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ABSTRACT 
  
 

Despite the success of antiestrogens in extending overall survival of patients with estrogen 

receptor positive (ER+) breast tumors, resistance to these therapies is prevalent. ER+ tumors that 

progress on antiestrogens are treated with antiestrogens and CDK4/6 inhibitors. However, 20% 

of these tumors never respond to CDK4/6 inhibitors (intrinsic resistance). Here, we used 

endocrine sensitive ER+ MCF7 and T47D breast cancer cells to generate long-term estrogen 

deprived (LTED) endocrine resistant cells that are intrinsically resistant to CDK4/6 inhibitors. 

Since treatment with antiestrogens arrests cells in the G1 phase of the cell cycle, we 

hypothesized that a defective G1 checkpoint allows resistant cells to escape this arrest but 

increases their dependency on G2 checkpoint for DNA repair and growth, and hence, targeting 

the G2 checkpoint will induce cell death. Indeed, inhibition of WEE1, a crucial G2 checkpoint 

regulator, with AZD1775 (Adavosertib), significantly decreased cell proliferation and increased 

G2/M arrest, apoptosis and gamma-H2AX levels (a marker for DNA double stranded breaks) in 

resistant cells compared with sensitive cells. Thus, targeting WEE1 is a promising anti-cancer 

therapeutic strategy in endocrine resistant breast cancer. 
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CHAPTER I: INTRODUCTION 
 

Hormone Receptor Positive (HR+) Breast Cancer  
 
 
Breast cancer is the most frequently diagnosed malignancy and accounts for 30% of all cancers 

in women [1]. Metastatic breast cancer (MBC) is the second leading cause of cancer-related 

deaths in women. Early stage breast cancer is considered to be a tumor that is contained within 

the breast tissue or that has spread to the axillary lymph nodes which includes ductal carcinoma 

in situ (DCIS) [2].  Improvements in therapies have led to a cure in about 70-80% of patients 

with early stage breast cancer [2, 3]. However, advanced or MBC is a untreatable disease and 

between 5-10% of breast cancer patients have a metastatic disease at the time of diagnosis [3]. At 

present, MBC is incurable and the treatment goal is to prolong survival by controlling symptoms 

and toxicities to maintain quality of life.  

Gene expression alterations based on microarray studies have classified breast cancer into four 

subtypes; luminal A and luminal B (both express estrogen receptor, ER), human epidermal 

growth factor receptor 2 (HER2) gene amplification, and basal-like such as those tumors that do 

not express ER, progesterone receptor (PR), or HER2 are considered triple negative breast 

cancer (TNBC) (Figure 1). Hormone receptor positive (HR+) breast cancer accounts for about 

70% of all breast cancer cases followed by 20% cases that have HER2 gene amplification and 

10% cases that are TNBC [4, 5]. HR status, which is defined as the presence of at least 1% 

positive staining in tumor nuclei by immunohistochemistry (IHC), guides hormone targeted 

therapies [6, 7] . Patients with ER+, HER2- tumors and whose cancer has not spread to the 

lymph nodes are treated with endocrine therapies specifically antiestrogens. As per guidelines by 

American Society of Clinical Oncology (ASCO), Oncotype DX, a multi-gene expression assay 
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that is shown to have a predictive and prognostic value in ER+ early stage breast cancer, a score 

between 0-100 determines the likelihood of recurrence and treatment options [8]. Based on their 

classification, chemotherapy, that mainly targets fast proliferating cells, is not beneficial for 

patients under 50 with a score <16 or for patients over 50 with a score <26 [8, 9]. These patients 

benefit more from endocrine therapy. Patients with scores between 26-30 or >30 are considered 

for both chemotherapy and endocrine therapy [8, 9]. 

 

 

Figure 1. Intrinsic subtypes of breast cancer.  The subtypes of breast cancer are represented 

based on immunohistochemistry and expression of proteins such as estrogen receptor (ER), 

progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) and the 

proliferation marker Ki67. NST: no special type, GES: gene expression signature.  (Adopted 

from [2]).  

The initial mechanism that triggers breast cancer is unclear, however, estrogen is known to be a 

promoter of breast cancer cell proliferation through binding to and activating ER (encoded by 

ESR1 gene) in the nucleus. Activated by ligand binding, the ER modulates gene expression by 

binding to the estrogen response element (ERE) located mainly in the promoter regions of target 
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genes to promote cell proliferation and survival. Tumors that express ER and PR, independent of 

HER2 status, receive endocrine therapy such as antiestrogens which are generally directed at 

reducing the concentration of estrogen in the body. 

Endocrine therapies include selective ER modulators (SERM i.e. Tamoxifen), selective ER 

modulators (SERD i.e. Fulvestrant/Faslodex/ICI182,780) and aromatase inhibitors (AI i.e. 

Letrozole) (Figure 2). Tamoxifen has been the first-line agent for the use in ER+ breast cancer 

for many years, which exerts an inhibitory effect on estrogen signaling by functioning as a 

competitive inhibitor resulting in ER conformational change and preventing binding of 

coactivator and blocking downstream signaling. Since the 1990s, based on the NSABP-B14 

study which included early stage ER+ breast cancer, the recommendation has been to stop 

tamoxifen treatment at 5 years. However, over the past 5 years, in two larger cohorts (the 

ATLAS study and UK-based and the aTTom study) patients with ER+ breast cancer who 

received tamoxifen for up to 10 years showed significant reduction in disease recurrence (21.4% 

versus 25.1%, P=0.002 and 16.7% versus 19.2%, P=0.003 respectively) compared to those who 

ceased tamoxifen at 5 years [10-13].  

Fulvestrant, another antiestrogen is a widely-used drug both as a monotherapy and in 

combination with other targeted therapies mainly in advanced postmenopausal breast cancer 

patients. Fulvestrant inhibits ER dimerization that causes a reduction in nuclear translocation and 

ultimately leads to accelerated receptor degradation [14]. AIs, such as anastrozole, letrozole or 

exemestane are also mainly used in postmenopausal women and function by directly inhibiting 

the function of aromatase enzyme that synthesizes estrogens from androgens from non-ovarian, 

precursor steroids [15, 16]. Generally, clinical trials have shown that postmenopausal women 

who have received 5 years of tamoxifen and then switched to an aromatase inhibitor show 
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benefit from extended endocrine therapy [17-19].  

 

Figure 2. Timeline of approval of antiestrogen agents by the FDA.  Different types of 

antiestrogens were developed to treat both early and advanced hormone receptor positive (HR+) 

breast cancer. These treatments are directed at reducing the concentration of estrogen (17 beta-

estradiol) in the body. (Adopted from [20]). 

HER2 gene amplification in breast tumors confer worse prognosis and overall survival (OS) for 

breast cancer patients [21, 22]. Treatment for patients with ER-/PR- but HER2+ include drugs 

such as trastuzumab or pertuzumab, which are monoclonal antibodies that target the extracellular 

domain of HER2 and a taxane such a docetaxel or paclitaxel, class of agents that bind to and 

stabilize microtubules inducing cell cycle arrest or programmed cell death (apoptosis) [23, 24]. 

In patients who have disease progression after multiple anti-HER2 agents such as trastuzumab, 

addition of tucatinib, an oral HER2 tyrosine kinase inhibitor to trastuzumab and a 

chemotherapeutic drug, capecitabine increases resulted in better progression-free and overall 

survival [25]. Moreover, Trastuzumab emtansine (T-DM1) is an antibody-drug conjugate that is 

comprised of a cytotoxic microtubule inhibitory agent, DM1 (derivative of maytansine) 
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connected to trastuzumab via a stable linker which undergoes receptor-mediated internalization 

into HER2 overexpressing, therefore minimizing adverse effects to normal cells. Phase 2 and 3 

trials have shown clinical activity of T-DM1 in HER2+ advanced breast cancer patients [26, 27].  

Patients who lack expression of ER/PR, determined by IHC, and expression of HER2, 

determined by fluorescence in situ hybridization (FISH) are diagnosed with TNBC [28]. Patients 

with TNBC have a shorter progression-free survival (PFS) and overall survival (OS) due to 

increased risk of relapse and metastasis [29] . This biologically aggressive subtype of breast 

cancer shows increased genomic instability and are more frequently diagnosed in premenopausal 

women and African-American (AA) women [30, 31]. Both the National Comprehensive Cancer 

Network (NCCN) and the European Society for Medical Oncology (ESMO) recommends 

chemotherapeutic drugs such as anthracyclines (i.e. doxorubicin), taxane (i.e. paclitaxel), 

alkylating agents (i.e. cyclophosphamide), and platinum-based therapies such as cisplatin for 

patients with TNBC [32-34] . In addition, ASCO suggests combination of paclitaxel and an 

inhibitor of PDL-1 atezolizumab, a monoclonal antibody and type of immunotherapy, for TNBC 

metastatic patients [35].  

Development of Cyclin Dependent Kinases 4 and 6 (CDK4/6) Inhibitors 
 

Gene expression studies by Finn et al., have shown cell cycle regulation as a prominent pathway 

that promotes endocrine resistance resulting in breast cancer cell progression [36]. For example, 

dysregulation of an essential cell cycle gatekeeper and tumor suppressor, retinoblastoma protein 

(RB) that controls S phase entry have been reported in various malignancies [36-39]. In the G1 

phase of the cell cycle, RB binds to and suppresses E2F transcription factors and this is 

overcome by cyclin dependent kinases 4 and 6 (CDK4/6) complex formation with partner cyclin 
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Ds (D1, D2, and D3) that result in hypo-phosphorylation of the RB protein. Subsequently, 

downstream signaling promotes binding of CDK2 to cyclin E complexes and further hyper-

phosphorylation and inactivation of RB commits the cell to G1 exit and entry into the S phase 

[40]. Furthermore, increased CDKs and cyclins and loss of endogenous repressors of CDKs such 

as CDKN2A (INK4/p16) and CDKN1A (Cip/p21) have all been reported in cancers specifically 

in luminal breast tumors [41-46]. In addition, dysregulation of the cyclin D1-CDK4/6-RB 

pathway in luminal tumors, and over-activation of the ER signaling has been shown to drive the 

expression of cyclin D1 [47] . Based on these findings, targeting the cyclin D-CDK4/6 pathway 

can block cell cycle progression and small molecule inhibitors of CDK4 and CDK6 are now new 

targeted therapies in ER+ breast cancers.  

The first generation pan-CDK inhibitors were not successful because of the lack of specificity 

due to structural similarity between CDKs and they failed clinical trials by demonstrating limited 

efficacy and high toxicity [48, 49]. The second-generation pan-CDKs were more specific and 

had lower toxicity profiles however, they showed limited inhibitory activity toward CDK4 and 

CDK6 [50]. Palbociclib (PD0332991), ribociclib (LEE011) and abemaciclib (LY2835219) are 

three highly specific, reversible and orally available inhibitors that bind to the ATP binding 

domains of both CDK4 and CDK6 [51, 52] (Figure 3). All three inhibitors block complex 

formation of CDK4/6 with cyclin Ds and inhibit downstream phosphorylation and inactivation of 

RB therefore an active RB promotes G1 cell cycle arrest [51, 52]. All three CDK4/6 inhibitors 

have completed randomized clinical phase III trials and have received US Food and Drug 

Administration (FDA) approval for the use in advanced ER+/HER2- post and premenopausal 

patients [53].  
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Palbociclib (PD0332991, IBRANCE®, Pfizer Inc.) 

 
The first CDK4/6 inhibitor that received FDA approval in February 2015 is palbociclib.  

Palbociclib is an orally available, potent small molecule inhibitor to both CDK4 and CDK6 that 

competitively bind to the ATP cleft [51]. Preclinical studies using a large panel of breast cancer 

cell lines have shown that luminal ER+ breast cancer cells were sensitive to palbociclib with 

significant increase in G1 cell cycle arrest and increased inhibition of pRB hyperphosphorylation 

compared to non-luminal subtypes [54, 55]. Palbociclib also showed synergistic inhibition of cell 

proliferation with tamoxifen in ER+ and transtuzumab in HER2 amplified cell lines [53, 55]. 

More recently, limited preclinical studies have also shown promise in HER2+ and TNBC models 

[56, 57]. Asghar et al. has shown that inhibition of PI3K signaling sensitized TNBC cell lines 

with luminal androgen receptor (LAR) to CDK4/6 inhibition and combination therapy of PI3K 

inhibitor and CDK4/6 inhibitor may be a novel therapeutic strategy for this subgroup [56] .  

In clinical trials, palbociclib was first evaluated as a monotherapy in two phase I dose escalation 

trials in patients with advanced breast cancer with data showing dose-limited toxicities (DLTs) 

related to myelosuppression [58, 59]. PALOMA-1/TRIO-18 trial was an open-label phase II 

multicenter trial that enrolled postmenopausal women with ER+/HER2- advanced breast cancer 

to determine median PFS as its primary end point. The results of this trial, with PFS of 20.2 

months in patients who received combination of palbociclib and letrozol and 10.2 months with 

letrozole alone (hazard ratio [HR], 0.488, 95% CI 0.319-0.748; P=0.0004), led to accelerated 

approval of palbociclib [60]. The PALOMA-2 trial was a phase III randomized double-blind 

placebo-controlled trial which confirmed the results from PALOMA-1 trial with OS still pending 

[61]. The success of these studies let to the PALOMA-3 trial, a phase III randomized double 
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blind study that evaluated the effect of combination of fulvestrant and palbociclib in ER+/HER2- 

breast cancer patients of any menopausal status who progressed on endocrine therapy [62, 63]. 

The final analysis of this trial demonstrated that patients on combination therapy had double 

median PFS compared to fulvestrant alone (9.2 months vs 4.6 months, HR 0.42; 95% CI, 0.36-

0.59; P <0.0001) [63]. Generally, all trials showed palbociclib is well tolerated with neutropenia 

and fatigue as main toxicities [64, 65].  

Ribociclib (LEE011, KISQALI, Novartis Pharmaceuticals Corps.) 

 
The second CDK4/6 inhibitor that received FDA approval in March 2017 is ribociclib that 

results in sequestration of E2F transcription factors. Ribociclib is also an orally available small 

molecule inhibitor of both CDK4 and CDK6 that causes a complete dephosphorylation of RB1 

and this results in sequestration of E2F transcription factors [66].  Preclinical studies have shown 

ER+ tumor growth inhibition in in vivo studies with ribociclib along with letrozole [67] . 

Recently, studies on immunocompetent mice found that combination of ribociclib and PI3K 

inhibitor (BYL719) showed decreased immune-suppressive myeloid-derived suppressor cells 

(MDSCs) within the tumor micro-environment [68, 69].  

The first clinical trial was a phase I trial in patients with advanced solid tumors and lymphoma 

treated with ribociclib in combination with letrozole followed by MONALEESA-2, a phase III 

trial in postmenopausal women with ER+/HER2- advanced breast cancer [66, 70, 71] . Data 

from these two trials showed promise and MONALEESA-2 demonstrated a median PFS was 

25.3 months in ribociclib along with letrozole and 16 months in letrozole (HR 0.568, 95% CI, 

0.457-0.704, P<0.001) [72]. The next trial, MONALEESA-3 with results still pending, was a 

phase III study that assessed the effect of fulvestrant plus ribociclib as first and second line 
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treatment of ER+/HER- advanced breast cancer in both postmenopausal women and men [73]. 

MONALEESA-7 trial was the first phase III trial to evaluate ribociclib with an AI and goserelin 

(a gonadotropin releasing hormone agonist) in premenopausal women. The increased PFS of 

23.8 months in the AI and goserelin as initial therapy compared to 13.0 months in AI alone arm 

[74] . All trials with ribociclib were well tolerated with neutropenia, leukopenia, fatigue and 

nausea as main toxicities which led to the multiuse of this inhibitor in both pre and post-

menopausal breast cancer patients [66, 70-72, 74]. 

Abemaciclib (LY2835219, VERZENIO, Eli Lilly and Company) 

The third CDK4/6 inhibitor that received FDA approval in September 2017 is abemaciclib which 

binds to the ATP binding domains and forms a hydrogen bond with the catalytic lysine residue 

(Lys43) which is conserved among kinases [75, 76]. This suggests that abemaciclib can bind 

different CDKs such as CDK9 and is less selective than palbociclib and ribociclib. In addition, 

unlike palbociclib and ribociclib, abemaciclib is 14 times more potent against CDK4 than CDK6 

and this can explain its distinct toxicity profile [76]. Preclinical studies have also shown that 

abemaciclib can also cross the blood-brain barrier unlike the other two CDK4/6 inhibitors [77].   

MONARCH-1 trial was a phase II single-arm that evaluated the safety of abemaciclib 

monotherapy in patients with refractory metastatic breast cancer and whose disease progressed 

on chemotherapy for third- or later-line therapy in both women and men. The data from this trial 

demonstrated median PFS of 6.0 months and median OS of 17.7 months with no report of 

neutropenia [78]. The success of this trial let to MONARCH-2 which was a randomized phase III 

study that compared abemaciclib in combination with fulvestrant in ER+/HER2-  metastatic 

breast cancer that progressed during adjuvant or neoadjuvant endocrine therapy and found 
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median PFS in combination therapy group was 16.4 months and 9.3 months in fulvestrant alone 

group (HR 0.553, 95% CI, 0.449-0.681, P<0.001) [79]. MONARCH-3, a phase III randomized 

trial compared an AI with abemaciclib in postmenopausal ER+/HER2- advanced breast cancer. 

This trial led to the approval of abemaciclib in February 2018 in combination with AI as an 

initial therapy for postmenopausal ER+/HER2- breast cancer patients [80]. Abemaciclib is the 

only CDK4/6 inhibitor that received FDA approval both as a monotherapy and in combination 

with hormone therapy. Generally, the most common adverse effect among all three inhibitors 

include neutropenia, nausea, diarrhea, leukopenia, anemia, and thrombocytopenia. Unlike 

palbociclib and ribociclib that show mostly neutropenia, diarrhea is the most common toxicity of 

abemaciclib which may be because of higher affinity of this inhibitor for CDK4 [81].  

Recently, in 2020, promising results was received from monarchE clinical trial that showed the 

addition of abemaciclib to standard of care decreased relapse in patients with early stage breast 

cancer. MonarchE was a phase 3 trial that evaluated abemaciclib in combination with endocrine 

therapy compared to endocrine therapy alone in high risk early stage, node positive, HR+ breast 

cancer patients. The results showed that abemaciclib in combination with endocrine therapy 

significantly improved invasive disease free survival (IDFS) compared to endocrine therapy 

alone with 30.9% reduction of developing invasive cancer (p=0.0111; HR=0.691; 95% 

CI=0.519, 0.920) [82]. These early results although encouraging, it is still not clear if this 

combination is ready for widespread use and also, longer follow-up will be crucial.  
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Figure 3. Chemical structures of CDK4/6 inhibitors.  Selective, reversible and orally available 

CDK4/6 inhibitors with half maximal inhibitory concentrations (IC50) of various cyclin- 

dependent kinases are shown. (Adopted from [40]).  

Current Treatment of Advanced HR+ Breast Cancer 
 

Advanced breast cancer is described as an inoperable, locally advanced breast tumor that has not 

spread to distant organs while metastatic or stage IV breast cancer is described as cancer that has 

spread to distal organs, particularly to the bone, lungs, liver and brain [2, 83]. Before the 

approval of cyclin dependent kinases 4 and 6 inhibitors (CDK4/6 inhibitors; palbociclib, 

ribociclib or abemaciclib), patients with advanced breast tumors were treated with sequential 

endocrine therapies until tumors progressed and relapsed these therapies.  [84] (Figure 3). With 

the approval of the first CDK4/6 inhibitors in 2015, the standard of care for the treatment of most 

patients with HR+/HER2- advanced postmenopausal breast cancer include the combination of 

endocrine therapy and CDK4/6 inhibitors.  
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First-Line Therapy for Advanced ER+/HER2- Breast Cancer 

As a first-line treatment, advanced ER+/HER2- breast cancer patients receive CDK4/6 inhibitors 

along with an AI (e.g., letrozole). Data from phase II and III clinical trials on CDK4/6 inhibitors 

in combination with antiestrogens, AI or nonsteroidal aromatase inhibitor (NSAI) (PALOMA-1, 

PALOMA-2, MONALEESA-2, MONARCH 3) all provided evidence of clinical benefit using 

combination of AI with CDK4/6 inhibitor as initial therapy for postmenopausal patients with 

advanced HR+, HER2- breast cancer [61, 72, 80]. Single agent fulvestrant is another option for 

patients with low disease burden or those who are not able to tolerate combination therapy [81].  

Second-Line Therapy for Advanced ER+/HER2- Breast Cancer  

Patients whose disease progress on CDK4/6 inhibitor in combination with an AI, are treated with 

fulvestrant along with a CDK4/6 inhibitor as a second line therapy. Data from randomized phase 

III clinical trials (PALOMA-3, MONALEESA-3, and MONARCH 2) of CDK4/6 inhibitors in 

combination with hormonal therapy, fulvestrant, all showed increase PFS in the combination 

therapy arm compared to fulvestrant alone which let to approval of fulvestrant along with 

CDK4/6 inhibitor in postmenopausal HR+/HER2- metastatic breast cancer patients who 

progressed on previous hormone therapy [65, 73, 79](Figure 4). Currently, there is no evidence 

to support continuing the same CDK4/6 inhibitor after progression or to switch to another 

CDK4/6 inhibitor [81].  
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Figure 4. Four main clinical trials in HR+ metastatic patients who have progressed on 

endocrine therapy.  The three CDK4/6 inhibitors were evaluated in HR+ metastatic breast 

cancer patients who have progressed on endocrine therapy and all three trials (PALOMA-3, 

MONARCH-2, and MONALEESA-3) have found increased PFS with the addition of fulvestrant 

to CDK4/6 inhibitors. In addition, MONARCH-1, same patient population, found increased 

ORR with abemaciclib as monotherapy. (Adopted from [85]).  

Third or Later-Line Therapy for Advanced ER+/HER2- Breast Cancer 

Treatment options are more limited in third and subsequent lines of therapy. Patients treated with 

CDK4/6 inhibitor in combination with fulvestrant or fulvestrant alone for second-line therapy are 

then treated with exemestane in combination with mTOR inhibitor, everolimus as a third-line 

therapy [62, 81, 86]. However, the efficacy of this combination therapy for those who have 

previously progressed on CDK4/6 inhibitor and AI is unknown [81]. Based on the data from 

MONARCH-1, abemaciclib as a monotherapy is given to those patients who have not received 
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CDK4/6 inhibitor but have progressed on endocrine therapy and chemotherapy [78] (Figure 4). 

In addition, Shah et al., explains that some patient tumors that have developed resistance to 

combination of CDK4/6 inhibitor and an AI  and whose tumors harbor PIK3CA are 

recommended to be treated with fulvestrant along with a PI3K inhibitor such as lapatinib [81].  
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CHAPTER II: DRUG RESISTANCE IN BREAST CANCER 

 
Endocrine Therapy Resistance 
 
 
Drug resistance in cancer is a common occurrence and a well-known phenomenon. Resistance to 

anti-cancer therapies arise from a variety of factors including genetic mutations, epigenetic 

changes, upregulated drug efflux as well as other cellular and molecular mechanisms [87] . 

Because of this common occurrence, understanding the acquisition of drug resistance is essential 

and will facilitate developing novel therapeutic agents. Generally, based on time criteria of 

response to hormone therapy in the adjuvant and metastatic settings, primary or de novo 

(intrinsic) resistance is categorized as relapse that occurs less than 24 months of adjuvant 

antiestrogen therapy post-surgery or a progressive disease less than 6 months after starting 

therapy for metastatic breast cancer (MBC) [88]. On the other hand, secondary or acquired 

resistance is described as relapse that occurs more than 24 months of adjuvant antiestrogen 

therapy post-surgery or a progressive disease more than 6 months after starting therapy for MBC 

[88]. 

Acquired and de novo endocrine resistance occurs in about 40-50% of all ER+ breast tumors with 

adjuvant endocrine therapy [89]. Studies have shown recurrence on endocrine therapy in about 

10-15% of patients with ER+ early breast cancer within 5 years and recurrence rate is increased 

to 30% by 15 years [88, 90]. Since antiestrogens mainly target the ER pathway, a possible de 

novo mechanism of endocrine therapy resistance is lack of ER expression [91]. In addition, 

another possible de novo endocrine therapy resistance is inactive alleles of cytochrome P450 

2D6 (CYP2D6) which impairs the enzymatic activity for converting tamoxifen to its active 
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metabolite endoxifen [92]. Deficiency in CYP2D6 is an inherited autosomal recessive trait that 

occurs in approximately 7% of Caucasian population [93].  

Two main molecular changes that lead to acquired endocrine therapy resistance is loss of ER 

expression and ER mutations [94]. Loss of ER expression occurs in about 15-20% of resistant 

breast cancer [95]. Mutation in the gene ESR1 (Y537S) which encodes ERa, has been shown to 

be a resistant marker to tamoxifen based on sequencing analysis conducted on 390 ER+ primary 

breast cancers [96]. Sequencing was performed on BOLERO-2 study of patient primary and post 

AI metastatic tumors which showed ESR1 mutation in 11% of tumors previously treated and 3% 

in treatment-naïve tumors [97, 98]. Data from this trial led to the suggestion of adding a mTOR 

inhibitor, everolimus for patients who progressed on prior AI treatment [99]. Moreover, data 

from the PALOMA-3 trial (CDK4/6 inhibitor in combination with fulvestrant) demonstrated 

ESR1 mutation among 25% of patients who progressed on endocrine therapy and this number 

increased to 29% in patients with prior AI therapy [62]. Generally, mutations in ESR1 has been 

associated with limited response to AIs, and worse survival [100].  

Another hormone receptor that contributes to endocrine therapy resistance is HER2. Multiple 

studies suggest that HER2 overexpression which occurs in approximately 30% of metastatic 

cases, confers resistance to antiestrogens even in the presence of both ER and PR [101-103]. 

Studies recommend for re-biopsy in relapse and metastatic settings to asses for change in HER2 

receptors and this may change treatment options [104]. In addition to ER and HER2, 

dysregulation of the ER coactivators such as amplified in breast cancer 1 (AIB1) have been 

implicated in tamoxifen resistance [105, 106].  
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Adaptive changes that lead to endocrine therapy resistance result in cross-talk between growth 

factor signaling and ER pathway. Resistance leads to cancer cells no longer depending on ER 

signaling and growth factor activation can occur either by overexpression of FGFR and IGF1R 

or increased activation of downstream signaling (PI3K/AKT/mTOR and RAS/MEK/MAPK). 

Increased PI3K pathway occurs in about 70% of breast cancers and mutation or amplification of 

isoforms of the PI3K subunits such as AKT1, AKT2 and PDK1 have all been indicated as 

mechanisms of resistance to endocrine therapy in breast cancer [107, 108]. Furthermore, 

upregulation of the PI3K signaling drives ER transcriptional activation without estrogen [108]. 

Based on these studies, PI3K inhibition in combination with endocrine therapy is a rational 

strategy in endocrine therapy resistant breast cancer [109, 110]. 

Clinical data demonstrates that endocrine therapy has cytostatic and cytotoxic effects and both 

have an effect on the cell cycle. There are multiple positive and negative regulators of the cell 

cycle (DNA repair mechanisms and CDK4/6-cyclin D1 pathways) that control cell cycle 

progression and aberrant expression of these proteins has been associated with endocrine therapy 

resistance. For example, loss of RB and over-activation of the ER pathway can drive increased 

activation of oncogene, c-MYC as well as cyclin D1 that lead to cell cycle progression [111, 

112] . Another  mechanism of resistance to antiestrogens such as tamoxifen is somatic loss of 

endogenous CDK repressors such as p21 [41]. Together, these data explain the clonal diversity in 

ER+ breast tumors that contribute to drug resistance and relapse. 

Resistant Mechanisms of CDK4/6 Inhibitors in Breast Cancer 
 

Intrinsic resistance to CDK4/6 inhibitors have not been extensively explored. Based on clinical 

studies, it is shown that approximately 20% of patients never respond to CDK4/6 inhibitors 



 18 

initially [81]. The is a large gap in the knowledge to de novo mechanisms of resistance to 

CDK4/6 inhibitors which makes it essential to better understand biomarkers of resistance to help 

guide combination therapy. The majority of studies have focused on acquired resistance to 

CDK4/6 inhibitors however, some studies have shown loss of ER and RB, overexpression of 

E2F transcription factors, noncanonical activation of CDk2-cyclin D1, a mediator of  S phase 

transition, and amplification of cyclin E1 as de novo resistance to CDK4/6 inhibitors in 

ER+/HER2- breast cancer [54, 55, 113-115]. Despite extensive efforts to understand resistance 

mechanism to these inhibitors, ER positivity remains the only and best predictive biomarker of 

initial response to CDK4/6 inhibitors [81].  

Preclinical studies have described various mechanisms of acquired resistance to CDK4/6 

inhibitors including loss or downregulation of RB, low p16 levels, amplification of CDK6, 

downregulation of ER/PR, amplification of cyclin D1 and cyclin E1, increased PI3K/mTOR 

pathway as well as others [54, 55, 116-118] (Figure 5). Although biallelic disruption of RB1 has 

been shown as both an de novo and acquired resistance to CDK4/6 inhibitors, it is a rare event 

which suggest that a CDK4/6 independent pathway evolves under treatment pressure [113]. For 

example, results from the MONALEESA-2 trial showed that baseline levels of RB did not show 

differential benefit from ribociclib [72]. On the other hand, metastatic breast cancer patients 

treated with either palbociclib or ribociclib, based on genotyping of tissue and peripheral blood, 

found increased somatic RB1 mutations [116]. Currently, RB status is not a predictive biomarker 

of response to CDK4/6 inhibitors in the clinic [53]. On the PALOMA-1/TRIO-18 trial, criteria of 

enrollment included patients with either amplification of CCND1 gene (cyclin D1) or loss of 

INK4a/CDKN2A gene (p16). Analysis from this trial as well as PALOMA-2 trial which included 

combination of palbociclib and letrozole, did not find an association between alterations of these 
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genes and benefit from palbociclib [60, 64]. Furthermore, an important G1/S checkpoint, cyclin 

E that forms a complex with CDK2 can phosphorylate RB1 and result in activation of E2F 

transcription factors downstream of CDK4/6-cyclin D1. It is shown that tumors with high cyclin 

E1 and more recently, cyclin E2 have worse clinical response and are associated with the 

resistant phenotype [113, 119]. 

 

Figure 5. Mechanisms of resistance to CDK4/6 inhibitors. The proposed mechanisms that 

lead to CDK4/6 inhibitors are shown. The heterogeneous mechanisms linked to resistance to 

CDK4/6 inhibitors involve activation or deactivation of multiple pathways. (Adopted from 

[120]).  

Biopsies taken both during CDK4/6 inhibitor treatment and post progression have also 

demonstrated that some patients who develop resistance to CDK4/6 inhibitors show tumoral 
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changes in HR levels [53]. It is less clear whether mutations upstream of CDK4/6-cyclin D1 

pathway affect sensitivity to CDK4/6 inhibitors. For example, clinical trials have detected ESR1 

gene mutations in approximately 25-40% of tumors that become resistant to endocrine therapy 

however, these mutations were not sufficient to drive simultaneous resistance to CDK4/6 

inhibitor in PALOMA-3 study [97, 121]. Preclinical work by Yang et al. found abemaciclib 

resistant clones show CDK6 amplification and decreased expression of ER and PR suggesting 

that these tumors lose ER dependency and therefore show diminished response to endocrine 

therapy [46] (Figure 5). Furthermore, Wang et al. demonstrated that cancers with increased 

CDK6-cyclin D3 complexes undergo cell death after being exposed to CDK4/6 inhibition while 

cell cycle arrest is the main outcome of CDK4/6 inhibition [122]. Since CDK6 is not normally 

increased in breast cancers, its amplification after CDK4/6 inhibition and the role it plays to 

overcome this inhibition is being investigated. Overcoming CDK4/6 inhibition has recently been 

demonstrated by Cornell et al. through increased exosomal micro-RNA-432-5p by suppressing 

the TGF-b pathways and increasing levels of CDK6 [123]. The main function of CDK6 is 

kinase-dependent however, CDK6 can regulate transcription independent of its kinase activity. 

For example, CDK6 can bind to the promoter of vascular endothelial growth factor (VEGF-A), a 

known angiogenic factor that stimulates the formation of new blood vessels by endothelial cells, 

and with the recruitment of c-Jun and AP-1 transcription factor induce the expression of VEGF-

A [124]. Increased VEGF-A expression is an advantage for the survival of cancer cells with 

amplified CDK6 and disrupted p16. Moreover, recent data has demonstrated loss of FAT1, tumor 

suppressor and a member of the cadherin superfamily, leads to downregulation of the Hippo 

pathway and overexpression of CDK6 [125]. Clinical data has also shown that patients with 

FAT1 mutation had worse PFS of 2.4 months compared with 10.1 months in patients without 
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FAT1 mutation [125].  

Preclinical studies have also found increased PI3K signaling driving the expression of cyclin D1 

and increased cyclin D1 promotes G1/S cell cycle transition [126]. However, PALOMA-1 and 

PALOMA-3 trials did not report an association between cyclin D1 and tumor response to 

CDK4/6 inhibitor, palbociclib [60, 65]. In addition, data from the MONALESSA-2 trial showed 

that clinical benefit from ribociclib was not affected with alteration in p16 protein expression or 

cyclin D1 messenger RNA (mRNA) expression levels [72]. Furthermore, final analysis from the 

PALOMA-3 trial demonstrated PIK3CA mutation in circulating tumor DNA (ctDNA) of patients 

treated with palbociclib and fulvestrant, however there was no correlation between response and 

presence of PIK3CA mutation suggesting that CDK4/6 inhibitors are active regardless of this 

mutational status [65]. More recently, triple combination of endocrine therapy, CDK4/6 

inhibitors and PI3K inhibitors has shown rapid tumor regression in ER+ breast cancer derived 

tumor xenograft (PDX) [127, 128]. As result of preclinical and clinical studies, ER+/HER2- 

tumors that harbor PIK3CA mutation are treated with fulvestrant in combination with a PI3K 

inhibitor, alpelisib. Lastly, another upstream alteration that affect CDK4/6-cyclin D1 signaling 

include fibroblast growth factor receptor (FGFR). Based on MONALEESA-2 trial, next 

generation sequencing of ctDNA of patients who progress of CDK4/6 inhibitor and with shorter 

PFS have shown activating mutation and/or amplification of FGFR1/2 [72, 129] (Figure 5). 

Taken together, a better understanding of biomarkers of CDK4/6 inhibitors will guide treatment 

options and help find new therapeutic targets. Future parallel studies to understand specific 

genomic and molecular changes from pre and post progression biopsies will allow for novel 

therapeutic combinations to overcome resistance. There are currently studies undergoing with 

palbociclib (NCT02536742 and NCT03195192) and with ribociclib (NCT03195192) designed to 
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detect predictive biomarkers to CDK4/6 inhibitors that can in the future allow effective patient 

selection with increased efficacy and decreased toxicities [81]. 
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CHAPTER III: CDC25A AND WEE1 AS POTENTIAL TARGETS IN BREAST 
CANCER 

 
Regulation of the Cell Cycle by Cell Division Cycle 25A (CDC25A) and WEE1 in Breast 
Cancer  
 

One of the main regulators of CDKs throughout the cell cycle phases is Cell Division Cycle-25 

(CDC25) that activate CDKs by removing inhibitory phosphates from tyrosine or threonine 

residues [130]. CDC25 family of proteins are dual-specificity phosphatases that facilitate cell 

cycle progression and are key components of the checkpoint pathways that become activated 

upon DNA damage [130, 131]. There are three isoforms of CDC25: CDC25A, CDC25B, and 

CDC25C with conserved catalytic domains among different species however, their regulatory 

domains are highly diverse which through alternative splicing generate two variants for 

CDC25A, five variants each for CDC25B and CDC25C [130, 132]. CDC25B and CDC25C 

regulate the G2/M transitions while CDC25A is active throughout the cell cycle: G1, S and 

G2/M [133] (Figure 6). To date, the CDK-cyclin complexes are the only substrates of CDC25 

phosphatases.  
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Figure 6. Activity of CDC25A throughout the cell cycle.  CDC25A removes an inhibitory 

phosphate and activate CDKs at the G1, S and initiates G2/M transitions. CDC25B is active at 

the S and G2/M transitions and CDC25C levels increase for transiting into the M phase. 

(Adopted from [134]). 

Cellular homeostasis with controlled cell cycle occurs not just by phosphorylation/ inactivation 

of CDC25 phosphatases but also by activation of the WEE1 kinase, a nuclear kinase that belongs 

to the Serine/Threonine family of protein kinases. The activity of CDKs has to be counteracted 

by WEE1 to control genomic stability [135]. WEE1 mainly regulates the G2 checkpoint where 

its main target is CDK1-cyclin B complex-the driver of mitotic entry [136]. WEE1 catalyzes an 

inhibitory phosphate specifically, tyrosine 15 (Y15) from CDK1 resulting in its inactivation 

[136]. CDC25 phosphatases counteract WEE1 by removing the inhibitory phosphate from same 

residue, Y15 resulting in CDK1-cyclin B reactivation [136, 137]. A tightly regulated balance 

between WEE1 and CDC25 activities leads to proper mitotic entry whereas the cell is 

approaching mitosis, CDC25 activity is increased while WEE1 activity is decreased leading to a 
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feedforward activation of CDK1-cyclin B complex. All three phosphatases regulate the G2/M 

transitions and lack of CDC25A activity has been shown to delay completion of mitosis because 

CDC25A generates a rate-limiting effect on G2/M transitions [138]. Specifically, CDC25A is the 

first phosphatase that removes the inhibitory phosphate and activate the CDK1-cyclin B complex 

at the G2 checkpoint [138]. Next, CDC25B which is phosphorylated and activated by Aurora A 

at the centrosome, is responsible for further activation of CDK1-cyclin B followed by increased 

activation of CDC25B and CDC25C by CDK1-cyclin B- dependent phosphorylation resulting in 

an amplification loop at the onset of mitosis [138].  

The role of CDC25 and WEE1 are critical upon DNA damage that can occur in all phases of the 

cell cycle. Genotoxic stressors initiate DNA damage response (DDR) pathways to control G1/S 

and G2/M entry [139, 140]. Damaged DNA activates downstream cellular signaling cascades to 

halt cell cycle for repair or activation of cell death pathways upon unrepaired DNA. Suppression 

of CDK1-cyclin B activity is an essential part of cell cycle checkpoints during S and G2 phases 

[139, 141]. At the S phase, activation of the DDR contributes to mechanism involving 

phosphorylation and activation of downstream ataxia-telangiectasia mutated (ATM) and ataxia-

telangiectasia and Rad3-related (ATR) kinases [142, 143]. ATM/ATR checkpoint signaling 

cascades phosphorylate and activate checkpoint kinases 1 and 2 (CHK1 and CHK2) that result in 

phosphorylation/inactivation of first, CDC25A on multiple residues (Ser76, Thr124, and Ser178) 

and this ultimately results in ubiquitin-mediated proteasomal degradation of this phosphatase 

[130, 133]. Just like CDC25A, CDC25B and CDC25C are also substrates of ATM/ATR-

CHK1/CHK2 pathways at the G2/M phases and their inactivation are essential to initiate cell 

cycle arrest [144].  
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CDC25A and Breast Cancer 

The cell cycle promoting function of CDC25A is independent of the p53 pathway at the G1 

phase suggesting that the levels of this phosphatase must be tightly controlled in non-malignant 

cells [145, 146]. Dysregulation of CDC25A has been shown to result in impaired checkpoint 

response with increased CDK activity [147, 148]. Studies have found that CDC25A is commonly 

overexpressed in breast, ovarian, esophageal, colorectal, prostate, hepatocellular carcinomas and 

non-Hodgkin lymphoma and is associated with more aggressive disease and shorter disease-free 

survival (DFS) [149-154] . CDC25A is therefore considered an oncogene and overexpression of 

the phosphatase deregulates G1/S and G2/M checkpoints. It is shown that approximately 47% of 

breast carcinomas are associated with CDC25A overexpression [150].  

The vast majority of studies, in the context of breast cancer have focused on the interaction of 

CDC25A with CDK2 and CDK1 at S and G2/M phases respectively, where this phosphatase 

removes two inhibitory phosphates from CDK2 residues (Thr14 and Tyr15) to promote S phase 

entry [144]. However, interaction of CDC25A with CDK4 or CDK6 at the G1 phase remains 

largely unexplored. Recent preclinical studies have shown that CDC25A is a positive regulator 

of CDK4 (Tyr 17) and CDK6 (Tyr24) [155, 156]. In all stages of the cell cycle, there is an 

amplification loop between CDKs and CDC25A and recently, Dozier et al. demonstrated 

CDK4/6-cyclin D regulates CDC25A in the G1 phase by phosphorylating CDC25A on Serine 40 

(Ser40) [157]. Furthermore, Liu et al. performed a large-scale kinome and phosphatase inhibitor 

screen in TNBC cell lines and identified CDC25s as main targets [158]. Successful results from 

these studies led to examination of inhibition of CDC25 therapeutic target. It has been shown 

that inhibition of CDC25 in combination with WEE1 inhibitor or CHK1 inhibitor, increased 

inhibition of proliferation in vitro and in vivo and CDC25 inhibition is a rational therapeutic 
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strategy in TNBC [158, 159] . Further understanding the role of CDC25A can encourage the 

development of CDC25-based therapies in the context of not only TNBC, but also it can be a 

new therapeutic target to treat HR+ breast tumors resistant to standard care therapies.  

The role of CDC25A as a rate-limiting phosphatase, as a regulator of the cell cycle progression 

and as a target of response to DDR make it an encouraging therapeutic target. There is currently 

no clinical inhibitor to CDC25 phosphatases, however, multiple CDC25 inhibitors used in 

preclinical studies have been developed and the most commonly used are para-quinonoid 

compounds derived from vitamin K (NSC663284, BN82685, NSC95397 and IRC083864) [158, 

160-162]. These inhibitors inhibit all three isoforms of CDC25 with different potency to each 

phosphatase. Guo et al., has shown that NSC663284 is a highly potent inhibitor in vitro, 

however, the activity of this inhibitor is lost in vivo due to its interaction with serum glutathione 

[163, 164]. Another small molecule inhibitor of CDC25, BN82002, is stable in vivo with 

enhanced pharmacokinetics [164]. It is suggested that inhibition of CDC25 results in an 

irreversible cell cycle arrest or senescence however it is still unknown if inhibition of CDC25 is 

cytostatic or cytotoxic [158, 164]. Characterizing the sensitivity and toxicity of these inhibitors 

and understating which patients would most benefit from these inhibitors are needed before 

clinical trials.  

WEE1 and Breast Cancer 

WEE1 is a nuclear serine/threonine kinase that contain three main domains: an N terminal lobe 

that contains the glycine-rich loop, a C terminal lobe that contains the activation and catalytic 

loops and a catalytic cleft [165].  WEE1 regulates cell cycle progression at both the S phase, by 

phosphorylating CDK2 (Y15) and G2/M by phosphorylation CDK1 (Y15).  Before mitosis, 
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WEE1 maintains CDK1 inactive through phosphorylation therefore WEE1 negatively regulates 

mitotic entry by protecting complex formation of active CDK1 and cyclin B (Figure 7). In the 

absence of DNA damage, polo-like kinase 1 (PLK1) phosphorylates and inhibits WEE1 and in 

the presence of DNA damage, WEE1 is activated by upstream DDR-related kinases such as 

ATM/ATR/CHK1/CHK2 [166].   

Overexpression of WEE1 has been demonstrated in malignancies such as hepatocellular 

carcinoma, glioblastoma, melanoma, and luminal and HER2+ breast cancers with poor DFS 

[167-170]. It is suggested that cancer cells with high WEE1 levels are more dependent on intact 

G2/M checkpoint for survival [166]. Tumor cells often have defective G1 checkpoint due to loss 

or mutated p53 pathways making these cells more reliant on G2 checkpoint [171, 172]. 

Therefore, it is believed that inhibition of WEE1 is most effective in cancer cells with aberrant 

G1 checkpoint [171]. As a result, abrogation of G2 checkpoint allows for continued cell cycle 

progression with unrepaired DNA damage. However, it is important to note that defective G1 or 

loss of p53 are not predictive biomarkers for initial response to WEE1 inhibition [173]. 

Interestingly, up until now, the FDA has approved 52 small molecule kinase inhibitors and since 

WEE1 plays an essential role in regulating G2/M, multiple preclinical studies are showing 

encouraging data with a hope of an FDA approved WEE1 inhibitor [174].  
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Figure 7. Checkpoint control by WEE1 upon DNA damage. Following DNA damage, p53 

mutant cancer cells rely on activation of CHK1 and G2/M checkpoint to stall cell cycle to repair 

DNA. WEE1 regulates the activity of CDK1 and CDK2 through phosphorylation of Tyrosine 15 

to control S phase and G2/M transition. (Adopted from [175]) 

 
Preclinical Use of WEE1 Inhibitor in Breast Cancer 
 

Currently, there are four inhibitors to the WEE1 kinase that are in clinical development. These 

inhibitors are based on pyrimidine and pyrrolo-carbazole derivatives and all aim to inhibit CDK1 

phosphorylation on tyrosine 15 [165, 176]. There are two inhibitors that are development by 

Pfizer: PD0166285, a pyrido [2,3-d] pyrimidine compound that is a potent and nonselective 

inhibitor of WEE1 and PD0407824, a pyrrolo carbazole derivative that is shown to have less 

potent inhibitory activity to both CHK1 and WEE1 [177, 178]. There is also Debio 0123 that was 
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initially developed by Almac Discovery and is currently licensed to Debiopharm. Debio 0123 is 

an ATP competitive and a highly selective and potent WEE1 inhibitor [179]. A phase I dose 

escalation clinical trial initiated recruitment of patients with refractory solid tumors who have 

been treated with platinum-based chemotherapy (clinicaltrials.gov; NCT03968653). Lastly, there 

is AZD1775, Adavosertib, the first clinical inhibitor of WEE1 that is developed by AstraZeneca 

and with which my project has been focused on. 

  
AZD1775 (previously known as MK-1775), is a highly potent pyrazolo-pyrimidine derivative 

and ATP-competitive small molecule inhibitor of WEE1 [180, 181]. In terms of mechanism of 

action of AZD1775, it is shown that this drug as a monotherapy induces S and/or G2/M cell 

cycle override [166]. Preclinical data has focused on the rational that abrogation of G2 cell cycle 

checkpoint with AZD1775 result in mitotic catastrophe due to forced entry into mitosis [171]. 

Furthermore, another study has shown that AZD1775  increased phosphorylation of a variant of 

histone 2A (gamma-H2AX), a marker of DNA double stranded breaks with no increase in 

phosphorylated histone H3 (pHH3), a marker of mitosis suggesting that the mechanism of 

cytotoxicity is most likely defective DNA damage rather than premature entry into mitosis [173]. 

However, others have shown that the mechanism of AZD1775 cytotoxicity is due to progressive 

defective DNA damage that is accumulated following S phase override resulting in apoptosis 

[173, 182].  

In terms of combination therapies, studies showed enhanced antitumor efficacy in DNA 

damaging drugs such as anti-metabolites (capecitabine, and 5-flurouracil), topoisomerase 

inhibition (doxorubicin) and DNA cross-linking agents (carboplatin and cisplatin) followed by 

AZD1775 treatment in breast, lung, cervical and pancreatic cancer cell lines [171, 181, 183]. 
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These are rational therapeutic strategies because chemotherapeutic drugs induce genotoxic stress 

in cancer cells and inhibition of WEE1 results in lethal premature mitotic entry with increased 

damaged DNA. There are also multiple studies that have shown strong additive or synergism by 

combining AZD1775 with small molecule inhibitors: AZD1775+ inhibitors of cell cycle 

regulators or DDR such as CDK2, ATM, PARP1, CHK1, and more recently AURORA A [159, 

184-188] or AZD1775 in combination with anti-pro-apoptotic inhibitors such as MCL1 and 

BCL2 or mTOR inhibitor [189-191].  

On the basis of these preclinical studies, a phase I clinical trial of single-agent AZD1775 by Do 

and colleagues in patients with refractory solid tumors was conducted to determine safety, 

maximum-tolerated dose (MTD), antitumor activity and pharmacokinetics [180]. Next trials 

were conducted in refractory solid tumors with AZD1775 in combination with chemotherapeutic 

agents and have reported toxicity profiles such as fatigue, nausea, thrombocytopenia, and 

diarrhea [192]. Both preclinical and clinical studies using immunohistochemistry have 

demonstrated increased gamma-H2AX, and decreased pCDK1 (Y15) following AZD1775 

treatment. Recently, in 2020, results from a phase II clinical trial that assessed the efficacy of 

AZD1775 in combination with cisplatin in metastatic TNBC was reported. The results showed 

ORR was 26% and median PFS was 4.9 months in patients that received the combination 

therapy[193]. Interestingly, the results also reported patients with clinical benefit demonstrated T 

cell infiltration [193].  There are several ongoing clinical trials with AZD1775 in combination 

with chemotherapeutic agents in solid tumors (ClinicalTrials.gov: NCT0064848, NCT03012477, 

NCT02101775, NCT03028766, NCT02513563, NCT02448329) and currently, there are multiple 
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ongoing clinical trials in breast cancer to test AZD1775 as a monotherapy and in combination 

with various therapeutic agents (ClinicalTrials.gov) (Figure 8).  
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Figure 8. AZD1775 (WEE1 inhibitor) clinical trials.  Multiple active clinical trials are 

underway in solid tumors and various cancers with AZD1775 as a single agent and in 

combination with other agents. (Adopted from [194]).  
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Preclinical studies have shown great success using AZD1775 in ovarian cancer and in TNBC. 

Recent work has focused on determining the efficacy of AZD1775 as a monotherapy or in 

combination with other drugs in TNBC [185, 195, 196]. Since overexpression of cyclin E and 

phosphorylated CDK2 are correlated with poor survival in TNBC patients, Chen et al., evaluated 

TNBC cell lines and patient derived xenograft (PDX) models and concluded that cyclin E may 

be a potential biomarker of response to AZD1775 in TNBC [185]. They provide a mechanistic 

report on the sensitivity of AZD1775 and levels of cyclin E in support of an ongoing new clinical 

trial (ClinicalTrials.gov: NCT03253679) [185]. Another study has shown that dual inhibition of 

WEE1 and ATR leads to inactivation of RAD51-mediated homologous recombination and 

further sensitized TNBC cells to PARP inhibitor[195].  

More recently, a study evaluated the effect of AZD1775 in trastuzumab-resistant HER2+ breast 

cancer cells. They showed that treatment with AZD1775 targets cancer stem-like cells (CSCs) by 

suppressing MUC1 and induce apoptosis and G2/M cell cycle arrest [197]. Another recent study 

aimed to understand resistant mechanism of combination of palbociclib and endocrine therapy in 

HR+ breast cancer. The study found that the most common kinase rewiring associated with 

resistance to palbociclib are PI3K/mTOR and regulators of G2/M checkpoint, WEE1; and 

suggest enhanced sensitivity of palbociclib resistant cells to drugs targeting these signaling 

pathways [198].  

Besides biomarker-driven studies, it is important to understand if AZD1775 is synthetically 

lethal in certain tumor types. Synthetic lethality is an interaction between two genes where defect 

in either gene alone is viable but simultaneous perturbation of both genes results in cell death 

[199]. For example, inhibition of WEE1 in breast tumors with mutant p53 or mutations in 

homologous recombinant proteins (BRCA1 or BRCA2) and defective DDR that can lead to 
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synthetic lethality should be of great interest. Furthermore, it is important to understand resistant 

mechanisms to WEE1 inhibition in ER+/HER2- breast cancer to find predictive biomarker of 

response to drugs targeting the WEE1 kinase. Recent data has shown upregulation of Myt1, a 

related WEE1 kinase that also inhibits cyclinB-CKD1 mitotic complex, is an acquired resistant 

mechanism to WEE1 inhibition by AZD1775 in TNBC [200].  Currently we are lacking 

knowledge regarding predictive biomarker of response to WEE1 inhibition. In addition, further 

large scale clinical work is required to determine optimal dosing, scheduling, and sequencing of 

AZD1775 for an acceptable therapeutic window. Moreover, it is essential to determine specific 

molecular vulnerabilities in patients that will then allow for novel combination therapies using 

WEE1 inhibitors.  

Research Goals 
 

HR+ metastatic breast tumors are now treated in most cases, with combination of endocrine 

therapy and CDK4/6 inhibitors however, approximately 20% of these tumors never respond to 

CDK4/6 inhibitors (de novo resistant) and almost all develop acquired resistance to these 

therapies. In the metastatic setting, HR+ breast cancer tumors that progress on standard of care 

treatment have few therapeutic options with the hope to increase progression free survival. These 

treatment options come with various toxicities and have generally poor survival outcomes. 

Therefore, there is an essential need to find new targeted therapies with lower toxicity profiles 

and higher survival outcomes. This study is focused on characterizing sensitivity to CDK4/6 

inhibitor, ribociclib in breast cancer cells that acquire resistance to antiestrogens to understand de 

novo resistance to these inhibitors. Both WEE1 and CDC25A which have opposite roles on the 

same CDK1 and CDK2 residues, are overexpressed in different subtypes of breast cancer.  
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Specifically, overexpression of CDC25A was found in about 47% of all breast cancer cases 

[150]. Most studies focused on understanding the role of CDC25 phosphatases in the S phase and 

G2/M transitions however the role of CDC25A in the G1 phase and specifically its interaction 

with CDK6, is largely unknown. Since CDK6 is increased in our long term estrogen deprived 

(LTED) cells, we hypothesize that LTED cells will be more sensitive to inhibition of CDC25A 

compared to parental cells. In addition, since WEE1 counteracts CDC25 phosphatases, it is 

essential to investigate the cytotoxic effect of WEE1 which this thesis primarily focuses on.  

Since the current standard of care (antiestrogens and CDK4/6 inhibitors) target the G1 phase of 

the cell cycle, understanding novel combinations or sequential therapies with AZD1775 can 

serve as an alternative therapeutic option. Furthermore, a clinical inhibitor of WEE1 kinase is 

being evaluated in various cancer types in clinical trials; it is therefore, clinically relevant to 

evaluated AZD1775 in our LTED cells. Understanding the WEE1-driven mechanism of cell 

death and the development of effective combination therapies with WEE1 inhibitor can 

encourage the consideration of WEE1 inhibitor as a therapeutic option in ER+ advanced breast 

tumors that have acquired resistance to antiestrogens and de novo resistance to CDK4/6 

inhibitors.  
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CHAPTER IV: TARGETING WEE1 INHIBITS GROWTH OF BREAST CANCER 
CELLS THAT ARE RESISTANT TO ENDOCRINE THERAPY AND CDK4/6 

INHIBITOR 
 

 
 
Introduction 
 

The majority of breast tumors are estrogen receptor alpha positive (ER+) and are clinically 

treated with endocrine therapy to deprive tumor cells of estrogen using aromatase inhibitors (AI) 

or to target the ER using tamoxifen or fulvestrant. However, 50% of ER + tumors never respond 

or eventually develop resistance to antiestrogens [201, 202]. Estrogen drives cell cycle 

progression through transcriptional regulation of cyclinD1 [203]. Therefore, inhibition of the 

cyclinD1/cyclin-dependent kinase 4 (CDK4) and CDK6 has been proposed as a rational 

therapeutic strategy for ER+ tumors[55]. The development of highly selective, orally available 

and ATP competitive CDK4/6 inhibitors, palbociclib, ribociclib and abemaciclib has transformed 

the standard of care of ER+ and human epidermal growth factor receptor 2 negative (HER2-) 

metastatic breast cancer based on prolonged progression-free survival (PFS) when they are 

combined with antiestrogen therapies [52, 60, 71]. Approximately 20% of patients who progress 

on endocrine therapies show de novo or intrinsic resistance to CDK4/6 inhibitors and tumors that 

initially respond eventually acquire resistance to the combined therapies [81, 204]. Loss or 

mutation of RB1, PIK3CA mutation, loss of CDK inhibitors such as p16 and p21, loss of FAT1 

tumor suppressor, amplification of CCNE1, FGFR1 or CDK6 have been investigated as possible 

contributors to resistance to CDK4/6 inhibitors [46, 62, 116, 123, 125, 129, 205-207]. To date, 

our knowledge of how endocrine resistance confers resistance to CDK4/6 is lacking. 

Antiestrogens and CDK4/6 inhibitors induce cycle arrest by suppressing multiple kinases, such 
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as cyclin E1 and cyclin A2, that promote the G1/S transition  [208, 209]. Therapy induced 

defective G1 checkpoint, e.g., due to faulty p53, can drive cancer cells towards increased 

dependency on the G2 checkpoint to repair DNA damage [210] and thus,, targeting G2 

checkpoint has been proposed as an anti-cancer strategy in these cancer models. Thus, targeting 

G2 checkpoint has been proposed as an anti-cancer strategy [211]. One such G2/M regulatory 

proteins is WEE1, a member of the tyrosine kinase family, that controls the timing of mitosis. 

WEE1 inhibits CDK1 by phosphorylating Tyr15 (Y15) and stops cells from entering mitosis to 

allow time for DNA repair [194, 212]. 

In this study, we used ER+ endocrine sensitive breast cancer cells, MCF7 and T47D, to generate 

long-term estrogen deprived (LTED) endocrine resistant breast cancer cells that are intrinsically 

resistant to CDK4/6 inhibitors. WEE1 inhibitor, AZD1775 (Adavosertib) significantly decreased 

cell growth, increased G2/M cell cycle arrest and apoptosis in resistant cells compared with 

respective parental sensitive cells [171, 173]. Inhibition of p53 in endocrine sensitive cells showed 

increased sensitivity to AZD1775 suggesting that a defective p53 pathway may contribute to 

increased sensitivity to WEE1 inhibition in resistant cells. Furthermore, we show increased WEE1 

gene expression in ER+ human tumors correlate with poor prognosis. Together, findings from our 

study supports the potential clinical use of anti-WEE1 therapy for breast tumors that have acquired 

resistance to endocrine therapy and are intrinsically resistant to CDK4/6 inhibitors. 

Material and Methods 

Reagents 

Ribociclib (LEE011), palbociclib (PD0332991), fulvestrant (ICI 182,780), tamoxifen (4-

hydroxytamoxifen) and Adavosertib (AZD1775) were purchased from Selleck Chemicals 
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(Houston, TX, USA). Abemaciclib (LY2835219) was purchased from Cayman Chemical 

Company (Ann Arbor, MI, USA). All other reagents were purchased from Sigma Aldrich (St. 

Louis, MO, USA). 4-Hydroxytamoxifen was dissolved in ethanol and all other drugs were 

reconstituted in dimethyl sulfoxide (DMSO). For in vitro assays, negative control (0.02%) was 

ethanol or DMSO. 

Cell Culture and Resistant Cell Line Establishment 

ER+ breast cancer cell lines, MCF7 and T47D were obtained from Georgetown University 

Medical Center Tissue Culture Shared Resources and were maintained in humidified atmosphere 

with 5% CO2 at 37
o
C. MCF7 cell line was originally obtained from the Barbara A. Karmanos 

Cancer Institute, Detroit, MI, USA. Parental MCF7 and T47D were cultured in phenol red free 

IMEM (Improved Minimum Essential Medium,) supplemented with 10% charcoal-stripped calf 

serum (CCS; Life Technologies, Grand Island, NY) and 10nM 17-beta-estradiol (E2). Long-term 

estrogen deprived (LTED) MCF7 and T47D variants were generated in cell culture by growing 

the cells in complete media without E2 for 10-12 months. LTED cells were maintained in E2-free 

complete media and all experiments were carried out in complete media. All cells were 

authenticated by DNA fingerprinting and tested regularly for Mycoplasma infection. 

Cell Proliferation Assay 

Cells were seeded at various densities (5,000-1,2000 cells per well) in 96-well plastic tissue culture 

plates per cell line in addition to one extra 96-well plate for time=0 (t=0). T=0 time-point was 

added to most experiments to account of differences in cells growth between parental and LTED 

cells (Figure S19). On day 1, t=0 plate was stained with crystal violet (untreated) and the 

remaining plates were dosed with 0.02% vehicle (DMSO or ethanol) or different concentrations 
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of indicated drugs. Plates were ended at 72 h or 6 days. The 6-day experiments were re-dosed 

with vehicle or drug at 72 h. For crystal violet staining, plates were rinsed with 1xPBS to remove 

cellular debris. After, 100ul crystal violet was added to each well and incubated at room 

temperature for 1h. The stain was then removed and each plate was rinsed 4-8x with H2O to 

remove remaining stains. The plates were left to air-dry overnight, then were rehydrated with 

100ul 0.1 M sodium citrate buffer in 50% ethanol and the plates were then measured using a VMax 

kinetic microplate reader (Molecular Devices Corp., Menlo Park, CA) with an absorbance of 560 

nm. Results were normalized to vehicle or t=0 as indicated. For 12-day growth curve experiments, 

cells were seeded at 3-5 x 10
4
/well in 60mm

2 dishes. At 24 h post plating, cells from one dish was 

used to measure cell number at t=0. For this, cells were trypsinized, suspended in PBS and cell 

number was measured using a Beckman Coulter Counter (Beckman Coulter Corp., Fullerton, CA, 

USA). Also, at 24 h post plating, all other dishes were treated with vehicle (DMSO or ethanol) or 

indicated treatments. Cells were counted every 3-days for 2 weeks. Each experiment had 3-6 

technical replicates and all experiments were repeated three times. The nature of interaction 

between E2-deprivation/fulvestrant, ribociclib or the combination with AZD1775 was calculated 

in MCF7, MCF7-LTED, T47D and T47D-LTED cells by the Highest Single Agent model (HSA) 

and Bliss score. The Synergy Finder R package was used to determine HSA and Bliss scores. A 

score >10 indicates a synergistic interaction, 10 to -10 indicates additivity and <-10 indicates 

antagonistic interaction [213]. 

Immunoblotting and Antibodies 

Cells were washed once with cold PBS and upon removal, cells were lysed in radio-

immunoprecipitation assay (RIPA) buffer supplemented with PhosSTOP phosphatase and 
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CompleteMini protease inhibitors (Roche, Switzerland) for protein extraction. Proteins were 

separated by polyacrylamide gel electrophoresis PAGE using 4-12% gradient gels followed by 

protein transfer onto nitrocellulose membranes with iBLOT2 (ThermoFisher Scientific, Waltham, 

MA). Membranes were then blocked in 5% nonfat dry milk in Tris- buffered saline with Tween-

20 (TBST) and incubated at 4oC with primary antibodies. Proteins of interest were detected with 

horseradish peroxidase-conjugated secondary antibodies and Advansta WesternBrightTM ECL 

Spray was used for detection (Thomas Scientific, Swedesboro, NJ). The following antibodies were 

purchased from Cell Signaling Technology (Danvers, MA): phospho-RB (Ser780) (#3590), RB 

(#9309), Cyclin D1 (#2978), phospho-CDK1 (Tyr15) (#4539), CDK1 (#77055), Wee1 (#13084), 

gamma-H2AX (Ser139) (#80312), H2AX (#7631) and cleaved PARP (Asp214) (#5625). 

Antibody to p53 (#ab32389) was purchased from Abcam (Cambridge, UK). For loading control, 

antibody to b-actin (#sc-47778) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).  

Transfection with WEE1 and p53 SiRNA  

Cells were plated at about 70% confluence in 6-well (for protein assessment) or 96-well (for cell 

proliferation assay) plates. The siRNAs (10nM, a mixture of 4 siRNA) were purchased from 

Dharmacon Inc. (Lafayette, CO) or scramble negative control were transfected into the cells using 

RNAiMAX (ThermoFisher Scientific, Waltham, MA). 72h post transfection (untreated), or 24h 

post transfection, vehicle (0.02% DMSO or ethanol) or different treatments as indicated, were 

added to the transfected cells and then cells were lysed and were subjected to western blot analysis.  
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Cell Cycle and Apoptosis Assays 

For cell cycle analysis, cells were plated at 1 x 106/ well in 10cm2 dishes. Cells were grown at 70% 

confluence in complete growth medium for 24 h. For measuring cell cycle profile under basal 

conditions cells were collected at 24, 48 or 72 h. For measuring cell cycle profile in response to 

drug treatment, cells were treated with vehicle, 500nM ribociclib, 500nM AZD1775 or subjected 

to E2 deprivation (cells were washed 3x with PBS and followed by adding media without E2) or 

the combination of these conditions as indicated for 6-days (with media change at 72 h). Cells 

were then fixed in ethanol, and analyzed by the Flow Cytometry Shared Resource according to the 

method of Vindelov et al. [214]. For apoptosis assay, 2-5 x 105/ well cells plated in 6-well plates 

and were treated for 72 h, and stained with an Annexin V-fluorescein isothiocyanate and propidium 

iodide, respectively (Thermofisher Scientific Waltham, MA) according to the manufacturer’s 

protocol and fluorescence was measures by the Flow Cytometry Shared Resource at Georgetown 

University Medical Center. Each experiment was repeated at least three times. 

Results 

MCF7-LTED and T47D-LTED Cells Are Resistant to Antiestrogens and CDK4/6 Inhibitors  

To determine antiestrogen sensitivity in parental ER+ MCF7 and T47D breast cancer cells and 

their respective LTED variants, MCF7-LTED and T47D-LTED cells, we measured cell 

proliferation over 72 h with vehicle alone or increasing concentrations of 17beta-estradiol (E2), 

fulvestrant or tamoxifen (Figure 9A-F). Both MCF7-LTED and T47D-LTED cells showed 

decreased sensitivity to E2 or the antiestrogens. We included a t=0 time point since the basal rate 

of cell proliferation is reduced in LTED cells by about 30% compared with parental cells (Figure 

S19 A,B). Next, to compare the sensitivity of these cells to CDK4/6 inhibitors, we treated the cells 
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with vehicle or increasing concentrations of the CDK4/6 inhibitors: palbociclib, ribociclib and 

abemaciclib (Figure 10 A-F). Both LTED variants showed decreased sensitivity to the CDK4/6 

inhibitors compared to parental cells, which suggest that LTED cells are intrinsically resistant to 

CDK4/6 inhibitors.  
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Figure 9. LTED cells are resistant to antiestrogens. (A-F) Parental cells (MCF7 and T47D) 

and their derivatives (MCF7-LTED and T47D-LTED) were treated with vehicle or increasing 

concentration of estrogen (17beta-estradiol; E2), tamoxifen or fulvestrant. Cell number was 

measured by crystal violet assays. Points represent the mean ± SE of relative number (normalized 

to t=0) for a single representative experiment performed in sextuplicate. p<0.05, *** p<0.001 

and ****p<0.0001 (One-way ANOVA). Data presented here is representation of three 

independent experiments (n=3).  

 

 

 

 

 

 

 

 

 

 



 46 

 

A 

F E 

D C 

B 



 47 

Figure 10. LTED cells are resistant to CDK4/6 inhibitors. (A-F) The growth rates of 

parental cells (MCF7 and T47D) and their derivatives (MCF7-LTED and T47D-LTED) were 

measured in presence of vehicle, palbociclib, ribociclib or abemaciclib at 72 h. Cell number 

was measured by crystal violet assays. Points represent the mean ± SE of relative number 

(normalized to t=0) for a single representative experiment performed in sextuplicate. ***p< 

0.001 and ****p<0.0001 (One-way ANOVA). Data presented here is representation of three 

independent experiments (n=3). 

Since antiestrogens are combined with CDK4/6 inhibitors in the clinic to treat advanced ER+ 

breast cancer, we sought to determine the effect of these drugs on cell proliferation in drug 

sensitive and resistant cells. For this, we measured cell proliferation in response to vehicle, E2 

deprivation (to simulate aromatase inhibitor effect), ribociclib or the combination of E2 

deprivation and ribociclib at 0, 4, 8 and 12 days (Figure 11 A,C). Since LTED variants were 

resistant to all three CDK4/6 inhibitors (Figure 10), we selected ribociclib as the CDK4/6 

inhibitor for the rest of the study. Cell proliferation was significantly inhibited in MCF7 and 

T47D parental endocrine sensitive cells when exposed to E2-deprivation (p<0.0001 and 

p<0.0001, respectively), 500nM ribociclib (p<0.0001 and p<0.0001, respectively) or the 

combination of E2-deprivation and ribociclib (p<0.0001 and p<0.0001, respectively) compared 

with their respective LTED variants (Figure 11 A,C). These proliferation studies were repeated 

with fulvestrant in place of E2-deprivation (Figure S20 A-D) with similar results. In contrast, 

MCF7-LTED and T47D-LTED cells were resistant to fulvestrant, ribociclib or the combination 

compared with parental MCF7 or T47D cells, respectively, at day 12 (Figure 11 B,D). 

Collectively, these data suggest that LTED derivatives have acquired resistance to antiestrogens 

but are also intrinsically resistant to CDK4/6 inhibitors.  
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Figure 11.  LTED cells are resistant to the combination of antiestrogens and CDK4/6 

inhibitors. (A-D) The growth rates of parental cells (MCF7 and T47D) and their derivatives 

(MCF7-LTED and T47D-LTED) treated with vehicle, E2 deprivation, 500nM ribociclib or 

the combination of E2 deprivation and 500nM ribociclib and cell number were measured for 

12 days and compared to time=0 (start of treatment). Cells were suspended in PBS and counted 

by a Beckman Coulter Counter. Points represent the mean ± SE of relative number 

(normalized to t=0) for a single representative experiment performed in triplicate. *p<0.05, 

D C 

B A 
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**** p<0.0001 and ns is not significant (One-way ANOVA). Data presented here is 

representation of three independent experiments (n=3). 

Next, we assessed the protein levels cyclin D1 and phosphor-RB/total RB since these are key 

proteins involved in signaling associated with E2 or CDK4/6 responsiveness [215, 216]. Western 

blot analysis on whole cell lysates isolated from cells treated with vehicle, ribociclib, E2-

deprivation, fulvestrant or the combination or ribociclib with E2-deparivaiton or fulvestrant, at 

12 days. In MCF7 and T47D cells, ribociclib treatment significantly (p=0.011 and p=0.007, 

respectively) increased cyclinD1 protein levels compared with vehicle (Figure 12 A,C). In 

MCF7-LTED cells, cyclin D1 levels remained unchanged with any treatments compared to basal 

levels with vehicle alone. However, in T47D-LTED cells, ribociclib alone or in combination 

with E2-deprivation or fulvestrant (Figure 12D) significantly (p<0.05) increased cyclin D1 levels 

compared with vehicle. Although, this increase in cyclin D1 did not correspond to changes in 

cell proliferation for T47D-LTED cells under these treatment conditions (Figure 11D). CDK4/6 

complexes with cyclin D1 to phosphorylate and inactivate RB [217].  Loss of RB expression is a 

commonly used criterion to exclude or include patients with advanced ER+ breast cancer on 

clinical trials with CDK4/6 inhibitors [209]. Phospho-RB (S780) levels were decreased with 

ribociclib treatment in MCF7 and T47D parental cells but not in the LTED variants. Total RB 

protein levels did not show a significant decrease in MCF7-LTED and T47D-LTED under basal 

condition when compared to parental lines (Figure 12 B,D). Together, these data suggest that 

cyclin D1 mediated signaling is differentially regulated in resistant LTED variants than in 

sensitive parental cells. 
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Figure 12. Differential levels of CyclinD1 and pRB (S780) proteins in paternal and LTED 

breast cancer cells treated with combination of E2 deprivation and ribociclib. (A, C) 

Parental MCF7 and T47D and their derivative, (B, D) MCF7-LTED and T47D-LTED were 

treated with vehicle, E2 deprivation, 100nM fulvestrant, 500nM ribociclib or the combination 

of E2 deprivation and 500nM ribociclib or E2 deprivation and 100nM fulvestrant. Total cell 

lysates were collected at 12 days and subjected to immunoblotting with indicated antibodies. 

Bar graphs show relative mean values of proteins levels + SE for cyclin D1 (E,F) and ratio of 

pRB(780) to total RB (G,H) following treatments compared with vehicle control. Protein 

bands from immunoblots were measured and normalized to actin (loading control) from three 

independent (n=3) experiments using ImageJ software. *p<0.05 and **p<0.01 (One-way 

ANOVA). 

G1 Phase of the Cell Cycle is Prolonged in LTED Cells 

Since LTED cells show a decreased rate of basal cell proliferation (Figure S19), we determined 

whether cell cycle profiles are changed in LTED cells compared to parental cells. We compared 

cell cycle profiles in MCF7, MCF7-LTED, T47D and T47D-LTED cells at 24 h, 48 h, and 72 h. 

Interestingly, we observed a modest but significant increase in the G1 phase of the cell cycle at 72 

h in both MCF7-LTED (p=0.0129) and T47D-LTED (p=0.0002) compared to parental cells 

(Figure 13A, B). These data suggest that both LTED cell variants may harbor a faulty G1 phases 

of the cell cycle that is dedicated to DNA replication and repair [218].  
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Figure 13. Increased G1 cell cycle arrest in LTED derivative cells. (A, B) Parental MCF7 and 

T47D and their LTED derivatives were harvested at 24, 48, and 72h and measured by 

fluorescence-activated cell sorting (FACS) cell cycle analysis. Bar graphs show mean percent 

cell cycle distribution with +SE *p<0.05 and **p<0.01 (Student’s t-test; n=3). 

AZD1775 is Effective as a Monotherapy in LTED Cells  

Cancer cells with impaired G1 checkpoint function show increased sensitivity to AZD1775, a 

clinical grade small molecule inhibitor of WEE1 kinase, that targets the G2 checkpoint [219]. 

Therefore, we compared the efficacy of AZD1775 in inhibiting cell proliferation in endocrine 

sensitive and resistant cells. Cells treated with increasing concentrations (250nM to 1000nM) of 

AZD1775 at 72 h showed significantly more decrease in cell proliferation in LTED variants of 

both cell types compared with parental cells (p<0.0001) (Figure 14A,B). We further confirmed the 

increased dependency on WEE1 for cell proliferation in LTED cells compared with parental cells 

A B 
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using WEE1 siRNA. Knockdown of WEE1 decreased cell proliferation by >50% in LTED cells 

and only by 25% in parental cells compared with controls condition (Supplementary Figure S22 

A-D). Cells transfected with WEE1 siRNA showed decreased WEE1 protein and increased 

inhibition of p-CDK1(Y15) (Supplementary Figure S22 E,F). Next, we compared cell proliferation 

in all cells with AZD1775 alone or in combination with E2-deprivation, fulvestrant, ribociclib or 

the combination of E2-deprivation and ribociclib or fulvestrant and ribociclib at 6 days (Figure 14 

C-F and Figure S21). As expected, cell proliferation in both MCF7 and T47D cells was 

significantly decreased with E2 deprivation alone (p<0.0001, and p<0.0001, respectively) and 

500nM ribociclib alone (p<0.0001 and p<0.0001, respectively, Figure 14 C,E). Furthermore, in 

MCF7 and T47D cells, combination of E2 deprivation and 500nM ribociclib significantly 

decreased cell proliferation (p<0.0001 and p<0.0001, respectively) compared to vehicle treated 

cell (Figure 14 C,E). Similar results were obtained when we repeated the same experiment in 

MCF7 and T47D parental cells with 100nM fulvestrant in place of E2-deprivation (Figure S21A-

D). However, in the LTED variants, there was no differences in cell proliferation with ribociclib, 

E2-deprivation or fulvestrant or the combination compared with vehicle treated cells (Figure 14 

D,F). AZD1775 as a single agent significantly inhibited cell proliferation in parental cells and 

LTED variants (p<0.0001, Figure 14 C-F). The HSA and Bliss scores were between -10 and 10 

for both MCF7 and T47D cells, which suggest an additive effect between AZD1775 and ribociclib 

plus E2-deprivation. For both MCF7-LTED and T47D-LTED variants, HSA and Bliss scores were 

>-10, which suggest an antagonist interaction of AZD1775 and ribociclib plus E2-deprivation 

combination (Figure 14 G,H). Together, these cell proliferation studies suggest that AZD1775 is 

effective as a monotherapy for inhibiting cell growth in endocrine resistant and CDK4/6 inhibitor 

cross-resistant breast cancer cells.  
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Figure 14. AZD1775 monotherapy suppressed growth of LTED cells. (A, B) Parental cells 

(MCF7 and T47D) and LTED derivatives (MCF7-LTED and T47D-LTED) were treated with 

indicated concentration of AZD1775. (C-F) MCF7 and T47D cells and their LTED cells were 

treated with E2 deprivation, 500nM ribociclib, 500nM AZD1775, combination of E2 deprivation 

and 500nM ribociclib or the triple combination of E2 deprivation, 500nM ribociclib and 500nM 

AZD1775 for 6 days. Inhibition of proliferation was measured by crystal violet assays. Data 

represents the average value ± SE of six replicates. *P<0.05, ***P<0.001, ****P<0.0001 (One-

way ANOVA). (G, H) The Bliss and HSA scores using the Synergy Finder R package was used. 

A score >10 indicates a synergistic interaction, 10 to -10 indicates additivity and <-10 indicates 

antagonistic interaction between combination of E2-deprivation and 500nM ribociclib and 

500nM AZD1775. All experiments were repeated at least three times. 

 
AZD1775 Induce G2/M Cell Cycle Arrest and Apoptosis in LTED Cells 

AZD1775 treatment in cancer cells in known to induce G2/M cell cycle arrest [197, 220]. To 

evaluate the effect of AZD1775 on cell cycle and correlate them with anti-proliferative effects of 

the drug, we treated both pairs of sensitive and resistant cells with vehicle alone, ribociclib, E2-

deprivation, AZD1775 and the combination of ribociclib, E2-deprivation and AZD1775 for 6-days 
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and measured cell cycle profile with flow cytometry (Figure 15). As expected, MCF7 (p<0.001 

and<0.001, respectively) and T47D (p<0.01 and p<0.001, respectively) parental cells treated with 

ribociclib or subjected to the combination of E2 deprivation and ribociclib showed a significant 

increase in the proportion of cells arrested in the G1 phase of the cell cycle compared with vehicle 

treated cells (Figure 15 A,C). Cell cycle profiles of LTED variants did not show an increase with 

either E2-deprivation or the combination of E2 deprivation and ribociclib when compared with 

vehicle (Figure 15 B,D). In both parental and LTED cells, treatment with AZD1775 induced 

significant (p<0.0001) increase in G2/M cell cycle arrest compared with respective vehicle 

controls. In LTED cells,  >60% of cells arrested in G2/M with AZD1775 treatment compared with 

<50% in parental cells. Taken together, we show that cell cycle profiles in LTED cells are 

unchanged with E2 deprivation or ribociclib but shift to G2/M arrest with AZD1775 treatment.  
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Figure 15. Inhibition of WEE1 with AZD1775 increased G2/M cell cycle arrest in LTED 

cells. (A-D) MCF7 and T47D and their LTED derivatives were treated with vehicle, E2 

deprivation, 500nM ribociclib, 500nM AZD1775, combination of E2 deprivation and 500nM 

ribociclib or the combination of E2 deprivation, 500nM ribociclib and 500nM AZD1775 for 6 

days. Cell cycle profiles under different treatment conditions were analyzed by fluorescence-
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activated cell sorting (FACS) and compared to vehicle treated cells. Results are reported as mean 

percent cell cycle distribution + SE **P<0.01 ***P<0.001, ****P<0.0001 (One-way ANOVA 

n=3). Bar graphs represent data from three independent experiments (n=3).  

To compare the effect of AZD1775 as a single agent or in combination with E2-deprivation and 

ribociclib on cell survival, we measured cell death via apoptosis by staining cells with Annexin V-

fluorescein isothiocyanate followed by analysis by flow cytometry in treated cells at 6-days. We 

observed a significant increase apoptotic cells with E2-dprivation, ribociclib or the combination in 

both sensitive MCF7 (p<0.01, p<0.01, and p<0.0001, respectively) and T47D cells (p<0.05, 

p<0.01 and p<0.0001, respectively) compared with corresponding vehicle treated cells (Figure 16 

A,C). In contrast, we did not observe significant apoptosis levels with E2-deprivation, ribociclib 

or the combination in resistant MCF7-LTED and T47D-LTED cells (Figure 16 B,D). However, 

there was a significant increase in apoptosis in MCF7-LTED or T47D-LTED with AZD1775 

treatment (p<0.0001; p<0.0001, respectively, Figure 16 B,D) compared to parental cells. 

Furthermore, treatment with E2-deprivation and ribociclib in combination with AZD1775 

significantly increased apoptosis in MCF7-LTED and T47D-LTED (p<0.0001 and p<0.0001 

respectively), however, the level of apoptosis in cells was decreased by about 10% when ribociclib, 

E2-deprivation and AZD1775 were combined compared to AZD1775 alone (Figure 16 B,D). 

Induction of apoptosis with different treatments compared with vehicle was confirmed using 

cleaved PARP (poly-ADP ribose polymerase), a marker of apoptosis induction (Supplementary 

Figure S23). Together, these data suggest that in LTED cells, AZD1775 alone induced marked 

increase in cell death via apoptosis. 
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Figure 16. AZD1775 induced marked increase in apoptosis in LTED cells. (A-D) Parental 

MCF7 and T47D cells and their corresponding LTED derivatives were treated with 0.02% 

DMSO, 500nM Paclitaxel (positive control for apoptosis), E2 deprivation, 500nM ribociclib, 

500nM AZD1775 single agents and combination of E2 deprivation and 500nM ribociclib and 

triple combination of E2 deprivation and 500nM ribociclib and 500nM AZD1775 for 6 days. 

Annexin V-FITC assay was used to measure apoptosis levels. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 (One-way ANOVA). (E-H) MCF7 and T47D cells along with their LTED 

derivatives were treated with E2 deprivation, 500nM ribociclib, 500nM AZD1775 single agents 

and combination of E2 deprivation and 500nM ribociclib or triple combination of E2 deprivation 

and 500nM ribociclib and 500nM AZD1775 for 6 days. Whole cell lysates were subjected to 

immunoblotting with indicated antibodies. All blots and proliferation assays are from three 

independent experiments (n=3). 

 

Immunoblotting was performed to evaluate the mechanism of AZD1775 alone or in combination 

with E2-dperivation and ribociclib in both sensitive or resistant cells. Following 6-days of 

exposure to the drugs, all cells demonstrated marked decrease in p-CDK1 (Y15) with AZD 1775 

alone and this decrease was maintained in combination with E2 deprivation and ribociclib (Figure 

16 E-H). Clinical work has shown DNA double stranded break (DSB) is commonly detected with 

phosphorylation of histone H2AX (phospho-H2AX[S139]; gamma-H2AX) with AZD1775 

treatment [180, 221]. Consistent with previous findings, we found an increase in gamma-H2AX 

in cells treated with AZD1775 alone or in combination with ribociclib and E2-deprivation in both 

MCF7 and T47D cells and this increase was enhanced in MCF7-LTED and T47D-LTED cells 

(Figure 16 E-H). However, level of gamma-H2AX was slightly decreased when cells were treated 
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with E2-deprivation, ribociclib and AZD1775 compared with AZD1775 alone, which 

complemented our cell growth results and collectively showed that AZD1775 is more potent in 

inhibiting cell growth LTED cells as a monotherapy.  

AZD1775 Sensitivity is Increased in ER+ Breast Cancer Wells with p53 Defects  

Cancer cells that harbor TP53 mutations show increased sensitivity to AZD1775 [222, 223]. To 

confirm a possible role for p53 activity in AZD1775 sensitivity in LTED variants, we tested 

whether inactivation of p53 gene in the various cell lines affected sensitivity to AZD1775 (Figure 

17). We transfected MCF7, MCF7-LTED, T47D and T47D-LTED cells with siRNA to p53 or 

non-specific control (ctrl) sequences for 24 h followed by treatment with AZD1775 for 48 h. 

Western blot analysis of p53 protein levels confirmed successful knockdown of p53 gene in cells 

transfected with p53 siRNA compared with cells transfected with ctrl siRNA (Figure 17 A,B). 

Measurement of proliferation showed significant increase in sensitivity of MCF7 and T47D cells 

transfected with p53 siRNA compared with their LTED counterparts (P<0.0001 and p<0.001 

respectively, Figure 17 C,E). This finding indicated a possible role of p53 in WEE1 inhibition in 

LTED cells. 
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Figure 17. Knockdown of p53 enhances AZD1775 mediated inhibition of cell growth in 

MCF7 and T47D cells. (A, B) Parental MCF7 and T47D and their respective LTEDs were 

transfected with p53 siRNA and their respective p53 control (ctrl) for 72h. Harvested samples 

were subjected to immunoblotting with indicated antibodies for validation. (C-F) Following 

24h post transfection, cells were treated with 500nM AZD1775 and proliferation of parental 

and LTED cells were measured using crystal violent. ***p<0.001, ****p<0.0001 and ns is 

not significant (One-way ANOVA). All blots and proliferation assays are from three 

independent experiments (n=3). 

Increased WEE1 Gene Expression Correlate with Survival in LTED Cells and with Poor 

Prognosis in ER+ Human Tumors 

To investigate whether the LTED variants of these cells show altered WEE1 protein levels, we 

determined basal WEE1 protein levels in nuclear or cytoplasmic fractions from MCF7, MCF7-

LTED, T47D and T47D-LTED cells that were 70-80% confluent (Figure 18). Levels of WEE1 

proteins were higher in both cytoplasmic and nuclear fractions of MCF7-LTED and T47D-LTED 

compared with parental cells. T47D cells harbor a missense mutation and show higher basal levels 

of p53 proteins compared with MCF7 cells that contain wild-type p53 [224]. Higher levels of p53 

protein was detected in both nuclear and cytoplasmic fractions of MCF7-LTED compared with 

MCF7 parental cells (Figure18 A). Similarly, there a slight increase in p53 protein both nuclear 

and cytoplasmic fractions of T47D-LTED cells compared with parental T47D cells (Figure 18 B). 

Together, these data suggest a possible correlation between increased p53 and WEE1 in LTED 

that confers resistance to antiestrogens or CDK4/6 inhibitors in these cells.  
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To determine whether WEE1 gene expression was associated with survival, we analyzed publicly 

available gene expression datasets (Figure 18 C,D) for ER+ breast tumors. Relapse-free survival 

over time (rfs_t) was estimated by Kaplan-Meier plots from two databases (GSE2034, GSE7390) 

showed that high WEE1 gene expression significantly correlated with unfavorable prognosis in 

lymph node negative ER+ breast tumors. Although this data suggests a role of increased WEE1 in 

ER+ breast cancer progression, further studies are needed to determine whether increased WEE1 

expression correlate with resistance to antiestrogens or CDK4/6 inhibitors.  
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Figure 18. Increased WEE1 gene expression correlates with survival in LTED cells. (A, 

B) Protein samples from MCF7 and T47D and their LTED derivatives (MCF7-LTED and 

T47D-LTED) were collected under basal conditions and fractionated to nuclear or 

cytoplasmic fractions and immunoblotted with indicated antibodies. Increased WEE1 and p53 

proteins were detected in both cytoplasm or nuclei of MCF7-LTED cells compared with the 
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corresponding fractions in MCF7 cells. Similarly, in T47D-LTED cells, WEE1 protein levels 

were increased in cytoplasmic and nuclear fractions compared with the corresponding 

fractions in T47D cells, although no marked differences were seen for p53 protein levels 

between T47D-LTED and T47D cells. Total H2AX (nuclear fractions) and beta-actin 

(cytosolic fractions) were used as controls. Blot represents one of three independent 

experiments. (C, D) Kaplan-Meier survival curves was generated using two databases 

(GSE2034; n=134, GSE7390; n=209). Higher WEE1 gene expression (red) correlated with 

reduced relapse free survival (rfs) compared with low WEE1 gene expression (blue) in 

untreated ER+ lymph node negative breast tumors. 

Discussion 
 

Breast tumors that progress on endocrine and CDK4/6 inhibitor therapies are often treated with 

combination of antiestrogens and mTOR inhibitors or with chemotherapies with nominal success 

[81, 225]. Recently, models of ER+ breast cancer cells are being explored to elucidate resistant 

mechanisms in order to identify targeted therapies for endocrine and CDK4/6 inhibitors resistant 

breast tumors [123, 226]. WEE1 is a tyrosine kinase that regulates G2/M checkpoints and timing 

of mitosis in normal cells [227]. Inhibitory phosphorylation of CDK1 (on Y15), delays cells from 

entering mitosis and allows time for DNA repair. Therefore, cancer cells with defective G1 

checkpoint, rely on G2 checkpoint for DNA repair and targeting WEE1 in these cells induce 

untimely mitosis and cell death [219]. In this study, we used endocrine sensitive and resistant 

breast cancer cell line pairs to evaluate whether the WEE1 inhibitor, AZD1775, as a single agent 

or in combination with antiestrogens or CDK4/6 inhibitors, is a reasonable therapy option for 

inhibiting growth of resistant cells. We found that AZD1775 is effective as a single agent in 

inhibiting growth in resistant cells. Using siRNA, we show that cell proliferation in antiestrogen 
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and CDK4/6 inhibitor resistant LTED cells are significantly more dependent on WEE1 compared 

sensitive parental cells. Combining AZD1775 with antiestrogen or E2-deprivation did not increase 

inhibition potential of this drug. Furthermore, we show that AZD1775 decreased cell survival in 

resistant cells by inducing apoptosis and G2/M cell cycle arrest. 

Combination of AZD1775 with a DNA-damaging chemotherapy agents has shown increased 

efficacy of both drugs in various preclinical cancer models [181, 196, 228, 229]. In breast cancer, 

targeting WEE1 with AZD1775 has been recently investigated by others as a promising strategy 

in combination therapeutic approaches in various subtypes of the disease. In preclinical models of 

triple-negative breast cancer, tumors that lack estrogen or progesterone receptors or the growth 

factor receptor HER2 [185, 196, 230-232]. In HER2-positive breast cancer cells models, treatment 

with AZD1775 overcomes resistance to standard-of-care therapy trastuzumab, a monoclonal 

antibody that targets HER2 [197]. In ER+ breast cancer cell models that were specifically made 

resistant to ribociclib, combination of AZD1775 and ribociclib inhibited proliferation in resistant 

cells [233]. In comparison, our MCF7-LTED and T47D-LTED breast cancer cell models represent 

acquired endocrine resistant breast cancer that are intrinsically resistant to CDK4/6 inhibitors, 

which comprises about 20% of breast cancer patients in the clinic [81]. Treatment with 

combination of standard-of-care therapy, antiestrogen (E2-deprivation or fulvestrant) plus 

ribociclib and AZD1775 did not show increased inhibition of cell proliferation compared with 

treatment with antiestrogen or AZD1775 alone (Figure 14 C-H). Currently, advanced ER+ tumors 

that progress on antiestrogens and CDK4/6 inhibitors are treated with antiestrogens combined with 

mTOR or PI3K kinase inhibitors [81] . Based on our studies, WEE1 with AZD1775 is a potential 

therapeutic option for some therapy resistant ER+ tumors, although more investigation is needed 

to identify biomarkers for selection of tumors that will respond to WEE1 inhibitors. Increased 
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gamma-H2AX has been proposed as a marker of sensitivity to WEE1 inhibitors [221]. In our 

standard-of-care therapy resistant ER+ breast cancer cells, treatment with AZD1775 increased 

gamma-H2AX as a single agent but this signal was diminished when AZD1775 was combined 

with E2-deprivation/fulvestrant and ribociclib (Figure 16 H,F). Therefore, AZD1775 is effective 

as a single agent in ER+ breast cancer cells that are resistant to antiestrogen and CDK4/6 inhibitors 

but the anti-proliferative effect of WEE1 inhibition in these cells is hampered when combined with 

antiestrogens or CDK4/6 inhibitors. 

G1 checkpoint can be deregulated in cancer cells with p53 mutation and these cells show increased 

sensitivity to WEE1 inhibition by prematurely entering G2 and promoting apoptosis [212, 223]. 

This mode of synthetic lethality in tumors with weakened p53 could be exploited with a WEE1 

inhibitor such as AZD1775 [234]. In this study, we show that knockdown of p53 in sensitive 

parental cells, but not in resistant cells, significantly increased sensitivity to AZD1775 (Figure 17 

C,E). MCF7 cells are wild-type for p53 while T47D cells have been reported to contain a mutation 

leading to an amino acid change (L194F) [235]. However, sensitivity to AZD1775 is not notably 

different in MCF7 cells compared with T47D cells, and downregulation of p53 in both of these 

cell lines increased sensitivity to AZD1775. Therefore, although p53 mutations can increase 

sensitivity to WEE1 inhibition, L194F mutation in T47D cells may not be sufficient to increase 

sensitivity to AZD1775. On the other hand, downregulation of p53 in MCF7-LTED and T47D-

LTED variants did not further accentuate sensitivity to AZD1775. Therefore, it is likely that in 

LTED cells, p53 may be altered, possibly due to post-translational modifications that suppressed 

normal p53 function, and consequently knockdown of p53 does not further affect sensitivity to 

AZD1775 in these cells. Additional studies to characterize the nature of p53 modifications in 

LTED cells are currently underway in our laboratory.   
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AZD1775 is currently being evaluated in clinical trials for the treatment of various cancers in 

combination with other anticancer therapies or as a single agent [180, 192]. While improved 

survival and manageable side effects were observed with AZD1775 in these clinical trials, our 

understanding of useful biomarkers to improve efficacy is incomplete. The preclinical data 

presented in this study provides a rationale for using WEE1 inhibitors as a promising novel therapy 

for endocrine resistant and CDK4/6 inhibitor resistant breast cancer. Further studies including in 

vivo models are needed to validate the use of AZD1775 and identity biomarkers of its efficacy in 

this disease setting.   

 
Conclusion 
 

The goal of this study was to investigate whether inhibition of WEE1 is an effective therapy for 

breast cancer cells that have progressed on endocrine therapies and are intrinsically resistant to 

CDK4/6 inhibitors. Based on the findings from this study, we provide a convincing rationale for 

using AZD1775 as a monotherapy in advanced ER+ breast cancer. However, further investigation 

is warranted to identity biomarkers that could better guide patient selection.   
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Supplementary Figures 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 19. Basal growth rate of LTED cells. (A, B) The growth rates of estrogen receptor 

positive (ER+) parental cells (MCF7 and T47D) and their derivatives (MCF7-LTED and T47D-

LTED) were trypsinized, suspended in PBS and cell number was measured using a Beckman 

Coulter Counter at 0, 4, 8 and 12 days. Points represent the mean ± SE of relative number 

(normalized to t=0) for a single representative experiment performed in triplicates. Data presented 

here is representation of three independent experiments (n=3). 
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Figure 20.  LTED cells are resistant to the combination of antiestrogens and CDK4/6 

inhibitors. (A-D) Growth rates of parental cells (MCF7 and T47D) and their derivatives (MCF7-

LTED and T47D-LTED) treated with vehicle, 100nM Fulvestrant, 500nM ribociclib or 

combination of fulvestrant and 500nM ribociclib were measured for 12 days and compared to 

time=0 (beginning of treatment). Cellular number was measured using a Coulter Counter.  Points 

represent the mean ± SE of relative number (normalized to t=0) for a single representative 

experiment performed in triplicate. * P<0.05, ** P<0.01, **** P<0.0001 (One-way ANOVA). 

Data presented here is representation of three independent experiments (n=3). 
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Figure 21. AZD1775 single agent suppressed growth of LTED cells. (A-D) Parental MCF7 

and T47D cells and their LTED derivatives were treated with vehicle, 100nM fulvestrant, 500nM 

ribociclib, 500nM AZD1775, combination of fulvestrant and 500nM ribociclib or the 

combination of fulvestrant, 500nM ribociclib and 500nM AZD1775 for 6 days. Cell number was 

measured by crystal violet assays. Bar graph represent the mean ± SE of relative number 
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(normalized to vehicle) for a single representative experiment performed in sextuplicates. 

*P<0.05, ****P<0.0001 (One-way ANOVA). Data presented here is representation of three 

independent experiments (n=3). 

 

 

 
 

Figure 22. Increased inhibition of cell proliferation in LTED cells following siRNA mediated 

WEE1 knockdown. MCF7, MCF7-LTED, T47D and T47D-LTED cells were transfected with 

control (Ctrl) siRNA or WEE1 siRNA for 72 h in 96-well plates for cell number measurements by 

using crystal violet assays, and in 6-well plates for Western blot analyses. (A-D), Bar graph 
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represent the mean ± SE of relative number (normalized to Ctrl) for a single representative 

experiment performed in sextuplicates. ****P<0.0001 (One-way ANOVA). Data presented here 

is representation of three independent experiments (n=3). (E, F) Western blotting of whole cell 

lysates with WEE1 antibody showed successful downregulation of siRNA mediated knockdown 

and subsequent decrease in p-CDK1(Y15) in cells transfected with WEE1 siRNA compared with 

cells transfected with Ctrl siRNA.  
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Figure 23. Treatment with AZD1775 induced PARP cleavage. Cells were treated with E2 

deprivation, 500nM ribociclib, 500nM AZD1775 or the combination of E2 deprivation and 

500nM ribociclib and triple combination of E2 deprivation and 500nM ribociclib and 500nM 

AZD1775 and collected at 6 days. Whole cell lysates were subjected to immunoblotting with 

cleaved PARP (Asp214), a marker for apoptosis. Increased levels of cleaved PARP was noted in 

AZD1775 treated cells in all cells compared to their respective vehicle control treated conditions. 

Blots are representations from three independent experiments (n=3). 
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CHAPTER V: CDC25A AS A TARGET IN ENDOCRINE AND CDK4/6 INHIBITOR 
RESISTANT BREAST CANCER CELLS 

 
 
To address these questions in our laboratory, we evaluated the role of CDC25A and found 

encouraging preliminary data. We evaluated BN82002 in our long term estrogen deprived 

(LTED) background. Our LTED derivatives have irregular cell cycle, and to explain the role of 

this irregular cell cycle in survival of LTED cells, we used BN82002 as a single agent and in 

combination with antiestrogens and CDK4/6 inhibitor, ribociclib.  We first compared the 

efficacy of BN82002 in inhibiting cell proliferation in endocrine sensitive and resistant cells. 

Cells treated with increasing concentrations (1uM to 25uM) of BN82002 at 72h showed 

significantly more decrease in cell proliferation in LTED variants of both cell types compared 

with parental cells (p<0.0001) (Figure 24 A,B). Next, we measured cell proliferation in these 

cells with BN82002 alone, fulvestrant alone, ribociclib alone, the combination of fulvestrant and 

ribociclib and triple combination of BN82002, fulvestrant and ribociclib at 6 days (Figure 25 A-

D). Together, these cell proliferation studies suggest that BN82002 is effective for inhibiting cell 

growth in endocrine resistant and CDK4/6 inhibitor resistant breast cancer cells.  

Exit from G1 and initiation of the cell cycle requires de-phosphorylation of inhibitory phosphates 

on adjacent threonine and tyrosine residues of CDK6. This is accomplished by the dual 

specificity phosphatase, CDC25A. Since CDK6 is increased in LTED cells (Figure 26 A), we 

hypothesize that LTED cells will be more sensitive to inhibition of CDC25A compared to 

parental cells. Based on our data, we found that LTED derivatives are highly sensitive to 

BN82002 and inhibition is enhanced when BN82002 is combined with fulvestrant and ribociclib 

(figure 25A-D). To evaluate a possible role for CDK6 activity in LTED variants, we tested 

whether inactivation of CDK6 gene in MCF7-LTED altered expression of CDC25A. We 
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transfected MCF7 and MCF7-LTED cells with siRNA to CDK6 or non-specific control (ctrl) 

sequences for 74 h. Western blot analysis of CDK6 protein levels confirmed successful 

knockdown of CDK6 gene in cells transfected with CDK6 siRNA compared with ctrl siRNA 

(Figure 26 A). We found an increase in CDC25A protein levels in MCF7-LTED compared to 

MCF7 under basal conditions and interestingly, we showed that CDC25A is even more increased 

with CDK6 knockdown.  

To determine whether CDC25A gene expression was associated with survival, we analyzed 

publicly available gene expression datasets (Figure 27 A-F) for ER+ breast tumors. Relapse-free 

survival over time (rfs_t) was estimated by Kaplan-Meier plots from six databases (GSE 7390; 

n=134, GSE2990; n=261, GSE11121; n=156, GSE17700 and GSE17705; n=298, 

GSE2034;n=209 and TCGA;n=715) [104, 236-239]. The results showed high CDC25A gene 

expression significantly correlated with unfavorable prognosis in ER+ breast tumors. 

In terms of future directions of this project, some important studies need to be conducted: 1) 

determine the connection between CDC25A and CDK6, 2) understand the mechanism of cell 

death induced by CDC25 inhibition, 3) In vivo validation studies with BN82002 alone and in 

combination with fulvestrant and ribociclib to determine if the addition of BN82002 can prevent 

metastases of LTEDs to the lymph nodes. Furthermore, it is important to determine if addition of 

BN82002 can prolong survival of mice.  
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Figure 24. Inhibition of CDC25 suppressed growth of LTED cells. (A, B) Parental cells 

(MCF7 and T47D) and LTED derivatives (MCF7-LTED and T47D-LTED) were treated with 

vehicle (0.02% DMSO) or indicated concentration of BN82002 for 72h. Inhibition of 

proliferation was measured by crystal violet. The data represents the average value ± s.d. of six 

replicates. ****P<0.0001 (One-way ANOVA). 
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Figure 25. Anti-proliferative effect of BN82002 in combination with antiestrogen and 

CDK4/6 inhibitor was enhanced in LTED cells. (A-D) MCF7 and T47D cells and their LTED 

derivatives were treated with 100nM fulvestrant, 500nM ribociclib, 15000nM BN82002, 

combination of 100nM fulvestrant and 500nM ribociclib and triple combination of 100nM 

fulvestrant, 500nM ribociclib and 15000nM BN82002 for 6 days. Inhibition of proliferation was 

measured by crystal violet. The data represents the average value ± s.d. of six replicates from 

three independent experiments.  ****P<0.0001 (One-way ANOVA). 
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Figure 26. Interaction between CDK6 and CDC25A. (A) Parental MCF7 and resistant MCF7-

LTED cells were transfected with CDK6 siRNA and their respective control (ctrl) for 72h. 

Harvested samples were subjected to immunoblotting with indicated antibodies for validation. 
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Figure 27. Increased CDC25A gene expression correlate with poor prognosis in ER+ 

human tumors. (A-F) Kaplan-Meier survival curves were generated using six databases 

(GSE 7390; n=134, GSE2990; n=261, GSE11121; n=156, GSE17700 and GSE17705; n=298, 

GSE2034; n=209 and TCGA; n=715). Higher CDC25A gene expression (red) correlated with 

reduced relapse free survival (rfs) compared with low CDC25A gene expression (blue) in 

untreated ER+ breast tumors. 
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CHAPTER VI: CLOSING REMARKS AND FUTURE DIRECTIONS 
 
 
Closing Remarks  
 
 
Despite the success of antiestrogens in extending overall survival of HR+/HER2- breast cancer 

patients, resistance is prevalent. CDK4/6 inhibitors are now widely used in both first and 

subsequent lines setting in HR+/HER2- tumors. Their use has significantly improved PFS and OS 

for both naïve and previously treated tumors. However, HR+/HER2- metastatic breast cancer is a 

major cause of mortality due to intrinsic and acquired resistance to therapies. Therefore, resistance 

to CDK4/6 inhibitors is emerging as a major clinical challenge. 

Based on the literature focused on understating mechanism of resistance to CDK4/6 inhibitors, it 

is clear that there exists a heterogeneous landscape of resistance with a variety of genomic 

alterations that mediate resistance to CDK4/6 inhibitors. It is therefore essential to model 

resistance to combination therapies and to explore the complexity of context-specific drivers. 

Several cell cycle proteins have been shown to contribute to resistance to CDK4/6 inhibitors such 

as loss of RB1, amplification of CCNE1, CCNE2, CDK6, and amplification or mutation of 

AURKA and other features of the oncogenic signaling pathways that contribute to CDK4/6 

inhibitor resistance include: mutations in ERBB2, amplification of FGFR2, mutation in PIK3CA, 

activation of AKT1, mutation of RAS and alterations in PTEN tumor suppressor [119, 120, 240]. 

The ER+/HER2- breast cancer preclinical and clinical data suggest major pathways that account 

for most (80%) of resistant mechanisms to CDK4/6 inhibitors (MAPK, AKT/mTOR, CCNE 

dependent kinases, AURKA) and it will be important to understand how to best sequence and 

schedule therapies that target these pathways along with CDK4/6 inhibition [119, 120].   
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Antiestrogens and CDK4/6 inhibitors arrest cell growth by inhibiting the cell cycle, and therefore, 

overlap in mechanisms of resistance to these two therapies are expected. Since most HR+/HER2- 

tumors are initially treated with antiestrogens, we used cancer cell models of this disease that are 

antiestrogen resistant to investigate how endocrine resistance affects sensitivity to CDK4/6 

inhibitors. Our endocrine resistant MCF7 and T47D models were generated following long-term 

estrogen deprivation (LTED), and consequently, these cells are estrogen independent. In addition, 

LTED cells mimic the phenotype of aromatase inhibitor resistance, and display cross-resistance to 

CDK4/6 inhibitors (palbociclib, ribociclib, and abemaciclib). Under basal conditions, LTED 

resistant cells grow 3-fold slower than parental sensitive cells with a small but significant increase 

in the G1 phase of the cell cycle compared with parental sensitive cells. To explain the role of this 

irregular cell cycle in survival of LTED cells, we used inhibitors of CDC25A, a dual specificity 

phosphatase that is required for progression from G1 to S phase, and WEE1, a key kinase of the 

G2/M checkpoint that prevents mitotic entry of cells with DNA damage. The CDC25A-WEE1 

nexus, which controls cell cycle progression in normal cells, has been reported to be a critical 

target in aggressive triple-negative breast cancers (explained in previous chapters).  

We pharmacologically targeted CDC25 using BN82002 and found increased sensitivity to CDC25 

inhibition in LTED cells compared to parental. We further found increased CDC25A gene 

expression correlated with worse survival in ER+ breast tumors based on the previously indicated 

databases. However, the focus of this thesis is on the role of WEE1 in drug resistant ER+ breast 

cancer cells. Our data showed that inhibition of WEE1 is a suitable target in HR+/HER2- breast 

cancer with acquired resistance to endocrine therapy and de novo resistance to CDK4/6 inhibitors.  

Characterization of our LTED derivatives (MCF7-LTED and T47D-LTED) indicated that our cells 

are resistant to antiestrogens, and therefore, a suitable in vitro model of drug resistant EE+ breast 
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cancer. We first measured cell proliferation over 72 h with vehicle alone or increasing 

concentrations of 17beta-estradiol (E2), fulvestrant or tamoxifen. We found that both LTED cells 

showed decreased sensitivity to antiestrogens. We then treated the cells with increasing 

concentration the three CDK4/6 inhibitors and the results showed that LTED cells are de novo 

cross resistant to palbociclib, ribociclib and abemaciclib. We then wondered if LTED cells 

maintain resistance to these therapies alone and in combination past the standard 72h. For this, we 

measured cell proliferation in response to vehicle, E2 deprivation alone, fulvestrant alone, 

ribociclib alone or the combination of E2 deprivation and ribociclib and fulvestrant and ribociclib 

at 0, 4, 8 and 12 days. The data suggested that LTED cells are resistant to antiestrogens and 

ribociclib as a single agent and in combination at 12 days. We also matched cell proliferation with 

western blots and assessed key proteins involved in ER/CDK4/6 signaling: cyclin D1, pRB (S780) 

and total RB. We found significant decrease in sensitive cells (MCF7 and T47D) when treated 

with E2 deprivation and ribociclib, however in LTED derivatives cyclin D1 levels did not change 

with different treatments. Phosphorylation of RB, a sensitivity marker of CDK4/6 inhibitors, was 

significantly decreased following treatment with ribociclib in MCF7 and T47D sensitive cells but 

not in LTED cells. Loss of RB expression is an important marker that is evaluated in clinical trials 

and a controversial sensitivity marker to CDK4/6 inhibitors. In our LTEDs, we found that under 

basal conditions RB protein levels are decreased compared to sensitive cells.  

The doubling time of our LTED cell lines is about 30% slower compared to sensitive cells, and 

therefore, we measured the cell cycle profiles of both sensitive and resistant cells. A 72h time-

course cell cycle analysis by flow cytometry showed a significant increase in the G1 phase in 

LTED cells compared to parental lines. These data suggest that the G1 phase of the cell cycle 

that is dedicated to DNA replication and repair may be defective in LTED cells. As explained in 
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previous chapters, studies have shown that cancer cells with defective G1 checkpoint, rely more 

on G2 checkpoint to repair DNA, maintain genomic integrity for survival. Based on this 

knowledge, we compared the efficacy of AZD1775 (a WEE1 kinase inhibitor) in inhibiting cell 

proliferation in endocrine sensitive and resistant cells. Treatment with AZD1775 as a single and 

in combination with E2 deprivation and ribociclib or in combination with fulvestrant and 

ribociclib showed that LTED derivatives are significantly sensitive to AZD1775 as a 

monotherapy. Furthermore, in both LTED variants, calculation of synergy showed an antagonist 

interaction of AZD1775 with a combination of ribociclib plus E2-deprivation. Evaluation of cell 

cycle profiles and apoptosis with anti-proliferative effects of these drugs alone and in 

combination showed a significant increase in G2/M and apoptosis in LTED cells compared with 

parental cells when treated with AZD1775 as a monotherapy. Furthermore, we found an increase 

in DNA double stranded break marker, gamma-H2AX with AZD1775 treatment. Taken together, 

unlike sensitive cells that are arrested in both G1 and G2/M with triple combination of 

antiestrogens, CDK4/6 inhibitors, and AZD1775 (Figure 28), in LTED resistant cells, 

combination of G2/M cell cycle arrest and apoptosis most likely due to unrepaired DNA damage 

and forced mitotic entry contribute to the cytotoxic effect of AZD1775 (Figure 29).  

Due to our earlier observation of the LTED G1 cell cycle profile, we knockdown the TP53 gene 

and treated with AZD1775. Measurement of proliferation showed significant increase in 

sensitivity of MCF7 and T47D cells transfected with p53 siRNA compared with their LTED 

cells which indicated a possible role of p53 in WEE1 inhibition in LTED cells. We then 

fractionated our cells and found an increase in WEE1 cytoplasmic and nuclear levels in both 

LTED cells. Furthermore, higher levels of p53 protein was detected in MCF7-LTED compared 

to parental MCF7. Lastly, we analyzed WEE1 gene expression in publicly available datasets for 
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ER+ primary breast tumors, lymph node negative and with no prior treatment. These datasets 

showed high WEE1 gene expression significantly correlated with worse survival. Together, these 

data suggest a possible correlation between increased p53 and WEE1 in LTED that confers 

resistance to antiestrogens or CDK4/6 inhibitors in these cells and further studies are required to 

validate these findings. 

 

Figure 28. Schematic representation of the mechanism of action of WEE1 inhibitor 

monotherapy in endocrine therapy and CDK4/6 inhibitor sensitive cells. Left panel: Under 

control conditions and in the absence of WEE1 inhibition, cancer cells are arrested in the G1 

phase of the cell cycle with antiestrogen and/or CDK4/6 inhibitor treatment. With defective p53 

and accumulation of mutations, other cancer cells progress through the cell cycle and reach 

SENSITIVE MODEL 
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G2/M checkpoint. Activation of the DNA damage response activates WEE1 and this leads to 

phosphorylation and inhibition of CDK2 (Y15) and CDK1 (Y15); delaying the onset of mitosis 

and allowing for DNA repair. Right panel: In the presence of a WEE1 inhibitor, such as 

AZD1775, the checkpoint activity of WEE1 at the S and G2/M phases of the cell cycle are now 

disabled. The cells accumulate DNA damage and unscheduled mitotic entry that leads to 

apoptosis.  

 

Figure 29. Schematic representation of the mechanism of action of WEE1 inhibitor 

monotherapy in endocrine therapy and CDK4/6 inhibitor resistant cells. Left panel: Under 

control conditions, in the absence of WEE1 inhibition, cancer cells resistant to endocrine therapy 

and CDK4/6 inhibitor progress though the G1/S transition while accumulating mutations since 

RESISTANT MODEL 
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DNA repair is bypassed possibly due to defective p53. Thus, these cells upregulate WEE1 and 

rely on the G2 checkpoint to prevent excessive DNA damage. Activation of the DNA damage 

response activates WEE1 and this leads to phosphorylation and inhibition of CDK2 (Y15) and 

CDK1 (Y15); delaying the onset of mitosis and allowing for DNA repair. Right panel: In the 

presence of a WEE1 inhibitor, such as AZD1775, the checkpoint activity of WEE1 at the S and 

G2/M phases of the cell cycle are now disabled. The cells accumulate DNA damage and 

unscheduled mitotic entry that leads to apoptosis.  

 
Future Directions 
 

Further investigation is needed to determine the role of p53 in regulating sensitivity to WEE1 

inhibition in our LTED models. The establishment of p53 knockdown stable inducible cell lines 

will be essential for these validation studies. This approach can help determine how long term 

knockdown of p53 in LTEDs affects sensitivity to WEE1 inhibition. In addition, as previously 

mentioned, it is known that cancer cells with altered p53, rely on G2 checkpoint to repair DNA 

and survive. It is also known that T47D cells harbor p53 missense mutation at residue 194 

(within the zinc binding domain) and one result of this mutation is increased p53 protein levels 

[241]. In MCF7-LTED cells, p53 protein levels are increased (Figure 17A) compared to parental 

MCF7 although both cell lines harbor wild type p53 (based on our own sequencing data). Further 

studies are needed to assess whether post-translational modification of p53 in LTED cells 

contribute to increased sensitivity to WEE1 inhibition.  

This initial study on WEE1 can be taken into two major routes: mathematical modeling or 

preclinical validation using in vivo murine models. Our lab group has been collaborating with 

mathematical modelers to determine the onset of drug resistance in breast cancer. In the case of 
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ER+ breast cancer, antiestrogens initially reduce cell growth and survival, however, continued 

stress gives rise to heterogeneous population of cells that possibly switch their dependence from 

ER to other pathways, most commonly growth factor receptors. The LTED cells may undergo 

renewed proliferation through reliance of alternative pathways or epigenetic reprogramming. 

Based on our current data, it will be of great importance to determine the timing of endocrine 

therapy resistance and how to delay the development of resistance mechanisms that also confer 

cross resistance to CDK4/6 inhibitors. To circumvent or delay resistance, mathematical modeling 

will allow us to simulate the outcome on cell proliferation of different sequencing, dosing and 

timing protocols of drugs to optimize cancer cell death and capture adaptation of cells to 

therapies over long period of time [242]. It will be of great interest to understand the effect of 

sequencing cell cycle inhibitors along with WEE1 inhibitions such as using CDC25 inhibitor, 

AURKA inhibitor, CHEK1 inhibitor or Myt1 inhibitor.   

Another important preclinical next step will be to test AZD1775 single agent and in combination 

with fulvestrant and ribociclib in xerograph models. Our laboratory recently conducted a pilot in 

vivo xenograph study to evaluate metastatic potential of these cells in NOD/SCID mice. Based 

on this study, we found micrometastases to the lymph nodes of LTED mice and further 

validation studies are currently ongoing. Our in vitro data suggests that LTED derivatives are 

more sensitive to WEE1 inhibitor monotherapy than in combination therapies. This statement 

should be tested to determine: (1) if AZD1775 can prolong the survival of LTED mice, (2) if 

AZD1775 inhibit micro-metastases to the lymph nodes of LTED mice, (3) if the additive of 

effect of AZD1775 in combination with antiestrogen and CDK4/6 inhibitor is maintained in 

MCF7/T47D mice and (4) if the combination of AZD1775, an antiestrogen and a CDK4/6 

inhibitor can enhance the shrinkage of tumors compared to AZD1775 monotherapy. 
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Collectively, these in vivo studies will provide strong evidence for future translational work to 

inhibit WEE1 in advanced ER+ breast tumors that have acquired resistance to antiestrogens and 

de novo resistance to CDK4/6 inhibitors.  
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APPENDIX: TABLES 

 
Table 1. Antibody List. Western Blot Antibody List and Concentrations. 
 

Antibody Company Catalog # Concentration 
Actin Santa Cruz Biotech sc-47778 1:1000 
CDK4 Cell Signaling #12790T 1:750 
CDK6 Cell Signaling 3136 1:650 

CDC2 (CDK1) Cell Signaling 77055S 1:1000 
Cyclin D1 Cell Signaling 2978S 1:1000 
CDC25A Abcam ab989 1:650 

H2AX Cell Signaling 7631 1:1200 
Phospho-CDK1 Tyr15 Cell Signaling #4539S 1:650 

Phospho- H2AX Ser139 Cell Signaling 80312 1:1000 
Phospho-RB Ser780 Cell Signaling #3590 1:850 

P53 Abcam ab32389 1:1000 
Cleaved PARP Cell Signaling 9548 1:1000 

RB Cell Signaling 9309S 1:750 
WEE1 Cell Signaling #13084 1:500 

 
 
 
 
 
 
Table 2. siRNA List. Sequences of siRNA Used in This Study. 
 

Target Sequence 
CDK6 GCAAAGACCUACUUCUGAA; UAACAGAUAUCGAUGAACU 

GAUAUGAUGUUUCAGCUUC; GCACUAAUCAGCACACAUA 

TP53 GAAAUUUGCGUGUGGAGUA; GUGCAGCUGUGGGUUGAUU 
GCAGUCAGAUCCUAGCGUC; GGAGAAUAUUUCACCCUUC 

WEE1 AAUAGAACAUCUCGACUUA; AAUAUGAAGUCCCGGUAUA; 
GAUCAUAUGCUUAUACAGA; CGACAGACUCCUCAAGUGA 
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