheampong et al. 2020). The same study also noted an increase in the incidence of luminal B 

and HER2+ breast cancers across different racial/ethnical backgrounds in all age groups 

(Acheampong et al. 2020). Interestingly, a decline in the incidence of TNBCs was observed 

(Acheampong et al. 2020). These changes in the annual incidence of breast cancer with differing 

molecular subtypes may indicate changes in the prevalence of breast cancer risk factors by race, 

ethnicity, and age. The underlying reasons remain unknown but may include changes in lifestyle 

or screening. The absence of a national cancer registry in Canada limits the accessibility of similar 

epidemiological data for the different breast cancer subtypes. A recent population based analysis 

on the incidence of breast cancer in Canadian women found that the annual incidence in Ontario 

during 2012-2015 for TNBC was 15 new cases per 100,000, 21-23 new cases per 100,000 for the 

HER2-enriched group, and 97-105 new cases per 100,000 for luminal (hormone receptor 

positive/HER2 negative) breast cancers (Seung et al. 2020). Regarding outcome, women with 

stage IV TNBC have the lowest overall median survival of 8.9 months followed by advanced 

stage/metastatic HER2-enriched (median overall survival of 37.3 months) and luminal (median 

overall survival of 35.2 months) breast cancers (Seung et al. 2020). 

Familial breast cancer accounts for about 5-10% of breast cancers (Shiovitz and Korde 

2015). Carriers of germline mutations in two high penetrance genes – BRCA1 and BRCA2 – have 

about a 72% and 69% mean risk of developing breast cancer by the age of 80 years 
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(Kuchenbaecker et al. 2017). These mutations account for about 20-30% of all familial breast 

cancers (Yiannakopoulou 2014), and it is estimated that they are responsible for more than 90% 

of early-onset cancers in families with both breast and ovarian cancers. Over 2200 pathogenic 

mutant variants of BRCA1 and BRCA2 have been identified (Cline et al. 2018). However, only a 

few founder mutation were more common in certain populations, like Ashkenazi Jewish families 

with higher frequency (approx. 1 in 40) of the BRCA1 187delAG and 5385insC, and BRCA2 

6174delT mutants (Foulkes 2008, Metcalfe et al. 2010, Walsh et al. 2017), or the Icelandic 

(BRCA2 999del5), and the French Canadian populations (BRCA1 C4446T and BRCA2 

8765delAG) (Tonin et al. 1998, Mikaelsdottir et al. 2004). The clinical availability of poly(ADP-

ribose) polymerase (PARP) inhibitors has led to significant improvements by prolonging 

progression-free survival of breast cancer patients with BRCA defects through an interaction 

described as “synthetic lethality” (Fong et al. 2009). In addition to BRCA mutations, two rare 

hereditary cancer syndromes linked to germline mutation of TP53 or CHEK2 (Li-Fraumeni 

syndrome; affecting 1 in 5,000 to 1 in 20,000) and PTEN (Cowden syndrome; affecting 1 in 

250,000) have also shown an increased risk of breast cancer (Malkin et al. 1990, Liaw et al. 1997). 

As a result, with the availability of next generation sequencing data, screening panels evaluating 

the risk of hereditary breast cancers have gone beyond BRCA1 and BRCA2 to include additional 

genes like TP53, CDH1, PTEN, ATM, CHEK2, PALB2, STK11, RAD51C, BRIP1, and NBN (Tung 

et al. 2015). 

The pattern of breast cancer incidence differs among countries based on lifestyle, and the 

popularity of national awareness campaigns. An estimated 20% of breast cancers are attributed to 

obesity, physical inactivity, and alcohol consumption. Studies have shown an increased probability 

of developing breast cancer in postmenopausal women from Asia-Pacific, with higher body mass 
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index (BMI ≥ 5) associated with an approximate 12% increase in overall risk (reviewed in 

(Renehan et al. 2008)). Additionally, this risk increases further by 20 to 40% in obese 

postmenopausal women compared to those with normal weight (Munsell et al. 2014). Data from 

epidemiological studies have also found a consistent link between increased risk of breast cancer 

and alcohol consumption with light drinkers (1-3 drinks per week) having a slightly increased risk 

(1.04-fold higher), and moderate (1 drink per day; 1.23-fold higher risk) and heavy drinkers (4 or 

more drinks per day; 1.6-fold higher risk) having a greater risk of breast cancer compared to non-

drinkers (Chen et al. 2011, Bagnardi et al. 2015, LoConte et al. 2018). Interestingly, this 

association is observed in both premenopausal and postmenopausal women (Singletary and 

Gapstur 2001). 

1.1.2 Screening 

Population screening programs for breast cancer use non-invasive mammographs for early 

identification of breast cancers to enable effective treatments at an early stage. Meta-analysis of 

randomized controlled clinical trials suggests that the relative risk of breast cancer mortality in 

women aged 50 years and older was reduced by almost 20% if they were subject to breast cancer 

screens every 3 years compared to unscreened controls (Independent 2012, Nelson et al. 2016). 

Women with mutations in genes implicated in breast cancer incidence are often advised to 

undergo risk-tailored screening where mammography (or digital breast tomosynthesis also referred 

to as near-3D mammography) is often combined with magnetic resonance imaging (MRI) or 

ultrasonography. While these technologies have helped increase breast cancer detection 

(Melnikow et al. 2016), they have not been assessed for mortality outcomes (Lauby-Secretan et 

al. 2015). Unfortunately, as this technology is relatively new there are no long-term efficacy data 
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available, which limits our understanding of actual benefits for patient outcomes (Marinovich et 

al. 2018). 

1.1.3 Diagnosis 

Women experiencing breast symptoms such as lump(s), pain, or nipple discharge, typically 

undergo the triple test as part of their diagnostic evaluation which comprises a physical 

examination, mammography or ultrasonography, and fine needle aspiration cytology (FNAC) 

(Irwig et al. 2002). The high accuracy of the triple test allows to accurately discriminate breast 

cancer versus benign or normal breast conditions avoiding unnecessary surgical interventions.  

Breast ultrasonography is a frequent practice in guiding fine needle breast biopsies, and to 

evaluate localized symptoms, especially in young women with dense breasts where the results of 

a mammogram are negative or difficult to interpret (Hooley et al. 2013). Besides ultrasonography, 

MRI of the breast is also advised in select cases where the conventional imaging examinations 

have been either contradictory or inconclusive. Unlike in the case of mammography, the results 

from MRI are not affected by breast density and the technique has higher sensitivity for cancer 

detection. Interestingly, breast MRI is particularly useful in identification of axillary lymph node 

metastases with occult breast tumor (Morrow et al. 2011).  

1.1.4 Pathology 

Based on the WHO classification, breast cancer is divided into 19 different subtypes 

comprising invasive carcinomas of no special type (previously known as invasive ductal 

carcinomas), invasive lobular carcinoma, and carcinomas of special type which include 17 rare 

histological subtypes and their subclassifications (Fig. 1.2) (Lakhani et al. 2012, Tan et al. 2020). 

Among the special types, tubular, cribriform, and mucinous with no mixed histology (i.e., at least 

90% pure) have excellent prognosis (Lakhani et al. 2012). On the other hand, pleiomorphic lobular 
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Figure 1.2. Histological subtypes of invasive breast cancer. 

Figure represents the WHO classification of the various subtypes of invasive breast cancer, their prevalence, and frequently observed 

mutations. This figure was used with permission and without modification from Harbeck et al. (Harbeck et al. 2019). 
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carcinoma, high-grade metaplastic carcinoma, and micropapillary carcinoma special subtypes 

were associated with the poorest clinical outcome (Lakhani et al. 2012).  

Histological evaluations take into consideration the proportion of cancer cells that are in 

tubule formation, the degree of nuclear pleomorphism, and the number of mitotic cells (Elston and 

Ellis 1991). A grade is assigned based on the Elston- and Ellis-modified Scarff-Bloom-Richardson 

system where each feature is scored with three-tier system, and the final grade (grade I, grade II, 

or grade III) is determined by adding individual scores to determine aggressiveness of the breast 

tumor (Elston and Ellis 1991). Based on the recommendations from international guidelines, 

determination of hormone receptor (ER/PR) and HER2 status is required for all patients with 

invasive breast cancer (Wolff et al. 2013, Senkus et al. 2015, NCCN 2021). The American Society 

of Clinical Oncology recently revised their guidelines to define HER2 positivity (3+) as more than 

10% cells showing complete membrane staining by immunohistochemistry (IHC) or by an 

amplification of HER2 gene (≥ 6 gene copies or the ratio of HER2/chromosome 17 is ≥ 2) detected 

by in situ hybridization (Wolff et al. 2013). 

1.1.5 Prognosis 

The traditional prognostic markers (i.e., factors predicting risk of recurrence or death) for 

breast cancer include age, tumor size, histologic and nuclear grade, number of positive axillary 

lymph nodes, tumor angiogenesis, and subtype (Donegan 1997). Patients over the age of 75 

typically experience 17% higher cancer related mortality than younger patients (Tao et al. 2019). 

While breast cancer in young women (< 35 years of age) is rare (< 5% of patients), it is frequently 

associated with a familial history and often has an aggressive phenotype.  

The intrinsic molecular subtypes of breast cancers are an important criteria in treatment 

decisions. Breast cancer patients with luminal A-like tumors have good prognosis, and the relapse 
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rate is significantly lower than any other subtypes. These tumors frequently present with low 

histological grade, low proliferation, low Ki-67/PCNA immunohistochemistry staining, high ER 

and PR expression, and include special histological subtypes (tubular, invasive cribriform, 

mucinous, and lobular) (Carey et al. 2006, Yersal and Barutca 2014). On the contrary, patients 

with luminal B-like tumors are associated with an aggressive phenotype, have high ER but no (or 

to a lesser extent) PR expression, display a high histologic grade and a high proliferation index, 

and have a poor prognosis (Creighton 2012). HER2+ tumors are aggressive, have high 

proliferation, high grade (G2 or G3), low or absent ER and PR expression, and nearly 40% are p53 

mutant (Tsutsui et al. 2003). TNBCs are highly aggressive, associated with high grade (G3), 

exceptionally high proliferation index, no expression of ER, PR, and HER2, and most of these 

tumors are infiltrating ductal tumors with high rate of metastasis to the lungs and brain (Heitz et 

al. 2009).  

1.2 Triple Negative Breast Cancer (TNBC) 

The research presented in this thesis uses TNBC cell lines to generate orthotopic mouse 

models and is focussed on improving therapeutic outcomes for early and advanced stage tumors. 

TNBCs account for 15-20% of all breast cancers and is more prevalent in younger women, 

particularly those with a familial history [48]. About two-third of TNBC patients present with 

grade III disease and have larger tumors compared to the other breast cancer subtypes [49]. 

Additionally, TNBC patients are also linked to significantly higher mortality (~42% of 5 year) 

where the median overall survival is about 4.2 years as compared to 6 years with other subtypes 

[49]. Patients with TNBC have an increased likelihood of recurrence (usually in the first 3 years 

after diagnosis), and many experience an early onset of distant metastasis [49].  
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To gain insights into the biology of TNBCs, Lehmann et al. used gene expression analysis 

and identified six distinct TNBC subtypes which include: two basal-like (BL1 and BL2), an 

immunomodulatory (IM), a mesenchymal (M), a mesenchymal stem-like (MSL), and luminal 

androgen receptor (LAR) subtype [50]. More recently, Burstein et al. revisited this initial 

classification by using RNA and DNA profiling analysis and classified TNBCs into four subtypes 

that is LAR, mesenchymal (MES), basal-like immunosuppressed (BLIS), and basal-like immune 

activated (BLIA) [51]. Among these, prognosis for both disease free survival and disease specific 

survival was worst for BLIS and best for BLIA [51]. 

1.3 Management of breast cancer 

For early (non-metastatic) breast cancer, the main goals of therapy are eradicating tumor 

from the breast and regional lymph nodes and preventing metastatic recurrence. For this, treatment 

usually consists of surgical removal of primary tumor and axillary lymph nodes, with consideration 

of postoperative radiation therapy to eradicate any remaining microscopic disease. Systemic 

therapy may be given in either a neoadjuvant (before surgery; especially in women with larger 

tumors) or an adjuvant (after surgery) setting, or both. On that note, the molecular subtypes of 

breast cancer typically determine the type of standard systemic therapy administered usually 

comprising of endocrine therapy for all hormone receptor positive tumors and additional 

chemotherapy for some high risk patients with hormone receptor positive tumors, trastuzumab in 

combination with other chemotherapeutic drugs for HER2+ tumors, and chemotherapy alone for 

TNBCs. 

As advanced (metastatic) breast cancer is considered not curable, the main goals of therapy 

are to prolong life and symptom palliation. Systemic therapies are similar to early breast cancers, 

and locoregional therapies (surgery and radiation therapy) are usually aimed at palliation.  
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1.3.1 Early (non-metastatic) breast cancer 

Treatment of early breast cancers with surgery to remove the primary tumor and staging or 

excision of the affected axillary lymph nodes is the foundation of curative treatment. Over the past 

decade or so, more women have been open to breast-conserving surgery thus substituting 

mastectomy for lumpectomy to a great extent (McLaughlin 2013). For early breast cancers, 

primary tumor resection is usually the first step of treatment. However, in some cases, it may be 

preceded by neoadjuvant chemotherapy depending on tumor size, tumor to naïve breast size ratio, 

and patient choice (Margenthaler and Ollila 2016).  

Postoperative treatments in the form of whole breast radiation and/or systemic therapy are 

governed by the initial tumor burden and the tumor subtype. Indeed, postoperative radiation 

therapy following breast-conserving surgery has improved disease-free and overall survival for 

patients with early breast cancer either by eliminating residual cancer cells (Ebctcg et al. 2014, 

Heil et al. 2020) and/or inducing an abscopal effect (where treatment of the primary tumor results 

in tumor shrinkage at a distant site) (Jatoi et al. 2018). Radiation biology models suggest a 

hypofractionated daily dose (approximately 42.5 Gy over 16 fractions) given over a shorter time 

(~3 weeks) may be just as effective (Fowler 1989), and most importantly more convenient for 

patients and less resource intensive than the historical standard (50 Gy over 25 fractions over a 

period of 5 weeks) (Whelan et al. 2010). 

Systemic therapies for early breast cancer are very effective, but may vary based on tumor 

molecular subtype, initial tumor burden, and absolute risk of recurrence from one individual to 

another (Pan et al. 2017). For hormone receptor positive breast cancers, the standard duration of 

adjuvant endocrine therapy with tamoxifen is at least 5 years after surgery. This has helped reduce 

tumor recurrence rate and mortality (Early Breast Cancer Trialists' Collaborative et al. 2011). 
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Patients with a >10% risk of recurrence over 10 years are advised to receive chemotherapy in 

addition to endocrine therapy (Harbeck et al. 2019). Chemotherapy regimens commonly include 

docetaxel and cyclophosphamide, or doxorubicin given concurrently to manage long term toxicity 

(Mackey et al. 2016). The discovery of trastuzumab (Herceptin, an anti-HER2 monoclonal 

antibody) has been an important development in breast cancer treatment for HER2+ breast cancers. 

The use of trastuzumab with standard chemotherapy in an adjuvant or neoadjuvant setting was 

demonstrated to markedly improve disease-free survival and overall survival in randomized 

clinical trials, making it the standard of care for patients with HER2+ tumors (Romond et al. 2005, 

Slamon et al. 2011, Gianni et al. 2016). Like HER2+ breast cancers, TNBC patients undergo 

neoadjuvant chemotherapy which typically contains a taxane and an anthracycline, although 

docetaxel and cyclophosphamide combination is as effective at an early stage (Nitz et al. 2019). 

Additionally, PARP inhibitors and platinum compound-based chemotherapies have gained interest 

for the treatments of TNBC due to defects in DNA double strand break repair mechanisms arising 

because of mutations in BRCA1/2 and other DNA repair genes (Denkert et al. 2017). 

1.3.2 Advanced (metastatic) breast cancer 

Advanced breast cancer is the spread of cancer beyond the breast tissue to the other sites – 

mainly bone, lungs, liver, and brain. Currently, it remains a virtually incurable disease with 

metastasis being the cause of death in almost all patients. Median survival ranges from 10-13 

months for the highly metastatic TNBC subtype to 4-5 years for metastatic hormone receptor 

positive and HER2+ tumors. Breast cancer patients with metastatic disease receive treatment with 

the aim of symptom palliation and prolongation of adjusted “quality of life”. Although surgery is 

not a mainstay for patients with metastatic disease, it may be an option for a few patients showing 
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excellent response to systemic therapy and lower burden of distant disease, or for patients with 

resectable brain metastasis (Cardoso et al. 2020).  

Radiation therapy is often recommended to patients with metastasis to bone and brain for 

symptom mitigation. Indeed, the prescription is individualized with dose and fractionation 

schedules being determined based on the severity of the lesion and remaining life expectancy. For 

instance in patients with painful bone metastasis, a single dose of 8 Gy may be sufficient and less 

toxic than a dose of 20 Gy given in multiple fractions (Chow et al. 2014). On the other hand, for 

metastatic lesions to the brain, stereotactic radiosurgery may be prescribed for patients with lesions 

up to 3 cm, and larger or multiple lesions may undergo treatment with whole-brain radiotherapy 

(Phillips et al. 2017).  

As in the case of early breast cancers, systemic therapy for advanced metastatic breast 

cancers is guided based on the molecular subtype. Multigene panels have not been useful in the 

clinic for patients with metastatic disease. So the choice of systemic therapy, to a great extent, 

relies on biopsy and assessment of receptor status (ER and HER2) at the first metastasis (if 

possible), as it can help verify histology and assess potential changes in tumor biology at the lesion 

(Cardoso et al. 2020). For hormone receptor positive metastatic breast cancers, serial endocrine-

based therapies are recommended until the patient stops responding (endocrine therapy resistance), 

and then treatment is transitioned to single-agent chemotherapy (Waks and Winer 2019). 

Premenopausal patients with hormone receptor positive tumors are advised to undergo treatment 

to achieve medical or surgical menopause in addition to treatment with an endocrine agent 

(aromatase inhibitor plus CDK4/6 inhibitor, tamoxifen, or fulvestrant) (Rugo et al. 2016, Cardoso 

et al. 2020). For postmenopausal patients with hormone receptor positive tumor, the first line of 

therapy is usually an aromatase inhibitor followed by treatments with fulvestrant, tamoxifen, or 
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Olaparib (for BRCA1/2 mutation) as the later line resorts (Waks and Winer 2019). HER2+ 

metastatic breast cancers are treated with anti-HER2 targeting agents, and patients previously 

untreated with trastuzumab preferentially undergo dual HER2 blockade with trastuzumab and 

pertuzumab plus taxane based chemotherapy (Cardoso et al. 2020). Here, the later line therapy 

options usually include trastuzumab in combination with another chemotherapy drug like 

capecitabine or vinorelbine (Cardoso et al. 2020).  

1.3.3 Management of TNBCs 

For TNBC patients with metastatic disease, single-agent chemotherapy is recommended 

with the initial line of therapy being taxane-based, platinum-based, or anthracycline compounds 

(Waks and Winer 2019).  

Studies found TNBCs to be particularly responsive to platinum compound-based 

chemotherapies if they had inherent deficiencies in DNA repair mechanisms (Silver et al. 2010, 

Vollebergh et al. 2011, Isakoff et al. 2015). As an example, findings from the phase 3 TNT trial 

found that metastatic TNBC patients with germline BRCA mutation had a significantly better 

response to carboplatin treatment as compared to docetaxel (Tutt et al. 2018). In another 

randomized phase 3 trial, metastatic TNBC patients (not selected for BRCA status) treated with 

cisplatin plus gemcitabine had better progression free survival (7.73 months; 95% CI 6.16-9.30) 

as compared to patients receiving paclitaxel plus gemcitabine (6.47 months; 95% CI 5.76-7.18) as 

first-line treatment (Hu et al. 2015).  

Several PARP inhibitors have paved their way into the clinic for treatments of various 

cancers including TNBCs with germline BRCA mutations (deficient in homologous 

recombination). PARP inhibitors induce cytotoxicity in tumor cells by increasing reliance on 

homologous recombination which is often dysregulated in cancers with BRCA mutations. In BRCA 
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mutant TNBC patients, treatment with olaparib (median survival of 7 months) or talazoparib 

(median survival of 8.4 months) (PARP inhibitors) has shown improved progression free survival 

in comparison to standard single-agent chemotherapies (median survival of 4.2-5.6 months) 

(Robson et al. 2017, Litton et al. 2018). 

Higher levels of tumor infiltrating lymphocytes have been positively correlated with 

improved patient outcomes particularly in the BLIA subtype of TNBCs suggesting these patients 

may benefit from immunotherapy (Denkert et al. 2010, Liu et al. 2012). Furthermore, recent 

reports have identified that the programmed cell death-1 (PD-1) receptor and its ligand PD-L1, an 

immune regulatory molecule that limits antitumor activity, is expressed in nearly 20-30% TNBCs 

thus making it an exciting therapeutic target (Mittendorf et al. 2014, Wimberly et al. 2015). As a 

result, several clinical trials are currently evaluating PD-1/PD-L1-based therapeutics for the 

treatment of metastatic TNBCs (reviewed in (Planes-Laine et al. 2019)). 

The research presented in this thesis aims at assessing the impact of a novel combination 

of DNA damage response (ATR) and cell cycle checkpoint (Wee1) inhibitors for the treatment of 

early and metastatic TNBCs. 

1.4 Radiation therapy for breast cancer 

Radiation therapy is a mainstay in the multidisciplinary management of breast cancer, with 

the goal of the treatment modality being eradication of tumor cells. Recent advances in radiation 

therapy allow for image-based planning and directed delivery of the radiation dose to the tumor 

tissue, thereby minimizing damage to the surrounding tissue. However, the delivery of high-dose 

conformal radiation therapy can be difficult due to ambiguities in the accuracy of imaging, 

treatment planning and delivery, and changes in the tumor size during the treatment period. 
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Additionally, accurate identification of the tumor, its local extension, and the exact location of the 

surrounding organs at risk is of utmost importance. Planning errors can ultimately result in reduced 

tumor control and increased toxicity to the surrounding tissue due to higher dose delivery. These 

problems were overcome to a great extent with the integration of imaging technology into modern 

radiation therapy machines – referred to as image-guided radiation therapy (IGRT) – leading to 

increased precision and accuracy of dose delivery (Jaffray 2012). 

The introduction of intensity-modulated radiation therapy (IMRT) allows for radiation 

dose delivery to irregularly shaped tumors. While the conventional radiotherapy methods were 

limited to the delivery of consistent dose across the treatment area, IMRT, together with advanced 

computation and planning, enables using multiple beams with varying intensity across each beam 

to maximize dose delivery to the tumor target and minimize damage to surrounding normal tissue 

(Taylor and Powell 2004, Alonzi 2015). Indeed, the use of IMRT for dose escalation (achieving 

higher total treatment dose) and hypofractionation (shorter therapy course with larger daily 

radiation fractions) studies have shown improved clinical outcomes without any added toxicity 

(Chao et al. 2001, Zelefsky et al. 2001, Kupelian et al. 2005, Mukesh et al. 2013).  

With regards to breast cancers, accelerated partial breast irradiation (PBI) or total breast 

irradiation (TBI) following breast-conserving surgery is the standard of care. A meta-analysis of 

randomized control trials estimated that patients treated with breast-conserving surgery alone had 

local recurrence rates of 29.2% for node-negative and 46.5% for node-positive breast cancers 

(Clarke et al. 2005). This risk is reduced to 10% for node-negative and 13.1% for node-positive 

breast cancer patients by addition of PBI (Clarke et al. 2005). Moreover, radiotherapy to the breast 

after breast-conserving surgery can help eliminate microscopic minimal residual disease and 

significantly improves local disease control. In another meta-analysis of over 10,000 women 
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participating in 17 randomized clinical trials, radiotherapy to the breast after breast-conserving 

surgery reduced breast cancer mortality at 15-year follow-up by 3.3% for node-negative breast 

cancer patients and 8.5% for node-positive breast cancer patients (Early Breast Cancer Trialists' 

Collaborative et al. 2011). 

Radiobiological mechanisms that ultimately determine tumor response to fractionated 

radiation therapy include radiosensitivity of the therapy-resistant tumor-initiating cells, tumor 

hypoxia and reoxygenation during treatment, DNA repair following cell cycle checkpoint 

blockade, repopulation between radiotherapy fractions, and cell cycle redistribution of the 

surviving cells. These factors are collectively referred to as the “5 Rs of radiobiology” (Steel et al. 

1989). In this study, we provide preliminary indications for the use of drugs targeting the DNA 

damage response and show that fractionated radiotherapy in combination results in tumor growth 

delay in vivo. 

1.5 The mammalian cell cycle 

The mammalian cell cycle is a tightly regulated process that ensures precise duplication of 

the genome and proper cell division. Cell proliferation is dependent on the passage of cells through 

four distinct cyclin-dependent kinases (CDK)-cyclin complex-regulated phases of the cell cycle – 

G0/G1, S, G2, and M. The S-phase ensures duplication of genetic material (DNA replication) and 

the M-phase ensures division of chromosomes (mitosis) and cytoplasm (cytokinesis). Mitosis 

comprises five phases – prophase, prometaphase, metaphase, anaphase, and telophase. Following 

cytokinesis, the daughter cells may either re-enter the cell cycle (G1-phase) or enter the non-

dividing phase (G0 or quiescence).  
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1.5.1 Regulation of cell cycle progression via CDK/cyclin complexes 

CDKs are a family of serine/threonine kinases that regulate cell cycle progression, and their 

activity can be inhibited by activation of cell cycle checkpoints in response to DNA damage. 

Activation of the cell cycle checkpoint (G1/S, intra-S, G2/M) results in cells halting progression 

through the cell cycle until the lesion is resolved (Hartwell and Weinert 1989). In humans, 20 

CDKs have been identified, but only 4 have an active role during the cell cycle where CDK4, 

CDK6, and CDK2 are active during the G1, CDK2 is active in S, and CDK1 in G2 and M 

(Malumbres and Barbacid 2009). CDKs are activated by cyclins, and unlike cyclins, CDK protein 

levels remain stable during the cell cycle. Throughout the cell cycle, four different cyclins – cyclin 

D, cyclin E, cyclin A, and cyclin B – regulate cell cycle phase transition by limiting CDK activity 

to specific phases (Zerjatke et al. 2017). The binding of cyclin D to CDK4/6 to form the CDK4/6-

cyclin D complex is a prerequisite for entry in S (Sherr 1994). Activation of the CDK4/6-cyclin D 

complexes results in partial inactivation of pocket proteins – Retinoblastoma (Rb) and Rb-related 

proteins (p107 and p130) – to allow expression of cyclin E, which binds CDK2 to form and activate 

the CDK2-cyclin E complex, which in turn results in complete inactivation of the pocket proteins 

by phosphorylation (Lundberg and Weinberg 1998, Harbour et al. 1999). The formation of this 

CDK2-cyclin E complex is essential to drive the G1/S transition (reviewed in (Hochegger et al. 

2008)). Following the proteasomal degradation of cyclin E by the F-box/WD repeat-containing 

protein 7 (FBXW7) in the mid-S phase, CDK2 is subsequently activated by cyclin A2 to drive the 

transition from S to the G2 phase (Woo and Poon 2003). Lastly, cyclin A2 complexes with CDK1 

(also known as cdc2) at the end of interphase and facilitates the onset of mitosis. Following nuclear 

envelope breakdown, cyclin A2 degrades and CDK1 forms a complex with cyclin B to induce 

mitosis (Malumbres and Barbacid 2005).  
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1.5.2 CDK1 is an essential CDK required for cell cycle progression 

Studies from genetic mouse models have shown that CDK1 can interact with other cyclins 

to regulate cell cycle progression in the event that one or more interphase CDKs are lost 

(Santamaria et al. 2007, Satyanarayana et al. 2008), indicating that CDK1 is the only CDK 

essential for cell cycle progression (Santamaria et al. 2007). Loss of CDK1 results in early 

embryonic lethality (Satyanarayana et al. 2008). Additionally, CDK1 activity is absolutely 

required for mitotic entry and control of the initial steps of mitosis (Nurse 1990). Due to CDK1’s 

essential function and defective G1 checkpoints in many cancers, cancer cells are often reliant on 

the CDK1-mediated G2/M checkpoint (Prevo et al. 2018). 

CDK1 directly phosphorylates about 70 proteins in mammalian cells, although the list of 

putative targets may be much larger based on screens from yeast models (Ubersax et al. 2003). 

The CDK1/cyclin B complex enables the breakdown of the nuclear lamina by phosphorylating 

lamin A and C proteins, which promote intermediate filament disassembly (Peter et al. 1990). The 

CDK1/cyclin B complex is also involved in chromosomal condensation by phosphorylating 

histones (H1 and HMG-1) (Brizuela et al. 1989, Nissen et al. 1991) and condensin II subunits 

(Abe et al. 2011). The CDK1/cyclin B complex ensures fragmentation of the Golgi network 

proteins by phosphorylation of GM130, GRASP65, Nir2, and p47, and ensuring equal distribution 

of the fragmented vesicles and tubules between daughter cells during cell division (Lowe et al. 

1998, Uchiyama et al. 2003, Wang et al. 2003, Litvak et al. 2004). Some of the other substrates 

regulated by the CDK1/cyclin B complex include microtubule-binding proteins (like dynein, 

MAP4, and MAP1B) and proteins implicated in replication (like MCM2, MCM4, and 

ribonucleotide reductase R2). Finally, mitotic exit is coordinated by CDK1 mediated 
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phosphorylation of the anaphase-promoting complex/cyclosome (APC/C, an E3 ubiquitin ligase), 

resulting in inactivation of the CDK1-cyclin B complex (Fujimitsu et al. 2016).  

1.6 Wee1 

The transition of cells into mitosis from the G2/M checkpoint is governed by the 

phosphorylation status of CDK1 and its association with cyclin B (Nurse 1990). To prevent 

premature entry into mitosis, CDK1 is maintained in an inactive state by Wee1-mediated CDK1 

phosphorylation (Heald et al. 1993).  

Wee1 is a tyrosine kinase originally discovered in Schizosaccharomyces pombe (Thuriaux 

et al. 1978). Human Wee1 was subsequently discovered as a crucial regulator of the G2/M 

checkpoint (Heald et al. 1993). The primary structure of Wee1 is composed of a N-terminal 

regulatory domain, a kinase domain, and a short C-terminal domain. The N-terminal domain 

coordinates signals to shuttle Wee1 into and out of the nucleus (Squire et al. 2005, Li et al. 2010). 

Wee1 consists of four cyclin binding motifs, RxL1, RxL2, RxL3, and RxL4, to facilitate 

interaction with CDK (Li et al. 2010).  

The Wee kinase family comprises three serine/threonine kinases: Wee1, PKMYT1, and 

Wee2. In mammalian cells, Wee1 and PKMYT1 have a vital role in regulating the G2/M transition 

(Schmidt et al. 2017). Wee2 (or Wee1B) is only expressed in germ cells, where it prevents 

premature restart of oocyte meiosis prior to ovulation and permits metaphase II exit at fertilization 

(Oh et al. 2011). PKMYT1 (protein kinase membrane-associated tyrosine/threonine 1; also known 

as Myt1) functions as an essential component of an organelle-based cell cycle checkpoint to 

prevent CDK1-induced premature fragmentation of Golgi and the endoplasmic reticulum during 
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the G2 phase (Villeneuve et al. 2013). PKMYT1 negatively regulates CDK1 activity by 

phosphorylation on both threonine 14 and tyrosine 15 (Booher et al. 1997, Liu et al. 1997).  

1.6.1 Wee1 kinase regulates the cell cycle checkpoint 

The Wee1 kinase regulates CDK1 activity by inhibitory phosphorylation of CDK1 on 

tyrosine 15, which renders CDK1 inactive (McGowan and Russell 1995, Do et al. 2013). In the 

absence of DNA damage, CDK1 is dephosphorylated by the Cell division cycle 25 (Cdc25c) 

phosphatase resulting in CDK1/cyclin B activation and initiation of mitotic events (Donzelli and 

Draetta 2003). Polo-like kinase 1 (PLK1) phosphorylates Wee1 at the G2/M transition, which 

targets Wee1 for degradation via the ubiquitin ligase complex (Lindqvist et al. 2009). PLK1 also 

phosphorylates and activates the phosphatase cdc25 resulting in CDK1 activation (Lindqvist et al. 

2009, Labib 2010). Wee1 also has a role in regulating replication dynamics during S phase. During 

S phase, initiation of replication results in the firing of many replication of origins triggered by the 

action of DBF4-Dependent cdc7 kinase (DDK) and CDK2, the S phase CDK (Labib 2010, Heller 

et al. 2011). Wee1 and cdc25 control CDK2 activity by regulating the phosphorylation status at 

tyrosine 15 (Beck et al. 2010). Additionally, Wee1 downregulation triggers a DNA damage 

response resulting in DNA replication stalling and reduced replication fork speed and causes cells 

to accumulate in S phase (Dominguez-Kelly et al. 2011). It was proposed that in unperturbed cells, 

Wee1 protects replication forks and prevents generation of DNA damage by inhibiting the Mus81 

endonuclease (Dominguez-Kelly et al. 2011).  

1.7 The DNA damage response 

Genomic instability is a hallmark of cancer (Hanahan and Weinberg 2011). The genome is 

exposed to constant insults by several endogenous (reactive oxygen species, DNA replication 

errors) as well as exogenous (chemical mutagens, ionizing radiation, ultraviolet light) DNA 
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damaging factors. Ionizing radiation from cosmic radiations or medical treatments (X-ray scans or 

radiation therapy) can generate single and double-strand DNA breaks. Additionally, cancer 

chemotherapeutics can induce a variety of DNA lesions, including inter- and intra-strand cross-

links arising from drugs like cisplatin or mitomycin C. To ensure safe passage of the genomic 

material to the next generation, all organisms have evolved mechanisms – collectively termed the 

DNA damage response (DDR) – to detect DNA damage and to activate a signaling cascade to 

promote repair, including via cell cycle checkpoint activation (Ciccia and Elledge 2010), or in the 

case of extensive DNA damage to trigger mechanisms to either permanently exit the cell cycle 

(senescence) or undergo programmed cell death (apoptosis), presumably preventing cells from 

accumulating mutations and resulting in the development of cancer. 

Several DNA repair mechanisms have been identified to counteract DNA damage. For 

instance, mismatched DNA bases are replaced with correct bases via the mismatch repair (MMR) 

pathway (Jiricny 2006), base lesions that do not significantly alter the DNA are repaired by base 

excision repair (BER) pathway (Lindahl and Barnes 2000). Single-strand breaks are repaired by 

the single-strand break repair (SSBR) mechanism, whereas double-strand breaks (DSBs) are 

repaired by two main repair mechanisms: NHEJ (nonhomologous end-joining), which is more 

error prone, or HR (homologous recombination), which is error-free (West 2003, Caldecott 2008). 

The choice of DSB repair pathway is dependent on the cell cycle phase. NHEJ is prevalent in G1-

phase cells, whereas HR is the preferred choice for S- and G2-phase cells (Shrivastav et al. 2008). 

By ligating broken DNA ends in an error prone process, NHEJ can result in loss of genetic 

information. In contrast, during the S- and G2-phases, repair by HR relies on the use of the 

homologous sequence of the sister chromatid as a template and ensures faithful repair. 
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The DDR is primarily mediated by proteins of the PIKKs (phosphatidylinositol 3-kinase-

like protein kinases) family, namely ATM (Ataxia Telangiectasia Mutated), ATR (Ataxia 

Telangiectasia and Rad3-related), and DNA-PKcs (DNA-dependent Protein Kinase catalytic 

subunit). Indeed, defects in these kinases have been implicated in human disease. While somatic 

mutations in ATM are frequently found in many cancers, including those of the breast (Rodriguez 

et al. 2002, Lempiainen and Halazonetis 2009), germline mutation in ATM, ATR, and DNA-PKcs 

are linked to ataxia telangiectasia (AT), Seckel syndrome, and severe combined 

immunodeficiency, respectively (Savitsky et al. 1995, O'Driscoll et al. 2003, van der Burg et al. 

2009). ATM and DNA-PKcs primarily get activated in response to DSBs and unlike ATR, neither 

are essential for cell survival (Brown and Baltimore 2000).  

ATM and ATR are large kinases with significant sequence homology, mainly 

phosphorylate serine and threonine residues, and target an overlapping set of substrates including 

signaling proteins in pathways that arrest cell cycle to facilitate DNA repair.  

1.8 Ataxia Telangiectasia and Rad3-related (ATR) 

ATR is an important kinase in the DDR and is the primary sensor of replication stress 

which is elevated in cancer cells due to oncogene activation and/or an impaired G1 checkpoint. 

ATR, ATM, and DNA-PKcs – being members of the PIKK family – exhibit sequence homology. 

The ATR kinase domain is located near the carboxyl-terminal, which is flanked by the conserved 

FAT (FRAP-ATM-TRRAP) and FAT carboxy-terminal (FATC) domains (Fokas et al. 2014). 

Large amino-terminal and internal regions of ATR are composed of several α-helical HEAT 

(Huntington-elongation factor 3-protein phosphatase 2A-TOR1) repeats (Perry and Kleckner 

2003). The HEAT region of ATR is crucial for mediating the ATR-ATRIP (ATR-Interacting 

Protein) interaction through its amino-terminal repeats (Ball et al. 2005). In response to DNA 
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damage, the FAT domain of ATR is phosphorylated at threonine 1989, which promotes the 

stimulation by its activator, TopBP1 (DNA Topoisomerase II Binding Protein 1) (Liu et al. 2011). 

The FATC domain of ATR is vital for its basal kinase activity. Additionally, a short region between 

the FATC and the kinase domain of ATR, the PIKK regulatory domain (PRD), was identified to 

interact with TopBP1 to activate ATR (Mordes et al. 2008).  

ATR responds to a wide range of DNA damage, including DSBs, replication stress, base 

adducts, and inter-strand crosslinks. ATR is activated via ATRIP on sensing single-stranded DNA 

(ssDNA) structures, which can arise due to replication fork uncoupling or DSB resection.  

1.8.1 ATR signaling is a multi-step process resulting in cell cycle arrest 

The direct binding of ATRIP, the interacting partner of ATR, to replication protein A 

(RPA)-coated ssDNA triggers activation of the ATR pathway. ATR is then further activated by 

direct interaction with TopBP1 (Kumagai et al. 2006), which is recruited to RPA-coated ssDNA 

and dsDNA junctions by the Rad9 subunit (pSer387) of the Rad9-Rad1-Hus1 (9-1-1) complex 

(Delacroix et al. 2007, Lee et al. 2007). Like ATR, TopBP1 is essential, and loss of TopBP1 results 

in early embryonic lethality (Jeon et al. 2011). Besides TopBP1, ATR can also be activated by 

ETAA1 (Ewing’s Tumor-Associated Antigen 1), which was found to contain a similar ATR 

activating domain as TopBP1 (Feng et al. 2016, Haahr et al. 2016). Once the active ATR complex 

is assembled at the site of DNA damage or stalled replication fork, signaling to coordinate cell 

cycle arrest and repair can initiate.  

The adaptor protein Claspin interacts with the Checkpoint kinase 1 (Chk1), a downstream 

ATR effector, resulting in ATR mediated Chk1 phosphorylation at serines 317 and 345 (Liu et al. 

2000). Chk1 phosphorylation results in reduced replication and cell cycle progression, thereby 

allowing time for repair. Active Chk1 kinase phosphorylates and targets the Cdc25 phosphatase 
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for degradation via the ubiquitin proteasomal system, causing activation of the G2/M cell cycle 

checkpoint (Liu et al. 2000, Dai and Grant 2010). During normal replication, ATR activation by 

ETAA1 blocks premature activation of the transcription factor FOXM1, preventing cells with 

under-replicated or damaged DNA from undergoing mitosis (Saldivar et al. 2018). Additionally, 

activation of ATR signaling can also lead to intra-S-phase checkpoint activation where ATR 

signaling inhibits the firing of replication origins via Chk1-mediated Cdc25 phosphorylation 

resulting in inactivation of Cdk2/cyclin A complex and S-phase arrest (Dai and Grant 2010). 

Besides having a role in the S- and G2-phase of the cell cycle, ATR can also be activated in G1 in 

response to IR damage and activate its downstream effector Chk1 (Gamper et al. 2013). More 

recently, it was found that inhibiting ATR activity in mitosis resulted in lagging anaphase 

chromosomes and aneuploidy, implying that ATR activity in mitosis is important for accurate 

chromosome segregation (Kabeche et al. 2018). In mitosis, ATR is recruited to the centromeres 

by Aurora A and CENP-F (Centromere Protein-F) and subsequently activated, where it promotes 

Chk1-mediated Aurora B activation to promote faithful chromosome segregation (Kabeche et al. 

2018).  

1.8.2 ATR is an essential kinase 

ATR and its downstream effector Chk1 are essential for the survival of proliferating cells. 

ATR-/- embryos die early during development, and at a cellular level, the blastocyst cells undergo 

severe chromosome fragmentation, implying that ATR is crucial in preventing premature mitotic 

entry (Brown and Baltimore 2000). A point mutation (W1147R) in the ATR-activating domain of 

TopBP1 preventing ATR activation also results in embryonic lethality, enforcing its role as an 

essential gene (Zhou et al. 2013). Patients with Seckel syndrome, a very rare genetic disorder, are 

a result of ATR hypomorphism (A2101G mutation) causing very low levels of ATR protein 
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(Alderton et al. 2004). These patients present with microcephaly, craniofacial abnormalities, and 

growth retardation (Mokrani-Benhelli et al. 2013).  

1.9 Targeting the DNA damage response for cancer therapy 

An early step in tumorigenesis is dysregulated cellular proliferation arising due to 

oncogene activation or overexpression. Most cancers have one or more DDR pathways 

dysregulated, increasing the reliance of those cancers on the remaining DDR pathways to ensure 

survival. Many traditional cancer therapeutics aim to kill cancer cells by increasing DNA damage 

in the rapidly proliferating cancer cells, yet cancer cells often develop therapeutic resistance. More 

importantly, a small subset of tumor-initiating cells (also known as “cancer stem cells”) have been 

shown to have an increased DDR and heightened repair capabilities suggesting them playing a role 

in therapy resistance (Debeb et al. 2009). This has made the discovery of new DDR drug targets 

an attractive avenue over the last decade or so.  

Genomic instability, a hallmark of cancer, is associated with dysregulated DDR pathways, 

ultimately resulting in cancer (Hanahan and Weinberg 2011). However, defects in one DDR 

pathway often result in increased reliance on the remaining mechanisms causing their upregulation 

to ensure cancer cell survival. However, as conventional cancer therapies function by inducing 

DNA damage, cancer cells with upregulated DDR pathways allow circumvention of catastrophic 

DNA damage and resist cell death. This rationalized the use of drugs targeting the DDR to 

overcome therapy resistance if used in conjunction with chemo- and radiotherapy. Moreover, the 

loss of a DDR component may result in tumor-specific vulnerability if the compensatory DDR 

pathway can be targeted – an approach that has been described as synthetic lethality (Curtin 2012). 

Synthetic lethality occurs when defects in two or more genes cause cell death, while defects in one 

of the two genes alone are not lethal (O'Neil et al. 2017). With regards to DDR drug targets, one 
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event is frequently genetic and more specific to the tumor than the normal cells, and the second 

event is achieved through pharmacological inhibition of the DDR target. The clinical approval of 

PARP inhibitors (Olaparib, Talazoparib, Rucaparib, and Niraparib) for BRCA mutant (HR 

deficient) breast and ovarian cancers is one of the best-studied example of successful realization 

of synthetic lethality approaches (Robson et al. 2017, Litton et al. 2018, Moore et al. 2018). 

1.10 ATR and Wee1 as targets of cancer therapy 

The acknowledgment of the significance of DDR defects in promoting cancer growth has 

enabled the search for other therapeutically exploitable DDR targets to improve cancer therapy 

outcomes. Over the last decade, several drugs were identified targeting DDR kinases, like ATM, 

ATR, Chk1, and Wee1 amongst many others. At present, there are only two bioavailable ATM 

inhibitors (AZD0156 and KU60019), which are being evaluated for their safety and efficacy in 

phase I trials against advanced solid tumors (NCT02588105) and kidney cancer (NCT03571438), 

respectively. Furthermore, Chk1 inhibitor (AZD7762) clinical trials have been mainly 

discouraging due to excess cardio-toxicities associated with the compound (Seto et al. 2013, 

Sausville et al. 2014). Although most DDR inhibitors are confined to their use in vitro, several 

clinical trials are evaluating ATR and Wee1 inhibitors either as monotherapy agents or in 

combination with other genotoxic agents (Pilie et al. 2019). This reflects the importance of ATR 

and Wee1 kinases in cancers with increased DNA replication stress and a defective G1 checkpoint.  

1.10.1 ATR inhibitors for cancer therapy 

Rapidly proliferating cancer cells have high replication stress which results in the 

generation of SSBs and DSBs (Sanjiv et al. 2016). These cancer cells mostly rely on ATR to 

regulate the G2/M DNA damage checkpoint and resolve DNA damage before a cell can divide, 

making ATR an attractive target for cancer therapeutics. In this regard, several ATR inhibitors are 
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undergoing evaluation in pre-clinical (ETP-46464, VE-821, ATRN-119, and Compound 3) as well 

as Phase I/II clinical studies [AZD6738 (also known as Ceralasertib), M4344 (formerly VX-803), 

BAY-1895344, and M6620 (also known as Berzosertib; formerly VX-970)] (Forment and 

O'Connor 2018).  

 ETP-46464 was identified in a cell-based screen as the first highly potent and selective 

ATR inhibitor (Toledo et al. 2011) and was shown to sensitize cancer cells to IR (Gamper et al. 

2013). However, its application was limited to cell-based studies due to poor in vivo 

pharmacokinetics (Toledo et al. 2011). VE-821 was found to be a selective ATR inhibitor in 

another high-throughput screen (Charrier et al. 2011). ATR inhibition by VE-821 increased cancer 

cell sensitivity to IR and various chemotherapeutics like platinum-compounds, gemcitabine, and 

etoposide (Prevo et al. 2012, Huntoon et al. 2013). Interestingly, cancer cell killing was increased 

by nearly 10-fold when VE-821 was combined with cisplatin in ATM deficient colon cancer cell 

lines (Reaper et al. 2011). These findings provided early evidence that cancers with defective ATM 

pathway are more reliant on ATR for survival following DNA damage (Cortez et al. 2001, Reaper 

et al. 2011). Furthermore, treatment with VE-821 showed increased cancer cell killing following 

IR by radiosensitzation of the radioresistant hypoxic cancer cells (Pires et al. 2012). Most 

importantly, VE-821 monotherapy selectively induced killing of cancer cells, but not normal cells 

(Reaper et al. 2011). Besides ATM and p53, a promising study reported synthetic lethality when 

ATR is inhibited in ARID1A (AT-rich interaction domain 1A) mutant tumors (Williamson et al. 

2016). Despite the early promise, VE-821 was associated with severe toxicities at higher 

concentrations, and so the compound was further optimized and its analogue M6620 (VX-970 or 

VE-822 or Berzosertib) was developed with increased potency and selectivity against ATR. 

M6620 was the first ATR inhibitor to enter clinical trials. M6620 has been reported to synergize 
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with platinum-based chemotherapies, with a trend toward greater sensitivity in p53-mutant tumors 

(Hall et al. 2014). Moreover, combined treatment with M6620 and cisplatin showed tumor 

regression in lung cancer PDX (patient derived xenografts) previously unresponsive to either 

monotherapies (Hall et al. 2014). When used in combination with oxaliplatin, ATR inhibition 

potentiated an in increase in CD8+ T cells in colorectal cancer bearing syngeneic mice treated with 

combination compared to those treated with oxaliplatin monotherapy (Combes et al. 2019). 

Similarly, another highly potent and selective ATR inhibitor, AZD6738, was shown to synergize 

with cisplatin in tumors of various background (Vendetti et al. 2015, Min et al. 2017, Leonard et 

al. 2019). In a model of NSCLC (non-small cell lung cancers) xenografts, combined treatment 

with AZD6738 and cisplatin resulted in tumor growth inhibition of ~75% in ATM-proficient 

tumors and this further increased to nearly 85% in ATM-deficient tumors (Vendetti et al. 2015). 

In the context of radiation therapy, AZD6738 sensitizes cancer cells independent of p53 or BRCA2 

status by abrogating the radiation-induced G2-checkpoint, blocking HR, and causing cells to enter 

mitosis with damaged DNA resulting in mitotic catastrophe (Dillon et al. 2017). AZD6738 was 

also reported to combine with IR to trigger a CD8+ T cell response by blocking radiation-induced 

PD-L1 upregulation on tumor cells and decreasing the number of tumor infiltrating regulatory T 

cells (Tregs) (Vendetti et al. 2018). More recently, another study reported that DNA damage 

following ATR inhibition and RT led to immunomodulatory effects in the tumor 

microenvironment by increasing innate immune cell infiltration (Dillon et al. 2019).  

The abundance of promising preclinical studies formed the basis of several clinical trials 

(over 50 clinical trials listed on clinicaltrials.gov; accessed April 2021) evaluating the potential of 

ATR inhibitors for cancer treatment either as monotherapy or in combination with various other 

genotoxic agents (reviewed in (Barnieh et al. 2021)). M6620 was the first ATR inhibitor to enter 
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phase I clinical trials, where M6620 was evaluated as a monotherapy agent or in combination with 

carboplatin in advanced solid tumor patients (Yap et al. 2020). Out of the 17 patients receiving 

ATR inhibitor monotherapy, one patient with metastatic colorectal cancer (ATM loss and ARID1A 

mutant) achieved complete response with a progression-free survival of 29 months at the last 

assessment. M6620 monotherapy in general was safe and well tolerated with no dose limiting 

toxicities even at 480 mg/m2. Amongst the 23 patients receiving M6620 with carboplatin, an 

advanced stage BRCA1 mutant ovarian cancer patient showed partial response to the treatment 

despite being refractory to platinum treatment and resistant to PARP inhibitors. Additionally, 15 

patients enrolled in the trial exhibited signs of stable disease as the best response. Unsurprisingly, 

dose limiting hematological toxicities were observed in patients that received the combination 

treatment requiring dose delays and reductions (the recommended phase 2 dose for M6620 in 

combination with carboplatin is 90 mg/m2) (Yap et al. 2020). An ongoing dose escalation trial 

evaluating M6620 in combination with gemcitabine for advanced solid tumors has so far reported 

partial response as the best response in four patients with two additional chemo-refractory patients 

showing indications of stable disease (Plummer et al. 2016). Overall, the results from phase I trials 

have been encouraging and phase II evaluation of M6620 with topotecan are currently underway 

for platinum refractory small cell lung cancers. 

AZD6738 was the first oral ATR inhibitor to enter clinical trials and is being evaluated in 

patients with solid tumors as monotherapy and in combination with radiation therapy as part of the 

phase I PATRIOT trial (Dillon et al. 2018). Early indications from the dose escalation safety and 

efficacy study imply that AZD6738 is well tolerated as a monotherapy when given intermittently 

(2-week-on, 2-week-off) (Dillon et al. 2019). Three patients showed confirmed partial response, 

and one patient had unconfirmed partial response as the best response to monotherapy. To date, 
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the trial has not reported their findings on AZD6738 used in combination with radiation. In 

parallel, several clinical trials are also assessing AZD6738 in combination with the PARP inhibitor 

Olaparib, where early findings from a phase I trial reported 1 complete response, 5 partial 

responses, and 1 unconfirmed partial response in patients (n = 39) with advanced breast, ovarian, 

prostate, pancreatic and ampullary cancer and BRCA1/2 mutation (Krebs et al. 2018). Lastly, 

preliminary results from the same trial also evaluating the combination of AZD6738 with 

durvalumab (anti-PD-L1 antibody) reported one complete response, two partial response, and one 

unconfirmed partial response out of the 21 NSCLC patients participating in the trial (Krebs et al. 

2018). Interestingly, initial reports on trials using AZD6738 in combination with other 

chemotherapies report similar toxicity concerns as observed in M6620 trials.  

Taken together, early findings from these clinical trials highlight that ATR inhibitors when 

used in combination with traditional chemotherapies have added toxicities, particularly related to 

hematology. Having said that, the combination of ATR inhibitors with immune-checkpoint 

inhibitors is better tolerated thus making it an attractive approach. 

1.10.2 Wee1 inhibitors for cancer therapy 

Cancers often have a deregulated G1 checkpoint. As a result, they are heavily reliant on 

the G2/M checkpoint for survival and mitosis. Consequently, Wee1 is often highly expressed in 

many cancers including breast (Iorns et al. 2009, Murrow et al. 2010), glioma (Mir et al. 2010), 

melanoma (Magnussen et al. 2012), lung (Iorns et al. 2009), leukemia (Porter et al. 2012, Tibes et 

al. 2012), osteosarcoma (PosthumaDeBoer et al. 2011), and squamous cell carcinoma (Magnussen 

et al. 2013). As most cancer therapies induce lethal amounts of DNA damage in cancer cells, Wee1 

overexpression promotes cell survival by reinforcing DNA damage checkpoints and preventing 

mitotic catastrophe (Mir et al. 2010). The indispensable role of Wee1 in regulating the G2/M 
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checkpoint in response to DNA damage has made it an attractive target for cancer therapy. Despite 

its appeal, to date only one selective and highly potent small molecule Wee1 inhibitor, AZD1775 

(also known as Adavosertib or MK-1775) (Hirai et al. 2009), has been widely reported and is being 

evaluated against various advanced cancers in phase I/II clinical trials either as a monotherapy (Do 

et al. 2015, Leijen et al. 2016, Sanai et al. 2018) or in combination with other chemotherapies 

(Leijen et al. 2016, Leijen et al. 2016, Mendez et al. 2018).  

Wee1 inhibition by AZD1775 has been shown to induce in vitro and in vivo synergistic 

tumor cell killing with several DNA damaging therapies including IR (Bridges et al. 2011) and 

chemotherapeutics like cisplatin, paclitaxel doxorubicin, 5-fluorouracil, and gemcitabine (Hirai et 

al. 2010, Aarts et al. 2012, Lewis et al. 2017, Zheng et al. 2017). Given the role of p53 in regulating 

the G1 cell cycle checkpoint, treatment with AZD1775 has been reported to selectively target 

cancers harboring p53 mutations or loss of gene function (Hirai et al. 2009, Rajeshkumar et al. 

2011). Having said that, a few studies have also shown that AZD1775 sensitizes cancer cells to 

DNA damaging therapies independent of p53 status (Kreahling et al. 2012, Van Linden et al. 2013, 

Harris et al. 2014). Additionally, DNA damaging agents that specifically interfere with DNA 

synthesis and arrest cells in S-phase show high synergy with AZD1775 (Aarts et al. 2012, Hauge 

et al. 2017). Overall, these preclinical studies support that AZD1775 has antitumor effects in a 

wide range of tumors both as a monotherapy and in combination with other chemotherapeutics. 

There are 57 clinical trials listed on clinicaltrials.gov (accessed April 2021) for AZD1775 

where it is being evaluated against a wide range of cancer types including breast cancer, cervical 

cancer, leukemia, lung cancer, ovarian cancer, pancreatic cancer, pediatric and adult brain tumors. 

Findings of the phase I clinical trial show that AZD1775 is well tolerated with acceptable toxicity 

profiles both as a single agent and in combination with other therapies (Do et al. 2015). As a 
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monotherapy, the maximum tolerated dose was determined as 225 mg, which was administered 

orally twice per day for 2.5 days per week, for 2 weeks per 21 day cycle (Do et al. 2015). The dose 

limiting toxicities included hematologic events, nausea, vomiting, and fatigue (Do et al. 2015, 

Leijen et al. 2016). Interestingly, two of the nine patients harboring BRCA1 mutation recorded 

partial response, but none of the patients with documented p53 mutation exhibited a response (Do 

et al. 2015). Early indications from a phase II trial evaluating AZD1775 plus carboplatin in p53 

mutant ovarian cancer refractory or therapy-resistant patients show encouraging antitumor activity 

with one (5%) complete response and eight (38%) partial responses (Leijen et al. 2016). Moreover, 

the overall response rate (43%) far exceeded the results that could be expected with second-line 

single agent treatments (11% to 21%) (Leijen et al. 2016). 

The indispensable role of ATR and Wee1 in promoting cancer cell survival prompted us 

to exploit their combined pharmacological inhibition as a therapeutic strategy for the treatments 

of breast cancer. The research presented in this thesis shows that combined inhibition of ATR and 

Wee1 abrogates the S- and G2-checkpoint in cancer cells, triggering premature entry into mitosis, 

and ultimately causing cell death via mitotic catastrophe. In an orthotopic breast cancer xenograft 

model, we show that this neoadjuvant therapy results in tumor control and suppression of 

metastasis. We also report the application of [18F]-FLT-PET as a theranostic biomarker to identify 

responders to this novel treatment strategy. Lastly, we provide preliminary evidence on using 

combined ATR and Wee1 as a radiosensitizer. Preliminary findings also suggest that combined 

ATR, Wee1, and IR treatment modulates the tumor microenvironment to improve antitumor 

immunity, as indicated by reduced expression of PD-1 and other markers of T-cell exhaustion 

(TIM-3 and LAG-3). As these inhibitors of ATR and Wee1 are currently undergoing phase I/II 
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clinical trials, this knowledge could soon be translated into the clinic, especially as we showed that 

the combination treatment targets a wide range of tumor cells. 
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Chapter 2: Inhibiting Wee1 and ATR Kinases Produces Tumor-

Selective Synthetic Lethality and Suppresses Metastasis 
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2.1 Introduction 

The DDR senses DNA damage and replication stress and orchestrates the cellular response 

to protect the cell and organism from genotoxic insults. These signal transduction pathways 

include the choreography of DNA repair, cell cycle control, and cell fate decision among others 

(Ciccia and Elledge 2010). Due to their dysregulated proliferation, the genomic integrity of cancer 

cells is particularly threatened by DNA damage and replication stress, but also by metabolic, 

mitotic, oxidative and proteotoxic stresses (Luo et al. 2009). Furthermore, during tumorigenesis 

cells often lose DDR mechanisms leading to increased genomic instability (Drosos et al. 2017). 

These DNA repair/DNA damage signaling defects and/or the increased genotoxic stress make 

cancer cells heavily dependent on the (remaining) intact DDR pathways.  

Synthetic lethality refers to an interaction between two genes when the perturbation of 

either gene alone is viable, but the simultaneous perturbation of both genes leads to cell death. The 

discovery that breast cancer cells with mutations in homologous recombination proteins BRCA1 

or BRCA2 are hypersensitive to PARP inhibitors (Bryant et al. 2005, Farmer et al. 2005) led to 

therapeutic approaches targeting cancer cells with deficiencies in one DDR pathway by inhibition 

of an alternative DDR pathway. However, as this approach only targets cells with a defective DDR, 

it is bound to only affect a subset of cancers or populations within a tumor. Resistance can arise 

by reactivation of the defective pathway. Conditional synthetic lethality refers to synthetic lethality 

observed only under certain circumstances, such as genetic background or metabolic state of cells 

or cellular environment (O'Neil et al. 2017). In view of the inter- and intratumor heterogeneity 

commonly observed, to achieve the necessary therapeutic window for a wide range of tumors it is 

necessary to identify a common “condition” upon which to base cancer-selective conditional 

synthetic lethality. Oncogene-induced DNA damage is a common feature of cancer cells leading 
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to high levels of replication stress as well as mitotic stress in cancer cells compared to normal 

proliferating cells (Halazonetis et al. 2008, Lecona and Fernandez-Capetillo 2014). Based on this 

tumor-specific property, we tested whether increasing genotoxic stress and simultaneously 

inhibiting an important rescue pathway would lead to cancer cell-selective death by evaluating the 

efficacy of combined ATR and Wee1 inhibition on cancer cell eradication. Wee1 is a kinase 

controlling G/M and S phase checkpoints via phosphorylation of the cyclin dependent kinases 

CDK1 and CDK2. Furthermore Wee1 inhibition prolongs mitosis in a range of cancer cells and 

makes them more susceptible to chemotherapy-induced mitotic catastrophe (Lewis et al. 2017). 

ATR is the apical kinase of a DDR pathway. ATR is considered the main mediator in the DDR to 

replication stress (Lecona and Fernandez-Capetillo 2014), including signaling to cell cycle 

checkpoints via Chk1 and regulating repair by promoting extensive DNA end-resection needed for 

homologous recombination (Gamper et al. 2013, Kibe et al. 2016, Buisson et al. 2017). 

Bioavailable selective ATR inhibitors (AZD6738 by AstraZeneca; VX-970 and VX-803 by 

Merck) as well as the Wee1 inhibitor AZD1775 have recently entered phase I/II clinical trials in 

combination with radiation or chemotherapeutics.  

Here we report that tumor-selective synthetic lethality between ATR and Wee1 inhibitors 

leads to tumor shrinkage and suppresses metastasis. Using an orthotopic breast cancer xenograft 

mouse model we show that combination treatment leads to complete remission in 6/9 cases, 

inhibits tumor spread and prolongs survival. Our toxicity studies show that the combination 

treatment is associated with minimal side effects. Fast proliferating tissues, such as the ileum or 

the bone marrow, showed no signs of renewal defects. Synergistic cell killing by inhibition of ATR 

and Wee1 is observed in cancer cells from various tissue origins, but not in untransformed cells. 

Mechanistic studies using pulses of reversible inhibition during the cell cycle show that combined 
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ATR/Wee1 inhibition during S and G2/M phase cooperate to kill cancer cells. Furthermore, live 

cell imaging studies reveal that combined ATR/Wee1 inhibition causes cells to enter mitosis with 

unrepaired/under-replicated DNA leading to mitotic catastrophe. As the studied ATR and Wee1 

inhibitors are already in phase I/II clinical trials, this knowledge could soon be translated into the 

clinic. 
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2.2 Materials and Methods 

2.2.1 Cell lines and plasmids 

Cell lines were purchased from American Type Cell Culture (ATCC) and regularly tested 

for mycoplasma. MDA-MB-231-fluc2-tdT cells were engineered by stable transfection with 

pcDNA3.1(+)/Luc2-tdT (Addgene, #32904) and maintained under 400 µg/mL G418 selection.  

2.2.2 Antibodies and reagents  

Anti-pChk1 (Ser345) (133D3; #2348), anti-Chk1 (2G1D5; #2360), anti-pCDK1 (Tyr15) 

(10A11; #4539), anti-β-actin (13E5; #4970), anti-pHistone H2A.X (Ser139) (20E3; #9718), anti-

Ki-67 (D3B5; #12202), anti-mouse IgG HRP-linked (#7076) and anti-rabbit IgG HRP-linked 

(#7074) were purchased from Cell Signalling, anti-pATR (Thr1989) (#GTX128145) from 

GeneTex. Immunoblotting was performed as previously described (Gamper et al. 2013). 

AZD6738 and AZD1775 were kindly provided by AstraZeneca. VE-821, ETP-46464, 

UCN-01 and Verapamil were purchased from Sigma. 

2.2.3 Crystal violet assay 

5000 cells per well were seeded into 96 well plates 4 h prior to drug treatment. Cells were 

treated with indicated concentrations of AZD6738 (100 nM to 4000 nM) and AZD1775 (50 nM to 

2000 nM) for 96 h. For siRNA treatment, cells were seeded into 96 well plates at a density of 4000 

cells per well and cultured for 24 h prior to treatment. Cells were transfected with siRNA against 

Wee1 (Ambion; #s21) with 0.2% Lipofectamine RNAiMAX (ThemoFisher; #13778075) in 

multiples of 8 at the following final pM concentrations: 78.125, 156.25, 312.5, 625, 1250, 2500, 

5000, 10000, and 20000, as well as no-siRNA control. Transfected cells were then treated in 

quadruplicate with either AZD6738 (500 or 1000 nM) or vehicle (DMSO) for 96 h. After 96 h, 
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cells were washed twice with 1X PBS and stained with 0.5% crystal violet (in 20% methanol) for 

20 mins. Cells were then washed with water for 4 times, plates were air dried overnight. 200 µL 

methanol was added per well and incubated for 20 mins at room temperature. Optical density was 

measured at 584 nm using the FLUOstar Omega plate reader (BMG Labtech). Background values 

were subtracted using blank OD584. Data was calculated in terms of percent surviving attached 

cells (% crystal violet OD) compared to vehicle control treated cells. Experiments were performed 

in triplicates at least 3 times. To ensure that the Crystal Violet assay reflects cell survival, we 

compared some of the survival data measured by this method to cell survival observed by live cell 

imaging over the same period. We found that the two methods yielded very similar survival rates. 

2.2.4 Cell synchronization and cell cycle analysis 

U-2 OS cells were treated with 2 mM thymidine for 16 h, released into fresh medium for 

4 h followed by nocodazole (100 ng/mL) treatment for 8 h. 6 h after release from nocodazole in to 

fresh medium, cells were treated with DMSO, AZD6738 (1 µM), AZD1775 (0.3 µM), or a 

combination of AZD6738 and AZD1775. 

MDA-MB-231 cells were treated with 2 mM thymidine for 18 h, followed by release into 

fresh medium for 8 h and a second treatment with 2 mM thymidine for 18 h. After release, cells 

were treated with either DMSO, AZD6738 (1 µM), AZD1775 (0.3 µM), or combined AZD6738 

and AZD1775.  

For cell cycle analysis, cells were harvested at 2 h intervals and fixed with 70% chilled 

ethanol for at least 24 h at -20°C before a wash with 1X PBS. Pelleted cells (1500 rpm, 5 mins) 

were resuspended in propidium iodide (PI) buffer (50 µg/mL) containing RNAse A (10 µg/mL) 

and incubated at 37°C for 30 mins. Samples were analyzed on a BD FACSCanto II flow cytometer.  
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2.2.5 Side population assay 

Trypsinized MCF7 or MDA-MB-231 cells were counted using a hemocytometer. 1 x 106 

cells were incubated for 15 mins at 37°C with 50 µg/mL Verapamil, a membrane transport blocker, 

and used as a negative control for gating. After 15 mins, cells in the negative control tube and the 

sample tube were stained with 0.5 µL DyeCycle Violet (DCV) dye (Thermofisher, USA) per 

million cells and incubated at 37°C for 90 mins with intermittent shaking. Cells were washed twice 

with 1X PBS (1500 rpm, 5 mins) and resuspended in sorting buffer. Samples were sorted using a 

BD FACSAria III flow cytometer. 

2.2.6 Mammosphere assay 

1000 MCF7 and MDA-MB-231 side population (SP) and non-side population (NSP) sorted 

cells were seeded on 24-well ultra-low attachment plates (Corning, USA) in serum free 

DMEM/F12 medium containing a cocktail of EGF (10 ng/mL), Insulin (20 ng/mL), Lif1 (10 

ng/mL; all from Sigma), and basic human FGF (20 ng/mL; Goldbio). Medium was replenished 

every 3 days and mammospheres were cultured for 3 passages. Mammospheres were imaged at 

10X magnification using a Zeiss Axiovert 200M inverted microscope (Carl Zeiss, Germany). Total 

number of mammospheres were counted under a light microscope.  

For limiting dilution (LD50) assays, SP/NSP sorted MCF7 and MDA-MB-231 cells were 

seeded in increasing concentrations (1, 2, 5, 10, 100, and 1000 cells/well) on 24-well ultra-low 

attachment plates in serum free media as described above. Wells were examined for 

mammospheres after 10 days under a light microscope and the observations were recorded as the 

number of wells containing mammospheres for each cell concentration. 
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2.2.7 Immunofluorescence 

Cells were seeded on coverslips and synchronized using a double thymidine block. 

Released synchronized cells were treated with either vehicle, 1 µM AZD6738, 0.3 µM AZD1775, 

or a combination of AZD6738 and AZD1775 for 4 h and fixed with 4% paraformaldehyde (Sigma, 

USA) for 10 minutes at 37°C. Cells were then permeabilized in 4% paraformaldehyde with 0.2% 

Triton X-100 (Fisher Scientific, USA) for 10 minutes and blocked with 2% BSA for 30 minutes 

at room temperature. Cells were incubated with anti-centromere (ACA sera were kind gifts from 

Dr. M. Fritzler, University of Calgary, Calgary, Alberta, Canada) and anti-tubulin (Sigma; 

#T5168) antibodies at 37°C for 1 h each. Cells were washed with PBS and incubated with the dye-

conjugated antibodies anti-human Alexa Fluor 647 and anti-rat Alexa Fluor 488 (Thermofisher, 

USA). Nuclei were counterstained with DAPI (5 μg/mL). Coverslips were mounted using the 

VECTASHIELD mounting medium for fluorescence (Vector Laboratories Inc., CA). Images were 

captured at 63X magnification using a Zeiss LSM 710 Meta Confocal Microscope (Carl Zeiss, 

Germany). 

2.2.8 Live cell imaging 

For analysis of mitotic timing, MDA-MB-231 stably expressing mCherry-H2B and GFP-

Tubulin (Moudgil et al. 2015) were seeded in a 35 mm glass bottom dish (MatTek Corporation) 

and treated with vehicle, AZD6738, AZD1775, or combined AZD6738 and AZD1775. Plates were 

placed on a motor-controlled stage within an incubator chamber maintained at 37°C and 5% CO2. 

Images were acquired using a spinning disc confocal inverted microscope (Axiovert 200M; Carl 

Zeiss) using the 40X objective lens and captured at 5 mins interval for 24 h (using the Volocity 

software). Movie files were exported as OME-TIFF files and further processed in Imaris 9.0.1 for 

background subtraction and noise reduction. 
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2.2.9 High-content screening microscopy 

Images were taken with a High-content automated microscopy imaging system 

(MetaXpress Micro XLS, software version 6, Molecular Devices, Sunnyvale, CA, USA). Briefly, 

MDA-MB-231 cells were seeded onto a 96 well plate at a density of 4000 cells per well. Single 

images were captured in each well with a 20× (NA 0.75) objective equipped siCMOS camera using 

bandpass filters of 624/40 nm for mCherry. On average 200 cell images per well were manually 

analyzed with the MetaXpress software using mCherry-H2B to identify changes in DNA 

organization. Mitotic timing was calculated as the interval between nuclear envelope break down 

(NEBD, indicated by the first evidence of chromosome condensation) to the onset of anaphase (or 

chromosome decondensation in the case of mitotic slippage). The fates of cells (and resulting 

daughter cells) were tracked for the duration of the experiment (48 h). Cell death was determined 

by the formation of apoptotic bodies, loss of cell attachment, and/or loss of membrane integrity.  

2.2.10 Assessment of mouse hematopoietic progenitor cells 

6 to 8 weeks old C57BL/6 mice were treated with inhibitors as described above for 26 days 

(n = 3 per group). Body weight was measured every 4 days as an indicator of toxicity. On the 27th 

day, mice were euthanized by CO2 asphyxiation and bone marrow was isolated from the femur by 

centrifugation at 14,000 rpm for 15 secs. Isolated bone marrow cells were resuspended in FACS 

buffer (1X PBS + 1% FBS) and cells were counted using a hemocytometer. 1 x 106 cells were 

stained with either PE anti-mouse CD117 (c-Kit) antibody (#105807) and/or Pacific Blue anti-

mouse Lineage Cocktail (#133310) and/or FITC anti-mouse Ly-6A/E (Sca1) antibody (#108105) 

or PE rat IgG2b isotype (#400608) or Pacific Blue rat IgG2a isotype (#400527) or FITC rat IgG2a 

isotype (#400505; all from Biolegend) controls. Samples were analyzed on a BD FACSCanto II 

flow cytometer. 
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2.2.11 Orthotopic breast cancer xenografts and drug treatments 

All mice were obtained from breeding colonies at the University of Alberta. All animal 

studies described were carried out under protocol number AC16225 approved by the Cross Cancer 

Institute’s Animal Care Committee, Edmonton, Canada. For tumor formation, 2 x 106 MDA-MB-

231-fluc2-tdT cells were mixed with Matrigel (Corning, USA) and PBS (1:1) and injected in 50 

µL volume orthotopically into the inguinal mammary fat pad of 6 to 8 weeks old female NOD.Cg-

Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice. Tumor growth was measured every 4 days using a Vernier 

caliper and volume was assessed as [length x (width)2]/2. When the tumor volumes reached 

approx. 40-50 mm3, mice were randomly segregated into 4 groups (n = 9 per group). Mice were 

treated daily with vehicle, 25 mg/kg AZD6738 (in 10% DMSO, 40% polypropylene glycol, and 

50% ddH2O), 60 mg/kg AZD1775 (in 0.5% methylcellulose), or a combination of AZD6738 and 

AZD1775 via oral gavage for 26 days. Body weight was measured every 4 days as an indicator of 

toxicity. Mice were euthanized when the tumor volume reached a total of 1000 mm3, after a > 10% 

reduction in body weight, or any other indications of physical discomfort. 

For histological studies, tumor bearing mice (approx. 250 mm3 tumor volume) were treated 

with either vehicle or 25 mg/kg AZD6738 or 60 mg/kg AZD1775 or a combination of AZD6738 

and AZD1775 via oral gavage for 5 (short term) or 26 (long term) days. Tumors and small 

intestines (ilea), lungs, livers, kidneys, and spleen were harvested and fixed with 10% formalin for 

48 h prior to embedding. 

2.2.12 Bioluminescence imaging 

In vivo bioluminescence imaging was carried out as previously described (Rengan et al. 

2015). Briefly, mice were imaged using the Bruker In-Vivo Xtreme after intraperitoneal injection 

of D-Luciferin (3 mg/mouse). Ex vivo bioluminescence imaging was performed on major organs 
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by immersing them in the D-Luciferin substrate. Sequential scans were acquired to capture the 

maximum kinetics of the luciferase reaction. Images of the luciferase scans were overlaid on the 

X-ray images acquired in the background. The light output was quantified using the Bruker MI SE 

software. Pseudocolor bars represent photon flux captured by the CCD camera. 

2.2.13 Immunohistochemistry 

Immunohistochemistry was performed on formalin fixed paraffin embedded (FFPE) tissue 

samples using standard procedures as previously described (Varghese et al. 2014). Briefly, 4 µm 

slices were sectioned on precleaned Colorfrost Plus microscope slides (Fisher Scientific, USA) 

using a microtome (Leica, Germany). Tissue samples were baked at 60°C for 2 h and 

deparaffinized 3 times in xylene for 10 mins each and subsequently rehydrated in a gradient of 

ethanol washes. Tissue sections were subjected to antigen retrieval in a pressure cooker using 

0.05% citraconic anhydride antigen retrieval buffer (pH – 7.4). Tissue samples were blocked with 

4% BSA for 30 mins and incubated with respective primary antibodies overnight at 4°C. Next day, 

endogenous peroxidase activity was blocked for 30 mins using 3% H2O2, followed by incubation 

with anti-rabbit HRP labelled secondary antibody (Dako EnVision+ System; K4007) for 1 h at 

room temperature in the dark. Samples were incubated with DAB (3,3'-diaminobenzidine) + 

substrate chromogen (Dako, USA) for brown color development, counter stained with 

hematoxylin, and mounted with DPX mounting medium (Sigma, USA). Images were captured 

using the Zeiss Axioskop2 plus upright microscope (Zeiss, Germany) equipped with AxioCam 

color camera (images on Figures 2.10 and 2.12), later upgraded to Axiocam 512 color camera 

(images on Figure 2.14, 2.15, 2.17-2.19). Villi length (3 mice / treatment group) was measured 

using Fiji software (Schindelin et al. 2012). 
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2.2.14 TUNEL assay 

TUNEL assay was performed for apoptosis detection using DeadEnd Fluorometric 

TUNEL System kit (G3250, Promega, USA) as per manufacturer’s instructions. Briefly, 4 μm 

slices were sectioned on precleaned Colorfrost Plus microscope slides (Fisher Scientific, USA) 

using a microtome (Leica, Germany). Samples were baked at 60°C for 2 h and deparaffinized by 

washing 2 times in xylene for 5 mins each and subsequently rehydrated in a gradient of ethanol 

washes followed by washing in 0.85% NaCl and 1x PBS solutions. Samples were then fixed with 

4% methanol free formaldehyde for 15 mins and permeabilized with Proteinase K solution (20 

μg/mL) at room temperature for 8 minutes. Samples were washed with PBS and fixed again with 

methanol-free formaldehyde solution. Samples were then allowed to equilibrate at room 

temperature using equilibration buffer. For labelling purposes, TdT reaction mix was added to the 

tissue area and covered with plastic coverslips to allow equal distribution. Samples were incubated 

for 60 mins at 37°C in a dark humidified chamber. Reaction was stopped by immersing slides in 

2x SSC for 15 minutes. Tissue sections were counter stained with DAPI (5 μg/mL) and mounted 

using the VECTASHIELD mounting medium for fluorescence (Vector Laboratories Inc., CA). 

Images were captured at 40X magnification using a Zeiss LSM 710 Meta Confocal Microscope 

(Carl Zeiss, Germany). 

2.2.15 Statistical analysis 

All statistical analysis was performed using GraphPad Prism 7 software (GraphPad 

Software, La Jolla, California, USA). All experiments were performed at least 3 times in triplicates 

or quadruplicates. P-values were calculated using one-way ANOVA, two-way ANOVA, and Log-

rank (Mantel-Cox) test. P-values of < 0.05 were considered significant, and P-values of < 0.001 

were considered highly significant.  
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2.3 Results 

2.3.1 Synergistic cell killing of cancer cells by ATR and Wee1 inhibition in vitro 

CDK1/2 activity is regulated by inhibitory phosphorylation at tyrosine 15 by the protein 

kinase Wee1 that is counteracted by the phosphatase cdc25. CDK1 activity regulates entry into 

and exit out of mitosis (Malumbres and Barbacid 2005, Chow et al. 2011, Visconti et al. 2012, 

Vassilopoulos et al. 2015, Visconti et al. 2015), and we recently showed that Wee1 inhibition in 

breast cancer cells promotes premature mitosis, prolongs mitosis, and promotes paclitaxel-induced 

mitotic catastrophe (Lewis et al. 2017). In addition to regulating entry into mitosis, screens 

identified an important role for Wee1 in the maintenance of genome integrity during DNA 

replication. Both Wee1 knockdown or inhibition lead to upregulation of phosphorylated H2AX 

(γH2AX), a readout for DNA damage, in S phase cells (Beck et al. 2010, Dominguez-Kelly et al. 

2011, Hauge et al. 2017). The underlying mechanisms remain poorly understood and seemingly 

conflicting data led to two models proposing either that Wee1 controls genomic stability during 

replication by regulating origin firing (Hauge et al. 2017), or that it regulates the processing of 

stalled replication forks by the Mus81-Eme1 endonuclease (Dominguez-Kelly et al. 2011).  

The protein kinase ATR is constitutively bound by ATRIP (ATR-interacting protein) and 

is activated by replication protein A (RPA)-coated single-stranded DNA, structures that can arise 

from stalled replication forks or resected DNA double-strand breaks (Ciccia and Elledge 2010). 

Unsurprisingly, ATR plays a crucial role in the response to replication stress – likely the reason 

for it being an essential gene (Brown and Baltimore 2000, de Klein et al. 2000) – and to ionizing 

radiation-induced DNA double-strand breaks. ATR activation is important for S and G2/M 

checkpoint signaling and DNA damage repair by homologous recombination (Gamper et al. 2013).  
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To test whether Wee1 inhibition activates ATR, we incubated cancer cells for 2 hours with 

the Wee1 inhibitor AZD1775. Immunoblots of cell lysates show that AZD1775 treatment leads to 

phosphorylation of Chk1 Serine 345, a target site of ATR (Fig. 2.1A). ATR activation was 

confirmed by co-treatment with two ATR selective inhibitors, AZD6738 and ETP-46464, which 

suppressed AZD1775-induced Chk1 phosphorylation (Fig. 2.1A, lanes 1-4), and is observed in 

breast cancer (MDA-MB-231) and osteosarcoma (U-2 OS) cells, indicating that it is unlikely 

cancer type specific (Fig. 2.1A, Suppl. Fig. 2.1). ATR activation by AZD1775 is potentiated by 

DNA damaging agents, such as ionizing radiation (Suppl. Fig. 2.1). The activation of ATR by 

Wee1 inhibition prompted us to study the combinatorial effect of Wee1 and ATR inhibition on 

cancer cell killing. 5,000 cells were plated and incubated with different concentrations of 

AZD1775 and AZD6738 for 4 days before measuring surviving cells by Crystal Violet staining 

and colorimetry (Feoktistova et al. 2016). We observe synergistic cell killing by ATR and Wee1 

inhibition in all tested cancer cell lines (Table 2.1, Suppl. Fig. 2.3C), including the human breast 

cancer cell lines MDA-MB-231, MCF7, and Zr-75-1 (Fig. 2.1B-D), but not in non-tumorigenic 

MCF 10A and immortalized mammary epithelial cells (hTERT-HME1) (Fig. 2.1E, F), as 

demonstrated in Loewe plots and calculated Bliss combination indices (CI) (Foucquier and Guedj 

2015). A CI below 1 indicates synergy. The synergistic cell killing we observe with Wee1 and 

ATR inhibitors is unlikely due to off-target effects, because several ATR inhibitors (including 

ETP-46464 and VE-821, Suppl. Fig. 2.3) and knockdown of Wee1 with siRNA (Suppl. Fig. 2.2D) 

show cooperative lethality as well. Importantly, and in agreement with a conditional synthetic 

lethality of Wee1 and ATR based on DNA damage, a favorable therapeutic window for the 

combination treatment is provided by the increased oncogenic stress in cancer cells, as no 

cooperative lethality is observed in MCF 10A and hTERT-HME1. This is in stark contrast to 
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inhibition of the ATR downstream target Chk1. MCF 10A and hTERT-HME1 are very sensitive 

to the Chk1 inhibitor UCN-01 alone and to combined Wee1 and Chk1 inhibition (Suppl. Fig. 2.4). 

Depletion or inhibition of Chk1, but not of ATR, has previously been shown to cause DNA damage 

in normal cells (Techer et al. 2016), likely explaining the toxicity of Chk1 inhibitors observed in 

the clinic (Seto et al. 2013, Sausville et al. 2014). Several studies have shown that in the absence 

of exogenous genotoxic stress ATR inhibitors are well tolerated (Reaper et al. 2011, Toledo et al. 

2011) and cells from Seckel syndrome patients, who have hypomorphic levels of ATR, do not 

show increased DNA damage levels (O'Driscoll et al. 2003), indicating that low ATR activity is 

sufficient to respond to the endogenous genotoxic stress in normal cells. 
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Figure 2.1. Wee1 inhibition activates ATR and shows synergistic cancer cell killing with ATR 

inhibition. 

(A) MDA-MB-231 cells were incubated with the indicated inhibitors for Wee1 (AZD1775) or 

ATR (AZD6738, ETP46464). After 2 hours, cell lysates were harvested and probed for Chk1 and 

CDK1 phosphorylation by immunoblotting. (B–F) MDA-MB-231, MCF7, Zr-75-1, hTERT-

HME1, or MCF10A cells were treated for 4 days with a combination of up to 4 μM AZD6738 and 

up to 2 μM AZD1775. Survival was assayed by crystal violet staining and each experiment was 

repeated at least 4 times. Color bars indicate percentage survival normalized to untreated cells. 

Representative cooperativity screens and Loewe plots for drug cooperativity are shown. 
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Cell line 
AZD6738 

(ATRi) 

AZD1775 

(Wee1i) 
Bliss CI ATRi IC50 Wee1i IC50 

MDA-MB-231 300 nM 100 nM 0.60 540 nM 190 nM 

MCF7 300 nM 100 nM 0.65 840 nM 280 nM 

Zr-75-1 500 nM 300 nM 0.74 1120 nM 1270 nM 

T-47D 750 nM 500 nM 0.83 1120 nM 340 nM 

MDA-MB-468 300 nM 100 nM 0.56 2580 nM 520 nM 

MDA-MB-175-VII 300 nM 100 nM 0.34 3740 nM 460 nM 

Sk-Br-3 300 nM 100 nM 0.57 5165 nM 570 nM 

U-2 OS 300 nM 100 nM 0.54 550 nM 160 nM 

hTERT-HME1 
300 nM 100 nM 1.07 2400 nM 660 nM 

750 nM 500 nM 1.11 2400 nM 660 nM 

MCF 10A 
300 nM 100 nM 1.09 3790 nM 615 nM 

750 nM 500 nM 1.08 3790 nM 615 nM 

 

Table 2.1. Synergistic cancer cell killing by ATR and Wee1 inhibition. 

  



54 

 

2.3.2 Combination treatment of cancer cells with ATR and Wee1 inhibitors leads to centromere 

fragmentation and mitotic catastrophe 

Several reproductive cell death modes can lead to the inability of a cell to reproduce after 

exposure to genotoxic stress (Eriksson and Stigbrand 2010, Surova and Zhivotovsky 2013). While 

treated cells with intact cell cycle checkpoint function tend to senesce, the major death mechanism 

after exposure to DNA damaging agents for cells with defects in cell cycle checkpoints and 

impaired DNA repair mechanisms is mitotic catastrophe. Mitotic catastrophe occurs when cells 

enter mitosis prematurely before the completion of DNA repair and/or DNA replication, resulting 

in dysregulated/failed mitosis, and can lead to delayed apoptosis, senescence or even necrosis. 

We used live cell microscopy to address whether cell death by Wee1 and/or ATR inhibition 

requires cells to enter mitosis. Cancer cell lines display variable intra-line (within their population) 

response to drug treatments (Gascoigne and Taylor 2008). Therefore, monitoring individual cell 

fates with time-lapse microscopy is essential to understanding the cell cycle response of cancer 

cells to drug treatment. Breast cancer cell lines stably expressing GFP-tubulin and mCherry-

histone H2B enabled us to track the fates of individual cells and their progenies. Our data for 

MDA-MB-231 show that, unlike Wee1 inhibition (P = 0.0387, one-way ANOVA) (Lewis et al. 

2017), ATR inhibition alone does not prolong mitosis (Fig. 2.2A, B). Yet when ATR and Wee1 

inhibition are combined, mitosis is significantly longer (P < 0.0001, one-way ANOVA) (Fig. 2.2A, 

B) and commonly leads to cell death (Fig. 2.2C, D). The median time between nuclear envelope 

breakdown to anaphase in control cells, cells treated with AZD6738, AZD1775, or the 

combination is 35, 45, 160, or 325 minutes, respectively (Fig. 2.2B). Cell death is observed during 

failed mitosis, after mitotic slippage (when cells have aborted mitosis as evidenced by the 

disappearance of the mitotic spindle without cytokinesis), or in interphase after cytokinesis (often 
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with visible micronucleation) (Fig. 2.2C, D; Suppl. Fig. 2.5A). Mitotic duration seems to correlate 

with cell death observed during mitosis, with 0, 3.6, 28.6, or 64.3 percent of MDA-MB-231 cells 

dying in mitosis when treated with vehicle, AZD6738, AZD1775, or combined 

AZD6738/AZD1775, respectively (Fig. 2.2D). While ATR inhibition kills 44.6% of the cells, most 

of the cell deaths occur during interphase in daughter cells. We do not observe interphase death in 

cells before aborted or completed mitosis. This clearly indicates the importance of cells entering 

mitosis, presumably with unrepaired or under-replicated DNA, for cell death and shows that 

mitotic defects can lead to delayed cell death in daughter cells.  

Mitotic cells with under-replicated genome (MUG) were discovered 30 years ago (Brinkley 

et al. 1988). Mitotic defects observed in these cells commonly include centromere fragmentation 

(Beeharry et al. 2013), characterized by the formation of centromere clusters spatially separated 

from the main mass of chromosomes. As the majority of cells treated with combined ATR and 

Wee1 inhibitors died in mitosis, we synchronized cells in S phase by a double thymidine block 

and inhibited ATR and/or Wee1 after release. Four hours after G1/S release, cells were fixed and 

stained for tubulin, centromeres, and DNA (Fig. 2.2E). Wee1 inhibition, but particularly combined 

ATR/Wee1 inhibition, leads to an increase in mitotic cells (Fig. 2.2F) in the breast cancer cell lines 

MDA-MB-231 and T-47D, as well as in HeLa cells (Suppl. Fig. 2.5B). Furthermore, the majority 

of the mitotic cells in the combination treatment group show centromere fragmentation, as seen by 

the clustering of centromeres and kinetochores and their separation form the bulk condensed 

chromatin (compare mitotic cells treated with combined AZD6738 and AZD1775 to DMSO 

control in Fig. 2.2E, Suppl. Fig. 2.5B). 
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Figure 2.2. Combined ATR and Wee1 inhibition leads to mitotic defects and cancer cell 

death. 

(A–D) Live cell imaging of MDA-MB-231 expressing mCherry–histone H2B and GFP-tubulin. 

(A) Cells treated as indicated (ATRi = 1 μM AZD6738, Wee1i = 0.3 μM AZD1775) were 

monitored by spinning-disk confocal microscopy. Representative images of cells following 

nuclear envelope breakdown (NEBD) are shown. (B) Quantification of the time from NEBD to 

anaphase. (C) Representative fates of 5 cells in the 4 treatment groups. (D) Quantification of 
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observed cell fates (n = 56). Of note, when cell death occurred in interphase, the dying cells had 

previously undergone mitosis following drug addition. (E) Representative images of MDA-MB-

231 or T-47D mitotic cells treated as in A. Fixed cells were stained for centromeres (red) and 

tubulin (green) by immunofluorescence and for DNA with DAPI (blue). Drug-induced clustering 

of centromeres (white arrows) spatially separated from the main mass of chromosomes (yellow 

arrow), a feature of centromere fragmentation, is clearly visible. Scale bars: 10 μm. (F) 

Quantification of cells that are in mitosis (red and blue) and display centromere fragmentation 

(blue) (n > 1,000), after fixing cells 4 hours after release from a double thymidine block in the 

presence of the indicated inhibitors. *P < 0.05, ****P < 0.0001 (one-way ANOVA). 
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2.3.3 Events in S phase and G2/M phase contribute to the synergistic cancer cell killing by the 

combination treatment of cancer cells with ATR and Wee1 inhibitors 

To estimate the contribution of abrogation of cell cycle checkpoints and DNA damage 

repair to overall cell killing, we evaluated the impact of ATR and/or Wee1 activity during phases 

of the cell cycle on cancer cell survival. As this requires the ability to switch ATR and Wee1 

activity on and off, we tested the reversible nature of inhibition by AZD6738 and AZD1775. Mock 

or AZD6738 treated cells were UV-irradiated and ATR activation measured by Chk1 

phosphorylation (Fig. 2.3A). AZD6738 washout leads to ATR reactivation within 1 h, as 

evidenced by restoration of high Chk1 pS345 levels. AZD1775 treatment of cells reduces CDK1 

phospho-Y15 levels, confirming that Wee1 is the primary kinase phosphorylating CDK1 at 

tyrosine 15 (Fig. 2.3B). Washout of AZD1775 restores Wee1 kinase activity to full levels in less 

than two hours, as shown by the reestablishment of normal CDK1 phospho-Y15 levels. Having 

established that ATR and Wee1 inhibition can be reversed within approximately one hour, we next 

synchronized U-2 OS cells by a thymidine-nocodazole block (Fig. 2.3C) as described (Gamper et 

al. 2013). At various times after nocodazole release and for different durations, cells were pulse-

treated with 1 μM AZD6739 and/or 300 nM AZD1775 by addition and subsequent washout as 

indicated: from +10 to +16 h (roughly late G1 to G2), from +18 to +22 h (late G2 into mitosis), 

from +10 to +22 h, for a full cell cycle starting from late G1, or for the entire period of 4 days. All 

cells were assayed for survival after 4 days by measuring Crystal Violet staining compared to mock 

treated cells. As discussed previously, treatment for the entire time window with a combination of 

AZD6738 and AZD1775 leads to strong synergy (Fig. 2.3D, right panel). Inhibition of ATR or 

Wee1 alone for short intervals, during S phase or late G2/mitosis (Fig. 2.3D, first two left panels), 

had no significant effect on survival, indicating that cells were able to recover from transient ATR 
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or Wee1 inhibition for the indicated time intervals. Prolonged inhibition, from late G1 into mitosis, 

on the other hand, leads to significant cell killing by the single agents (P < 0.0001, one-way 

ANOVA), comparable to inhibition for an entire cell cycle. Interestingly, combined ATR and 

Wee1 inhibition for just the short periods encompassing S phase (+10 to +16 h) or from late G2 

into mitosis (+18 to +22 h) leads to killing of approximately half of the cells (P < 0.0001, one-way 

ANOVA). Yet when ATR and Wee1 are both inhibited from late G1 into mitosis (+10 to +22 h), 

less than 10% of the cells survive, indicating not only a strong synergy between the two inhibitors, 

but also the contribution of events during both cell cycle intervals (G1 to G2; G2 and mitosis) the 

inhibitors were active (compare the three left panels in Fig. 2.3D). Combination treatment for an 

entire normal cell cycle interval further increased cell killing to levels comparable to treatment for 

the entire 4 days.  

We also tested inhibitor-induced changes in cell cycle profiles in cells synchronized by a 

thymidine-nocodazole block, if AZD6738 and/or AZD1775 were added to G1 cells 6 hours after 

release. Flow cytometry of propidium iodide stained cells show a significant increase of cells with 

DNA content between 2n and 4n at 14 hours after nocodazole release in the combined ATR and 

Wee1 inhibitor treated group compared to control (Fig. 2.3C). The DNA content indicates delayed 

S phase or entry into G2/mitosis with under-replicated genomes. The latter is more likely, because 

many cells retain a DNA content below 4n even several hours later. Combined with our 

observation that cells treated with both ATR and Wee1 inhibitor show frequent centromere 

fragmentation in mitosis (Fig. 2.2E, F), a hallmark of under-replicated cells entering mitosis, the 

inhibitor-induced shift in DNA content profile underlines the synergistic contribution of reversible 

ATR/Wee1 inhibition during S and G2/M phases in causing mitotic catastrophe.  
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Figure 2.3. Contribution of cell cycle phases, during which ATR and/or Wee1 was inhibited, 

to overall cell killing. 

(A and B) AZD6738 and AZD1775 are reversible inhibitors. Immunoblots of MDA-MB-231 and 

U-2 OS cells treated as indicated. (A) The ATR inhibitor AZD6738 (1 μM) was added to cells 15 

minutes before irradiation with 40 J/m2 UV, a strong activator of ATR. One hour after irradiation, 

AZD6738 was removed, and the cells were washed and harvested at indicated times after drug 

removal. Restoration of ATR activity is observed 1 hour after AZD6738 washout. (B) Cells were 

incubated for 2 hours with 300 nM Wee1 inhibitor AZD1775, leading to a strong reduction in 

phospho-CDK1. AZD1775 was then removed, and cells washed, leading to restoration of Wee1 

activity within 1–2 hours. (C) U-2 OS cells were synchronized by a thymidine-nocodazole block. 

Six hours after release, cells were treated with 1 μM AZD6738 and/or 300 nM AZD1775. Cell 

cycle profiles were analyzed by propidium iodide staining and flow cytometry. (D) ATR and/or 

Wee1 in synchronized cancer cells were transiently inhibited with 1 μM AZD6738 and/or 300 nM 

AZD1775 during the indicated cell cycle intervals. Survival of drug-treated cells relative to vehicle 

control was measured after 4 days. Data represent mean ± SD. *P < 0.05, **P < 0.005, and ****P 

< 0.0001 (one-way ANOVA). 
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2.3.4 Combined inhibition of ATR and Wee1 leads to increased DNA damage in tumors in vivo 

AZD1775 and AZD6738 are both bioavailable and can be administered to mice by oral 

gavage. To test synthetic lethality between Wee1 and ATR inhibitors in tumors, we established a 

human breast cancer xenograft model in mice. Due to the tumor (micro)environment, drugs that 

sensitize in vitro face additional challenges in selectively killing cancer cells in vivo. The different 

growth kinetics in vivo, hypoxia, intra-tumoral heterogeneity, interaction with the stroma, and of 

course drug delivery, influence efficacy. Moreover, side effects such as injury to normal tissues 

are of great concern. 

We derived from MDA-MB-231, a triple negative human breast cancer cell line (p53 

mutated, BRCA wild type), a cell line that expresses the second-generation, less immunogenic 

firefly luciferase and the red-fluorescent protein tdTomato (Shaner et al. 2004) (Suppl. Fig. 2.6). 

In our orthotopic xenograft model these MDA-MB-231-fluc2-tdTomato cells are injected into the 

fourth mammary fat pad of 6-8 week old female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice 

according to our approved animal protocol (AC16225). Once tumors reach a volume of 40-50 mm3 

they are randomly allocated to treatment or vehicle arms. For our initial biomarker study to validate 

in vivo inhibition of ATR and Wee1 by our inhibitors and to test DNA damage induction in tumors, 

we administered 25 mg/kg AZD6738 and 60 mg/kg AZD1775 by oral gavage daily over 5 days. 

One hour after the last drug treatment [the approximate Tmax, when these drugs show maximal 

plasma concentrations (Stewart et al. 2017), (personal communication by AstraZeneca)] we 

harvested the tumors. Excised tumors (n = 3 mice per treatment group) were tested for ATR and 

Wee1 activity by immunohistochemistry, assessing phosphorylation of the respective Wee1 and 

ATR substrates CDK1 Y15 and ATR T1989 (Fig. 2.4A, B) [As all Chk1 pS345 antibodies we 

tested did not work for immunohistochemistry, we used ATR auto-phosphorylation on Thr1989 
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as alternative readout for ATR activation (Nam et al. 2011) (Suppl. Fig. 2.7)]. Interestingly we 

not only confirmed ATR and Wee1 inhibition by AZD6738 and AZD1775, respectively, but also 

observed ATR activation in vivo in Wee1 inhibitor-treated tumors (Fig. 2.4A). Our data also 

indicate that ATR or Wee1 inhibition over the same period leads to a significant increase in tumor 

cells with DNA damage, assayed by γH2AX staining (Fig. 2.4C, D). Of note, combination 

treatment with the two kinase inhibitors seems to synergistically enhance the number of cells 

staining for γH2AX in the tumor (P < 0.0001, one-way ANOVA) (Fig. 2.4D). It also reduces the 

fraction of proliferating tumor cells, as measured by Ki-67 staining (P < 0.0001, one-way 

ANOVA) (Fig. 2.4E, F). We also note a significant increase in the number of apoptotic cells as 

measured by an increase in the number of TUNEL positive tumor cells (P < 0.001, one-way 

ANOVA) (Fig. 2.4G, H). 
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Figure 2.4. AZD6738 and AZD1775 inhibit ATR and Wee1, respectively, in vivo. 

MDA-MB-231-fluc2-tdTomato xenografts were excised for immunohistochemistry 1 hour after 

the last administration of the inhibitors to the mice by oral gavage for 5 days (25 mg/kg AZD6738 

and/or 60 mg/kg AZD1775 daily). ATR (A) and Wee1 activity (B) was tested by probing for 

phosphorylation of their respective substrates, ATR Thr1989 and CDK1 Tyr15 (insets show tumor 

tissue at ×40 magnification). (C and D) DNA damage was tested for with antibodies against 

γH2AX. (E and F) Ki-67 staining was used as a readout for proliferating cells. Scale bars: 100 μm 

and 25 μm (insets). (G and H) TUNEL assay was used to quantify cell death in excised tumor 

sections. Scale bars: 20 μm. Data represent mean ± SD. *P < 0.05, ***P < 0.001, and ****P < 

0.0001 (one-way ANOVA). DAB = 3,3′-diaminobenzidine. 
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2.3.5 Combined ATR and Wee1 inhibition is well tolerated 

As the aim of the conditional synthetic lethality approach is to spare normal tissue, we 

studied potential toxicities in treated mice, particularly in tissues with fast-proliferating cells and 

relying on stem cells for regeneration. We first tested tumor bearing immune-compromised NSG 

mice (n = 9 per group), used for our xenografts, and immune-competent C57BL/6 mice (n = 6 per 

group) for rudimentary indicators of side effects after treatment with 25 mg/kg AZD6738 and/or 

60 mg/kg AZD1775 daily over a period of 26 days (Fig. 2.5A). None of the mice showed 

significant changes in body weight (Fig. 2.5B, C), behavior (including food intake) or feces 

consistency (data not shown). Postmortem analyses revealed no signs of inflammation or changes 

in spleen size. Only one mouse (in the ATR alone treatment group) showed signs of partial hair 

loss (Suppl. Fig. 2.8). 

Due to renewal kinetics, tissues relying on fast-proliferating cells are particularly 

endangered by drugs that increase replication stress. Crypt intestinal stem cells support the 

continuous regeneration of the small intestine epithelium, the most rapidly self-renewing tissue in 

adult mammals (Barker et al. 2007). We therefore examined intestinal cells for DNA damage and 

measured the villi length of ilea from NSG mice. Due to abrasion villi are constantly replenished 

by the progenitor cells sitting in the crypt. Although we see an increase in crypt cells staining for 

γH2AX (Fig. 2.5D) in mice treated with Wee1 inhibitor alone or in combination, but not with ATR 

inhibitor alone, no treatment group showed a decrease in villi length by day 26 (Fig. 2.5E). In mice 

crypt stem cell depletion, e.g. by ionizing radiation, can lead to observable changes in villi within 

4 days (Withers 1971), yet the combination treatment over a period of 26 days is well tolerated in 

our mouse intestines, in agreement with no signs of diarrhea or changes in body weight. To test 

for changes in another tissue sensitive to genotoxic stress, we isolated the bone marrow from 
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immune-competent C57BL/6 mice after 26 days of inhibitor treatment. Bone marrow injury is one 

of the most common dose-limiting adverse effects of cancer therapy with genotoxic agents. 

Radiation and chemotherapy induce hematopoietic cell apoptosis, particularly in multipotent 

progenitor and hematopoietic progenitor cells, which proliferate and have lower DNA repair 

capacity than the quiescent hematopoietic stem cells they derive from (Mohrin et al. 2010). 

Hematopoietic stem and progenitor cells can be identified by surface markers (Kondo et al. 1997, 

Akashi et al. 2000). We used flow cytometry to quantify stem and progenitor cells from bone 

marrow using two different marker combinations, CD117+/Sca1+ (hematopoietic stem and 

multipotent progenitor cells) (Fig. 2.5F, G) and CD117+/Lin- (which additionally include myeloid 

progenitor cells) (Fig. 2.5H, I) (Mohrin et al. 2010). We did not see any significant changes in the 

percentage of these subpopulations in bone marrows from inhibitor treated mice compared to 

control mice (Fig. 2.5G, I).  
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Figure 2.5. Combination treatment with ATR and Wee1 inhibitors and normal tissue 

toxicity. 

(A) Mice were treated for 26 days daily with 25 mg/kg AZD6738 and/or 60 mg/kg AZD1775 and 

tested for adverse effects. (B and C) No significant body weight changes are observed in tumor-

bearing immune-deficient NSG or in immunocompetent C57BL/6 mice. (D and E) Although Wee1 

inhibition leads to some γH2AX staining in the crypts of NSG mouse ilea (see insets) (D), no 

significant change in villi length is observed (E). n = 50 refers to 50 measurements in each of 3 

mice per group. Scale bars: 100 μm and 25 μm (insets). (F–I) No significant depletion of 

hematopoietic stem and progenitor cells isolated from treated C57BL/6 mice is observed. Bone 
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marrow cells were isolated from C57BL/6 mice treated as described in A and analyzed with the 

indicated surface markers by flow cytometry. (F and G) Hematopoietic stem and multipotent 

progenitor cells stained for CD117 and Sca1. (H and I) The CD117+Lin– population additionally 

includes myeloid progenitor cells. Data represent mean ± SD. 
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To rigorously test for drug-induced damage to normal tissue we harvested additional 

tissues from tumor bearing immune-compromised NSG mice (n = 3 per group) and immune-

competent C57BL/6 mice (n = 3 per group) immediately after the 26 day (“26 d”) drug treatment, 

or one (“33 d”) or two weeks after the last day of drug administration (Fig. 2.6). Only in the ileum 

and in the spleen of mice at the end of the drug treatment did we observe an increase of γH2AX-

staining cells. No DNA damage was observable e.g., in lungs, kidneys or livers from either NSG 

or C57BL/6 mice (Fig. 2.6 and Suppl. Fig. 2.9-2.13). Remarkably after a period of just 7 days 

after last drug administration, the number of DNA damaged cells in the ilea or the spleens returned 

to background levels (Fig. 2.6, left panel). We also analyzed the blood of mice at the end of and 1 

or 2 weeks after drug treatment. Pathological evaluations did not reveal any significant changes in 

complete blood cell count (Suppl. Table 2.1, 2.2), in agreement with the lack of observable 

hematopoietic stem cell depletion (Fig. 2.5 F-I). In summary, the increased endogenous DNA 

damage in cancer cells compared to even actively proliferating normal cells seems to provide a 

significant therapeutic window for the combination treatment. 
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Figure 2.6. Evaluation of normal tissue DNA damage. 

Tissues from tumor-bearing NSG mice (or immunocompetent C57BL/6 mice without tumors, 

shown in Suppl. Figure 2.13) were harvested on the last day (26 d) or 1 week after (33 d) the last 

day of a 26-day treatment period with AZD6738 and/or AZD1775. While lung, liver, and kidney 

did not show any signs of DNA damage, some cells in the ileum and spleen were found to stain 

for γH2AX at the end of the treatment (26 d). However, 1 week later (33 d), ilea and spleens 

recovered from the drug treatment, as measured by staining for γH2AX. Scale bars: 25 μm and 20 

μm (insets). 
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2.3.6 Combined inhibition of ATR and Wee1 leads to tumor remission, increased survival and 

inhibition of metastasis 

To test drug efficacy in longitudinal studies using our xenograft model, once tumors 

reached a volume of 40-50 mm3 mice were randomly allocated to treatment or vehicle arms (n = 

9 mice per treatment group). These mice were administered 25 mg/kg AZD6738 and/or 60 mg/kg 

AZD1775 daily over a period of 26 days (Fig. 2.5A, yellow shades in Fig. 2.7B, C, F) and tumor 

growth was followed by caliper measurement every second day and metastasis by weekly 

inspection with a bioluminometer (Fig. 2.7A). We observed significant inhibition of tumor growth 

(P < 0.0001, two-way ANOVA) (Fig. 2.7B) by treatment with AZD6738 and AZD1775. While 

treatment with AZD6738 or AZD1775 alone delays tumor growth, tumor expansion resumes 

rapidly when drug treatment is stopped. However, combination treatment leads to tumor shrinkage 

below 1 mm3, in 6/9 cases even to complete remission as measured by impalpable tumor levels. 

Although we have not observed complete eradication so far (the high sensitivity of 

bioluminescence allows for the visualization of residual MDA-MB-231-fluc2), we speculate that 

a proportionate level of cell killing in immunocompetent patients could lead to tumor control. In 

our immunocompromised NSG mice that have been treated with the inhibitor combination, tumors 

do eventually recur (Suppl. Fig. 2.14). Nevertheless, and although mice were only treated for 26 

days, mice treated with AZD6738+AZD1775 lived significantly longer (P < 0.0001, Log-rank 

Mantel-Cox; median survival after start of treatment: AZD6738 – 60 days; AZD1775 – 62 days; 

AZD6738+AZD1775 – 103 days; vehicle control treated – 53 days) (Fig. 2.7C), paralleling the 

cancer-selective synthetic lethality observed in vitro.  

Tagging MDA-MB-231 cells with firefly luciferase also allowed us to follow metastasis 

by non-invasive bioluminescence imaging. As can be seen by representative images of mice at 
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week 7 (16 days after the last drug administration) and the statistical analysis of bioluminescence 

at distant sites, combined Wee1 and ATR inhibition strongly suppressed metastasis (Fig. 2.7D). 

While Wee1 or ATR inhibitor stand-alone treatment did not show any significant inhibition of 

metastasis, bioluminescence levels at distant sites in the combination treatment are below the 

background threshold (P = 0.0383, one-way ANOVA) (Fig. 2.7E).  

To further investigate inhibition of metastasis we treated a set of mice (n = 4 mice per 

treatment group) only when tumors reached a volume of around 250 mm3. At that point 

micrometastasis should already have occurred, as the corresponding time relates to approximately 

4-5 weeks later in tumor growth compared to the previous experiments (Compare tumor volumes 

and metastasis at week 7 for control mice in Fig. 2.7B, D). Again, mice were randomly allocated 

to treatment arms, consisting of a 26 day period of daily administration of 25 mg/kg AZD6738 

and/or 60 mg/kg AZD1775. As seen before, AZD6738 and AZD1775 single treatment led to tumor 

growth delay (P < 0.0001, two-way ANOVA), but combined treatment led to tumor shrinkage (P 

< 0.0001, two-way ANOVA) (Fig. 2.7F). Secondary tumors were observed in the thoracic lymph 

nodes of control, AZD6738 or AZD1775 treated mice, but not in animals receiving the 

combination treatment (P = 0.0061, one-way ANOVA) (Fig. 2.7G). Even more compelling, 

tissues from the mice euthanized at the end of the treatment were inspected for micrometastases 

by bioluminescence, a technique that allows us to detect clusters of as few as 20 cells. Unlike in 

the case of control or single inhibitor treated mice, which showed metastasis to lymph nodes, lungs, 

liver, bone, gut, and in some case also to the brain and ovaries, tissues from combined ATR and 

Wee1 inhibitor treated animals showed no detectable micrometastases (Table 2.2). 
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Figure 2.7. Combination treatment with ATR and Wee1 inhibitors and tumor control. 

(A–E) NSG mice were injected orthotopically with MDA-MB-231-fluc2-tdTomato–labeled breast 

cancer cells and treated for 26 days (indicated by yellow shades) with 25 mg/kg AZD6738 and/or 

60 mg/kg AZD1775 after tumors reached approximately 40 mm3. (A) Tumor progression was 

monitored weekly by bioluminescence imaging. (B) Tumor growth of mice in the 4 treatment arms 

(n = 9 per group). (C) Kaplan-Meier survival curves of treated mice (n = 9 per group). (D and E) 

Metastasis in regions distal to the primary tumor was assessed 7 weeks after treatment initiation 

(n = 9 per group). The dotted line indicates background threshold (E). (F and G) To further 

investigate inhibition of metastasis, a group of MDA-MB-231-fluc2-tdTomato tumors (n = 4 per 

group) were allowed to grow to approximately 250 mm3 before treatment as in A. Combination 

treatment leads to tumor shrinkage (F). Unlike control or single-agent-treated mice, those treated 

with AZD6738 and AZD1775 had no detectable secondary tumors (G). Data represent mean ± 

SD. *P < 0.05, **P < 0.01, ****P < 0.0001 by 2-way ANOVA (B and F), log-rank Mantel-Cox 

test (C), or 1-way ANOVA (E and G). 
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Tissue Vehicle Control 
AZD6738 

(ATRi) 

AZD1775 

(Wee1i) 
ATRi + Wee1i 

Lungs 4/4 4/4 4/4 0/4 

Lymph node 4/4 4/4 4/4 0/4 

Bone 4/4 2/4 1/4 0/4 

Liver 4/4 4/4 4/4 0/4 

Brain 2/4 1/4 0/4 0/4 

Gut 4/4 4/4 4/4 0/4 

Ovaries 4/4 3/4 1/4 0/4 

 

Table 2.2. Metastases in animals treated with ATR and Wee1 inhibitors. 

Ex vivo bioluminescence imaging of excised tissues revealed micrometastases in several organs 

from control or single inhibitor treated mice, but no micrometastases were observed in the 

AZD6738/AZD1775 combination treatment group. 
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2.3.7 ATR and Wee1 activity are critical for breast cancer stem cell survival 

Our observation that combined ATR and Wee1 inhibition suppresses metastasis of highly 

invasive MDA-MB-231 (Fig. 2.7D-F and Table 2.2) could be explained by inhibition of the 

process of metastasis per se or a depletion of cells able to spread and to initiate tumors at distant 

sites. Breast cancer stem cells have been implicated in metastasis due to their high cellular 

plasticity, enabling them to undergo epithelial-mesenchymal transition, and their tumor initiating 

potential. This prompted us to isolate a subpopulation enriched in cancer stem cells from cell lines 

of two different breast cancer subtypes, MCF7 (luminal B) and MDA-MB-231 (claudin low), by 

their dye efflux propensity (Telford et al. 2007) (Fig. 2.8A). Cancer stem cells often show 

upregulation of transporter proteins in the ATP-binding cassette family, such as ABCG2. 

Confirming the stem cell character of the isolated subpopulation, a much lower number of seeded 

cells from the fraction with high dye efflux capacity (“side population”, SP) is required to form 

mammospheres than cells with low efflux capacity (“non-side population”, NSP) (Table 2.3 and 

Fig. 2.8B). We next compared cooperative cell killing by ATR and Wee1 inhibitors in the cancer 

stem cell-enriched side population to a non-side population. MCF7 and MDA-MB-231 cancer 

stem cells (SP) are more resistant than the control subpopulation (NSP) to either AZD6738 or 

AZD1775 alone, but surprisingly showed similar sensitivities to the combined treatment (Fig. 

2.8C, D). This unexpected finding is due to higher synergistic effects in cancer stem cells than in 

cancer cells without stem cell features (e.g., lower Bliss combination indices (CI) at 300 nM 

AZD6738 and 100 nM AZD1775 of 0.40 versus 0.90 for MCF7 and 0.41 versus 0.75 for MDA-

MB-231). To our knowledge this is the first reported observation of increased synergistic effects 

of cytotoxic agents in cancer stem cells compared to bulk cancer cells. The increased synergy in 
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cancer stem cells, although they are more resistant to the single agents, could explain the strong 

anti-metastatic effect by the combination treatment observed in our animal model. 
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Figure 2.8. Synergistic killing of breast cancer stem cells by ATR and Wee1 inhibitors. 

(A) Isolation of cancer stem cell-enriched subpopulations (side population, SP) from MDA-MB-

231 or MCF7 based on their increased dye (DyeCycle Violet, DCV) efflux properties. Verapamil, 

an inhibitor of drug efflux pump proteins, particularly of the ABC transporter family, served as 

negative control. (B) Isolated SPs show an increased ability to form mammospheres compared 

with control subpopulations (non–side population, NSP). Representative images of 

mammospheres are shown. (C and D) Four-day survival assays of cancer stem cell-enriched SPs 

and control cells (NSPs) isolated from MDA-MB-231 (C) and MCF7 (D). Plated cells were treated 

with indicated concentrations of AZD1775 and/or AZD6738. Color bars indicate percentage 

survival normalized to untreated cells. (E) Model of cancer-selective synergistic cell killing by 

combined ATR and Wee1 inhibition. Cancer cells have higher baseline levels of genotoxic stress 

than normal cells. Wee1 inhibition increases genotoxic stress, while ATR and Wee1 inhibition 

together lower cellular DNA-damage response capacity (in the simplified model to the same 

extent, but potentially higher in cancer cells relying on these 2 kinases for survival). A therapeutic 

window is created for the selective killing of cancer cells. (F) Cell cycle–dependent effects of ATR 
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and Wee1 inhibition contributing to overall cell death following mitotic catastrophe. HR, 

homologous recombination. 

 

 

 

 

 

 

  MDA-MB-231 MCF7 

 Cells plated per well 

Number of wells 

positive for 

mammospheres 

Number of wells 

positive for 

mammospheres 

Side Population 

(SP) 

1 0/6 2/6 

2 0/6 2/6 

5 0/6 3/6 

10 0/6 4/6 

100 5/6 5/6 

1000 6/6 6/6 

Non-Side 

Population (NSP) 

1 0/6 0/6 

2 0/6 0/6 

5 0/6 0/6 

10 0/6 0/6 

100 1/6 0/6 

1000 5/6 4/6 

 

Table 2.3. Mammosphere-forming capabilities of SP and NSP cells. 

Isolated “side population” cells demonstrate higher mammosphere forming capabilities as 

compared to the “non-side population” cells. 
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2.4 Discussion 

Tumor heterogeneity constitutes one of the biggest barriers to effective cancer therapies. 

Therapies merely targeting the bulk of cancer cells are often destined to fail because induced clonal 

drifts and the formation of dormant cells decrease tumor control probability. Furthermore, 

activation of alternative pathways to counteract targeted therapies can lead to drug resistance. Here 

we describe a strategy designed to take advantage of the cancer-intrinsic property of DNA damage 

(Halazonetis et al. 2008), a feature shared by all clones (albeit potentially to different extents). 

Genomic instability is a driver of tumorigenesis and has been designated as a hallmark of cancer 

(Hanahan and Weinberg 2011). Cancer cells typically show oncogene-driven genome changes 

such as an aberrant number or structure of chromosomes (chromosomal instability), microsatellite 

instability, and/or the mutagenic load. While the impairment of checkpoints that should prevent 

these events are drivers of tumorigenesis, the increase in accumulated DNA damage leads to 

replication stress (Kotsantis et al. 2018) and a high risk of mitotic failure, making the survival of 

cancer cells heavily reliant on an often partially defective DNA damage response.  

The gene products of Ataxia telangiectasia mutated (ATM) and ATR are apical kinases of 

pathways activated by DNA damage. Unlike ATM, which is frequently lost in cancers (Greenman 

et al. 2007), ATR is an essential gene for the response to DNA damage (Brown and Baltimore 

2000, de Klein et al. 2000) and ATR activity is often upregulated in cancer cells (Parikh et al. 

2014, Abdel-Fatah et al. 2015). ATR activation is important for DNA damage repair by 

homologous recombination (Gamper et al. 2013, Kibe et al. 2016, Buisson et al. 2017). 

Furthermore ATR (via Chk1) together with Wee1 negatively regulates the activity of CDK2 and 

especially of CDK1, the only essential CDK in mammals (Santamaria et al. 2007). Likely due to 

the reliance of cancer cells on the G2/M checkpoint to protect them from mitotic catastrophe as a 
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consequence of excessive DNA damage, Wee1 was found to be upregulated in several cancer types 

(Matheson et al. 2016). The importance that Wee1 and ATR were found to have in cancer cell 

survival make them attractive therapeutic targets. 

2.4.1 A model for the synergistic cell killing by ATR and Wee1 inhibition 

Here we report cancer-selective synergistic killing by ATR and Wee1 inhibition. (While 

this manuscript was in preparation, another group reported synergistic killing of triple-negative 

breast cancer cells by Wee1 and ATR inhibitors (Jin et al. 2018)). Our data support a model, where 

synergistic killing by ATR and Wee1 inhibitors is triggered by Wee1 inhibition-induced DNA 

damage during replication, abrogation of ATR-mediated S phase checkpoint activation, inhibition 

of ATR-dependent homologous recombination, and amplified by increased entry into mitosis with 

defective genomes due to combined inhibition of ATR and Wee1 (Suppl. Fig. 2.15). High 

replication stress in cancer cells could be due to the high level of baseline DNA damage per se, 

but also to the resulting exhaustion of factors needed for both repair and replication, such as RPA 

(Toledo et al. 2013). ATR plays an essential role for cancer cells to survive replication stress. 

Already hypersensitive to ATR inhibition, we propose that Wee1 inhibition leads to even higher 

replication stress in cancer cells making them unable to avoid DNA damage during replication at 

ATR inhibitor doses tolerable to the animals (or patients). Highly proliferative normal tissues by 

contrast do not have such high baseline replication stress and can tolerate the combination 

treatment (Fig. 2.8E). This model is supported by our observation that reversal of ATR or Wee1 

inhibition alone following S phase leads to minimal cell death (Fig. 2.8D), indicating that the 

resulting increase in replication stress can be rescued by repair before entry into mitosis. Combined 

inhibition during replication on the other hand, even if reversed after S phase, leads to substantial 

cell killing, likely due to extensive genome damage that cannot be repaired before cells enter 



80 

 

mitosis. Similarly, combined ATR and Wee inhibition after S phase completion leads to extensive 

cell death. This might be due to G2/M checkpoint abrogation and the consequent premature entry 

into mitosis with unrepaired endogenous DNA damage, but also to functions of ATR and Wee1 

during mitosis. ATR was reported to contribute to faithful chromosome segregation by promoting 

Aurora B activation at centromeres (Kabeche et al. 2018). Also Wee1 has a role in mitosis beyond 

regulating the G2/M checkpoint, as residual Wee1 (potentially together with ATR) inhibits CDK1 

activity in anaphase, which controls mitotic exit (Lewis et al. 2017). The abrogation of ATR and 

Wee1 activity during different phases of the cell cycle cooperatively leads to cell death caused by 

mitotic defects (Fig. 2.8F). Cell death can occur in mitosis or in interphase after aborted or 

completed mitosis. As a consequence of coordinated effects that Wee1 and ATR have on faithful 

cell cycle progression, particularly in cells with high baseline DNA damage, a therapeutic window 

opens to lower the activity of these two kinases to levels lethal for cancer cells, but tolerable to 

normal tissues. This is in stark contrast to Chk1 inhibition, which – particularly when combined 

with Wee1 inhibition (Suppl. Fig. 2.2) – shows high toxicity in non-transformed cells. As 

previously pointed out by us and others, Chk1 inhibition is not phenotypically identical with ATR 

inhibition (Gamper et al. 2013, Techer et al. 2016, Forment and O'Connor 2018). 

2.4.2 Cancer-selective synthetic lethality, tumor remission and inhibition of metastasis 

Our preclinical mouse data indicate that at doses leading to strong tumor shrinkage, 

combined ATR and Wee1 inhibition shows minimal adverse effects. The absence of diarrhea or 

villi change in the ilea as well as of a significant loss of hematopoietic stem and progenitor cells, 

indicators of intestinal damage or bone marrow injury respectively, suggest that tissues relying on 

fast proliferating cells for homeostasis are less sensitive to the combination treatment than tumor 

cells. Phase I studies of AZD6738 (as well as other ATR inhibitors) are currently being undertaken. 
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AZD1775 (currently the only Wee1 inhibitor in clinical development) has already progressed to 

several phase II trials, usually in combination with genotoxic agents such as carboplatin or 

gemcitabine (Forment and O'Connor 2018). The strong synergistic effects on tumor control 

described here, leading to complete remission in 6/9 cases by the AZD6738/AZD1775 

combination treatment, provide an ideal base for phase I clinical trials. Even more striking is our 

observation that combined Wee1/ATR inhibition leads to a strong inhibition of metastasis. We 

observe both inhibition of tumor spread by a 26 day AZD6738/AZD1775 treatment started when 

tumors are still small as well as the absence of metastatic lesions following the same treatment in 

mice, when the treatment was initiated after micrometastasis already has happened (Fig. 2.7D-G 

and Table 2.2). This observation could be explained by our surprising finding that breast cancer 

stem cell-enriched populations, although more resistant to either ATR or Wee1 inhibition alone, 

show a higher synergy in cell killing by co-treatment with AZD6738 and AZD1775, than bulk 

cells. Cancer stem cells from a variety of tissues were found to display elevated radiation and 

chemoresistance (Vitale et al. 2017). Interestingly, glioma, colon and lung cancer stem cells were 

found to have a stronger ATR response to genotoxic agents than bulk cancer cells (Bao et al. 2006, 

Gallmeier et al. 2011, Bartucci et al. 2012), and glioma stem cells were found to be more sensitive 

to Wee1 inhibition than neural stem cells (Toledo et al. 2015). It could be that the reliance of 

cancer stem cells on ATR or Wee1 to withstand genotoxic insults makes them particularly 

vulnerable to combined Wee1/ATR inhibition. Because metastasis is the main cause of death in 

cancer patients, the anti-metastatic activity, and the propensity to kill cancer stem cells could make 

a combined AZD6738/AZD1775 regimen suitable for stand-alone treatment or for adjuvant 

therapy. 
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2.4.3 Potential strategies for patient selection 

Unlike recently reported by Jin et al. (Jin et al. 2018), we observe in vitro synthetic lethality 

of ATR and Wee1 inhibition not only in triple-negative breast cancer cells, but in a wide range of 

breast cancer cell lines, including luminal A and B cells (MCF7, T47-D, MDA-MB-175-VII, Zr-

75-1) and Her2-amplified Sk-Br-3. While Jin et al. speculate that p53 mutation sensitizes cancer 

cells to combined ATR/Wee1 inhibition, we noticed strong synthetic lethality also in p53 wild type 

cells, such as MDA-MB-175-VII, Zr-75-1, and MCF7, and the osteosarcoma cell line U-2 OS. 

Based on our model, where ATR and Wee1 inhibition leads to decreased S, S/G2 and G2/M 

checkpoint activation, supported by the recent finding that ATR is an important regulator of the 

S/G2 checkpoint (Saldivar et al. 2018), and subsequently leads to mitotic catastrophe, we speculate 

that p53 status is less of a predictor of therapeutic outcome by the drug combination than baseline 

levels of DNA damage and alterations in the mechanisms regulating CDK1/2 activity. Indeed, our 

unpublished data show that factors besides Chk1 and Wee1 regulating CDK1 activity, such as the 

Wee1-related kinase Myt1, or factors involved in processing replication stress intermediates, play 

important roles in cellular sensitivity to Wee1/ATR combination treatment in vitro. Initial clinical 

trials are expected in cancer types known for their genomic instability, such as cancers with ATM 

loss, which we previously showed to sensitize to ATR inhibition (Gamper et al. 2013), and certain 

breast, ovarian or colorectal cancers, where Homologous Recombination (e.g. by BRCA loss) or 

other repair pathways are impaired. Yet the conditional synthetic lethality underlying combined 

AZD1775/AZD6738 treatment is based on the increased DNA damage per se in cancer cells 

compared to normal tissue. This genotoxic stress can have various origins, from aneuploidy to 

gene or epigenetic defects, but will result in replication stress. Unfortunately, while several 

candidate predictive biomarkers have been identified for cellular sensitivity to ATR or Wee1 
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inhibitors (reviewed in (Brandsma et al. 2017)), clinical biomarkers for DNA replication stress are 

still lacking. Whereas in vitro FANCD2 or RAD51 foci resulting from the recruitment of these 

proteins to common fragile sites are good surrogate markers for replication stress (Schwartz et al. 

2005, Chan et al. 2009), attempts to use Ki-67, cyclin E, POLD3, γH2AX, and FANCD2 staining 

in cancer specimens by IHC have been disappointing (Ren et al. 2017). Incidentally, ATR 

activation should correlate with replication stress and future studies will assess whether ATR 

phosphorylation at T1989 in cancer biopsies, used as marker of ATR activation in our xenografts, 

is a predictive biomarker for combined ATR/Wee1 inhibitor treatment. 
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2.8 Supplementary information 

 

 

Supplementary Figure 2.1. Wee1 inhibition activates ATR.  

MDA-MB-231 (A) and U-2 OS (B) cells where incubated with the indicated inhibitors. After 1 

hour cells were irradiated with 4 Gy or mock treated. After another hour cell lysates were harvested 

and probed for Chk1 and CDK1 phosphorylation by immunoblotting. Inhibition of Wee1 by 

AZD1775 leads to activation of ATR (see decrease in phospho-CDK1 levels and increase in 

phospho-Chk1 in lane 2). AZD6738 and ETP46464 are selective ATR inhibitors. DNA damaging 

agents such as ionizing radiation (IR) can combine with Wee1 inhibition in activating ATR. Figure 

2.1A is a subset of this figure derived from the same experiment. 
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Supplementary Figure 2.2. Wee1 and ATR inhibition synergistically kills cancer cells. 

(A) IC
50

 values for AZD6738 in cancer cells. Cells were treated for 4 days with up to 4 μM 

AZD6738 and survival was assayed by Crystal Violet staining. (B) IC
50

 values for AZD1775 in 

cancer cells. Four day survival relative to control was measured like in (A). (C) Synergistic killing 

of cancer cells by AZD6738 and AZD1775. Cooperative cell killing was measured by treating cells 

with the indicated drug concentrations or vehicle control. Color bars indicate % survival 

normalized to vehicle treated cells. Representative cooperativity screens and Loewe plots for drug 

cooperativity are shown. Bliss combination indices (CI) at indicated drug concentrations are shown 

in Table 1. (D) Cooperative cell killing by Wee1 knockdown and ATR inhibition. Control or cells 

treated with AZD6738 at indicated concentrations were transfected with increasing doses of siRNA 

against Wee1 and assayed for viability after 4 days by Crystal Violet staining as described (Lewis 

et al. 2017). Statistical analysis was performed using two-way ANOVA. 
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Supplementary Figure 2.3. Wee1 and ATR inhibition synergistically kills cancer cells. 

(A-C) Synergistic killing of cancer cells by ETP-46464 and AZD1775. Cooperative cell killing 

was measured by treating cells with the indicated drug concentrations or vehicle control. Color 

bars indicate % survival normalized to vehicle treated cells. (D) Table shows Bliss combination 

indices (CI) at indicated drug concentration. (E-G) Plots show synergistic killing of cancer cells 

by VE-821 and AZD1775. (H) Table shows Bliss CI at indicated drug concentrations. 
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Supplementary Figure 2.4. The Chk1 inhibitor UCN-01 is highly toxic in MCF10A and 

hTERT-HME1, alone and in combination with AZD1775. 

Synergistic killing of “normal” cells by UCN-01 and AZD1775. Cooperative cell killing was 

measured by treating cells with the indicated drug concentrations or vehicle control. Color bars 

indicate % survival normalized to vehicle treated cells. Representative cooperativity screens are 

shown.  
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Supplementary Figure 2.5. Combined ATR and Wee1 inhibition leads to mitotic defects and 

cancer cell death. 

(A) Representative fates of MDA-MB-231 cells (n = 35) in the 4 treatment groups. (B) 

Representative images of mitotic HeLa cells treated with ATR and/or Wee1 inhibitor (ATRi = 1 

μM AZD6738, Wee1i = 0.3 μM AZD1775). Fixed cells were stained for centromeres (red) and 

tubulin (green) by immunofluorescence and for DNA with DAPI (blue). Drug-induced clustering 

of centromeres spatially separated from the main mass of chromosome, a feature of centromere 

fragmentation, is clearly visible. Quantification of cells (n > 1000) fixed 4 h after release from a 

double thymidine block in the presence of the indicated inhibitors, that are in mitosis (red and blue) 

and display centromere fragmentation (blue). 
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Supplementary Figure 2.6. Quantification of photon flux for MDA-MB-231-fluc2-tdTomato 

cells in vitro. 

Increasing numbers of cells were plated, D-luciferin was added, and images were taken using the 

Bruker In-Vivo Xtreme optical imager to measure linearity of the signal. 
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Supplementary Figure 2.7. ATR phosphorylation at T1989 is a marker of ATR activation. 

MDA-MB-231 cells were treated for 24 h with AZD1775 (300 nM), AZD1775 combined with 

AZD6738 (1 µM), or vehicle control (DMSO) before harvesting and analysing their lysates by 

immunoblotting. Unlike phosphorylation of ATR at Serine 428, phosphorylation at Threonine 

1989 correlates with the phosphorylation of Chk1 at Serine 345, indicating that the 

phosphorylation status of ATR T1989 can be used as biomarker for ATR activation in agreement 

with Nam et al. (Nam et al. 2011). 
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Supplementary Figure 2.8. Hair growth changes in mice treated with ATR and/or Wee1 

inhibitors. 

Tumor-bearing NSG mice were randomly assigned to treatment groups and treated for 26 days 

with 25 mg/kg AZD6738 and/or 60 mg/kg AZD1775 daily for longitudinal studies as described 

later in Figure 2.14 A-E. Only one mouse (depicted) showed signs of partial hair loss. 

None of the NSG mice (n = 4 per cohort) used for experiments described in Figure 2.14F-H or 

C57BL/6 mice used in experiments described in Figure 2.12C showed any signs of hair loss, 

despite being treated 26 days with 25 mg/kg AZD6738 and/or 60 mg/kg AZD1775 per diem. 
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Supplementary Figure 2.9. Immunohistochemistry evaluation of ATR pThr1989 levels in 

normal tissues of NSG mice. 

Figure shows immunohistochemical evaluation of ATR pThr1989 levels in normal tissues of NSG 

mice with or without treatment with ATR and/or Wee1 inhibitors for 26 days. Scale = 25 μm 
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Supplementary Figure 2.10. Evaluation of apoptotic cells by TUNEL assay in ileum. 

Evaluation of apoptotic cells by TUNEL assay in ileum at 26- and 33-day time points post-

treatment with ATR and/or Wee1 inhibitors. Scale = 20 μm. 
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Supplementary Figure 2.11. Immunohistochemistry evaluation of CDK1 pTyr15 levels. 

Immunohistochemistry evaluation of CDK1 pTyr15 levels in Ileum of NSG mice at 26- and 33-

days post-treatment with ATR and/or Wee1 inhibitors. Scale = 25 μm. 
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Supplementary Figure 2.12. Immunohistochemistry evaluation of CDK1 pTyr15 in other 

normal tissues. 

Immunohistochemistry evaluation of CDK1 pTyr15 in normal tissue of NSG mice 26 days post-

treatment with ATR and/or Wee1 inhibitors. Scale = 25 μm. 
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Supplementary Figure 2.13. Immunohistochemistry evaluation of γH2AX staining in normal 

tissue. 

Immunohistochemistry evaluation of γH2AX staining in normal tissue of C57BL/6 mice 26 days 

post-treatment with ATR and/or Wee1 inhibitors. Scale = 25 μm.  
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Supplementary Figure 2.14. Longitudinal studies of tumor-bearing mice treated with ATR 

and Wee1 inhibitors. 

(A) Treatment plan. NSG mice were injected with MDA-MB-231-fluc2-tdTomato labelled breast 

cancer cells in an orthotopic xenograft mouse model, randomly assigned to treatment groups when 

tumors reached 40-50 mm3 and treated for 26 days with 25 mg/kg AZD6738 and/or 60 mg/kg 

AZD1775. (B) Tumor growth of mice in the four treatment arms (n = 9). The shaded area indicates 

duration of the treatment.  
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Supplementary Figure 2.15. G2/M and S phase checkpoint regulation by ATR and Wee1. 

The activity of the cyclin-dependent kinases CDK1 and CDK2 regulates the G2/M and S phase 

cell cycle checkpoints. Besides by binding to the appropriate cyclins (not shown), the activity of 

these CDKs is regulated by their phosphorylation state, which in turn is determined by the protein 

kinase Wee1 and the counter-acting protein phosphatase cdc25. 

Activation of ATR by RPA-coated single-stranded DNA, structures resulting from replication fork 

uncoupling or resection of DNA double strand breaks (e.g., after ionizing radiation), leads to 

activating phosphorylation of Chk1 at serines 317 and 345. Chk1 in turn phosphorylates cdc25 

leading to cdc25 inhibition and targeting for degradation. ATR activation thus leads to increased 

phosphorylation and inhibition of CDK1/2. Of note, Wee1 inhibition was reported to increase 

replication stress, by a still poorly understood mechanism. 

ATR also positively regulates homology-directed recombination, an important DNA repair 

mechanism during S and G2 phase. 

  



105 

 

HEMATOLOGY 

Sample ID 
WBC 

(x109/L) 

RBC 

(x1012/L) 

Hemoglobin 

(g/L) 

Hematocrit 

(L/L) 
MCV (fl) MCF (pg) 

MCHC 

(g/L) 

RDW 

(%CV) 

Platelets 

(x109/L) 

Vehicle 

Control (26 d) 
2.55±0.6 10.75±0.6 167±12 0.48±0.01 44.45±1.4 15.5±0.28 349±18 22.7±2.1 904±370 

Vehicle 

Control (33 d) 
4.6±1.13 10.75±0.63 167±12 0.48±0.01 44.45±1.48 15.5±0.28 325±2 21.85±0.07 817±540 

Vehicle 

Control (40 d) 
4.4±2.26 9.9±0.56 150±7 0.45±0.02 45.65±0.7 15.15±0.2 332±1 21.45±0.7 840±405 

AZD6738 

(ATRi) (26 d) 
6.8±0.28 10.4±1.2 156±15 0.49±0.05 47.9±1.41 15±0.42 314±1 22.35±1.6 524±186 

AZD6738 

(ATRi) (33 d) 
7.75±3.46 9.4±0.28 142±5 0.44±0.007 47.35±1.34 15±0.21 319±14 21±1.13 619±332 

AZD6738 

(ATRi) (40 d) 
7.75±2.3 9.75±0.07 146±1 0.45±0.007 46.6±0.14 15±0.14 321±4 23.4±0.7 513±255 

AZD1775 

(Wee1i) (26 d) 
7.05±2.2 10.6±0.56 160±4 0.51±0.03 48.6±0.7 15.2±0.42 313±13 22.5±0.7 670±190 

AZD1775 

(Wee1i) (33 d) 
4.3±2.5 9.85±0.07 150±1 0.44±0.007 45.5±0.3 15.45±0.35 334±2 21.8±0.42 694±29 

AZD1775 

(Wee1i) (40 d) 
9.4±0.7 10.25±0.63 157±12 0.48±0.03 47.2±0.2 15.3±0.28 324±7 22.75±1.06 763±394 

ATRi + 

Wee1i (26 d) 
5±2.4 10.3±0.14 162±2 0.48±0.01 46.15±1.2 15.6±0.14 338±12 22.35±0.07 778±423 

ATRi + 

Wee1i (33 d) 
8.6±2.7 10.25±0.63 160±11 0.5±0.03 48.9±0.56 15.65±0.21 319±7 22.1±0.14 1023±365 

ATRi + 

Wee1i (40 d) 
9.1±3.1 10.65±0.35 163±6 0.5±0.007 47.45±0.91 15.15±0.21 322±6 22.1±0.14 1085±566 

Supplementary Table 2.1. Complete blood count (CBC) analysis of mice treated with ATR and/or Wee1 inhibitors. 

Table represents complete blood count (CBC) analysis of C57BL/6 mice treated for 26 days with either vehicle control or AZD6738 

(ATRi) or AZD1775 (Wee1i) or combined treatment of AZD6738 and AZD1775 (n = 3 per group). Whole blood samples were collected 

by cardiac puncture at day 26, 33, and 40. Pathological evaluation revealed no signs of abnormalities.  
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Sample ID 
Neutrophils Lymphocytes Monocytes Eosinophils Basophils 

% abs % abs % abs % Abs % abs 

Vehicle Control (26 d) 10±2.8 0.25±0.07 87.5±5 2.2±0.6 2.5±2.1 0.3±0.2 0 0 0 0 

Vehicle Control (33 d) 5.5±0.7 0.25±0.07 87±7 3.9±0.6 6.5±4.9 0.3±0.2 1±1 0.05±0.07 0 0 

Vehicle Control (40 d) 15±11.3 0.8±0.8 77.5±13 3.2±1.2 7±2.8 0.3±0.2 0.3±0.5 0 0 0 

AZD6738 (ATRi) (26 d) 8±4.2 0.5±0.3 83±2.8 5.6±0.07 8±1.4 0.5±0.07 1±0 0.1±0 0 0 

AZD6738 (ATRi) (33 d) 8±2.1 0.6±0.4 86±1.4 6.6±2.9 5±2.1 0.4±0 1±0.3 0.1±0 0 0 

AZD6738 (ATRi) (40 d) 14±4.2 1.2±0.6 81±2.1 6.3±1.7 4±1.4 0.3±0 1±0.3 0.1±0 0 0 

AZD1775 (Wee1i) (26 d) 9.5±2.1 0.7±0.1 78.5±1 5.5±1.7 8.5±2.1 0.6±0 3.5±3 0.3±0.2 0 0 

AZD1775 (Wee1i) (33 d) 8±1.4 0.4±0.2 81.5±4 3.5±1.9 6±0.7 0.3±0.1 4±1.4 0.2±0.1 0 0 

AZD1775 (Wee1i) (40 d) 5.6±0.5 0.6±0.1 81±6 7.6±0.5 7.1±1.2 0.7±0.1 5.7±4.6 0.5±0.4 0 0 

ATRi + Wee1i (26 d) 11±2.8 0.6±0.4 78±2.1 3.9±1.8 4±0.7 0.3±0.1 6±0 0.3±0.1 0 0 

ATRi + Wee1i (33 d) 11±3.5 0.9±0.2 78±1.4 6.7±2.1 4±0 0.4±0.1 6±2 0.6±0.4 0 0 

ATRi + Wee1i (40 d) 11±8.4 0.9±0.4 76±14.1 7.2±3.6 5±0 0.5±0.2 8±5.6 0.7±0.2 0 0 

Supplementary Table 2.2. Manual differential analysis of mice treated with ATR and/or Wee1 inhibitors. 

Table represents manual differential analysis of C57BL/6 mice treated for 26 days with either vehicle control or AZD6738 (ATRi) or 

AZD1775 (Wee1i) or combined treatment of AZD6738 and AZD1775 (n = 3 per group) performed by a pathologist at IDEXX 

laboratories. Whole blood samples were collected by cardiac puncture at day 26, 33, and 40. Pathological evaluation revealed no signs 

of abnormalities. 
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Chapter 3: [18F]-FLT-PET as a Predictive Biomarker for 

Combined ATR and Wee1 Inhibitor Treatment 
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3.1 Introduction 

The development and clinical use of inhibitors of the DDR are one of the most exciting 

and impactful advances in cancer therapy. As a leading example, PARP inhibitors have 

revolutionized the treatment of a range of tumors, particularly of breast cancers with deficiencies 

in homologous recombination based on mutations in the BRCA1 and BRCA2 genes. The success 

of PARP inhibitors has heightened the interest in inhibitors of enzymes in the DDR, particularly 

protein kinases involved in DNA damage signaling, as well as their combination with DNA 

damaging agents or cell cycle regulators. Recent preclinical and clinical studies have shown the 

efficacy of DDR inhibitors also in tumors with no known underlying genetic signatures, 

showcasing the urgency of novel biomarkers for treatment plans based on the principle of targeting 

the DDR. Of particular interest are non-invasive biomarkers that predict treatment response at an 

early stage of therapy. 

The response to neoadjuvant chemotherapy is typically evaluated by physical examination 

of gross tumor size estimates and conventional imaging, such as mammography or 

ultrasonography for breast cancers (Fowler et al. 2017). Pre-clinical and clinical research aimed at 

evaluating chemotherapy response in neoadjuvant settings take advantage of combining imaging 

techniques with histological findings to measure pathological response, identify potential 

prognostic biomarkers, and tailor personalized therapies. However, accurate measurement of 

treatment effectiveness to stratify cancer patients into responders and non-responders remains a 

challenge in the clinic. Early classification of non-responders may allow exploration of alternative 

therapies to avoid unnecessary side-effects of ineffective treatments. This requires reliable 

biomarkers that functionally correlate early treatment-related changes in tumor biology with 

treatment outcome. 
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In that regard, imaging of solid tumors by positron emission tomography (PET) imaging 

has become a widely used tool in the clinic and is accompanied by a continuous development of 

new PET tracers and new applications for existing ones (Gambhir 2002, Derlin et al. 2018). Based 

on the radiotracer used, PET imaging provides quantifiable data for tracer uptake in the form of 

standardized uptake values (SUV) as a measure of the various underlying biological processes 

(Chalkidou et al. 2012). PET-based imaging biomarkers allow for non-invasive longitudinal 

assessment of comprehensive spatial information across the entire tumor and body. For example, 

the glucose analog [18F]2'-fluoro-2'-deoxyglucose (FDG) is a widely used PET tracer for metabolic 

imaging to sensitively detect malignant tumors from various origins based on increased glucose 

uptake and glycolysis of cancer cells (Buck et al. 2009, Jensen and Kjaer 2015). However, 

treatment induced inflammation can reduce the specificity of [18F]-FDG-PET and may result in 

overestimation of the percentage of the remaining tumor burden (Kubota et al. 2006, Bollineni et 

al. 2012, Bollineni et al. 2016).  

To overcome this pitfall and measure cell proliferation status in vivo, Shields and 

colleagues introduced a [18F] labelled thymidine analog, [18F]3'-deoxy-3'-fluorothymidine (FLT) 

(Shields et al. 1998). [18F]-FLT cellular uptake is mediated via the equilibrative nucleoside 

transporters 1 (ENT1) and deletion of ENT1 in mouse models significantly affects [18F]-FLT 

tumor and normal tissue uptake (Paproski et al. 2010). [18F]-FLT can be incorporated into DNA 

during DNA synthesis, but due to the lack of a 3' hydoxyl group FLT is a replication chain 

terminator and incorporated FLT is likely removed by DNA repair enzymes. As the first step of 

the pyrimidine salvage pathway involves phosphorylation of thymidine by thymidine kinase 1 

(TK1), the conversion of the thymidine analogue to [18F]-FLT-monophosphate traps the 

phosphorylated form inside the cell (Been et al. 2004). TK1 is expressed during the S-phase of the 
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cell cycle and remains inactive in quiescent cells (Munch-Petersen et al. 1995, Jagarlamudi and 

Shaw 2018). [18F]-FLT uptake was reported to positively correlate with TK1 activity (Sherley and 

Kelly 1988, Rasey et al. 2002) and the tracer uptake was proposed to be a surrogate marker for 

cell proliferation status (Jensen and Kjaer 2015). To further validate this, several groups have 

reported a significant correlation between Ki-67 expression – the clinical gold standard for 

evaluating cell proliferation status – and [18F]-FLT uptake in many cancers (Francis et al. 2003, 

Chen et al. 2005, Choi et al. 2005, Richard et al. 2011), including those of the breast (Chalkidou 

et al. 2012, Woolf et al. 2014, Kostakoglu et al. 2015). 

In this pre-clinical study, we evaluated the use of changes in [18F]-FLT uptake as a non-

invasive prognostic biomarker to identify early responders to combined AZD6738 (ATRi) and 

AZD1775 (Wee1i) treatment in a neoadjuvant setting. AZD6738 and AZD1775 are bioavailable 

inhibitors of the kinases ataxia telangiectasia and Rad3 related (ATR) and Wee1, respectively. 

ATR is an apical kinase in the DNA damage response, and Wee1 kinase regulates cell cycle 

progression. By combining inhibition of ATR and Wee1, we recently showed cancer cell-specific 

synergistic cell killing which resulted in tumor control, metastasis inhibition, and increased overall 

survival of breast cancer xenograft bearing mice (Bukhari et al. 2019). Here, using a syngeneic 

orthotopic mouse model of triple negative breast cancer, we show that early post-treatment 

changes in [18F]-FLT uptake help predict treatment response to combined ATRi and Wee1i 

neoadjuvant chemotherapy. Furthermore, we evaluated by histology whether the changes in FLT-

uptake correlated with Ki-67 expression in tumors. We found a significant reduction in the 

percentage of Ki-67 positive cells following neoadjuvant chemotherapy. Since AZD6738 and 

AZD1775 are currently being evaluated in clinical trials as monotherapy agents or in combination 

with various other genotoxic therapies, our preclinical findings will have direct implications for 
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future clinical trials to identify patient responders and non-responders to this combination 

treatment regime. While this study focuses on the combined inhibition of ATR and Wee1 as 

treatment strategies, we envision that changes in FLT uptake could be utilized also for other 

therapeutic strategies targeting the DNA damage response and become an integral part of an effort 

to use functional biomarkers for therapy dynamics at an early stage for precision medicine.  
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3.2 Materials and Methods 

3.2.1 Antibodies and chemicals 

anti-Ki-67 (D3B5; #12202) was purchased from Cell Signalling Technologies. The 

bioavailable inhibitors AZD6738 and AZD1775 were kindly provided by AstraZeneca. 

3.2.2 Cell lines 

4T1 and EMT6 cell lines were purchased from the American Type Cell Culture (ATCC) 

and cultured in DMEM high glucose medium supplemented with 10% fetal calf serum. These cell 

lines were regularly tested for mycoplasma. 

3.2.3 Crystal violet assay 

3000 cells per well were seeded into 96 well plates 4 h prior to drug treatment. Cells were 

treated with indicated concentrations of AZD6738 (100 nM to 4000 nM) and AZD1775 (50 nM to 

2000 nM) for 96 h. After 96 h, cells were washed twice with 1X PBS and stained with 0.5% crystal 

violet (in 20% methanol) for 20 mins. Cells were then washed with water for 4 times, plates were 

air dried overnight. 200 μL methanol was added per well and incubated for 20 mins at room 

temperature. Optical density was measured at 584 nm using the FLUOstar Omega plate reader 

(BMG Labtech). Background values were subtracted using blank OD584. Data was calculated in 

terms of % surviving attached cells (% crystal violet OD) compared to vehicle control treated cells. 

Experiments were performed in triplicates in at least 3 independent experiments. 

3.2.4 Orthotopic breast cancer syngeneic mouse models and drug treatment 

6 week old female BALB/c mice were obtained from Charles Rivers, Canada. For tumor 

formation, 1 x 105 4T1 and 2 x 105 EMT6 cells were mixed with Matrigel (Corning) and PBS (1:1) 

and injected in 40 μL orthotopically into the thoracic mammary fat pad of 8-10 week old female 
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BALB/c mice. Tumor growth was measured every 3 days using a Vernier caliper and volume was 

assessed as (length x width2)/2. 

When the tumor reached an approximate volume of 25-35 mm3 for 4T1 model or 60-80 

mm3 for the EMT6 model, mice were randomly segregated into 2 groups (n = 9 per group) for 

each model. Because EMT6 tumors grew faster than 4T1 tumors, treatment starting points had to 

be adjusted accordingly. Mice were treated daily with vehicle or 25 mg/kg AZD6738 (in 10% 

DMSO, 40% polypropylene glycol, and 50% ddH2O) and 60 mg/kg AZD1775 (in 0.5% 

methylcellulose) combination via oral gavage for 5 days. Body weight was measured pre- and 

post-treatment as an indicator of toxicity. Mice were euthanized 12 hours post [18F]-FLT-PET scan 

to allow radioactivity decay and tumors were harvested for histology. All experiments were done 

in accordance with our animal care protocol (AC20251). 

Treatment efficacy was categorized according to guidelines adapted from Response 

Evaluation Criteria in Solid Tumors (RECIST) (Eisenhauer et al. 2009, Schwartz et al. 2016). The 

treatment efficacy was defined by the percentage change in tumor volume measured at the end of 

the treatment over the tumor volume measured before treatment by a Vernier calliper. Treatment 

response was classified as partial response (PR) if the reduction in total tumor size was > 30%; 

stable disease (SD) if the reduction in total tumor size was < 30% and tumor growth was < 20%; 

progressive disease (PD) if the growth in total tumor size exceeded 20% or new lesions were 

identified; and complete response (CR) if disappearance of tumor lesions was observed.  

3.2.5 Immunohistochemistry 

Immunohistochemistry was performed on formalin fixed paraffin embedded (FFPE) tissue 

samples using standard procedures as previously described (3). Briefly, tumors were sectioned into 

5 μm slices on precleaned Colorfrost Plus microscope slides (Fisher Scientific, USA) using a 
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microtome (Leica, Germany). Tissue samples were baked at 60°C for 2 h and deparaffinized 3 

times in xylene for 10 min each and subsequently rehydrated in a gradient of ethanol washes. For 

antigen retrieval, tissue sections were subjected to heat in a pressure cooker and 0.05% citraconic 

anhydride antigen retrieval buffer (pH – 7.4). Tissue samples were then blocked with 4% BSA for 

30 min and incubated with the respective primary antibodies overnight at 4°C. The next day, 

endogenous peroxidase activity was blocked for 30 min using 3% H2O2, followed by incubation 

with anti-rabbit HRP labelled secondary antibody (Dako EnVision+ System; K4007) for 1 h at 

room temperature in the dark. Samples were incubated with DAB (3,3'-diaminobenzidine) + 

substrate chromogen (Dako, USA) for brown color development, counterstained with 

hematoxylin, and mounted with DPX mounting medium (Sigma, USA). Images were captured 

using the Zeiss Axioskop2 plus upright microscope (Zeiss, Germany) equipped with Axiocam 512 

color camera.  

3.2.6 Radiosynthesis 

[18F]3'-deoxy-3'-fluorothymidine (FLT) was synthesized by the method described by 

Machulla et al. (Machulla et al. 2000) at the Cross Cancer Institute’s cyclotron facility using the 

GE TracerLab-FX-automated synthesis unit (GE Healthcare, United Kingdom) with 5'-O-(4,4'-

dimethoxytrityl)-2,3'-anhydrothymidine (ABX GmbH, Radeberg, Germany) as the labeling 

precursor. 

3.2.7 PET imaging 

4T1 and EMT6 tumor-bearing BALB/c mice were anesthetized with isoflurane and placed 

on a 37°C heated bed to regulate their body temperature. They were positioned and immobilized 

in prone position at the centre of the field of view of the INVEON® PET scanner (Siemens 

Preclinical Solutions, Knoxville, TN, USA). The presence of radioactivity in the injection solution 
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was determined using a dose calibrator (AtomlabTM 300, Biodex Medical Systems, New York, 

NY, USA), which was cross-calibrated with the scanner. 4-8 MBq [18F]-FLT in 100 μL saline 

solution was injected through the lateral tail vein using a needle catheter after the emission scan 

was started. A dynamic PET scan was acquired 60 minutes post-radioactivity injection in the three 

dimensions list mode for 10 minutes. Imaging data were reconstructed using the maximum a 

posteriori algorithm. The imaging data files were then processed using the ROVER v2.0.51 

software (ABX GmbH, Radeberg, Germany). Masks defining the three dimensional regions of 

interest (ROI) over the tumor were set at a threshold of 50% of radioactivity uptake. Mean 

standardized uptake values were calculated for each ROI as SUVmean = (measured radioactivity in 

the ROI / mL tumor tissue) / (total injected radioactivity / body weight of mouse). 

3.2.8 Statistical analysis 

All statistical analysis was performed using the GraphPad Prism 7 software. All 

experiments were performed at least 3 times with triplicate samples. P values were calculated 

using one-way ANOVA test or two-way ANOVA. P < 0.05 was considered significant, and P < 

0.001 was considered highly significant. 
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3.3 Results 

3.3.1 Combined ATR and Wee1 inhibitor treatment leads to synergistic cell killing in 4T1 but 

not in the EMT6 murine breast cancer cell line 

The serine/threonine kinase Wee1 regulates the inhibitory phosphorylation of CDK1 at 

tyrosine 15 to delay mitotic entry until suitable conditions have been met (Malumbres and 

Barbacid 2005). Inhibition of Wee1 results in increased entry and prolonged mitosis making cancer 

cells more vulnerable to therapy induced mitotic catastrophe (Lewis et al. 2017). ATR, the central 

kinase of the DNA damage response to replication stress, controls cell cycle checkpoints by 

pathways initiated by the phosphorylation of the downstream kinase Chk1 in response to DNA 

damage. We recently showed that combined inhibition of ATR and Wee1 kinases results in 

synergistic cell killing in a variety of cancer cell lines (Bukhari et al. 2019). Our additional 

screening identified a murine breast cancer cell line, EMT6, that showed low ATR inhibitor 

sensitivity and did not display significant synergistic cell killing by ATR and Wee1 inhibition. As 

seen in Fig. 3.1A, B, in a crystal violet assay with different concentrations of AZD6738 and 

AZD1775 for 4 days, the murine breast cancer cell lines EMT6 and 4T1 show different sensitivities 

to the ATR inhibitor AZD6738. Furthermore, unlike the 4T1 cell line [and over two dozen cell 

lines assayed previously (see Chapter 2)], EMT6 does not show synergistic cell killing by ATR 

and Wee1 inhibition as confirmed by calculating Bliss combination indices, represented as a 3D 

matrix (CIs) in Fig. 3.1C, D. A CI value lower than 1 indicates synergy, and a value greater than 

1 indicates antagonism (Table 3.1). We do not know yet the reason behind the ATR inhibitor 

resistance and absence of synthetic lethality of ATR and Wee1 inhibition in EMT6. While several 

groups have reported that cells with p53 and/or ATM defects are more sensitive to ATR inhibition 

(Nghiem et al. 2001, Peasland et al. 2011, Reaper et al. 2011, Toledo et al. 2011, Gamper et al. 
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2013) likely due to the impaired G1 checkpoint and/or the increased replication stress that occurs 

due to relaxed S-phase entry (Toledo et al. 2011), we did not see any correlation between p53 

status and sensitivity to ATR inhibition in the human cancer cell lines tested in our previous study 

(Bukhari et al. 2019). We therefore suspect that the p53 wild type state of the EMT6 murine breast 

cancer cell line could be just one of several factors contributing to lower sensitivity to ATR 

inhibition (Table 3.2). 

The differing response of 4T1 and EMT6 to the drug combination treatment in vitro 

prompted us to use these cell lines as treatment responsive and refractory models in comparative 

in vivo studies. To investigate the drug efficacy and to test PET imaging as non-invasive biomarker 

for treatment response we used an immune competent mouse model facilitated by the fact that 4T1 

and EMT6 are both derived from tumors in BALB/c mice. 

 

 

 

Cell Line 
AZD6738 

(ATRi) 

AZD1775 

(Wee1i) 
Bliss CI ATRi IC50 Wee1i IC50 

4T1 

100 nM 50 nM 0.39 

736 nM 308 nM 
100 nM 100 nM 0.10 

300 nM 50 nM 0.34 

300 nM 100 nM 0.33 

EMT6 

100 nM 50 nM 1.04 

2578 nM 162 nM 
100 nM 100 nM 1.06 

300 nM 50 nM 1.03 

300 nM 100 nM 1.02 

 

Table 3.1. Synergistic murine breast cancer cell killing by ATR and Wee1 inhibition. 

IC50 values and Bliss combination indices (CI) at indicated drug concentrations calculated from at 

least three independent experiments. A Bliss CI of less than 1 indicates synergy, a CI of < 0.7 

strong synergy, and a CI of > 1 antagonism.  
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Figure 3.1. ATR and Wee1 inhibition leads to synergistic cell killing in 4T1, but not in EMT6. 

Murine breast cancer cell lines 4T1 (A) and EMT6 (B) were treated with increasing concentrations 

and different combinations of AZD6738 (up to 4 μM) and AZD1775 (up to 2 μM) for four days. 

Survival was assayed by crystal violet staining and experiments were repeated at least three times. 

The color bar indicates percent survival normalized to vehicle control-treated cells. (C and D) 3D 

plots were generated using Combenefit software to represent the calculated Bliss distribution in a 

3D matrix. The blue color scale at low doses indicates strong synergy in 4T1 cells. No synergy 

was observed in EMT6 cells. 
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3.3.2 [18F]-FLT-PET imaging can be used as a biomarker to assess combined ATR and Wee1 

inhibitor therapy response in breast tumors in vivo 

To evaluate the therapeutic response of combined ATRi and Wee1i treatment in vivo, we 

established syngeneic orthotopic mouse breast tumors in BALB/c mice. The EMT6 and 4T1 

allografts in BALB/c mice allows for a robust evaluation of the drug response of metastatic triple 

negative breast cancer cells by including an immune response, which was lacking in our previous 

xenograft models (Bukhari et al. 2019). Tumors were developed by injecting 4T1 or EMT6 cells 

(Table 3.2) (Schrors et al. 2020) in the thoracic mammary fat pad of 8-10 week old female BALB/c 

mice. In our previous study we treated tumors for 25 days with the inhibitor combination (Bukhari 

et al. 2019). To validate [18F]-FLT as a potential biomarker for early therapy response, mice were 

administered 25 mg/kg ATRi and 60 mg/kg Wee1i by oral gavage over just 5 days (days 1-5). 

Pre- (day 0) and post-treatment (day 7 and 14) PET scans were acquired to assess changes 

in [18F]-FLT uptake (Fig. 3.2A). Representative maximum intensity projection images are shown 

in Fig. 3.2B, E. Interestingly, in the case of 4T1, 5 days of treatment with ATRi and Wee1i showed 

a significant reduction in [18F]-FLT tumor uptake compared to control mice post-treatment (day 

7), with SUVmean of 1.335 ± 0.097 for vehicle control mice and SUVmean of 0.7061 ± 0.264 for 

treatment group mice (P < 0.001; one-way ANOVA; n = 9 mice per group) (Fig. 3.2C). 5 mice 

were randomly selected from each group for further PET imaging a week later (day 14). As 

anticipated, [18F]-FLT tumor uptake continued to be significantly lower in mice treated with ATRi 

and Wee1i for just 5 days (SUVmean of 0.729 ± 0.413) compared to mice receiving just the vehicle 

(SUVmean of 1.244 ± 0.195) (P = 0.0403; one-way ANOVA; n = 5 mice per group) (Fig. 3.2C). Of 

note, mice treated with ATRi and Wee1i had a significant reduction in tumor size on day 7 and 14 

(P < 0.005; one-way ANOVA) (Fig. 3.2D). Interestingly, of the 5 mice followed longer, one 
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animal even showed complete regression (or complete response as per RECIST criteria) of the 

primary tumor following just 5 days of the drug treatment as determined by the absence of a 

palpable tumor at the primary site. 

Based on our in vitro findings, we expected EMT6 tumors to be poor responders to ATRi 

and Wee1i treatment in vivo. To validate this and to probe whether [18F]-FLT can indeed be used 

as a biomarker to evaluate therapy response, BALB/c mice bearing orthotopic EMT6 tumors were 

treated with ATRi and Wee1i as described above. As expected, EMT6 tumors did not respond to 

the 5 days ATRi and Wee1i treatment regimen as no significant change in primary tumor volume 

between the vehicle and treatment groups was observed on day 7 (Fig. 3.2G). Of note, also the 

[18F]-FLT uptake measured either shortly after treatment (day 7; SUVmean of 0.953 ± 0.096 for 

ATRi + Wee1i versus SUVmean of 0.924 ± 0.061 for vehicle) or during the follow-up (day 14; 

SUVmean of 0.96 ± 0.079 for ATRi + Wee1i versus SUVmean of 0.896 ± 0.096 for vehicle) showed 

no significant changes (Fig. 3.2E, F), supporting [18F]-FLT imaging as suitable candidate 

biomarker for early drug response. 
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Gene 4T1 EMT6 

TP53 Mutant Wildtype 

ATM Wildtype Wildtype 

BRCA1 Wildtype Wildtype 

BRCA2 Wildtype Wildtype 

PIK3CG Mutant ? 

PTEN Wildtype Mutant (G209*) 

 

Table 3.2. Mutation status in 4T1 and EMT6 murine breast cancer cell lines of genes with 

potential impact on ATR inhibitor sensitivity. 

Data courtesy of Charles River. 
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Figure 3.2. Combination treatment with ATR and Wee1 inhibitors and non-invasive 

monitoring of treatment response with [18F]-FLT-PET imaging. 

BALB/c mice were injected orthotopically with 4T1 or EMT6 cells and treated for 5 days. Pre- 

and post-treatment [18F]-FLT-PET scans were acquired to evaluate therapy response. (A) 

Schematic representation of the experimental outline. (B and E) Representative mouse images 

showing maximum intensity projection (MIP) of [18F]-FLT uptake 60 minutes post tracer injection. 

(C and F) Quantitative [18F]-FLT uptake represented as mean standardized uptake values 

(SUVmean). (D and G) Graph represents pre- and post-treatment tumor growth in mice treated with 
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ATRi + Wee1i combination or vehicle for 5 days. Data represented as scatter dot plot showing all 

experimental data points. Error bars represent SD. * indicates P < 0.05, ** indicates P < 0.01, *** 

indicates P < 0.001, **** indicates P < 0.0001 as calculated by one-way ANOVA. 
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3.3.3 Early changes in [18F]-FLT uptake translate to tumor volume response 

To evaluate treatment response, we adapted the Response Evaluation Criteria in Solid 

Tumors (RECIST) that is routinely used in the clinic to estimate treatment efficacy. While the 

clinical assessment of RECIST uses tumor volume estimates based on CT scans, here we relied on 

measurements using a caliper, which is a standard practice in pre-clinical studies. Based on this, 

we found that 5 out of 9 (~55%) 4T1 tumor-bearing mice showed PR (indicated in blue) to 

combined ATRi and Wee1i treatment for just 5 days and 4 (~45%) presented with SD (indicated 

in orange) on day 7. Interestingly, 2 out of 5 (40%) 4T1 tumor bearing mice continued to show PR 

even one week after treatment completion (day 14) and 1 out of 5 (20%) had CR (indicated in 

green) (Fig. 3.3A). These responses were in line with the early changes noticed with [18F]-FLT-

PET scans performed after treatment completion. As expected, 9 out of 9 (100%) EMT6 tumor 

bearing mice indicated PD (indicated in black) at day 7 measurements and 4 out of 5 (80%) 

continued to show PD with one mouse (20%) showing indication of SD (Fig. 3.3B). 
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Figure 3.3. Effect of ATR and Wee1 inhibitors on tumor volume response. 

Graph represents tumor volume response calculated based on an adapted RECIST criteria for 4T1 

(A) and EMT6 (B) tumor bearing mice treated with ATRi and Wee1i for 5 days. Disappearance 

of all lesions indicates complete response (CR; indicated in green); tumor volume reduction > 30% 

indicates partial response (PR; indicated in blue) and < 30% stable disease (SD; indicated in 

orange), whereas growth > 20% classifies as progressive disease (PD; indicated in black) (Notice 

the difference in the y-axis). 
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3.3.4 [18F]-FLT uptake correlates with Ki-67 immunohistochemical staining 

Although an indirect biomarker for proliferation, Ki-67 has become the gold standard for 

measuring cell proliferation status of biopsy samples in the clinic. Recently, Ki-67 was reported 

to be constitutively expressed during the S, G2, and M phases of the cell cycle, whereas – while 

Ki-67 expression during the G0/quiescent and G1 phases is generally lower – the dynamics of Ki-

67 levels in non-proliferating cells vary (Miller et al. 2018). [18F]-FLT uptake was originally 

proposed as an imaging biomarker for cell proliferation status based on its entrapment by TK1 in 

the thymidine salvage pathway (Shields et al. 1998). Nevertheless, the correlation between [18F]-

FLT uptake and TK1 levels or activity or Ki-67 levels remains unclear. Several contradictory 

findings reported indicate a more complex relationship between these parameters (Brockenbrough 

et al. 2011). To correlate [18F]-FLT uptake in our in vivo experiments with Ki-67 staining, we 

performed immunohistochemistry in 4T1 (Fig. 3.4A) and EMT6 (Fig. 3.4D) tumors post-imaging. 

Tumor tissues were excised on day 8, 12 hours after [18F]-FLT-PET scans from vehicle control 

mice and mice treated with the ATRi and Wee1i combination for 5 days (n = 4 mice per group). 

In support of a correlation of [18F]-FLT-PET uptake with proliferation in vivo (R2 = 0.7459), we 

found a significant reduction in Ki-67 positive cells in 4T1 tumors treated with ATRi and Wee1i 

for just 5 days (P = 0.0136; two-way ANOVA) compared to control tumors (Fig. 3.4A-C). As 

anticipated, no differences were observed in Ki-67 staining between vehicle or ATRi and Wee1i 

treated EMT6 tumors (Fig. 3.4D, E). 
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Figure 3.4. Histological evaluation of cell proliferation status. 

5 day treated ATRi + Wee1i or vehicle tumors were harvested 12 hours after [18F]-FLT-PET scan 

and processed for immunohistochemistry. (A and D) Representative images of the 4T1 and EMT6 

tumor sections stained with Ki-67 marker to evaluate cell proliferation status. (B and E) The graph 

represents percentage of Ki-67 positive cells per 1000 cells. (C) The graph shows correlation 

between Ki-67 staining and [18F]-FLT uptake. Data represents evaluation from 4 independent 

tumors in each group. * indicates P < 0.05 (two-way ANOVA). 
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3.3.5 Early changes in [18F]-FLT uptake correlate with tumor growth delay and longer overall 

survival of mice treated with combined ATR and Wee1 inhibitors 

Lastly, to test treatment response in terms of overall outcomes in our syngeneic mouse 

models, we evaluated tumor growth kinetics. As expected, in 4T1 tumor bearing BALB/c mice 

treatment with combined ATRi and Wee1i for just 5 days significantly delayed tumor growth in 

comparison to the vehicle treatment (P < 0.0001, two-way ANOVA) (Fig. 3.5A). On the other 

hand, EMT6 tumor bearing BALB/c mice failed to show any differences in tumor growth between 

drug combination and vehicle treatment (Fig. 3.5B). Furthermore, the 4T1 tumor bearing mice 

treated with combined ATRi and Wee1i lived significantly longer despite being treated for just 5 

days (P = 0.0084, log-rank Mantel-Cox test) – median survival of 41 days versus 28.5 days of the 

vehicle treated mice (Fig. 3.5C). The overall survival of the EMT6 tumor bearing mice was similar 

in both the vehicle and combined ATRi and Wee1i treatment groups (Fig. 3.5D). 
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Figure 3.5. Combined treatment with ATR and Wee1 inhibitors and tumor response. 

(A and B) The graphs show tumor growth curves of 4T1 (n = 4 mice per group) and EMT6 (n = 5 

mice per group) tumor bearing BALB/c mice treated with either vehicle or combined ATR and 

Wee1 inhibitors for 5 days (indicated by yellow shades). (C and D) Kaplan-Meier survival curves 

of the treated mice (n = 4 mice per group for 4T1 tumors, and n = 5 per mice group for EMT6 

tumors). 
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3.4 Discussion 

AZD6738 and AZD1775 are currently being evaluated in Phase I/II clinical trials in 

combination with several other genotoxic agents (Forment and O'Connor 2018). In addition, 

several studies have reported that AZD6738 or AZD1775 in combination with radiation therapy 

not only results in radiosensitization of the treated tumor but also triggers an immune response in 

immune-competent mice (Cuneo et al. 2016, Dillon et al. 2017, Vendetti et al. 2018, Lee et al. 

2019, Sheng et al. 2020, Wang et al. 2020, Yang et al. 2020). These early findings are encouraging 

for future studies using this drug combination also as an adjuvant to radiation therapy. Therefore, 

identifying ways to accurately predict treatment response and classify patients as responders or 

non-responders at an early stage of clinical treatment has the potential to greatly impact cancer 

health care. Early identification of non-responders can help avoid unnecessary therapy induced 

side effects and help clinicians opt for alternative treatment options. Molecular imaging of tumors 

provide excellent alternatives to visualize treatment outcomes non-invasively. In that regard, 

functional PET imaging is a particularly attractive approach due to its ability to assess molecular 

changes within tumors before size related physical changes manifest.  

3.4.1 EMT6 as model cell line for cancers refractory to ATR and Wee1 inhibitor treatment 

The triple negative subtype of breast cancer is invasive and extremely aggressive. Our in 

vitro drug screen using triple negative breast cancers identified the EMT6 cell line as resistant to 

ATR inhibition compared to other cell lines, including 4T1. Interestingly, EMT6 was also the only 

cell line we found so far that failed to show synergistic killing when ATR and Wee1 inhibitors 

were combined. We verified that these findings extended to in vivo treatment, as EMT6 tumors 

responded poorly to the combination treatment (unlike 4T1). The underlying reason for EMT6 

resistance remain unclear, yet a recent report identified several genes in a genome-wide screen that 
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promote ATR inhibitor resistance (Schleicher et al. 2020). Schleicher et al. reported that individual 

inactivation of seven genes (KNTC1, EEF1B2, LUC7L3, SOD2, MED12, RETSAT, and LIAS) 

among the top 40 candidates identified by CRISPR knockout screens promoted resistance to two 

different ATR inhibitors – AZD6738 and M6620 (Schleicher et al. 2020). While the status of these 

genes in the murine breast cancer cell lines EMT6 and 4T1 is currently unknown, these genes may 

serve as a starting point for future studies evaluating drug resistance mechanisms to combined 

ATR and Wee1 inhibitor treatments. Yet caution is advised, as the reported screen relied on single 

gene knockout. It is likely that multifactorial genetic changes during carcinogenesis and associated 

changes in expression levels, not necessarily complete loss, of genes are determining drug 

resistance. As an example, we previously identified increased expression of the kinase PKMYT1 

as mechanism of acquired Wee1 inhibitor resistance (Lewis et al. 2019). 

3.4.2 Changes in FLT uptake during early treatment stage as biomarker for tumor response 

Our pre-clinical results indicate that early changes in [18F]-FLT uptake following just 5 

days of combined ATR and Wee1 inhibitor treatment were able to predict responders to the 

therapy. Using an adapted RECIST criteria, we were able to correlate the initial reduction in tracer 

uptake to a partial response to therapy in 5 out of 9 mice in our “responder” model, one of whom 

showed complete response at a later timepoint. Moreover, we found [18F]-FLT to be a functional 

measure of changes in cell proliferation status unrelated to tumor size as [18F]-FLT uptake in 

EMT6 tumors did not change over time despite tumor growth (Fig. 3.2E-G). This could be 

particularly beneficial when evaluating response to cytostatic therapies where tumors may not 

regress radiologically despite effective treatment. An example of this would be in pre-clinical and 

clinical studies evaluating inhibition of the mammalian target of rapamycin (mTOR), a regulator 

of cell proliferation. mTOR inhibition results in cell cycle arrest in mid to late G1 phase (Costa 



132 

 

2007). As TK1 upregulates in S-phase, mTOR inhibition may affect [18F]-FLT uptake. Indeed, 

imaging cell proliferation status with [18F]-FLT can directly measure the effect of cytostatic 

treatments (like mTOR inhibition) and identify responders (Brepoels et al. 2009). Of note, further 

analysis of our findings suggest a correlation between change in SUV (∆SUV0-7) and change in 

tumor volume (∆Volume0-7) at day 7 (R2 = 0.5472) (Fig. 3.6). Indeed, only the mice that had lower 

[18F]-FLT uptake post-treatment (at day 7), had reductions in tumor volume (samples highlighted 

in teal) due to the 5 day combined ATRi and Wee1i treatment. In two mice, although the growth 

rate was drastically reduced, we saw a positive change (samples highlighted in red) in tumor 

volume, and this further correlated with an increase in [18F]-FLT uptake. It should be pointed out 

that pre-treatment SUV can not be used as predictor for treatment response. For example, both 4T1 

and EMT tumors showed similar SUVs for [18F]-FLT at the onset of treatment (around 0.9), but 

as discussed EMT failed to respond to the drug combination (Fig. 3.2C, F). 

 

 

Figure 3.6. Changes in SUVmean correlates with changes in tumor volume. 

Graph shows change in SUVmean (∆SUVmean) versus change in tumor volume (∆Volume) post-

treatment with combined ATR and Wee1 inhibitors for 5 days. Lower [18F]-FLT uptake correlated 

with reduced tumor volumes in seven out of nine mice (indicated in teal) whereas no tumor 

shrinkage was seen in two mice (indicated in red). 
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Several groups have evaluated the diagnostic potential of [18F]-FLT-PET imaging for 

monitoring treatment response in various preclinical (reviewed in (Jensen and Kjaer 2015, 

Schelhaas et al. 2017)) and clinical studies (reviewed in (Bollineni et al. 2016)). In a triple negative 

MDA-MB-468 breast cancer xenograft, [18F]-FDG and [18F]-FLT had similar indications in 

predicting tumor response to paclitaxel treatment (Raccagni et al. 2018). More recently, two 

independent pilot studies, limited by their sample size (n = 15 and n = 16 patients, respectively), 

found that early changes in [18F]-FLT-PET could not only identify responders and non-responder 

to neoadjuvant chemotherapy with anthracycline or taxane-based regimens but also predict long-

term survival (Crippa et al. 2015, Ueberroth et al. 2019). In addition, a report by Troost et al. 

demonstrated the use of [18F]-FLT-PET imaging to examine tumor response as early as one week 

after start of radiation treatment, and these early changes were found to precede the CT tumor 

volume response (Troost et al. 2010). Furthermore, Lin et al. reported reduction of [18F]-FLT 

uptake as early as 24 hours after charged particle radiation therapy in xenografts (Lin et al. 2015). 

Such early changes in [18F]-FLT uptake and retention after radiation therapy are encouraging to 

the future studies using combined ATRi and Wee1i treatments adjuvant to radiation therapy. A 

few reports also showed that [18F]-FLT-PET can monitor treatment (with Herceptin or aromasin) 

related changes in patients with metastatic breast cancer wherein changes in [18F]-FLT uptake at 

the primary or metastatic site significantly correlated with overall therapy response (Pio et al. 

2006) and that the tracer uptake was more prominent in large axillary lymph-node metastasis (Been 

et al. 2006). Based on our previous finding, we expect combined treatment with ATRi and Wee1i 

to target metastasis as well (Bukhari et al. 2019), and [18F]-FLT-PET could serve as an excellent 

biomarker in future clinical trials to monitor therapy response not only at the primary site, but also 

of metastatic lesions.  
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With regards to radiation therapy, it is noteworthy that even though [18F]-FDG is more 

popular for treatment response monitoring due to signal robustness, [18F]-FLT has two potential 

advantages over it with regards to radiation therapy: (1) [18F]-FLT-PET has higher specificity than 

[18F]-FDG-PET as it does not accumulate in therapy-induced inflammatory regions, which usually 

have higher glucose metabolism (which is measured by [18F]-FDG uptake) (Been et al. 2004, van 

Waarde et al. 2004, Kubota et al. 2006); and (2) proliferation related changes in thymidine 

metabolism are more strongly associated with radiation injury than those in glycolysis (Tehrani 

and Shields 2013). Yet for diagnostic purposes, [18F]-FLT is not regarded as an ideal tracer for 

tumor detection or staging due to its high physiological uptake in the bone marrow and liver, 

limiting its potential to accurately detect distant metastasis at those sites (Been et al. 2004, Kenny 

et al. 2011).  

3.4.3 [18F]-FLT uptake correlates with Ki-67 immunohistochemical staining 

Previous reports from breast cancer have shown a correlation between [18F]-FLT-PET 

uptake and Ki-67 in pilots involving 20, 12, and 8 patients (Kenny et al. 2005, Contractor et al. 

2011, Woolf et al. 2014). In line with our findings, a meta-analysis of 27 studies in a variety of 

tumor types showed a strong correlation between Ki-67 staining and FLT uptake (Chalkidou et al. 

2012). However, data from another pilot of 12 breast cancer patients failed to see a correlation 

(Smyczek-Gargya et al. 2004). Although high levels of Ki-67 pre-neoadjuvant chemotherapy are 

regarded as a predictor for chemotherapy response due to a better chance of achieving pathological 

complete response (pCR), they are also associated with poorer long-term outcomes particularly if 

pCR is not achieved (Jones et al. 2009, Weigel and Dowsett 2010). Given the small sample size 

of our study and the aggressive nature of our murine breast cancer cell lines mimicking stage IV 



135 

 

human metastatic breast cancers, the purposely short drug treatment could not achieve pCR except 

in one 4T1 tumor bearing mouse.  
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Chapter 4: Combined ATR and Wee1 Inhibition as Adjuvant to 

Breast Cancer Radiotherapy or Surgery 
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4.1 Introduction 

Radiation therapy plays an essential role in the multidisciplinary management of breast 

cancer with the aim of eradicating minimal residual disease after surgical removal of the evident 

primary tumor. Advances in radiotherapy modalities allow for imaging-based planning and 

directed tumor delivery of the radiation dose, thereby minimizing damage to the surrounding 

tissue. The discovery of radiosensitizers, drugs that increase radiation-mediated tumor cell killing 

while having a smaller effect on normal tissue, may decrease radiation doses used for the treatment 

of patients and/or increase cell killing of the radioresistant tumor subpopulations (Wardman 2007). 

In this regard, inhibitors of the DNA damage response like ATR and Wee1 kinase inhibitors have 

been shown to radiosensitize tumors of various backgrounds (Bridges et al. 2011, Gamper et al. 

2013, Cuneo et al. 2016, Dillon et al. 2017, Tu et al. 2018, Lee et al. 2019). ATR is an apical 

kinase in the DNA damage response, and Wee1 regulates cell cycle progression. More recently, 

ATR and Wee1 inhibitors were shown to additionally enhance the antitumor immune response 

when tumors were treated in combination with radiation.  

Immune cells within the tumor microenvironment are composed of lymphoid and myeloid 

cells, and their activation state and phenotype can either promote or inhibit various aspects of 

tumor development (Coussens et al. 2013, Edechi et al. 2019). Antitumor immunity is mainly 

imposed by antigen specific CD8+ T cells (Davis and Bjorkman 1988). Antigen naïve T cells 

interact with antigen peptides bound to major histocompatibility complex class I molecules (MHC 

I) on the surface of antigen presenting cells (APCs) via their T cell receptors (TCR). CD8+ T cells 

utilize the TCR to recognize the peptides presented by MHC I, which subsequently leads to the 

activation and proliferation of CD8+ T cells that play a crucial role in pathogen response, 

autoimmunity, and tumor suppression (Zoete et al. 2013, Gros et al. 2014, Gubin et al. 2014, 
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Linnemann et al. 2014, Tran et al. 2014, Linnemann et al. 2015). One of the hallmarks of cancer 

cells is their ability to avoid immunosurveillance (Hanahan and Weinberg 2011), whereby tumor 

cells escape the antitumor immune response or actively suppress it (Dunn et al. 2006, Koebel et 

al. 2007, Swann and Smyth 2007). Tumor cells often achieve this by expressing suppressive 

cytokines such as interleukin (IL)-10 (Saraiva and O'Garra 2010) and arginase (Crittenden et al. 

2014), increased expression of programmed death-1 ligand (PD-L1) (Pardoll 2012), 

downregulation of MHC I on tumor cells (Leone et al. 2013), or secreting other immune-

suppressive factors within the tumor microenvironment (Zou 2005). In addition, the inhibitory 

receptor PD-1 is expressed on the surface of T cells, B cells, natural killer (NK) cells, macrophages, 

and dendritic cells (Petrovas et al. 2006, Liu et al. 2009). Activation of TCR induces PD-1 

expression on naïve T cells (Chikuma et al. 2009). Moreover, constitutive PD-1 expression on T 

cells is associated with the expression of additional inhibitory receptors like TIM-3 and LAG-3 

(Grosso et al. 2009, Fourcade et al. 2010), which leads to impaired T cell function and tumor 

immune evasion upon ligation of PD-1 with the PD-L1 ligand on tumor cells (Ahmadzadeh et al. 

2009).  

Treatment of various cancers with cytotoxic chemotherapeutics or DNA damaging agents 

has been shown to enhance the cytotoxic CD8+ T cell (CTLs) response (Klemm and Joyce 2015, 

Ruffell and Coussens 2015). Wee1 kinase inhibition was shown to sensitize tumors to PD-1 mAb 

immune checkpoint blockade in vivo, resulting in CTL mediated tumor cell killing (Sun et al. 

2018). More recently, inhibition of Wee1 was also shown to suppress PD-L1 expression on breast 

tumors and enhance CTL mediated tumor cell killing when combined with radiation (Patel et al. 

2019, Wang et al. 2020). In addition to CTLs, NK cells also mediate tumor cell death and are 

affected by chemotherapeutics. In immunocompetent mice bearing aggressive head and neck 
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tumors, concurrent treatment with adoptively transferred high affinity NK cells and the Wee1 

inhibitor AZD1775 prolonged survival compared to either treatment alone (Friedman et al. 2018). 

We should note that, as NK cells represent 2% or less of the circulating white blood cells, NK-

based cell therapies have not garnered attention similar to T-lymphocyte-based cellular therapies 

(Klingemann et al. 2016). 

In addition to chemotherapeutic agents, radiation therapy can also increase immunogenic 

properties of tumor cells by enhancing the expression of MHC I molecules, thereby increasing 

their vulnerability to CTL (Reits et al. 2006, Mouw et al. 2017). Single high dose ionizing radiation 

(IR) (10 Gy) was also found to activate tumor-associated dendritic cells (DCs), which in turn 

support the accumulation of tumor-specific CD8+ effector T cells (Gupta et al. 2012). Furthermore, 

IR has also been reported to activate chemokine release that stimulates DCs (Hallahan et al. 1989), 

to promote cross-presentation of tumor antigens (Sharabi et al. 2015), to lead to proinflammatory 

chemokines secretion by cancer cells and thus to attract tumor infiltrating lymphocytes (TILs) 

(Matsumura et al. 2008), and to enhance TIL extravasation via upregulation of cell adhesion 

molecules (Hallahan et al. 1996). IR also facilitates immunogenic cell death (ICD) (Golden et al. 

2014, Golden and Apetoh 2015). Sublethal doses of IR were implicated in stimulating the release 

of danger-associated molecular patterns (DAMPs) such as HMGB1 (Gameiro et al. 2014) and in 

increasing FAS expression to promote caspase-mediated apoptosis (Chakraborty et al. 2003, 

Garnett et al. 2004). On the other hand, radiation can also enhance immunosuppressive aspects of 

the tumor microenvironment by recruiting Tregs and inducing PD-L1 expression (Kachikwu et al. 

2011, Deng et al. 2014, Dovedi et al. 2014). Some of these IR-induced immune-suppressive effects 

may be countered or attenuated by ATR or Wee1 inhibition. Regarding ATR inhibition, it was 

found that DNA damage following ATR inhibitor (AZD6738) treatment combined with radiation 
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led to immunomodulatory effects in the tumor microenvironment by increasing innate immune 

cell infiltration (Dillon et al. 2019). AZD6738 was also found to attenuate radiation-induced 

interferon-γ (IFN-γ) mediated PD-L1 expression which resulted in an increased proliferation of 

tumor-infiltrating CD8+ T cells in a syngeneic as well as a genetically engineered mouse model of 

non-small cell lung cancer (Vendetti et al. 2018). 

In this preliminary study, we show that combined treatment of ATR and Wee1 inhibitors 

with radiation results in in vivo radiosensitization of 4T1 tumors, a highly metastatic murine breast 

cancer cell line. Consequently, we observe tumor growth delay and prolonged overall survival of 

4T1 tumor bearing BALB/c mice. We provide preliminary evidence that combined treatment with 

ATR and Wee1 inhibitors plus radiation potentiates the ability of conformal radiotherapy to elicit 

an antitumor immune response. Lastly, we present findings that combined treatment with ATR 

and Wee1 inhibitors as an adjuvant to surgery may achieve better tumor control in highly 

aggressive tumors where surgery is non-curative. 

  



141 

 

4.2 Materials and Methods 

4.2.1 Antibodies and chemicals 

anti-CD3 (APC conjugate; Catalog #100222), anti-CD8a (APC conjugate; Catalog #17-

008183), anti-PD-1 (FITC conjugate; Catalog #135214), anti-LAG-3 (PE-Cy7 conjugate; Catalog 

#125226), anti-TIM-3 (Brilliant Violet 421 conjugate; Catalog #134019), antibodies were 

purchased from BioLegend, anti-CD4 (PE-Cy5.5 conjugate; Catalog #35-0042-82) antibody was 

purchased from eBiosciences, anti-IFNγ (PE conjugate; Catalog #12-7311-82) and anti-FoxP3 (PE 

conjugate; Catalog #00-5523) were purchased from ThermoFisher. The respective isotype controls 

were purchased along with the conjugates. 

The bioavailable inhibitors AZD6738 and AZD1775 were kindly provided by 

AstraZeneca. 

4.2.2 Cell lines 

The 4T1 cell line was purchased from the American Type Cell Culture (ATCC) and 

cultured in DMEM high glucose medium supplemented with 10% fetal calf serum. The cell line 

was regularly tested for mycoplasma. 

4.2.3 Orthotopic mouse model, drug, and radiation treatments 

6 week old female BALB/c mice were obtained from Charles Rivers, Canada. For tumor 

formation, 1 x 105 4T1 cells were mixed with PBS and injected in 40 μL orthotopically into the 

inguinal mammary fat pad of 8-10 week old female BALB/c mice. Tumor growth was measured 

every 3 days using a Vernier caliper and volume was assessed as (length x width2)/2. 

When the tumors reached an approximate volume of 25-35 mm3, mice were randomly 

segregated into 8 groups (n = 4 per group). Mice were treated daily with vehicle or 25 mg/kg 
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AZD6738 (in 10% DMSO, 40% polypropylene glycol, and 50% ddH2O) and/or 60 mg/kg 

AZD1775 (in 0.5% methylcellulose) via oral gavage for 5 days 1 hour prior to radiation treatment 

on the Small Animal Radiation Research Platform (SARRP). For radiation treatment, mice were 

anesthesized using isoflurane and placed supine on the polystyrene bed. Cone Beam Computed 

Tomography (CBCT) images were acquired at low resolution (360 frames). A two-beam treatment 

plan was designed using the MuriPlan software (Xstrahl) and conformal radiation was delivered 

accordingly at a dose of 200 cGy per fraction for a total of 5 fractions. The dose volume histogram 

(DVH) showed greater than 95% of the tumor receiving target dose. Body weight was measured 

pre- and post-treatment as an indicator of toxicity. Mice were euthanized when the tumor volume 

reached a total of 1000 mm3, after a > 10% reduction in body weight, or any other indications of 

physical discomfort. All experiments were done in accordance with our animal care protocol 

(AC20251). 

4.2.4 Tumor infiltrating lymphocytes isolation and staining 

Mice were euthanized at day 3 or 7 by CO2 asphyxiation and tumors were harvested in 2 

ml tubes. Tumors were then dissociated into smaller pieces with scissors and the dissociated 

fragments were then transferred to a 15 ml tube containing 5 mL prewarmed enzyme cocktail (0.5 

mg/mL Collagenase IV and 10 μg/mL DNase I mixed in RPMI / 10% FBS and preheated at 37 

°C). Tubes were then tightly sealed and incubated on a shaker at 37 °C for 30 mins. The fragments 

were mixed with a pipette for further dissociation. Next, the fragments were filtered though a 100 

μm strainer in a 15 mL tube, the tube was filled with 2% FBS/PBS solution and centrifuged at 

1500 rpm at 4 °C for 5 mins. The supernatant was discarded, and the pellet was resuspended in 1 

mL 2% FBS/PBS solution using a 1 mL pipette. The samples were washed again with 2% 
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FBS/PBS solution by centrifugation at 1500 rpm at 4 °C for 5 mins. Lastly, cells were resuspended 

in 200 μL of RPMI medium before proceeding with flow cytometry staining. 

All flow cytometry staining was performed in 96-well round bottom plates. Cells from each 

tumor sample were added to individual wells and the plate was centrifuged at 1500 rpm at 4 °C 

for 5 mins. Prior to staining with the respective antibodies, cells were stained with Zombie Aqua 

viability dye (BioLegend) in 1x PBS in the dark for 30 mins. For IFN-γ stimulation, samples were 

treated with phorbol myristate acetate (PMA) (1:10000) and Ionomycin (1:1000) diluted in RPMI 

medium. 200 μL of PMA/Ionomycin was added to each well, mixed, and incubated at 37 °C for 2 

hours. Next, 50 μL Monensin (1:1000 in RPMI medium) was added to each well, mixed, and 

incubated at 37 °C for 2 hours. Samples were washed twice with 200 μL 1x PBS by centrifugation 

at 1500 rpm at 4 °C for 5 mins. Intracellular staining of Forkhead Box Protein 3 (FoxP3) was 

performed as per manufacturers instructions. Briefly, cells were mixed with 

fixation/permeabilization solution and incubated at 4 °C for 18 hours in the dark. Following 

incubation, samples were washed twice with permeabilization buffer and incubated with 50 μL 

primary antibody against FoxP3 in 1x permeabilization buffer at 4 °C for 30 mins in the dark. 

Samples were then washed twice with 1x permeabilization buffer and resuspended in 150 μL 

FACS buffer. All other samples were stained with 100 μL antibody cocktail (Panel 1: CD3, CD4, 

CD8, IFN-γ, PD-1, LAG-3, TIM-3; Panel 2: CD3, CD4, PD-1, LAG-3, TIM-3) at room 

temperature for 30 mins in the dark. Samples were then washed twice in 200 μL ice cold FACS 

buffer (1x PBS, 2% FBS, 1 mM EDTA) by centrifugation at 1500 rpm at 4 °C for 5 mins. The 

pellet was resuspended in 150 μL of FACS buffer and analyzed on a flow cytometer (Beckman 

Cytoflex S). The acquired data was exported as FCS files and analyzed using FlowJo v10. 
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4.2.5 Primary tumor removal surgeries 

4T1 tumor removal surgeries were performed when primary tumor reached ~25 mm3, ~50 

mm3, or ~100 mm3 (n = 4 mice per group). Prior to anesthesia, mice were orally administered 

Metacam for pain management. Mice were then anesthesized using isoflurane and placed supine 

under constant anesthesia on a warm surgical waterbed. Hair was removed using a hair removal 

cream and the area was sterilized with 70% isopropanol and a betadine scrub was applied. Using 

scissors, an incision was made medial to the tumor and extended dorsally in a superior direction. 

Next, using forceps and a No. 11 surgical blade, the tumor tissue was cut away from the skin and 

much of the surrounding mammary fat pad was also removed. The incision site was sealed using 

5-0 monocryl sutures (Johnson & Johnson), tissue adhesive (3M Vetbond), and surgical staples. 

Mice were kept warm until recovery from anesthesia and returned to their cages. Metacam was 

administered for two additional days post surgery. Mice were inspected daily for any signs of 

discomfort of bleeding at the surgery site.  

4.2.6 Statistical analysis 

All statistical analysis was performed using GraphPad Prism 8 software (GraphPad 

Software, La Jolla, California, USA). P-values were calculated using two-way ANOVA, and Log-

rank (Mantel-Cox) test. P-values of < 0.05 were considered significant, and P-values of < 0.001 

were considered highly significant. 
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4.3 Results 

4.3.1 Combined inhibition of ATR and Wee1 radiosensitizes 4T1 tumors, leads to growth delay 

and prolongs survival  

Our in vitro findings suggest that combined treatment with AZD6738 (ATRi) and 

AZD1775 (Wee1i) results in synergistic cell killing of 4T1 murine breast cancer cells (Fig 3.1A, 

C; see Chapter 3). Furthermore, our group had previously found that ATR and Wee1 inhibition 

radiosensitized a variety of cancer cell lines in vitro, both as single agents and as a drug 

combination (unpublished data). To test radiosensitization following drug treatments in vivo, 4T1 

tumor bearing BALB/c mice were randomly allocated to treatment or vehicle arms (n = 4 mice per 

treatment group) once the tumors reached a volume of 25-35 mm3. These mice were treated with 

25 mg/kg AZD6738 and/or 60 mg/kg AZD1775 and/or conformal IGRT (5 consecutive daily doses 

of 2 Gy) for just 5 days and tumor growth was measured by caliper measurements (Fig. 4.1A-C). 

We see a significant tumor growth delay in all treatment arms (P < 0.0001, two-way ANOVA) 

except those that received ATRi or Wee1i alone (Fig. 4.1D). Interestingly, mice that received 

treatment with either ATRi and/or Wee1i in combination with IR continued to show delayed tumor 

growth kinetics for over two weeks after the 5 day treatment while tumor growth in all other 

treatment arms resumed rapidly when the treatment was stopped. Consequently, treatment for just 

5 days significantly prolonged overall survival in ATRi and/or Wee1i and/or IR groups with 

median survivals as – ATRi + Wee1i, 40.5 days; IR (5 x 2 Gy), 37.5 days; ATRi + IR, 47.5 days; 

Wee1i + IR, 44 days; ATRi + Wee1i + IR, 56.5 days; and vehicle control, 28.5 days (Fig. 4.1E). 

Mono-treatments with ATRi (median survival - 30.5 days) or Wee1i (median survival - 27.5 days) 

did not prolong overall survival (Fig. 4.1E).   
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Figure 4.1. Combined inhibition of ATR and Wee1 kinases radiosensitizes 4T1 tumors and 

prolongs survival. 

(A) Schematic shows that mice were treated with vehicle or AZD6738 and/or AZD1775 for 5 days 

1 hour before radiation therapy (RT). (B) Sample CBCT image of a mouse showing the two-beam 

treatment plan, the tumor isocenter, and the two incident beams hitting the planning target volume. 

(C) Dose volume histogram (DVH) shows that at least 95% of the target volume being irradiated 

with the target dose (200 cGy). (D) Graph shows tumor growth of mice in the 8 treatment arms (n 

= 4 per group). (E) Kaplan-Meier survival curve of treated mice (n = 4 per group).  
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4.3.2 Combined inhibition of ATR and Wee1 attenuates expression of CD8+ T cell exhaustion 

markers following radiation 

Our observation that combined ATRi and/or Wee1i treatment with IR resulted in prolonged 

tumor growth delay could be explained by the loss of clonogenicity in vivo as well as a potential 

trigger of an antitumor immune response in our immune-competent BALB/c mice. Although the 

results of phase I trials combining ATRi or Wee1i with conformal radiotherapy have not been 

disclosed, a few patients receiving either ATRi or Wee1i as a monotherapy confirmed partial 

response (tumor volume reductions) with increased immune cell infiltrates (Do et al. 2015, Dillon 

et al. 2019). In view of these early clinical findings and of the observed delay in tumor growth in 

our pre-clinical model, we evaluated the impact of the drug combination on the immune system. 

PD-1 is an inhibitory receptor frequently expressed on CD4+ and CD8+ T cells, B cells, monocytes, 

and NK cells (Ahmadzadeh et al. 2009). T cell exhaustion refers to a T cell state with reduced 

proliferation and cytokine secretion capability, and increased expression of inhibitory receptors 

(Blank et al. 2019). Overexpression of PD-1 is associated with T cell exhaustion, resulting in an 

immune-suppressive tumor microenvironment (Barber et al. 2006). Other markers that regulate T 

cell exhaustion in cancer include TIM-3 and LAG-3 (Jiang et al. 2015). We examined PD-1 (CD3+ 

CD8+ PD-1+), TIM-3 (CD3+ CD8+ TIM-3+) and LAG-3 (CD3+ CD8+ LAG-3+) expression on TILs 

by flow cytometry at day 3 and day 7 post 5 day-treatment with ATRi + Wee1i ± IR (5 x 2 Gy). 

Combined treatment with ATRi + Wee1i reduced PD-1 or TIM-3 expression on CD8+ T cells in 

comparison to the vehicle control at the day 3 time point, but PD-1 and TIM-3 staining 7 days after 

treatment was similar in the control, IR, and ATRi + Wee1 groups (Fig. 4.2A, B). Interestingly, 

combined ATRi + Wee1i treatment with IR attenuated radiation-induced PD-1 or TIM-3 

expression on CD8+ T cells at both the tested time points (PD-1 day 3: P = 0.0066; TIM-3 day 3: 
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P = 0.0106, two-way ANOVA) (Fig. 4.2A, B). Regarding LAG-3, we observed a tendency for the 

combined ATRi + Wee1i treatment to reduce LAG-3 expression at both timepoints, day 3 and 7 

after treatment, when comparing the radiation treatment groups (day 7: P = 0.0397, two-way 

ANOVA) (Fig. 4.2C) 
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Figure 4.2. Combined inhibition of ATR and Wee1 attenuates expression of T cell exhaustion 

markers. 

(A) Graph shows the percentage of CD8+ T cells expressing PD-1 at days 3 and 7 after the 5 day 

treatment. (B) Graph shows the percentage of CD8+ T cells expressing TIM-3 at days 3 and 7 after 

the 5 day treatment. (C) Graph shows the percentage of CD8+ T cells expressing LAG-3 at days 3 

and 7 after the 5 day treatment. * indicates P < 0.05, ** indicates P < 0.01. 
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4.3.3 IR but not combined inhibition of ATR and Wee1 alone, temporarily reduces the ratio of 

Tregs in the tumors 

To assess the impact of combined ATRi + Wee1i + IR treatment on TIL in the tumor 

microenvironment, we analysed the proportion of CD8+ and CD4+ T cells by flow cytometry. 

Treatment with IR increased the proportion of both CD8+ and CD4+ lymphocytes in the tumor 

compared to the other treatment groups (Fig. 4.3A, B). We see a reduction in the percentage of 

CD8+ (CD3+ CD8+) and CD4+ (CD3+ CD4+) TIL in tumors treated with ATRi + Wee1i + IR 

compared to vehicle treated tumors 3 days post-treatment (Fig. 4.3A, B). However, no change was 

observed between the two groups 7 days post-treatment. 

Tregs are an immune suppressive subset of CD4+ T cells that are characterized by the 

expression of FoxP3 (Hori et al. 2003). Tregs mainly migrate to sites of inflammation and suppress 

effector T cell (CD8+ and CD4+) function. (Togashi et al. 2019). In the tumor, Tregs thus can 

decrease antitumor immunity (Togashi et al. 2019). To evaluate if combined treatment with ATRi 

+ Wee1i + IR promotes an immune-activating or immune-suppressive state in the tumor 

microenvironment, we analyzed the proportion of Tregs in excised tumors by flow cytometry. At 

day 3, we see a significant reduction in the percentage of Tregs (CD3+ CD4+ FoxP3+) among TILs 

in tumors treated with combined ATRi + Wee1i + IR compared to vehicle control treated tumors 

(P = 0.0132, two-way ANOVA) (Fig. 4.3C). By day 7 post-treatment, the percentage of tumor 

infiltrating Tregs had significantly increased in tumors treated with combined ATRi + Wee1i + IR 

treatment (Fig. 4.3C).  

Interestingly, overall IR with or without combined treatment with ATRi + Wee1i resulted 

in an elevated CD8+/Treg ratio at day 3 (Fig. 4.3D). However, at day 7, treatment with ATRi + 

Wee1i in combination with IR showed a lower CD8+/Treg ratio than IR alone. Similarly, the 
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CD4+/Treg ratio showed a trend to be increased in the IR groups at day 3, but no significant 

differences were seen at day 7 (Fig. 4.3E). Taken together, these findings suggest that at least on 

day 3 after treatment, IR has a greater impact on the proportion of Tregs among the lymphocytes 

in the tumor microenvironment than the drug combination alone. 
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Figure 4.3. Radiation reduces the proportion of Tregs among TILs. 

(A) The graph represents the percentage of CD8+ (CD3+ CD8+) tumor infiltrating cells. (B) The 

graph represents the percentage of tumor infiltrating CD4+ (CD3+ CD4+) T cells. (C) The graph 

represents the percentage of tumor infiltrating FoxP3+ (CD3+ CD4+ FoxP3+) Tregs. (D) The graph 

represents the CD8+ to Treg ratio. (E) The graph represents the CD4+ to Treg ratio. * indicates P 

< 0.05.  
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4.3.4 Combined inhibition of ATR and Wee1 concomitant with radiation diminishes CD8+ T 

cell effector function in 4T1 tumors in a time dependent manner 

Based on our results so far, we see that combined treatment with ATRi + Wee1i + IR results 

in decreased expression of T cell exhaustion markers – PD-1, LAG-3, and TIM-3 – as well a 

reduction in the percentage of tumor infiltrating Tregs compared to vehicle control on day 3. IFN-

γ is predominantly produced by T cells and NK cells in response to immune stimuli. IFN-γ 

activation can promote antitumor functions by augmenting the function of TIL and suppressing 

Treg cell function (Ivashkiv 2018). However, as unstimulated T lymphocytes produce little to no 

cytokine spontaneously, PMA and ionomycin are commonly used as stimulants in vitro to test the 

ability to produce IFN-γ (Baran et al. 2001). To assess if reduced T cell exhaustion marker 

expression and the percentage of Tregs result in increased effector T cell function, we evaluated 

the production of IFN-γ following stimulation with PMA and ionomycin at days 3 and 7 after the 

combined ATRi + Wee1i ± IR 5 day-treatments. We see a striking reduction in the percentage of 

CD8+ T cells that produced IFN-γ in all our treatment groups at 3 days post-treatment in the 

radiation groups (± ATRi and Wee1i) (Fig. 4.4). Interestingly, 7 days post-treatment, the 

percentage of CD8+ T cells secreting IFN-γ was similar in all the treatment groups with no 

statistical significance observed (Fig. 4.4). Although puzzling, these findings indicate that if the 

antitumor immune response is truly CD8+ T cell mediated, it is likely via an alternative mechanism 

resulting in their activation (such as via TNF-α or IL-2) (Croft 2009, Ross and Cantrell 2018). 
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Figure 4.4. Impact of combined ATR, Wee1, and radiation treatment on CD8+ T cell effector 

function. 

Graph shows the percentage of CD8+ T cells secreting IFN-γ. ** indicates P < 0.01. 
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4.3.5 Combined inhibition of ATR and Wee1 as an adjuvant to surgery prolongs overall survival 

of BALB/c mice 

Surgery is a mainstay in treatment of early stage breast cancer and is an option for advanced 

stage patients with lower metastatic disease burden. We previously described that treatment of 

MDA-MB-231 tumor bearing immunocompromised mice with combined AZD6738 and 

AZD1775 for 26 days results in tumor regression to impalpable levels as well as suppression of 

(micro) metastasis (see Chapter 2 (Bukhari et al. 2019)). However, once the treatment regime was 

completed, the presence of minimal residual disease eventually resulted in tumor recurrence in that 

immune-compromised mouse model (NSG mice). Based on this we hypothesized that surgical 

resection of primary tumor followed with adjuvant AZD6738 and AZD1775 over 3 weeks might 

result in tumor cure in our immune-competent mouse models of locally advanced disease. 

A recent study found that surgery with negative margins can elicit an immune response to 

eliminate disseminated tumor cells and is curative in EMT6, but not the 4T1 tumor bearing mice 

(Piranlioglu et al. 2019). For this reason, we chose 4T1 as a model for our study. To identify tumor 

volumes at which surgery is non-curative, i.e., when tumor spread has likely already occurred, we 

performed mastectomies on 4T1 orthotopic tumor bearing mice (n = 4 mice per group) when the 

primary tumors were ~25 mm3, ~50 mm3, or ~100 mm3 (Fig. 4.5A, B). We see all mice in the 

~100 mm3 surgery group had tumor recurrence either in the adjacent mammary fat pad or in the 

peritoneal cavity within 12-18 days post surgery (Fig. 4.5C). On the other hand, in some mice 

receiving surgery in the ~25 mm3 or the ~50 mm3 groups tumor recurrence was delayed, and a few 

mice showed indications of cure during the 3 month follow-up post surgery (Fig. 4.5C).  

Since we know that surgeries on mice bearing ~100 mm3 4T1 tumors is not curative in all 

cases and thus micro-metastasis must have already occurred, we used this point to evaluate the 
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impact of AZD6738 and AZD1775 as an adjuvant therapy to surgery for advanced (metastatic) 

breast cancer. Primary tumor removal surgeries were performed on 4T1 tumor bearing mice when 

the primary tumor volume reached ~100 mm3. These mice were then treated with either vehicle or 

combined AZD6738 (25 mg/kg) and AZD1775 (60 mg/kg) for 26 days (n = 4 mice per group). 

We note a dramatic increase in the overall survival of mice treated with ATRi and Wee1i with 

median survival of 65.5 days as compared to vehicle treated mice with median survival 34 days 

(Fig. 4.5D). Interestingly, one mouse showed no indication of tumor recurrence during 4 months 

of follow-up post-treatment. Taken together these findings, although limited by sample size, 

indicate that combined treatment with ATRi and Wee1i as an adjuvant to surgery prolongs 

survival, and in some cases, may even lead to tumor “cure” of BALB/c mice. 

  



157 

 

 

Figure 4.5. Combined inhibition of ATR and Wee1 as adjuvant therapy to surgery. 

(A) Representative images of the surgery process of primary tumor removal. (B) The graph shows 

the tumor volume distribution in the three groups before surgery. (C) The incident curve shows 

the time it took for tumors to recur after surgery in the respective groups. (D) Kaplan-Meier 

survival curve of mice treated with either vehicle or combined ATR and Wee1 inhibitors for 26 

days. The time of surgery (red arrow) and of drug treatment (yellow shaded area) are shown.  
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4.4 Discussion 

Surgery and radiotherapy are central pillars in the multidisciplinary management of breast 

cancers. However, despite the advances in imaging guided conformal radiotherapy, normal tissue 

complications limit dose escalation. Additionally, in cancers, DDR pathways are often 

upregulated, ultimately resulting in radioresistance. In this regard, several small molecule 

inhibitors targeting the DDR are being tested as radiosensitizers to improve responses to 

radiotherapy by increasing tumor cell killing or eliciting an antitumor immune response. It is well 

established that radiotherapy can trigger immune responses to promote antitumor immunity 

(Weichselbaum et al. 2017), but can also enhance the infiltration of immune suppressive cells such 

as Tregs, tumor associated macrophages, and myeloid derived suppressor cells (Grassberger et al. 

2019). Recent studies have shown that IR-induced antitumor immunity is improved when 

combined with ATR, Wee1, or immune checkpoint blockade inhibitors as single adjuvant agents 

(Deng et al. 2014, Twyman-Saint Victor et al. 2015, Vendetti et al. 2018, Dillon et al. 2019, Patel 

et al. 2019, Sheng et al. 2020, Wang et al. 2020).  

In this preliminary study, we evaluated the impact of combined ATR inhibitor and Wee1 

inhibitor treatment as radiosensitizers, and as an adjuvant to surgery. Here, we also provide 

preliminary evidence that ATRi + Wee1i + IR may promote an antitumor immune response 

resulting in delayed tumor growth and prolonged overall survival in vivo. 

4.4.1 ATR and Wee1 inhibitors as radiosensitizers 

Our preclinical syngeneic mouse model indicates that combination treatment with ATRi 

and Wee1i with conformal radiation therapy radiosensitizes 4T1 murine breast tumors, ultimately 

prolonging life span of these tumor bearing mice. While we acknowledge that this model does not 

accurately reflect clinical management of breast cancers, we believe it to be a good starting point 
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before we attempt to use an advanced model where surgery is performed prior to treatment with 

radiotherapy. Although there are no studies that report the use of combined ATRi and Wee1i as 

radiosensitizers, based on our published study (see Chapter 2 (Bukhari et al. 2019)), these 

inhibitors work by abrogating the S and G2/M checkpoints and promoting premature mitotic entry. 

The addition of radiation increases DNA damage and enhances cell killing by combined ATR and 

Wee1 inhibition. There already are a few studies that have demonstrated radiosensitization by 

either ATRi or Wee1i (Bridges et al. 2011, Gamper et al. 2013, Dillon et al. 2017, Tu et al. 2018, 

Lee et al. 2019). A common mechanistic finding from these studies was that ATRi or Wee1i 

attenuate the radiation-induced G2/M checkpoint activation and induces cell death in p53 defective 

tumors. As we did not observe any correlation of synergistic cell killing with p53 status in our 

previous study (see Chapter 2 (Bukhari et al. 2019)), we postulate that many tumors will benefit 

from combined ATRi and Wee1i treatment with IR. Phase I/II studies with AZD6738 (ATRi; 

Ceralasertib) and AZD1775 (Wee1i; Adavosertib) are currently underway where they are being 

evaluated as single agents in combination with various genotoxic agents including radiotherapy. 

The observed radiosensitization in our model may have significant implications for future clinical 

trials with the drug combination.  

4.4.2 ATR and Wee1 inhibitors as activators of the immune response 

An interesting observation made in the radiosensitization experiments in vivo was that 

tumor growth was delayed for over two weeks post-treatment in mice treated with just a 5 day 

treatment of ATRi + Wee1i + IR (Fig. 4.1D). Together with the lower expression of inhibitory 

ligands on CD8+ T cells (PD-1, TIM-3, and LAG-3) compared to the IR alone group (Fig. 4.2A-

C), the growth delay indicates not just a stronger, but also a prolonged antitumor immune response. 

Radiation-induced DNA damage can promote the expression of markers like PD-L1 in cancer cells 
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in a ATR/Chk1-dependent manner (Sato et al. 2017). Although we did not test the expression of 

PD-L1 on tumor cells in our model, 4T1 tumors have been reported to have inherently high 

expression of PD-L1 to start with (Lian et al. 2019). This makes our model an attractive avenue 

for future studies evaluating the response of combined ATRi and Wee1i with immune checkpoint 

blockade therapies (like anti-PD-1/PD-L1) especially in breast cancers. Regarding immune cells, 

the combined ATRi and Wee1i treatment with radiotherapy also attenuated the expression of T 

cell exhaustion markers (PD-1, LAG-3, and TIM-3), which is consistent with recent reports 

evaluating the impact of ATRi or Wee1i (as individual drugs) plus radiotherapy on immune 

activation in vivo (Vendetti et al. 2018, Wang et al. 2020).  

The PD-1/PD-L1 pathway can promote the development of Tregs and regulate their 

maintenance via the Treg-specific FoxP3 transcription factor (Francisco et al. 2009). In line with 

this finding, treatment with ATRi and Wee1i plus radiation dramatically reduced the proportion of 

tumor infiltrating Tregs among CD4+ cells at day 3, possibly due to the attenuation of PD-1 

expressing CD8+ T cells (Fig. 4.3C). In agreement with other reports (Vendetti et al. 2018, Dillon 

et al. 2019), the reduction in the percentage of Tregs was transient, and we see an increase in the 

percentage of tumor infiltrating Tregs at day 7 in tumors treated with ATRi + Wee1i plus radiation. 

At day 3, ATRi + Wee1i plus radiation treatment resulted in elevated CD8+/Treg ratios compared 

to vehicle control, although this effect was not seen on day 7. It remains unclear whether ATRi + 

Wee1i ± radiation treatment impairs Treg proliferation or selectively kills the existing proliferating 

Tregs (Ghiringhelli et al. 2004). A recent report suggested that activated CD8+ T cells were more 

susceptible to killing by Chk1/2 and Wee1 inhibitors (McNally et al. 2017), and this could 

potentially explain the reduction in CD8+/Treg ratios at day 7. We suspect that combined treatment 

with ATRi and Wee1i may either selectively kill the rapidly proliferating CD8+ T cells or may 
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transiently impair activation of CD8+ T cells. Either way, it appears that combined ATRi and 

Wee1i treatment following radiation may delay the adaptive immune response, and later time 

points of analysis would be required for verification.  

As previously mentioned, IFN-γ is secreted by T cells and NK cells in response to a variety 

of inflammatory or immune stimuli and can lead to antitumor functions (Ivashkiv 2018). However, 

like many cytokines, IFN-γ can also induce inhibitory mechanisms to limit the immune response 

(Hu and Ivashkiv 2009). With regard to this, IFN-γ has been shown to inhibit CD8+ T cell mediated 

antitumor immune response through Treg dependent suppression of the immune system, 

upregulation of PD-L1 on tumor cells, and upregulation of suppressor of cytokine signaling 2 

(SOCS2) in dendritic cells (Spranger et al. 2013, Garcia-Diaz et al. 2017, Nirschl et al. 2017). We 

see that combined ATRi and Wee1i treatment reduced the proportion of CD8+ T cells secreting 

IFN-γ in the tumor microenvironment at day 3 and this likely resulted in the reduction of IFN-γ 

mediated PD-1 expression following radiation treatment (Spranger et al. 2013, Deng et al. 2014). 

Indeed, these results did not hold true at day 7 and we see a similar percentage of CD8+ T cells 

secreting IFN-γ. Besides IFN-γ, TNF-α has been shown to promote the activation and proliferation 

of naïve and effector T cells (Croft 2009). Additionally, another cytokine, IL-2 has been reported 

to promote T cell differentiation into effector T cells and memory T cells (Ross and Cantrell 2018). 

Therefore, it seems plausible that these factors may be playing a role in CD8+ T cell activation. 

Having said that, although not tested during our preliminary study, a secondary possibility is a NK 

cell mediated antitumor immune response. Moreover, Wee1 inhibition has been shown to sensitize 

head and neck cancers to NK cell based therapies (Friedman et al. 2018). Although, our study is 

limited by the small sample size (n = 4 mice per group) and absence of longer time points for 

analysis, collectively, our data provides preliminary evidence that combined ATRi and Wee1i 
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treatment with radiation promotes antitumor immunity and results in delayed tumor growth 

kinetics. Moreover, these early observations are valuable as neoadjuvant treatment with ATRi and 

Wee1i may also help reduce the number of Tregs in future clinical evaluations of this combination 

treatment. Future studies will also evaluate the role of NK cells in promoting antitumor immune 

response. Studies depleting CD8+ T cells and NK cells in vivo would enhance our understanding 

of major influencers in antitumor immunity following combined ATR and Wee1 inhibitor 

treatments. 

4.4.3 A model for pre-clinical evaluation of ATR and Wee1 inhibitors as adjuvant therapy 

The failure to completely eradicate minimal residual disease eventually results in tumor 

recurrence and metastasis. In fact, this was also evident in our previous study where we saw 

eventual tumor recurrence and metastasis on completion of treatment regime (Bukhari et al. 2019). 

Moreover, it has been long understood that dissemination of tumor cells from the primary tumor 

to distant sites occurs early during tumor development. However, the role of these early 

disseminated tumor cells in developing clinically significant metastasis remained unclear 

(Chambers et al. 2002, Hosseini et al. 2016). In this preliminary study, we assessed the impact of 

combined ATRi and Wee1i treatment as an adjuvant to surgery. Non-curative surgeries were 

performed at advanced tumor volumes to see if combined treatment with ATRi and Wee1i could 

eliminate metastasis. We used an immune-competent model of breast cancer to mimic the clinical 

setting where the immune response can aid cytotoxic agents in achieving a positive outcome. At 

present, there are no reported studies evaluating either ATR or Wee1 inhibitors as an adjuvant to 

surgery. A recent study demonstrated that surgical resection of primary tumor with negative 

margins allows the immune response to eradicate disseminated tumor cells in EMT6, but not in 

4T1 tumors (Piranlioglu et al. 2019). Given that ATRi or Wee1i in combination with radiation 
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elicits an antitumor immune response (Vendetti et al. 2018, Wang et al. 2020), it would be 

worthwhile to combine radiation in this surgical model to not only eradicate any microscopic 

minimal residual disease but also to trigger an immune response in the process. While our study 

was limited to a small sample size, one mouse showed no indication of tumor recurrence following 

treatment with ATRi and Wee1i suggesting tumor “cure”. These early findings are encouraging 

for studies evaluating the impact of combined ATRi and Wee1i treatment in an adjuvant setting. 
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Chapter 5: General Discussion and Future Directions 
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5.1 ATR and Wee1 inhibition as a promising approach for breast cancer 

treatment 

In our study, we exploited breast cancer’s reliance on ATR and Wee1 for survival by using 

bioavailable inhibitors targeting these kinases to force cancer cells with damaged DNA into mitosis 

prematurely causing mitotic catastrophe in cancer cells, resulting in significant tumor control in 

vivo. An interesting finding from our study was that combined ATR and Wee1 inhibitor treatment 

resulted in highly synergistic killing of cancer stem-like “side population” cells. Of note, the cancer 

stem cell enriched populations isolated from MCF7 or MDA-MB-231 breast cancer cell lines were 

less sensitive to Wee1 or ATR inhibition as monotreatment compared to bulk populations from 

those cell lines. Future studies evaluating the mechanism underlying this effect would be of great 

interest especially because cancer stem-like cells are assumed to be the culprits of cancer therapy 

resistance, relapse, and metastasis. Additionally, these studies will confirm our findings by 

assessing the tumorigenic potential of side population cells in limiting dilution assays in vivo. 

Unpublished preliminary findings from our lab also show that inhibiting ATR or Wee1 

radiosensitizes breast cancer side population cells, as assessed by clonogenic assays. Evaluation 

of this finding in vivo would be of additional interest as radiotherapy has implications for cancer 

stem cell plasticity (i.e., inducing a breast cancer stem-like phenotype in previously non-

tumorigenic breast cancer cells) via activation of Notch signaling (Lagadec et al. 2012).  

To mimic clinical scenarios in a preclinical setting, we also evaluated the impact of 

combined ATR and Wee1 inhibitor treatment in combination with radiation or as an adjuvant to 

surgery. Although preliminary, our findings are exciting because treatment with ATR and Wee1 

inhibitors in combination with radiation for just 5 days results in significant tumor growth delay. 

The reason we treated for 5 days concomitantly is that we wanted to test ATR or Wee1 inhibition 
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for radiosensitization. Future studies will compare the 5 day ATRi + Wee1i + IR with IR followed 

by ATRi + Wee1i or vice versa, to estimate the radiosensitization effect by reducing the DNA 

repair capacity in cancer cells. In addition, we also see early evidence for activation of an antitumor 

immune response. IR has been shown to induce immunogenic cell death, a form of cell regulated 

tumor cell death that triggers an adaptive immune response and is reliant on the antigenicity or 

adjuvanticity of the dying tumor cells (Golden and Apetoh 2015). Moreover, when combined ATR 

and Wee1 inhibitor treatment is used as an adjuvant to surgery in locally advanced metastatic 

breast cancers, complete response to therapy may be achievable in at least a few cases. This is 

particularly exciting because advanced (metastatic) breast cancer remains virtually incurable in the 

clinic. 

Our ongoing collaboration with AstraZeneca has promoted talks of a phase I clinical trial 

to evaluate the safety and efficacy of combined ATR and Wee1 inhibitor treatment. However, 

there have been delays as AstraZeneca expressed concerns about the toxicity of the Wee1 inhibitor 

in the ongoing Phase I/II clinical trials. Of note, the response to combined ATR and Wee1 inhibitor 

treatment we observed in our study was for a treatment regimen far below the maximum tolerated 

dose for the individual drugs provided to us by AstraZeneca. Despite this, we see strong synergy 

in vitro and in vivo. However, a clinical trial would need a dose escalation phase to evaluate the 

toxicity of different doses of AZD6738 and AZD1775 (likely in a standard 3 x 3 design). In 

addition, as [18F]-FLT is already used in the clinic as a PET tracer, trials evaluating combined ATR 

and Wee1 inhibitor could also employ [18F]-FLT for imaging to further validate our preclinical 

indications as a suitable non-invasive biomarker and potentially identify responders and non-

responders.  
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5.2 Identification of potential biomarkers to predict sensitivity to ATR and 

Wee1 inhibitor treatment 

Several studies have reported that treatment with ATR or Wee1 inhibitors can selectively 

target p53-deficient cancers (Hirai et al. 2009, Rajeshkumar et al. 2011, Reaper et al. 2011). 

However, we did not see this correlation in our breast cancer cell lines. Importantly, findings from 

phase I clinical trials of ATR or Wee1 inhibitors also showed poor correlation between drug 

sensitivity and p53 status (Do et al. 2015, Yap et al. 2021). Although, there are no clinical trials 

evaluating ATR and Wee1 inhibition as a combination treatment yet, we believe findings from 

pre-clinical and clinical studies evaluating either ATR or Wee1 inhibitors as single drugs may help 

us predict sensitivity biomarkers that could respond to this combination as well.  

In a genome-wide CRISPR/Cas9 screen, 117 genes targets were identified, whose 

mutations result in hypersensitivity to two different ATR inhibitors, VE-821 and AZD6738 

(Hustedt et al. 2019). The 11 targets validated in the study included APEX2, ATM, ATRIP, 

C16orf72, C17orf53, CIP2A, POLE3, POLE4, RNASEH2A, RNASEH2B, and RNASEH2C 

(Hustedt et al. 2019). Indeed, studies have previously shown sensitization of ATM-, ATRIP-, 

RNASEH2-deficient cells to ATR inhibition (Zou and Elledge 2003, Reaper et al. 2011, Gamper 

et al. 2013, Wang et al. 2019). Moreover, the overexpression of RNASEH2 was recently found to 

promote ATR inhibitor resistance (Wang et al. 2019). Another study recently performed a genome-

wide CRISPR knockout and CRISPR activation screen to identify genes whose loss conferred 

resistance to ATR inhibitors (M6620 and AZD6738) (Schleicher et al. 2020). This study identified 

118 overlapping targets between the two ATR inhibitors and validated seven common genes 

amongst the top 40 candidates, which include KNTC1, EEF1B2, LUC7L3, SOD2, MED12, 

RETSAT, and LIAS (Schleicher et al. 2020). Loss of any of these gene targets did not restore Chk1 
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phosphorylation following ATR inhibition indicating that these genes did not interfere with drug 

activity per se. In fact, resistance to both ATR inhibitors was induced by suppressing ATR 

inhibitor-induced apoptosis (loss of LUC7L3), stabilization of the replication fork following ATR 

inhibition (loss of MED12 and LIAS), and activation of the TGFβ pathway (MED12 depletion) 

(Schleicher et al. 2020). Although we see synergy to combined ATR and Wee1 inhibitor treatment 

in all the tested human cancer cell lines in our study, future mechanistic studies in the combination 

therapy-resistant EMT6 murine breast cancer could provide insights on how to overcome 

resistance to combined ATR and Wee1 inhibitor treatment. During tumorigenesis, TGFβ can act 

as an oncogene and promote cancer cell proliferation, tumor-initiating cell self-renewal, epithelial-

to-mesenchymal transition, metastasis, and immune evasion (Ciardiello et al. 2020). Additionally, 

TGFβ signaling is activated following radio- or chemotherapy (Kakeji et al. 1997) and tumors with 

high levels of TGFβ are resistant to chemotherapy (Teicher et al. 1997). As several TGFβ 

inhibitors are undergoing clinical trials (Ciardiello et al. 2020), it would be of great interest to 

assess the impact of ATR and Wee1 inhibition in combination with TGFβ inhibitors particularly 

with regards to overcoming therapeutic resistance. Furthermore, a recent clinical study evaluating 

over 10,000 Chinese patients with 25 different tumor subtypes suggests that mutations in ARID1A, 

ATM, BRCA1/2, MYC amplification, and CCNE1 amplification can help predict sensitivity to ATR 

inhibitors in the clinic (Shen et al. 2020).  

With regard to the Wee1 kinase, a recent report studying breast cancers suggests that loss 

of PTEN may be one of the strongest markers of Wee1 inhibitor sensitivity in human breast cancers 

(Brunner et al. 2020). Interestingly, Wee1 inhibition in cells with PTEN loss also displayed 

decreased Chk1 activation suggesting reduced ATR activation. Hence, PTEN status could be a 

candidate predictive biomarker for combined ATR and Wee1 inhibitor treatment. Moreover, we 
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recently showed that the overexpression of PKMYT1 promotes intrinsic and acquired resistance 

to the Wee1 inhibitor AZD1775 (Adavosertib) in a variety of cancer cell lines (Lewis et al. 2019). 

Because Wee1 and PKMYT1 negatively regulate the mitotic checkpoint by regulating CDK1 

expression, PKMYT1 could be used as a predictive biomarker to evaluate response to AZD1775 

treatment. Furthermore, PKMYT1 was recently shown to be essential for cell survival in a subset 

of patient-derived glioblastoma cells with downregulated Wee1 expression (Toledo et al. 2015). 

The first selective and orally bioavailable PKMYT1 inhibitor (RP-6306, Repare Therapeutics) has 

just entered phase I clinical trials for safety and efficacy evaluation (Gallo et al. 2021). In a newly 

established collaboration with Repare Therapeutics, we will exploit the impact of RP-6306 in 

previously established Wee1 inhibitor resistant cell lines as well as in cancers with high expression 

of PKMYT1. Furthermore, as RP-3306 was identified as selectively toxic to cyclin E-

overexpressing cancer cells (Gallo et al. 2021), and overexpression of cyclin E (via increased 

replication stress) also sensitizes to ATR inhibition, we expect PKMYT1 inhibition to synergize 

with ATR inhibition. 

5.3 ATR and Wee1 inhibitor treatment in combination with other DDR targets 

While several preclinical cancer models have demonstrated the impact of ATR or Wee1 

inhibitors as monotherapy agents, their clinical use will likely be integrated into combination 

regimens with additional therapies. Indeed, chemotherapeutics that induce excess replication stress 

or DNA interstrand crosslinks have shown to synergize well with either ATR or Wee1 inhibitors. 

However, clinical trials have reported dose limiting toxicities relating to hematological 

malignancies when either ATR or Wee1 inhibitors are used in combination with platinum-based 

chemotherapeutics (Cuneo et al. 2019, Yap et al. 2020).  
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Given the crucial role of DDR pathways in promoting cancer cell survival in response to 

genotoxic stress, inhibitors of DDR become attractive targets for cancer therapy. In this regard, in 

addition to ATR and Wee1 inhibitors, ATM inhibitors have also made their way into the clinic. 

Furthermore, PARP inhibitors (Olaparib, Talazoparib, Rucaparib, and Niraparib) have already 

been approved for their clinical use in breast and ovarian cancers with BRCA mutation. The strong 

synergy observed in our study at low dose treatments with combined ATRi and Wee1i supports 

the idea of favourable clinical outcomes without reaching dose-limiting toxicities by resorting to 

synergistic interventions selective to cancer cells and at the same time opens room for combining 

this approach with other DDR targets and/or radiotherapy. Inhibition of ATR and Wee1 not only 

results in the abrogation of the S and G2/M cell cycle checkpoints by forced activation of CDK1 

(see Chapter 2), but it also results in inhibition of HR (Gamper et al. 2013, Krajewska et al. 2013, 

Bukhari et al. 2019). The induction of this HR deficient state presents a unique opportunity to 

evaluate the effects of ATR and Wee1 inhibitors in combination with PARP inhibitors. Moreover, 

a few studies have used ATR or Wee1 inhibitors in combination with PARP inhibitors. Combined 

inhibition of ATR and PARP resulted in greater sensitization of the BRCA defective ovarian cancer 

cells beyond the sensitization already observed owing to their HR status (Huntoon et al. 2013, Kim 

et al. 2017). Similarly, combined inhibition of Wee1 and PARP has shown to radiosensitize 

pancreatic and KRAS mutant non-small cell lung cancer cells greater than when either are used as 

monotherapies (Karnak et al. 2014, Parsels et al. 2018). With strong support from these pre-

clinical studies, nine clinical trials are investigating the use of ATR ± PARP inhibitors and two 

clinical trials are investigating the use of Wee1 ± PARP inhibitors (clinicaltrials.gov).  

Besides PARP inhibitors, ATM inhibitors have also been shown to greatly radiosensitize 

cancer cells from various backgrounds when used in combination with ATR inhibitors (Sarkaria 
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et al. 1999, Gamper et al. 2013). At present, there are three ATM inhibitors being tested in clinical 

trials in combination with palliative radiotherapy, Olaparib, and irinotecan (clinicaltrials.gov). Of 

note, combining ATM inhibitors with other DDR targets has not gained enough attention likely 

due to the frequency of ATM or p53 defects in cancers. Additionally, there has been significant 

interest surrounding Chk1 inhibitors. However, their clinical progression was hindered due to 

associated cardiac toxicities (Sausville et al. 2014). Having said that, inhibition of multiple DNA 

repair pathways prevents cancer cells from compensating DNA damage, but care must be taken 

regarding the therapeutic index. Only targeting pathways cancer cells selectively rely on will avoid 

normal tissue complications. Furthermore, the key to successful combination regimes in terms of 

dose-limiting hematological toxicities will also be optimizing dose and scheduling.  

5.4 ATR and Wee1 inhibitors in combination with radiotherapy and immune 

checkpoint blockade inhibitors 

Radiotherapy is a staple in the treatment of cancer, and it has long been known to cause 

immune-activating as well as immune-suppressive effects on the tumor microenvironment. In the 

clinic, immune checkpoint blockade therapies targeting cytotoxic T lymphocyte-associated protein 

4 (CTLA-4) and PD-1 have demonstrated impressive outcomes in patients with metastatic cancer 

and pre-existing antitumor immunity. However, in patients that lack pre-existing antitumor 

immunity, responses remain poor (Gajewski et al. 2013). In these patients, treatment with immune 

checkpoint inhibitors in combination with other therapies (like IR or ATRi or Wee1i in our case) 

can induce de novo antitumor immunity (Formenti and Demaria 2012). Exposure of tumor cells to 

cellular stressors (such as conventional chemotherapies or radiotherapy) can expose tumor-

associated antigens on dying tumor cells for recognition and elimination by an adaptive immune 

response (Golden et al. 2014). This form of regulated tumor cell death is reliant on the antigenicity 
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and adjuvanticity of dying tumor cells and is termed immunogenic cell death (Golden et al. 2014). 

Here, the antigenic determinants of dying tumor cells could include tumor-associated antigens or 

expression of mutated genes among many others (Golden and Apetoh 2015). Similarly, the 

adjuvant components of dying tumor cells can cause the upregulation or release of DAMPs to alert 

the immune cells of potential threats (Kepp et al. 2009, Frey et al. 2015). The release of DAMPs 

following IR-induced tumor cell death can in turn recruit and activate dendritic cells to uptake and 

cross-present tumor antigens to naïve T cells thus triggering antitumor immune responses 

(Hernandez et al. 2016). Additionally, tumor cell recognition and killing by cytotoxic T cells can 

also be enhanced by IR-mediated upregulation of MHC I, FAS/CD95, and stress-induced natural 

killer group 2D-ligands on tumor cells (Chakraborty et al. 2003, Reits et al. 2006, Sridharan et al. 

2016). 

In regard to immune-suppression, several studies have shown upregulation of PD-L1 on 

tumor cells following radiotherapy and use of anti-PD-1/PD-L1 antibodies can block this aberrant 

upregulation of PD-L1 to enhance tumor control (Deng et al. 2014, Dovedi et al. 2014, Vendetti 

et al. 2018). PD-1 is a key immune checkpoint receptor mediating immune suppression on 

activated T cells by interaction with its ligand, PD-L1, which is commonly expressed on tumor 

cells (Pardoll 2012). Moreover, PD-L1 expression on tumor cells has been suggested as a 

predictive biomarker (Borghaei et al. 2015, Reck et al. 2016). Clinical trials of anti-PD-1/PD-L1 

based immunotherapies have been encouraging and have led to their accelerated clinical approval 

for melanomas, non small cell lung cancers, and renal cancers (Garon et al. 2015, Gettinger et al. 

2015, Robert et al. 2015, Robert et al. 2015). Recently, it was shown that tumor cells upregulate 

PD-L1 in response to DNA damage (Sato et al. 2017). Interestingly, Sato et al. found that 

ATM/ATR/Chk1 signaling upregulates PD-L1 expression on cancer cells in response to DNA 
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damage by activation of JAK/STAT/IRF1 pathway (Sato et al. 2017). In support of this report, a 

few other studies have recently shown that ATR inhibition downregulates PD-L1 expression on 

tumor cells and promotes CD8+ T cell mediated antitumor immune response (Sun et al. 2018, 

Vendetti et al. 2018, Sheng et al. 2020). Phase I trials of ATR or Wee1 inhibitors in combination 

with durvalumab (anti-PD-L1 antibody) are currently underway in patients with advanced stage 

cancers (clinicaltrials.gov). Future studies combining ATRi + Wee1i + IR with anti-PD-1/PD-L1 

antibodies could promote a stronger antitumor immune response and prove to be a viable strategy 

for a variety of tumors. Moreover, combining local radiotherapy with systemic ATRi + Wee1i + 

anti-PD-1/PD-L1 could increase the likelihood of an abscopal effect and bring closer the goal of 

in situ cancer vaccination. Of note, pre-clinical studies combining local radiotherapy with systemic 

PD-1/PD-L1 blockade have demonstrated enhanced T cell response in the primary tumor and at 

metastatic lesions via abscopal effect (Deng et al. 2014, Park et al. 2015). 

5.5 Conclusions 

Combined ATR and Wee1 inhibition is a promising approach for the treatment of breast 

cancers, with excellent safety profiles at the dose used in our pre-clinical study. Nevertheless, it is 

to be expected that not all cancers respond to the combination treatment, as exemplified by EMT6 

murine breast cancers which we identified as poor responders to combined ATR and Wee1 

inhibitor treatment. Similar challenges are likely to arise in the clinic and use of imaging 

biomarkers (like [18F]-FLT) to identify responders and non-responders would allow for prompt 

treatment planning decisions. Having said that, even in highly metastatic cancers, combining ATR 

and Wee1 inhibitors with radiotherapy could promote an antitumor immune response with 

favourable outcome in the clinic. As the ATR and Wee1 inhibitors used in our study are currently 

undergoing phase I/II clinical trials, our approach could soon find application in the clinic.  
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