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Abstract 

Breast cancer is the most common invasive cancer diagnosed in women, and there is a 

critical need to identify novel treatment strategies. To that end, therapies designed to target 

molecular drivers specific to individual breast cancer subtypes have the potential to improve 

locoregional disease control, decrease rates of metastasis, and increase overall survival in 

patients with breast cancer. Thus, we sought to nominate and validate strategies for the 

radiosensitization of aggressive breast tumors in a subtype-specific manner. By focusing on 

clinical-grade pharmacological inhibitors of proteins involved in apoptosis, DNA repair, and the 

cell cycle, we proposed multiple novel preclinical combination therapies for inflammatory breast 

cancer (IBC), triple negative breast cancer (TNBC) and estrogen receptor positive (ER+) breast 

cancers. First, we demonstrated that pharmacological PARP1 inhibition using velparib or 

olaparib radiosensitized IBC models both in vitro and in vivo through the potentiation of DNA 

strand breaks and a delay in overall DNA repair capacity with the combination treatment. Next, 

we asked if the use of CDK4/6 inhibitors – which are currently only approved for the treatment 

of metastatic, ER+ breast cancer – would affect the radiation response when administered 

concurrently with radiation treatment. We demonstrated that repair of RT-induced DNA damage 

was suppressed with CDK4/6 inhibition and that radiosensitization occurred in a cell cycle-

independent manner with palbociclib, ribociclib, or abemaciclib. In both ER+ and TNBC, 



 xxiv 

efficacy of the combination therapy was predicted by the presence or absence of the 

retinoblastoma tumor suppressor (RB). Genetic or pharmacologic knockout of RB1 abrogated 

CDK4/6 inhibitor-mediated radiosensitization, but re-expression of RB in ER+ and TNBC 

models was sufficient to restore the radiosensitization phenotype. Combined RT and CDK4/6 

inhibition caused clinically relevant levels of radiosensitization in vivo and led to the 

development of multiple clinical trials (Phase I/II) to test the safety, tolerability, and efficacy of 

this combination therapy in patients with ER+, RB-intact breast cancer. Finally, because there 

are very few targeted therapies available for the treatment of TNBC, we sought to nominate 

additional subtype-specific targets for radiosensitization in radioresistant models of TNBC. In 

this study, we demonstrated that Bcl-xL inhibition led to radiosensitization in TNBC cell lines 

with low Mcl-1 expression. While transient Mcl-1 knockdown was sufficient to sensitize 

radioresistant cell lines to Bcl-xL-mediated radiosensitization, overexpression of Mcl-1 or 

CRISPR-mediated knockout of the PTEN tumor suppressor induced radioresistance. Together, 

this data suggests that subtype-specific approaches for the radiosensitization of breast cancer can 

be an effective way to increase the efficacy of current treatment options for breast cancer 

patients. In addition, the use of multiple FDA-approved compounds has allowed a number of 

these approaches to move into early clinical trials for patients with breast cancer, increasing the 

translational relevance of these findings. 
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Chapter 1 : Modulating the Radiation Response for 

Improved Outcomes in Breast Cancer1 

Abstract 

Radiation (RT) therapy is critical for the management and local control of breast cancers to prevent 

the development of distant metastases and to improve overall survival rates in certain groups of 

patients. While the clinical utility of radiation therapy has been consistently demonstrated, the 

development and optimization of combination therapies with RT continues to be of great clinical 

interest. Preclinical and clinical studies have demonstrated that the effects of radiation can be 

enhanced when used in combination with therapies that cause additional suppression of DNA 

damage response, apoptosis, and hormone receptor signaling pathways, among others. In addition, 

it has become increasingly important to understand the underlying biological differences between 

the various breast cancer subtypes, as this may contribute to differential responses to radiation and 

 

1 This chapter was published in JCO: Precision Oncology in January 2021. 
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to radiosensitizing therapies. This review will focus on the preclinical and early clinical use of 

small molecules and antibodies that increase the efficacy of radiation therapy, specifically in the 

context of breast cancer. 
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Introduction 

Radiation (RT) is an effective therapeutic modality in breast cancer used as part of the 

standard of care to prevent locoregional recurrences and distant metastases. Conventionally, 

fractionated RT is thought to affect multiple aspects of tumor cell physiology, including the four 

R’s of radiobiology: repair of DNA damage, redistribution of cells in the cell cycle, repopulation, 

and reoxygenation. Beyond the 4 R’s, genetic variation, tumor heterogeneity, and the tumor 

microenvironment can also contribute to radiosensitivity in breast cancer1. While breast cancer 

patients are almost always treated with a multimodal approach, the co-administration of available 

therapies with RT can have a large impact on tumor response by changing the sensitivity of 

cancer cells to RT and sparing normal tissue. For the treatment of breast cancer in particular, 

combining RT with other cytotoxic or targeted therapies has led to improvements in recurrence-

free and disease-free survival rates. There are several preclinical and clinical approaches to the 

radiosensitization of aggressive breast cancers, which have an impact both on current treatment 

strategies and potential changes to the standard of care.  

 

Cytotoxic Chemotherapies 

Treatment of breast cancer in patients without metastatic spread of disease has always 

included surgical removal of the tumor. Although surgical resection remains part of the modern 

treatment paradigm, chemo- and radiation therapies have been added to the standard of care in 

certain patients based on the results of multiple phase III randomized trials demonstrating 

improved disease-free and overall survival2,3. Since then, the benefits of chemotherapy in breast 

cancer have become well established, and many studies have sought to determine the most 

effective agents and sequence to use in both the neoadjuvant and the adjuvant setting4. Many of 
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these agents work by introducing or potentiating DNA damage, and combination therapy with 

RT has shown synergy with several chemotherapeutic agents.  

Many chemotherapy agents used for the treatment of breast cancer work by inhibiting the 

synthesis of DNA or its precursors, including fluorinated pyrimidine analogs such as 

gemcitabine and 5-fluorouracil or the purine nucleoside antimetabolite cordycepin5. Preclinical 

studies with gemcitabine showed efficacy as a radiosensitizer in both wild type and p53 mutant 

MCF-7 cells6 (though initial results from others were mixed7), and has led to clinical trials with 

gemcitabine8 and capecitabine9,10 (NCT03958721) in combination with RT. These pivotal 

studies were some of the first to demonstrate the value of combination chemotherapy and RT in 

breast cancer, which has led to an increased interest in the potential use of other 

chemotherapeutic agents with concurrent RT. A similar mechamism occurs with 5-fluoruracil, 

the active component of the prodrug capecitabine, which leads to G1/S cell cycle resassorment 

and increased tumor regression when administered to patients with neoadjuvant chemotherapy-

refractory, inoperable, advanced breast cancer11. By interfering with DNA synthesis and DNA 

repair, nucleoside and nucleotide analogs increase the ability of RT to cause lethal double strand 

DNA (dsDNA) breaks in breast cancer cells5-7. 

Other antineoplastic drug classes that regulate the epigenetic addition or removal of bulky 

groups from the DNA backbone are also commonly used in the treatment of breast cancer and 

have recently been shown to influence radiation sensitivity. For example, the enzyme DNA 

methyltransferase, which adds regulatory methyl groups to DNA, can be inhibited at high 

concentrations with the DNA methylase inhibitor 5-aza-2'-deoxycytidine to radiosensitize triple 

negative breast cancer (TNBC) cells by inducing G2/M arrest and stalling DNA repair12. On the 
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other hand, alyklating agents such as cisplatin bind to purine nucleotides in DNA including 

guanine and cross-link DNA to prevent proper strand separation necessary for DNA replication.  

The safety of cisplatin and RT is being explored in patients with Stage II or III TNBC 

(NCT01674842), but in patients with inflammatory breast cancer, 5-fluorouracil and cisplatin 

given concurrently with a total dose of 65 Gy fractionated RT has already demonstrated an 

increase in overall and disease-free survival with minimal associated toxicities compared to 

convential radiotherapy13. Clinical use of akylating agents can result in dose-limiting skin 

toxicities, but a recent phase I/II clinical trial with cyclophosphamide and the anthracycline 

doxorubicin (NCT00278109) with partial breast irradiation reported minimal toxicities14. More 

targeted studies are also underway to determine the effects of combination therapy specifically 

for patients with breast cancer brain metastases with RT and temozolomide (NCT00875355, 

NCT02133677).  

Taxanes, including paclitaxel, work by stabilizing microtubule assembly and are widely 

used as part of neoadjuvant treatment of breast cancer to shrink tumors before surgical resection; 

they also remain a backbone of standard adjuvant therapy for node-positive or advanced stage 

breast cancer. Combination therapy with microtubule-stabilizing agents and RT has been 

reported to be safe across many different cancer types, and there have been multiple phase II 

clinical studies in breast cancer that have reported combinations of either docetaxel15, 

paclitaxel16 (NCT00006256, NCT00003050), or ixabepilone (NCT01818999) with concurrent 

RT. Although our understanding of the interactions between cytotoxic chemotherapies and RT 

are increasing, further studies are needed to pinpoint optimal treatment paradigms and 

understand the incidence and severity of potential side effects. 
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Nuclear Hormone Receptors 

Breast cancers are molecularly categorized by the presence of nuclear hormone receptors 

including the estrogen receptor (ER), progesterone receptor, and – more recently – the androgen 

receptor (AR), because these molecular differences lead to large differences in the effectiveness 

of targeted and non-targeted treatments. The first “molecularly targeted” therapy to be approved 

for breast cancer was tamoxifen, in the 1970s, which acts as a selective estrogen receptor 

modulator (SERM) to antagonize ER signaling in breast tissue. While effective as a 

monotherapy, inhibition of nuclear hormone receptor signaling is of increasing interest as a 

modulator of radiosensitivity in breast cancer17.  

Although previously recognized as a therapeutic approach in prostate cancer18,19, 

pharmacological inhibition of AR has been shown to radiosensitize AR+ breast cancer cells20,21. 

Mechanistic studies have suggested a role for the androgen receptor in DNAPK signaling and the 

non-homologous end joining (NHEJ) response to double strand DNA (dsDNA) breaks20, though 

at present the androgen receptor’s transcriptional ability cannot be excluded as a potential 

mechanism of radiosensitivity. In addition, inhibition of HSP90, a protein chaperone that 

interacts with both the androgen and estrogen receptors, can also modify radiosensitivity of 

breast cancer cells22. This may suggest that modulation of multiple types of hormone receptor 

signaling pathways may be able to affect the cellular response to RT, though HSP90 client 

proteins are diverse, including other mediators of radiosensitivity including the DNA damage 

response protein ATR23. 

ER, most commonly exploited with targeted anti-estrogen therapies such as tamoxifen in 

the treatment of estrogen receptor positive (ER+) breast cancers, is less understood in terms of its 

role in the radiation response. Since the approval of the first anti-estrogen therapies, the question 
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of whether or not to administer hormone therapy concurrently with RT has remained an 

important clinical question17. There is preclinical evidence to suggest that ER itself may be a 

modulator of radiosensitivity, and that its absence may directly contribute to the intrinsic 

radioresistance of TNBC cells that do not express ER, PR, or HER224. This is also consistent 

with the clinical observation by Kyndi et al. in 2008 that HER2+ and TNBC have higher rates of 

locoregional recurrence after RT than ER+ patients25. Further, knockdown or loss of ER 

expression in ER+ breast cancer cell lines has been associated with radioresistance26. 

 It is known that the response of ER+, estrogen-dependent breast cancer cell lines to 

therapies such as tamoxifen and RT is highly dependent on many factors, including the 

availability of estrogens and the size of the tumor (or spheroid)27. The historical perception of 

this proposed combination therapy was based on the hypothesis that by stopping or slowing the 

growth of rapidly proliferating ER+ breast cancer cells with anti-ER therapies, RT would be less 

effective, as RT is most effective in rapidly cycling cells. Additionally, cells would arrest in 

G0/G1, the least radiosensitive phase of the cell cycle. Indeed, initial studies with tamoxifen 

showed that radiosensitivity is influenced by the overall availability of estrogens, suggesting that 

tamoxifen slightly radioprotects ER+ breast cancer cells28. Exogenous 17-β-estradiol can be used 

to blunt this effect27,28, suggesting that this is a direct effect of estrogenic signaling pathways.  

 Although these studies suggested some antagonism between inhibition of estrogen 

receptor signaling and RT therapy in breast cancer cells, more recent preclinical studies hint that 

this interaction might be slightly more synergistic than previously thought. Wang et al. showed 

that pretreatment of MCF-7 cells with fulvestrant leads to decreased cell survival in combination 

with RT through suppression of DNA damage response pathways and G1 cell cycle arrest29. In 

line with these findings, tamoxifen treatment of mammary tumors in female Sprague Dawley rats 
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exposed to 1-methyl-1-nitrosourea decreases both the size and metastatic dissemination of tumor 

cells to a greater degree than either tamoxifen or RT alone30. 

These types of translational questions become even more complicated beyond the 

confines of a controlled, experimental setting, and there is currently no consensus as to the most 

effective sequence of tamoxifen and RT therapy. Some studies have reported no sequence 

dependence in preventing locoregional recurrence when combining tamoxifen and RT31,32, while 

others have suggested a potential benefit of concurrent tamoxifen and RT33-35. To that end, there 

are multiple ongoing phase 3 clinical trials that seek to optimize the timing of endocrine 

therapies such as tamoxifen (CONSET, NCT00896155) or the aromatase inhibitor anastrozole 

(STARS, NCT00887380) and RT. More comprehensive phase 4 clinical trials such as REaCT-

RETT (NCT03948568) are also underway to provide a more complete understanding of 

additional toxicities or side effects that may result from combination treatment with RT and 

endocrine therapies. 

 

HER2 and EGFR 

Along with the presence of nuclear hormone receptors, breast cancers are stratified based 

on amplification of HER2, which is part of the epidermal growth factor receptor (EGFR) family 

of receptor tyrosine kinases. HER2 signaling drives growth and proliferation in HER2-amplified 

breast cancers, but overexpression of the HER2 protein has also been correlated with 

radioresistance 36,37. With the use of genetic HER2 knockdown37,38 or silica nanoparticles 

expressing anti-HER2 antibodies39 in HER2-expressing cell lines, this radioresistance phenotype 

can be reversed. It is also known that HER2-overexpressing breast cancer stem cells express 
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higher levels of aldehyde dehydrogenase and are more radioresistant than their HER2-negative 

counterparts38, suggesting that this aggressive and radioresistant subpopulation of cells can  

contribute to disease relapse or metastasis.  

Clinically, HER2 inhibition is an effective monotherapy for patients with HER2-

amplified tumors. The monoclonal antibody trastuzumab (Herceptin) was approved in 1998 for 

patients with HER+ breast cancer as the first FDA-approved monoclonal antibody for a solid 

tumor. Mechanistically, trastuzumab works by binding to the extracellular portion of HER2 to 

block HER2-mediated signaling. When trastuzumab is administered with RT, breast cancer cell 

lines display decreased Akt and MAPK/ERK phosphorylation and increased apoptosis compared 

to treatment with trastuzumab alone40,41.  There is also some evidence to suggest that 

trastuzumab may affect the efficiency of DNA repair pathways and the cell cycle42, which may 

contribute to radiosensitization. As a result, the combination of trastuzumab and external beam 

radiation therapy has been evaluated in multiple trials for patients with HER2 overexpressing 

breast cancer (NCT00943410)43, as well as in patients with HER2+ ductal carcinoma in situ 

(DCIS) to improve the efficacy of therapy (NCT00769379).  

In the years following, the small molecule dual tyrosine kinase inhibitor lapatinib was 

approved for the treatment of HER2+ breast cancers that progressed after adjuvant chemotherapy 

or treatment failure with trastuzumab. Unlike trastuzumab, lapatinib binds intracellularly to 

prohibit HER2 autophosphorylation and dimerization, but the radiosensitizing effects of HER2 

inhibition appear to be comparable with both drugs. Preclinical studies with lapatinib have 

demonstrated similar suppression of AKT/ERK signaling44-46 and decreased phosphorylation of 

DNA-dependent protein kinase (DNAPK), a crucial mediator of non-homologous end joining 

(NHEJ) 44.  In addition to unresolved dsDNA breaks, increased senescence and apoptosis leads to 
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increased cell death in breast cancer cells as a result of lapatinib and RT44. Since its approval, 

lapatinib has also been used clinically (NCT00379509, NCT01868503)43 in combination with 

RT to radiosensitize HER2+ breast cancers. In addition, targeted clinical trials have been 

developed to explore whole-brain radiation therapy or stereotactic radiosurgery with lapatinib for 

patients with brain metastases (NCT01622868). Other related anti-HER2 targeting therapies such 

as pertuzumab and trastuzumab emtansine (TDM-1) are routinely used in the treatment of 

HER2+ breast cancers, but their utility as radiosensitization agents has not been directly studied. 

The observation that RT induces phosphorylation of epidermal growth factor receptor 

(EGFR) family members in breast cancer cell lines –  beyond just HER2 – was one of the first 

indications that EGFR signaling may influence the radiation response in breast cancers47,48. In 

models of breast cancer with acquired resistance to radiation, ER+ breast cancer cell lines 

including MCF-7 and ZR-751s lose expression of the estrogen receptor and gain expression of 

HER2/EGFR signaling26,48, suggesting that these compensatory growth signaling pathways may 

be important in the radiation response. Recently published data also suggest that EGFR signaling 

activity may influence early local recurrences after radiation, further supporting a role for the 

EGFR signaling pathway in radiation resistance49.  

Many of the targeted HER2/EGFR inhibitors have some activity across the EGFR family 

of proteins. However, as EGFR inhibition has become a more relevant treatment strategy in other 

cancers, newer and more specific EGFR inhibitors such as cetuximab, canertinib, panitumumab, 

and nimotuzumab have become available, with similar preclinical radiosensitizing effects in 

breast cancer89-92. Consistent with existing data for HER2 and EGFR signaling, EGFR3-

mediated signaling is radioprotective in breast cancer cells93,94, but because of the overlap 

between EGFR signaling pathway signaling, further comparative studies are needed to make 
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direct conclusions comparing the efficacy of specific inhibition of each of the EGFR family 

members. Furthermore, overexpression of the dominant-negative, truncated EGFR-CD533 

protein leads to radiosensitization of breast cancer cells after repeated doses of radiation95,96 

while overexpression of TOB1, a negative regulator of HER2 activity, is radiosensitizing. 

While current clinical trials utilize FDA-approved agents (Figure 1.1), additional 

preclinical strategies with novel agents for EGFR/HER2-mediated radiosensitization are also 

being explored in breast cancer97-99. Novel inhibitors with activity against insulin-like growth 

factor receptors have shown efficacy by decreasing pERK signaling in addition to a decrease in 

p-EGFR100,101, consistent with the clinical observation the IGFR overexpression after radiation 

treatment is associated with early local recurrence102. Additional work has explored the role of 

small oligonucleotides, including miR-200c103  and miR-7104, that deactivate EGFR and 

upregulate DNA damage signaling pathways, resulting in an increase in γH2AX foci formation 

and persistence of DNA damage in triple negative MDA-MB-468 cells. In addition to more 

effective ways to target HER2/EGFR proteins, HER2-mediated radioresistance can be overcome 

by targeting compensatory signaling pathways using the small molecular FAK inhibitor PF-

56228137 or inhibition of downstream NF-κB or pro-apoptotic signaling36,105. While it is clear 

that modulation of HER2/EGFR signaling is an attractive radiosensitization strategy in breast 

cancer, the extensive repertoire of compounds and strategies available to manipulate this system 

– including additional EGFR family members and novel compounds that lead to co-suppression 

of multiple signaling pathways –  creates many opportunities to determine the optimal clinical 

approach. 
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PI3K and mTOR Signaling 

Numerous studies have elucidated the far-reaching effects of PIK3CA inhibition, some of 

which play a role in the radiation response in breast cancer. After exposure to ionizing RT, the 

resulting activation of PIK3CA/Akt signaling leads to growth-stimulatory effects that are 

radioprotective, and these effects can be reversed with the addition of specific PIK3CA or 

mTOR pathway inhibitors50,51. In addition to mutations, overexpression, and amplification of the 

PIK3CA family proteins that are common in breast cancer, co-suppression of PIK3CA signaling 

and other pathways that drive proliferation can lead to synergistic responses. In the context of 

EGFR/HER2-mediated radioresistance, the addition of PI3K inhibition to either EGFR52 or 

HER2 inhibition53 can lead to synergistic responses that increase cell death through changes in 

cell cycle distribution or an increase in apoptosis. Pharmacological PIK3CA inhibition in 

combination with RT influences the expression of other pathways, including NF-κB signaling54 

or ERK/MEK signaling40,46,55 that increase the efficacy of radiation treatment56, but perhaps the 

most common co-targeted pathway with PIK3CA inhibition is the mTOR signaling pathway.  

The PIK3CA pathway signaling influences a variety of widespread and interconnected 

signaling pathways. The PI3K/mTOR signaling pathway is activated by extracellular receptor 

tyrosine kinase activity and external signals of cellular stress, included those induced by RT. In 

the context of breast cancer, the expansion of radioresistant breast cancer stem cell populations 

and their self-renewal has been attributed to PI3K/mTOR signaling and can be repressed with the 

combination of radiation and dual mTOR/PI3K signaling106. Dual strategies that target both 

pathways – or novel compounds such as the novel PI3K/mTOR inhibitor NVP-BEZ235 that 

block both pathways –  have been successful in radiosensitizing breast cancer through 

suppression of HIF-1α signaling as well as increased autophagy and apoptosis107. Response to 
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RT therapy is also influenced by intact PTEN signaling108,109, the presence of constitutively 

active Ras protein50,110, or modulation of the downstream RAC1 GTPase involved ERK1/2-

mediated G2/M checkpoint activation111. 

Many signaling pathways involved in metabolic stress are coordinated through the 

activation of the mammalian target of rapamycin (mTOR) and are closely linked to both the 

cellular control of autophagy and the radiation response51,112. While there are conflicting reports 

on the ability of the mTORC1 inhibitor rapamycin to radiosensitize breast cancer cell lines 

cells51,106,113, there are a number of studies that demonstrate radiosensitivity through modulation 

of mTOR pathway members. For example, pharmacologic114,115 or genetic inhibition116 of 

SIRT1, a negative regulator of mTOR1 function, increases radiosensitivity of breast cancer cells 

and suppress tumor growth in an IL-6-dependent manner. Taken together, these studies indicate 

a strong potential for PIK3CA/mTOR family inhibitors, either alone or in combination, to serve 

as effective radiosenstization agents in the treatment of breast cancer. 

 

PARP Inhibition 

In contrast to the use of targeted therapies that are unique to the underlying physiology of 

breast cancer, other radiosensitization strategies are effective across a range of cancer types. 

Pharmacological inhibition of polyadenosine ribosome polymerase (PARP), first approved for 

ovarian cancer, is now being used as both as a monotherapy and in combination with RT for the 

treatment of inflammatory57,58 (NCT03598257) breast cancer and TNBC59 (NCT03109080). 

Although generally well tolerated during treatment, long term follow-up revealed significant 

long-term toxicities that were not initially apparent in preclinical and early clinical data. Despite 
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this, similar studies are underway with newer PARP inhibitors including rucaparib 

(NCT03542175), and niraparib60,61 (NCT03945721).  

PARP1 inhibition in combination with RT is thought to increase breast cancer cell death 

by broadly suppressing DNA repair and increasing the number of dsDNA breaks57,59,62. The 

PARP protein catalyzes the polymerization of ADP-ribose groups to sites of DNA damage, using 

ADP donated from a required NAD+ cofactor. Because the nicotinamide precursor needed for 

PARP1-mediated ribosylation is an endogenous inhibitor of PARP1, NAD+ itself also has the 

ability to radiosensitize breast cancer cell lines in a PARP-dependent manner63. The addition of 

these polymerized groups recruits necessary protein machinery for single strand DNA repair 

processes including base excision repair, nucleotide excision repair, and mismatch repair, as well 

as dsDNA repair pathways such as homologous recombination (HR) and NHEJ. In breast 

cancers with existing deficits in DNA repair capacity – including BRCA1/2 mutations – the 

addition of a PARP inhibitor leads to suppression of DNA repair and leads to synthetic 

lethality57,59.  

 

DNA Damage Response 

 Although PARP inhibitors often take advantage of existing DNA repair deficits, there are 

numerous ways to suppress DNA repair capacity in breast cancer. Ionizing radiation induces 

predominantly single strand breaks in DNA, and it has been shown that mutations in single 

strand repair pathways (including the mismatch repair genes MSH2 and MSH3) may confer 

radiosensitivity to breast tumors64. However, it is the failure of DNA repair and the introduction 

of dsDNA breaks that are eventually lethal to the cell. Unsurprisingly, pre-existing mutations in 

BRCA1 and ATM have been shown to strongly enhance the response of cells to ionizing 
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radiation65. Accordingly, selective pharmacological inhibition of double strand break repair 

pathways has been explored as an effective way to enhance the response of breast cancer cells to 

RT.  

Breast cancer cells can repair dsDNA breaks with HR, which is mediated through the 

actions of proteins such as ATR, ATM, and RAD51. The CHK1/2 inhibitor AZD7762 inhibits 

the ability of cells to undergo HR and – in combination with RT – radiosensitizes breast cancer 

cell lines66,67 in a p53-dependent manner66. Similar results are seen with MK8776 and KU-

55933, which target CHK1 and ATM, respectively68,69. Direct inhibition of the downstream 

mediator RAD51 with miR-15570 or RAD51 siRNA can also achieve similar results, suggesting 

that HR can be manipulated in a variety of ways to achieve a radiosensitization phenotype.  

When cells lack a template chromosome for HR, or if HR is suppressed, dsDNA breaks 

must be repaired with NHEJ. NHEJ is the most basic form of dsDNA repair, and inhibition of 

NHEJ can significantly delay or prevent repair of dsDNA breaks. During NHEJ, DNA protein 

kinase (DNAPK) activation at sites of dsDNA breaks leads to the recruitment of accessory 

proteins such as Ku70/80 that are necessary for active repair. Because NHEJ does not rely on the 

availability of template DNA for repair, the resulting repair is more error prone. Thus, small 

molecule DNAPK inhibitors such as NU7761 and AZD7648 sensitize breast cancer cell lines to 

the toxic effects of RT through the buildup of unresolved dsDNA breaks69,71,72.  Many 

nonspecific inhibitors of the PI3K family, including NU7761 or the novel compound PI-10373, 

not only inhibit cellular proliferation through inhibition of PI3K, but also retain high affinity for 

the conserved active site of the PI3K-related kinases DNAPK, ATM, and/or ATR that leads to 

radiosensitization. 
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Although many of these preclinical agents are not candidates for further clinical 

development, inhibition of ATR, which is required for HR initiation, has shown success in the 

radiosensitization of TNBC cells in the preclinical23,74 and clinical settings. This has led to initial 

phase I studies to determine the safety of combination therapy with the ATR kinase inhibitor 

berzosertib (M6620) for TNBC or ER+/HER2- breast cancers (NCT04052555). Berzosertib is 

also being studied in multiple solid tumor types with pre-existing deficits in DNA damage repair 

(NCT04266912) in combination with RT and the DNAPK inhibitor nedisertib (M3814)75, which 

has entered early phase I and II clinical trials for the treatment of multiple solid tumor types in 

combination with RT both with and without the immunomodulatory agent avelumab 

(NCT04266912, NCT02516813, NCT03724890, NCT04068194). 

The ability of cells to repair damaged DNA is linked inextricably to the control of cell 

cycle checkpoints designed to prevent cells from dividing in the presence of DNA damage. 

While there are multiple different types of DNA repair, the availability of specific repair proteins 

and template DNA varies throughout the cell cycle. For example, HR-mediated DNA repair is 

restricted to the S and G2 phases after DNA has undergone duplication and a sister chromatid is 

available. Thus, because DNA synthesis and repair are essential to cellular homeostasis and 

regulated cell division, kinases involved in cell cycle checkpoints are uniquely positioned to 

affect the RT response in breast cancer. 

 

Cell Cycle 

Cyclin proteins interact with cyclin-dependent kinases (CDKs) in order to initiate a series 

of phosphorylation events that drive cells through specific cell cycle phases and checkpoints. 

However, pharmacological inhibition of CDKs can prevent the formation of these critical 
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complexes. Pan-CDK inhibitors such as roscovitine have limited use as monotherapies in breast 

cancer because of dose-limiting toxicities, but roscovitine in combination with RT may be able 

to radiosensitize breast cancer cell lines through a suppression of the DNA damage response in 

p53 mutant cell lines117,118. With the introduction of more specific CDK inhibitors, more targeted 

radiosensitization has become possible. The CDK12/13-specific compound SR-4835 

radiosensitizes TNBC through a novel mechanism related to the induction of intronic 

polyadenylation cleavage sites119, while CDK4/6 inhibitors radiosensitive ER+ breast cancers 

through HR suppression120.  

Cell cycle progression is also influenced by tumor suppressor proteins such as p53 and 

RB1 that are often mutated in breast cancer, leading to unchecked cell cycle progression and 

variable response to RT. In TNBC cells where the RB protein is frequently mutated or lost, RB-

null cells are more sensitive to γ-irradiation than RB-intact cell lines121. Failure to progress 

through the G1/S cell cycle checkpoint is also complicated by impaired p53 signaling62,66,122,123 or 

alternations in the p53-specific E3 ubiquitin ligase MDM2 that lead to loss of MDM2-mediated 

p53 suppression. In HER2-overexpressing breast cancer cell lines, for example, the radiation 

response is correlated with decreased MDM2 expression42, consistent with other studies that 

have reported radiosensitizing effects of anti-MDM2 oligonucleotides124,125, though this effect 

occurred regardless of p53 status. Additional tumor suppressor proteins such as BTG1 and BTG2 

can also influence breast cancer cell radiosensitivity through pleiotropic effects on cell cycle 

progression, DNA damage, and apoptosis126,127.  

In addition, the actions of other cell cycle kinases can influence the response to radiation. 

Though the effects of single agent inhibition of the cell cycle kinase MELK on the proliferation 

of breast cancer cells is debated, it is known that the increase of MELK expression in G2/M is 



 
18 

radioprotective in triple negative breast cancer cells128. The G2 checkpoint kinase WEE1, which 

phosphorylates many CDKs necessary for G2 checkpoint progression, can be effectively 

inhibited with MK-1775 (adavosertib), which is effective as both a single agent and a 

radiosensitizer in p53-defective models of breast cancer129. Alternatively, during S phase, the S-

phase kinase-associated protein 2 (SKP2) has been suggested to radiosensitize breast cancer 

through suppression of PDCD4 ubiquitination with either SKP2 knockdown or use of the small 

molecule SKP2 inhibitor SMIP004130. 

When cells undergo mitosis, proteins of the spindle assembly complex are required for 

proper cell division and the prevention of aberrant chromosome segregation. This spindle 

assembly can be targeted directly through MiR-27a-based suppression of CDC27 activity that 

leads to radiosensitivity131, or through the inhibition of protein kinases necessary for activation of 

the spindle assembly complex or anaphase promoting complex. For example, inhibition of TTK 

(MPS1) sensitizes TNBC cell lines through inhibition of homologous recombination132. 

Similarly, modulation of PP2A, the phosphatase involved in inactivation of TTK, can also 

influence the response of ER+ breast cancer cells to ionizing radiation133. Polo-like kinase 1, 

essential for phosphorylation and activation of the APC, suppresses cell cycle progression and 

the 53BP1-mediated DNA damage response in homologous recombination134, leading to 

increased breast cancer cell death when combined with ionizing radiation135. By targeting breast 

cancer cells in a radiosensitive phase of the cell cycle (predominately G2/M), these strategies 

lead to more effective tumor cell death in combination with RT. 
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Immunotherapy 

 Immunotherapy plays an increasingly important role in the treatment of advanced, 

metastatic breast cancer and is likely to have an expanded role in the treatment of patients 

without metastatic disease, particularly in the case of TNBC76. While many studies have 

examined the addition of immunotherapies to the current standard of care, the novelty of these 

therapies limits our knowledge of how these novel immune checkpoint inhibitors may influence 

the response of breast tumors to ionizing radiation. RT is thought to enhance the response of 

tumors to immunotherapy at least in part through the actions of tumor-associated T cells, such as 

induction of the DNA exonuclease Trex177 that modulates radiation-induced T cell regulation in 

combination with immune checkpoint inhibition. 

However, the immunotherapy agents that have shown the most promise in breast cancer 

so far are undoubtedly the targeted PD-1/PD-L1 therapies. In breast cancer cell lines, RT 

synergizes with anti-PD-1/PD-L1 therapy and enhances tumor kill when given in combination 

with α-CD137 and α-PD-1 monoclonal antibodies78. This combination therapy also increases the 

number of tumor-specific effector immune cells present in the tumors79, which is thought to 

contribute to the curative responses seen in vivo. The addition of therapies that block PD-1/PD-

L1 signaling has even been shown to overcome acquired resistance to fractionated RT in TNBC 

and other solid tumors80. Ongoing clinical trials with RT and PD-1/PD-L1 inhibition and are 

summarized in Table 1.1. Direct modulation of the PD-1 and PD-L1 interaction also has 

implications for cytokine and chemokine signaling pathways that modulate the immune 

response. To that end, anti TGFβ therapy has been explored both preclinically81,82 and clinically 

(NCT01401062, NCT02538471).  
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Although immunotherapies targeting PD-1/PD-L1 or CLTA4 are the most well-studied, 

there are several other therapies that seek to utilize the immune system to increase the efficacy of 

radiation therapy. Therapies targeted against CTLA-4 or toll-like receptors have also shown 

promise in breast cancer. The abscopal effect has been observed previously in models of breast 

cancer, and it has been suggested that the immune signaling may be responsible83. In TSA breast 

carcinoma cells, mice treated with the CTLA-4 monoclonal antibody 9H10 and radiation showed 

a decrease not only in the growth of tumors within the radiation field, but an abscopal effect that 

decreased metastatic growth and resulted in less overall tumor burden in these mice84. As a 

result, there are multiple trials examining tremelimumab (NCT02563925, NCT01334099) in 

breast cancer.  

Immunotherapies that inhibit toll-like receptor signaling in breast cancer (NCT01421017, 

NCT03915678) or activate OX40 on the surface of T-cells (NCT01862900) have also been 

initiated. For breast tumors that do not initially respond to combined immunotherapy and 

radiation treatment, the addition of Axl inhibition in Axl-expressing tumors increasing the 

efficacy of combination treatment85. Finally, the immunosuppressant agent fingolimod 

(FTY720), a sphingosine analog, increases radiosensitivity of breast cancer cells in vitro by 

inhibiting SphK1 and increasing apoptosis and autophagy86. In short, immunotherapy will be a 

prominent feature of current and future radiosensitization studies in breast cancer. Additional 

detailed descriptions of the immune regulation and infiltration of breast tumors, and the potential 

side effects and biomarkers for immunotherapy and RT beyond the scope of this paper have 

recently been reviewed elsewhere87,88. 
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Emerging Preclinical Strategies 

Although many radiosensitization agents have been clinically utilized for the treatment of 

breast cancer, there are several radiosensitization strategies that are still under early preclinical 

investigation (summarized in Table 1.2). While many of these strategies target apoptosis136-148, 

autophagy149-156, or metabolic changes157,158 usually thought to be minor contributing pathways 

to breast cancer radiosensitization, a number of these approaches likely have mixed mechanisms 

that lead to broad suppression of the DNA damage response, cell cycle progression, or decreased 

hypoxia and HIF1a-related signaling127,159-167. On-target and off-target effects of compounds 

designed to affect proliferation or cell-cell communication, such as the suppression of notch 

signaling168 through gamma secretase inhibition169 (NCT01217411), can also be valuable 

approaches in the radiosensitization of breast cancer. Finally, the radiosensitizing effects of many 

natural products and dietary supplements are just starting to be realized118,170-176, and the 

concomitant use of these compounds during radiation treatment should be advised with caution 

in the absence of additional information. 

 

Clinical Strategies for Radioprotection 

In addition to emerging clinical strategies to re-oxygenate and radiosensitize breast 

tumors (NCT00083304 with efaproxiral, NCT02757651, NCT03946202 with hydrogen 

peroxide), there is also an interest in the off-label use of common compounds or pharmaceuticals 

that may improve the therapeutic index of RT by offering radioprotection of normal tissue. 

Although terminated, a trial with the popular cholesterol-lowering statin lovastatin was initiated 

to study the potential of concurrent statin treatment to ameliorate long term effects of radiation 

therapy (NCT00902668). Even the sleep-aid melatonin, taken primarily to improve duration and 
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quality of sleep, has mixed effects on radiation sensitivity, and has been proposed as an adjunct 

therapy to decrease radiation-induced dermatitis in breast cancer (NCT03716583). Topical 

radioprotection has been explored using curcumin (NCT01042938), the anti-inflammatory 

compound found in turmeric, or the tricyclic anti-depressant doxepin (NCT02447211) to prevent 

the formation of skin lesions. Finally, the vasodilatory compound pentoxifylline has also been 

used clinically and has been shown to prevent radiation-induced fibrosis in breast cancer patients 

receiving multimodal treatment177-179. While still under investigation, strategies to mitigate side 

effects from radiation or minimize healthy tissue toxicity provide unique insight into the 

radiation response in both tumor and healthy tissue. 

Conclusions 

There are numerous biological pathways that can be manipulated to increase the efficacy 

of targeted RT for the treatment of breast cancer (Figure 1.2). While inhibition of hormone 

receptors, DNA damage repair, and immunomodulatory signaling represent the majority of the 

approaches to radiosensitization currently being studied in the clinic (Table 1.1), there are a 

number of other emerging preclinical radiosensitization strategies (Table 1.2) and 

radioprotective approaches to minimize normal tissue toxicity. Although not reviewed here, 

multi-candidate approaches to radiosensitization – including the development of predictive gene 

signatures – are an important component of future radiosensitization studies because they are 

able to incorporate gene and protein expression data across multiple pathways alongside data on 

clinical progression and outcomes. Because many of the signaling pathways involved in the RT 

response have significant biological overlap, new combination therapies designed for 

radiosensitization of breast cancer may have the potential to influence the response of the tumor 

to other modalities used during subsequent treatments. Finally, as novel radiosensitization 
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strategies make their way into the clinic, trials must be designed with appropriate long term 

follow up because combination therapies with RT can often lead to delayed toxicities.  
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Figures 

 

Figure 1.1: Radiosensitization of breast cancer with FDA-approved drugs targeting 
proliferation. 

While hormone receptors and EGFR/HER2 are often targeted as monotherapies in the treatment 
of breast cancer, these FDA-approved therapies (blue) can be purposed for use as 
radiosensitization agents in breast cancer. (Abbreviations: EGFR = epidermal growth factor 
receptor, HER2 = human epidermal growth factor receptor, ER = estrogen receptor, AR = 
androgen receptor, E2 = estradiol, DHT = dihydrotestosterone) 
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Figure 1.2: Summary of current radiosensitization strategies currently in use or 
development for the treatment of breast cancer.  

While some radiosensitization strategies (including nuclear hormone receptor or HER2 
inhibition) are widely recognized in the treatment of breast cancer, there are many novel 
mechanisms of radiosensitization that are under preclinical or early clinical development. 
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Tables 

ID Title Name of 
Agent(s) Radiation Treatment Phase/ 

Patients 
Patient 
Group 

N
C

T
01

67
48

42
 

A Phase I Dose-Escalation 
Study of Cisplatin and Radiation 
Therapy for Patients with Triple 

Negative Breast Cancer 

Cisplatin External beam whole 
breast RT over 6 weeks 

I 
(55 

patients) 
TNBC 

N
C

T
02

42
24

98
 A Phase II Trial of Homologous 

Recombination Repair Status as 
a Biomarker of Response in 

Locally Recurrent/Metastatic 
Triple Negative Breast Cancer 

Patients Treated with Concurrent 
Cisplatin and Radiation Therapy 

Cisplatin 

External beam whole 
breast RT. 37.5 Gy (15 
fractions) for metastatic 

cases or 50 Gy in 25 
fractions (optional 10-14 

Gy boost) in 
locoregionally recurrent 

cases 

II 
(54 

patients) 
TNBC 

N
C

T
01

28
93

53
 

Phase I-II Study of Concurrent 
Adjuvant Systemic Therapy and 
Accelerated Radiotherapy (Over 

3 Weeks) 

Carboplatin 

Whole breast 3D-RT or 
IMRT (2.7 Gy x 15 

fractions =40.50 Gy) and 
3 Gy to the tumor bed for 
2 fractions (Total = 46.5 

Gy) 

I/II 
(39 

patients) 

Stage I 
and II 
TNBC 

N
C

T
00

00
62

56
 Concurrent Taxol (Paclitaxel) 

and Definitive Breast Radiation 
Therapy in Early Stage Breast 
Cancer Following Four Cycles 

of Adriamycin/Cytoxan 
Chemotherapy 

Paclitaxel with 
doxorubicin and 
cyclophosphami

de 

External beam whole 
breast RT 5 days a week 

for approximately 6-7 
weeks 

II 
(44 

patients) 

Invasive 
Breast 
Cancer 

N
C

T
03

94
85

68
 A Pragmatic Randomised, 

Multicentre Trial Evaluating 
Optimal Timing of Endocrine 

Therapy and Radiation Therapy 
in Early-stage Breast Cancer 

(REaCT-RETT) 

Tamoxifen 
Letrozole 

Anastrozole 
Exemestane 

External beam whole 
breast RT 

IV 
(218 

patients) 

Hormone 
receptor 
positive 
breast 
cancer 

N
C

T
00

88
73

80
 A Randomised Comparison of 

Anastrozole Commenced Before 
and Continued During Adjuvant 
Radiotherapy for Breast Cancer 

Versus Anastrozole and 
Subsequent Anti-oestrogen 

Therapy Delayed Until After 
Radiotherapy 

Anastrozole 
External beam whole 
breast RT 1 month of 

randomization 

III 
(2023 

patients) 

ER+ 
breast 
cancer 

(PR+ or 
PR-) 
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N
C

T
00

89
61

55
 A Randomized Trial of 

Concurrent Versus Sequential 
Tamoxifen with Radiotherapy to 
Assess the Extent of Pulmonary 

Fibrosis and Disease Related 
Control and Survival in Breast 

Cancer Patients 

Tamoxifen 

Standard RT given either 
sequentially or 

consecutively with 
tamoxifen 

III 
(260 

patients) 

ER+ or 
PR+ 

breast 
cancer 

N
C

T
03

69
14

93
 A Phase II Multi-Institutional 

Study of Concurrent 
Radiotherapy, Palbociclib, and 

Hormone Therapy for Treatment 
of Bone Metastasis in Breast 

Cancer Patients 

Letrozole, 
Anastrozole, 
Exemestane, 

Tamoxifen, or 
Fulvestrant with 

palbociclib 

External beam RT over 5-
10 days to metastatic site 

II 
(42 

patients) 

ER+/HER
2- breast 
cancer 

with bone 
metastases 

N
C

T
04

22
04

76
 

CIMER: Combined 
Immunotherapies in Metastatic 

ER+ Breast Cancer 

Letrozole with 
palbociclib 

Immunogenic-SBRT days 
1-12, where each 

oligometastatic lesion is 
treated every 24-48 hours 

II (204 
patients) 

Metastatic 
HR+/HER

2-  

N
C

T
00

76
93

79
 

 

A Phase III Clinical Trial 
Comparing Trastuzumab Given 

Concurrently with Radiation 
Therapy and Radiation Therapy 
Alone for Women with HER2-
Positive Ductal Carcinoma in 

Situ Resected by Lumpectomy 

Trastuzumab External beam whole 
breast RT over 5-6 weeks 

III 
(2000 

patients) 

HER2+ 
Ductal 

Carcinom
a in Situ 

N
C

T
03

10
90

80
 A Phase I of Olaparib With 

Radiation Therapy in Patients 
with Inflammatory, Loco-
regionally Advanced or 

Metastatic TNBC (Triple 
Negative Breast Cancer) or 

Patient with Operated TNBC 
With Residual Disease 

Olaparib 
External beam whole 

breast RT (3D conformal 
RT or IMRT) with SIB 

I 
(24 

patients) 

Triple 
negative, 
inflammat
ory, loco-
regional 

advanced/
metastatic 

N
C

T
03

54
21

75
 A Phase I Study of Rucaparib 

Administered Concurrently with 
Postoperative Radiotherapy in 
Patients with Triple Negative 

Breast Cancer with an 
Incomplete Pathologic Response 

Following Neoadjuvant 
Chemotherapy 

Rucaparib 

External beam whole 
breast RT 50 Gy total (2 
Gy/fraction) to the breast 
or chest wall plus a 10 Gy 
boost to the lumpectomy 

cavity 

I 
(30 

patients) 
TNBC 
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N
C

T
03

59
82

57
 A Phase II Randomized Trial of 

Olaparib (NSC-747856) 
Administered Concurrently with 

Radiotherapy Versus 
Radiotherapy Alone for 

Inflammatory Breast Cancer 

Olaparib 
External beam whole 
breast RT (5 days per 

week for 6 weeks) 

II 
(300 

patients) 
IBC 

N
C

T
03

94
57

21
 

A Phase I Study of Niraparib 
Administered Concurrently with 

Postoperative RT in Triple 
Negative Breast Cancer Patients 

Niraparib 

External beam whole 
breast RT administered 

concurrently with 
niraparib 

I 
(30 

patients) 
TNBC 

N
C

T
02

22
70

82
 

Olaparib Dose Escalation in 
Combination with High Dose 

Radiotherapy to the Breast And 
regional Lymph Nodes in 

Patients with Breast Cancer 

Olaparib 

23 x 2.03 Gy per fraction 
(total 46.69) to the whole 
breast/lymph nodes with 

tumor SIB of 23 x 0.63Gy 
(Total= 61.18 Gy) 

I 
(7 

patients) 

Inoperable 
or/and 

metastatic 
BC 

N
C

T
04

05
25

55
 A Phase 1b Study of M6620 in 

Combination with Radiation 
Therapy to Overcome 

Therapeutic Resistance in 
Chemotherapy Resistant Triple 
Negative and Estrogen and/or 

Progesterone Receptor Positive, 
HER2 Negative Breast Cancer 

Berzosertib 

External beam whole 
breast RT 5 days a week 
for 5-6 weeks depending 

on the type of surgery 

Ib 
(42 

patients) 

Non-
metastatic 
TNBC / 
locally 

recurrent 
ER+/ 

HER2-  

N
C

T
03

36
68

44
 

Preoperative Combination of 
Pembrolizumab and Radiation 

Therapy in Patients with 
Operable Breast Cancer 

Pembrolizumab 
 

RT Boost upfront (8 Gy 
for 3 fractions.) 

I/II (60 
patients) 

High-risk, 
ER+/HER

2- or 
TNBC 

N
C

T
03

52
41

70
 

RACHEL1: A Phase I Radiation 
and Checkpoint Blockade Trial 

in Patients with Metastatic 
Hormone Receptor Positive, 

HER2 Negative Breast Cancer 

anti-PD-L1 / 
TGFbetaRII 

fusion protein 
M7824 

Standard RT once a day 
for 5-10 days, started 3 

days after the first day of 
M7824 administration 

I (20 
patients) 

HR+/ 
HER2- 

metastatic 
breast 
cancer 

N
C

T
02

73
01

30
 A Multicenter Single Arm Phase 

II Study to Assess the Efficacy 
of Pembrolizumab Plus 

Radiotherapy in Metastatic 
Triple Negative Breast Cancer 

Patients 

Pembrolizumab 

External beam RT: 
3000 cGy, delivered in 
five 600cGy fractions 

within 5-7 days for 
palliation 

II (17 
patients) 

Metastatic 
TNBC 
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N
C

T
03

05
1

67
2 

A Phase II Study of 
Pembrolizumab In Combination 
with Palliative Radiotherapy for 
Metastatic Hormone Receptor 

Positive Breast Cancer 

Pembrolizumab Palliative radiotherapy (5 
treatments) 

II (8 
patients) 

Metastatic 
HR+/HER
2- breast 
cancer 

N
C

T
02

97
74

68
 Effects of MK-3475 

(Pembrolizumab) on the Breast 
Tumor Microenvironment in 

Triple Negative Breast Cancer 
with and Without Intra-operative 
RT: A Window of Opportunity 

Study 

Pembrolizumab IORT performed during 
breast conserving surgery 

I (15 
patients) 

Non-
metastatic 

TNBC 

N
C

T
02

49
93

67
 Adaptive Phase II Randomized 

Non-Comparative Trial of 
Nivolumab After Induction 

Treatment in Triple-negative 
Breast Cancer (TNBC) Patients: 

TONIC-trial 

Nivolumab 20 Gy to metastatic lesion II (84 
patients) 

Metastatic 
TNBC 

N
C

T
03

87
55

73
 Neo-adjuvant Chemotherapy 

Combined with Stereotactic 
Body Radiotherapy to the 

Primary Tumour +/- 
Durvalumab, +/- Oleclumab in 

Luminal B Breast Cancer: a 
Phase ll Randomised Trial 

Durvalumab + 
Oleclumab with 
paclitaxel and 

ddAC 

Pre-operative RT (boost 
dose) 3x8 Gy on the 

primary tumour at week 
5. Given over 3 days in 3 
fractions (1X8 Gy daily) 

II (147 
patients) 

Non-
metastatic 
Luminal 

B BC 

N
C

T
03

81
86

85
 

A Multicenter, Randomised, 
Open-label Phase II Study to 

Evaluate the Clinical Benefit of 
a Post-operative Treatment 
Associating Radiotherapy + 
Nivolumab + Ipilimumab 

Versus Radiotherapy + 
Capecitabine for Triple Negative 

Breast Cancer Patients with 
Residual Disease After 

Neoadjuvant Chemotherapy 

Nivolumab and 
Ipilimumab or 
Capecitabine 

External beam whole 
breast RT initiated one 

week before 
chemotherapy 

II (98 
patients) 

Non-
metastatic 

TNBC 
with 

residual 
disease 

N
C

T
03

80
49

44
 

Converting HR+ Breast Cancer 
into an Individualized Vaccine 

Pembrolizumab 
± Ftl-3 ligand 
(CDX-301) 

Focal hypo-fractionated 
RT 8 Gy x 3 fractions, 

starting day 8, every other 
day 

II (100 
patients) 

Stage II-
III, 

HR+HER
2- breast 
cancer 

N
C

T
03

48
30

12
 A Phase II Study of 

Atezolizumab in Combination 
with Stereotactic Radiation for 
Patients with Triple-negative 

Breast Cancer and Brain 
Metastasis 

Atezolizumab SRS within 14 days of 
brain MRI 

II (45 
patients) 

Stage IV 
TNBC 
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N
C

T
03

91
56

78
 

Atezolizumab Combined with 
Intratumoral G100 AnD 

Immunogenic Radiotherapy in 
Patients with Advanced Solid 

Tumors 

Atezolizumab 
and G100 

(TLR4 agonist) 

Short course irradiation: 2 
fractions of 2 Gy for a 

total dose of 4 Gy, High 
dose irradiation: 3 to 5 

fractions for a total of 27 
– 60 Gy. RT starts one 

week after the first 
administration of 

atezolizumab. 

II (247 
patients) 

TNBC 
(and other 

solid 
tumors) 

N
C

T
03

43
04

79
 Phase Ib/II Study to Assess 

Efficacy, Safety & 
Immunological Biomarker of 

Anti PD-1 Antibody with 
Radiation Therapy in Patients 

with HER2-negative Metastatic 
Breast Cancer 

Nivolumab with 
hormone 
therapy 

Standard radiotherapy Ib/II (32 
patients) 

ER+, 
HER2- 

metastatic 
breast 
cancer 

N
C

T
03

87
25

05
 

A Randomized Phase II Study 
Evaluating Pathologic Response 
Rates Following Pre-operAtive 

Non-Anthracycline 
Chemotherapy, Durvalumab 
(MEDI4736) +/- RAdiation 

Therapy (RT) in Triple Negative 
Breast Cancer (TNBC): The 

PANDoRA Study. 

Durvalumab 
with carboplatin 
and paclitaxel 

The second dose of 
durvalumab will be given 
in conjunction with an RT 
boost, consisting of 8 Gy 
in 3 fractions for a total of 

24 Gy. 

II (140 
patients) 

Invasive 
TNBC 

N
C

T
03

94
62

02
 Randomised Phase II Trial 

Testing Efficacy of Intra-
tumoural Hydrogen Peroxide as 
a Radiation Sensitiser in Patients 

with Locally 
Advanced/Recurrent Breast 

Cancer 

Hydrogen 
Peroxide 

3 weeks of standard 
radiotherapy 

II (184 
patients) 

Primary 
locally 

advanced 
BC / 

locally 
recurrent 

BC 

 

Table 1.1: Current clinical trials assessing the safety and/or efficacy of combination 
therapies with radiation in women with breast cancer.   

(Abbreviations: BC = breast cancer, RT = radiation, TNBC = triple negative breast cancer, 
IMRT = Intensity-modulated radiotherapy, SBRT = stereotactic body radiation therapy, SIB = 
simultaneous integrated boost, IORT = Intraoperative radiation therapy, SRS = stereotactic 
radiosurgery, WBRT = whole brain radiation therapy). 
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Primary 
Mechanism 

Compound / 
Approach Effects / Mechanism of Radiosensitization Model 

Type Reference(s) 

Apoptosis ABT-737 (BCL-2 
family inhibitor) 

Increased apoptosis with downregulation of 
BCL-2 and Bcl-xL TNBC Li et al 

2012137 

Apoptosis Genetic knockdown 
of COX2 

Increased apoptosis with decreased Bcl-
2/Bcl-XL expression and increased BAK 

expression 
TNBC Lin et al. 

2013139 

Apoptosis / 
Cell Cycle 

AMD3100 (SDF-1 
receptor antagonist) 

Increased apoptosis, increased Bax and 
reduced Bcl-2 expression with G2/M arrest TNBC Zhou et al. 

2018138 

Apoptosis / 
Cell Cycle 

2-deoxy-D-glucose 
and MLN4924 

(inhibitor of SCF E3 
ligase) 

Increased apoptosis through G2/M arrest and 
increased caspase 3 production 

ER+ and 
HER2+ 

Oladghaffari 
et al. 2017 

and Yang et 
al. 2012140,141 

Apoptosis SM-164 (SMAC 
inhibitor) 

Increased apoptosis through degradation of 
cIAP-1 and activation of caspases 3, 8, and 9 

Multiple 
subtypes 

Yang et al 
2011142 

Apoptosis Akt inhibition (MK-
2206) 

Decreased Akt1 levels and increased 
apoptosis TNBC Johnson et al 

2020148 

Apoptosis / 
Cell Cycle 

Naphthazarin (anti-
inflammatory) Cell cycle arrest and increased apoptosis ER+ Kim et al 

2015176 

Apoptosis / 
DNA 

Damage 

Enterolactone 
(phytoestrogen) 172 

179 180 180 179 177 

Decreased G2/M arrest, increased 
chromosomal damage and apoptosis 

ER+ and 
TNBC 

Bigdeli et al. 
2016172 

Apoptosis / 
DNA 

Damage 

Genetic knockdown 
of CAV-1 

G2/M arrest, failure to repair DNA damage, 
and a resulting increase in apoptosis 

TNBC, 
HER2+ 

Zou et al 
2017146 

Apoptosis / 
DNA 

Damage 

H-87, H-89 (PKA 
inhibitor) 

Inhibition of DNAPK with decreased 
RAD51 and Bcl-2 expression ER+ Chin et al. 

2005150 

Apoptosis / 
DNA 

Damage 
Mebendazole G2/M arrest, increased dsDNA damage and 

apoptosis TNBC Zhang et al. 
2018147 

Apoptosis / 
DNA 

Damage 
Equol increased radiation-induced apoptosis and 

increased radiation-induced dsDNA damage 
ER+ and 
TNBC 

Taghizadeh et 
al 2015171 

Autophagy 3-methyladenine, 
chloroquine 

Increased LC3-II positive vacuole 
production abolished by inhibition of 

autophagy 
TNBC Chaachouay 

et al. 2011149 

Autophagy 
Genetic knockdown 

of ATG family 
genes 

Diminished accumulation of 
autophagosomes and decreased autophagy TNBC Apel et al. 

2008 151 

Autophagy Tunicamycin Increased autophagy mediated by eIF2α 
kinase in caspase 3/7 deficient cells ER+ Kim et al 

2010152 
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Autophagy SP600125 (JNK 
inhibitor) 

Inhibition of autophagy and increased 
apoptosis 

ER+ and 
TNBC 

Li et al. 
2016153 

Autophagy 5Z-7-oxozeaenol 
(TAK1 inhibition) 

Reduction in radiation induced TAK1 
phosphorylation and increased autophagy TNBC Han et al. 

2014154 

Cell Cycle Knockdown of 
TRIB3 G0/G1 arrest and decreased Notch1 signaling TNBC Lee et al 

2019168 

Cell Cycle / 
DNA 

Damage 

Genetic knockdown 
of the lncRNA 

HOTAIR 

Increased DNA damage, apoptosis, and cell 
cycle arrest resulting upregulation of miR-

218 

ER+ and 
HER2+ 

Hu et al. 
2019143 

Cell Cycle / 
DNA 

Damage 

Genistein (soy 
isoflavone) 

G2/M arrest and HR suppression, increased 
DNA damage, and increased apoptosis 

Multiple 
subtypes 

Lin et al 
2013118 

Cell Cycle / 
DNA 

Damage 

Huaier (herbal 
medicine) 

Increased G0/G1 arrest, persistence of 
yH2AX foci, and suppression of RAD51-

mediated HR 

ER+ and 
TNBC 

Ding et al 
2016173 

Cell Cycle / 
DNA 

Damage 

N-
butylidenephthalide 

Increased dsDNA breaks, suppression of HR 
repair, G2/M arrest and increased apoptosis 

ER+ and 
TNBC 

Su et al. 
2018174 

Cell Cycle / 
DNA 

Damage 
Berberine G2/M cell cycle arrest and suppression of HR 

activity through downregulation of RAD51 
ER+ and 
TNBC 

Wang et al 
2012175 

DNA 
Damage 

Optically Activated 
Gold Nanoshells 

Increase in ALDH+ radioresistant TNBC 
stem cells TNBC Atkinson et al 

2010165 

DNA 
Damage 

LJI308 (S6 kinase 
inhibitor) Decreased dsDNA repair Multiple Lettau et al 

2020 166 

DNA 
Damage Regorafenib 

Reduction in VEGF, PDGFR, EGFR and 
ERK expression and suppression of DNA 

repair 
TNBC Mehta et al 

2020167 

Hypoxia / 
DNA 

Damage 
Carbon nanotubes 

Increased oxygen delivery and 
downregulation of Bcl-2, survivin, HIF-1α, 

RAD51 and Ku80 

ER+ and 
TNBC 

Jia et al 
2017160 

Hypoxia Genetic knockdown 
of HIF1α 

Increased DNA damage and decreased 
autophagy ER+ Zhong et al 

2016161 

Hypoxia HS-1793 Decreased HIF1α and VEGF mediated 
signaling ER+ Choi et al 

2016180. 

Metabolism GLUT1 inhibition 
(WZB117) 

Decreased levels of glucose uptake, lactate 
production, and intracellular ATP Multiple Zhao et al 

2016158 

Metabolism Activation of PK-
M2 

Increased antioxidant production and 
glucose uptake, depletion of stem cells TNBC Zhang et al 

2019157 

Metabolism Metformin Activation of AMPK and inactivation of 
mTOR ER+ 

Sanli et al 
2010 

Song et al. 
2012155,156 
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Strategies to radiosensitize breast cancer cells include a variety of compounds that target 
multiple different pathways, including the cell cycle, DNA damage, apoptosis, hypoxia, and 
autophagy. 
  

Oxidative 
Stress Simvastatin Increased radiation-induced cell death in 

IBC and TNBC cell lines 
Multiple 
Subtypes 

Lacerda et al 
2014181 

Oxidative 
Stress 

Overexpression of 
BTG1 

Increased reactive oxygen species, apoptosis, 
chromosomal aberrations, and G2/M arrest 

ER+ and 
TNBC 

Zhu et al. 
2015 127 

Oxidative 
Stress 

Genetic knockdown 
of HuR 

Increased oxidative stress and increased 
dsDNA damage TNBC Mehta et al. 

2016 162 

Oxidative 
Stress 

Glutathione 
depletion or 
inhibition of 
thioredoxin 
reductase 

Increased DNA damage and increase in 
reactive oxygen species TNBC Rodman et al 

2016 164 

Oxidative 
Stress Histamine 

Increased oxidative DNA damage, dsDNA 
breaks, and increased reactive oxygen 

species 
Multiple 

Martinel 
Lamas et al 

2015 163 
 

Table 1.2: Novel preclinical approaches to modulate the radiation response in breast 
cancer. 
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Chapter 2 : PARP1 Inhibition Radiosensitizes Models of 

Inflammatory Breast Cancer to Ionizing Radiation2 

Abstract 

Sustained locoregional control of disease is a significant issue in patients with inflammatory breast 

cancer (IBC), with local control rates of 80% or less at 5 years. Given the unsatisfactory outcomes 

for these patients, there is a clear need for intensification of local therapy, including radiation. 

Inhibition of the DNA repair protein poly adenosine diphosphate-ribose polymerase 1 (PARP1) 

has had little efficacy as a single agent in breast cancer outside of studies restricted to patients with 

BRCA mutations; however, PARP1 inhibition (PARPi) may lead to the radiosensitization of 

aggressive tumor types. Thus, this study investigates inhibition of PARP1 as a novel and promising 

radiosensitization strategy in IBC. In all existing IBC models (SUM-149, SUM-190, MDA-IBC-

3), PARPi (AZD2281-olaparib and ABT-888-veliparib) had limited single agent efficacy (IC50 > 

10 µM) in proliferation assays. Despite limited single agent efficacy, sub-micromolar 

concentrations of AZD2281 in combination with RT led to significant radiosensitization (rER 

1.12-1.76). This effect was partially dependent on BRCA1 mutational status. Radiosensitization 

was due, at least in part, to delayed resolution of double strand DNA breaks as measured by 

 
2 This chapter was published in Molecular Cancer Therapeutics in 2019. Experimental design, data collection, and 
manuscript preparation was performed in collaboration with co-first author Anna Michmerhuizen. 
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multiple assays. Using a SUM-190 xenograft model in vivo, the combination of PARPi and RT 

significantly delays tumor doubling and tripling times compared to PARPi or RT alone with 

limited toxicity. This study demonstrates that PARPi improves the effectiveness of radiotherapy 

in IBC models and provides the preclinical rationale for the opening phase II randomized trial of 

RT +/- PARPi in women with IBC (SWOG 1706, NCT03598257). 
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Introduction 

Inflammatory breast cancer (IBC) diagnoses represent well under 5% of new breast cancer 

cases but account for a disproportionate share of breast cancer mortality(1). Despite aggressive, 

multimodal therapy, patients have high rates of locoregional recurrence and distant metastases(1). 

Treatment strategies for many breast cancer subtypes are largely directed against the protein 

drivers of each molecular subtype, including targeted therapies against the estrogen receptor (ER) 

or the human epidermal growth factor receptor 2 (HER2). IBC, however, represents a 

heterogeneous population that includes tumors across all of the molecular subtypes(2). Current 

treatment guidelines for IBC patients take into consideration the molecular subtype of the tumor 

and include anti-HER2 or anti-estrogen therapy when appropriate, but more effective and targeted 

therapeutic options for patients with IBC are extremely limited. Without more effective 

alternatives, IBC patients typically receive neoadjuvant chemotherapy followed by mastectomy 

and adjuvant radiation (RT) to the chest wall and regional lymphatics(1). The key molecular 

drivers of IBC are currently unknown, and this uncertainty manifests as ineffective clinical 

therapeutic strategies. In IBC, there is a critical need to identify more effective treatment strategies 

to decrease rates of locoregional recurrence.  

In an attempt to understand the heterogeneity of IBC, a recent study of 53 IBC tumors 

demonstrated that over 90% of tumors studied contained actionable mutations in genes such as 

PIK3CA and BRCA1/2 that could be targeted using therapies that are either FDA-approved or 

currently in clinical trial(3). In line with this finding, there are a number of phase I and phase II 

clinical trials seeking to repurpose other FDA-approved drugs for indication in IBC(1). Targeted 

therapies in these trials include agents against PD-1 (pembrolizumab), VEGF-A 

(bevacizumab)(4,5), JAK1/2 (ruxolitinib), and the viral agent T-VEC (talimogene 
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laherparepvec)(1). Many different chemotherapy and radiation therapy regimens have been 

explored in IBC, but rates of recurrence and overall survival have not significantly improved(6). 

However, the ability to sensitize IBC tumors to current treatments such as radiation represents a 

promising treatment strategy for patients with IBC. 

Inhibition of poly adenosine diphosphate-ribose polymerase 1 (PARP1) has been explored 

in clinical trials for many cancer types. PARP1 inhibition (PARPi) does not demonstrate 

significant single agent efficacy in the treatment of most breast cancers(7),(8); however, PARPi is 

an effective targeted therapy in subsets of patients harboring BRCA1/2 mutations(9). In addition 

to the use of PARP1 inhibitors as monotherapy, our group has shown previously that PARPi can 

effectively radiosensitize a large range of breast cancer cell lines, including those with functional 

BRCA1 and BRCA2(10). PARP1, through the addition of poly-ADP ribose (PAR) moieties to 

sites of single strand DNA (ssDNA) damage, plays a critical role in recognition and recruitment 

of DNA repair machinery for a variety of different DNA repair processes. If ssDNA lesions go 

unrepaired, double strand DNA (dsDNA) breaks form.  

For cells with intact repair pathways, non-homologous end joining (NHEJ) or homologous 

recombination (HR) allows the cell to repair DNA. In the case of cancers with BRCA1/2 mutations, 

where BRCA-mediated homologous recombination is already deficient, the use of PARP1 

inhibitors alone can promote the lethal accumulation of dsDNA breaks, leading to selective death 

of tumor cells – a concept referred to as synthetic lethality.  In cells with wild type BRCA, other 

deficiencies in DNA repair pathways – and the addition of PARPi – may predispose tumor cells 

to higher levels of DNA damage caused by therapeutic radiation(10). To that end, the present study 

aimed to determine the effect and efficacy of combining PARP1 inhibition and radiation in 

multiple preclinical models of IBC. 
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Results 

Single agent PARPi does not significantly affect proliferation of IBC cell lines in vitro 

First, we sought to characterize the effect of two PARP1 inhibitors, olaparib (AZD2281) 

and veliparib (ABT-888) (11), on the proliferation of IBC cell lines. In SUM-190 and MDA-IBC-

3 cells, single agent PARPi with olaparib or veliparb does not cause a significant decrease in 

proliferation at concentrations up to 10µM (Figure 2.1A-D). While veliparib does not appear to 

impact proliferation of SUM-149 cells (IC50 > 10µM, Figure 2.1E), olaparib does have a modest 

effect as a single agent in SUM-149 cells (IC50 = 2.2μM, Figure 2.1F). All models tested were 

isolated from patients with IBC; however, SUM-149 cells are unique as they harbor a BRCA1 

2288delT mutation as well as allelic loss of the wild type BRCA1 gene, rendering them BRCA1 

deficient(12). Thus, SUM-149 cells may be especially sensitive to additional inhibition of DNA 

repair pathways(12). 

PARPi leads to radiosensitization of IBC cell lines in vitro 

While single agent PARPi with either olaparib or veliparib did not inhibit cell proliferation, 

we sought to determine the effect of PARP1 inhibition on the radiosensitivity of IBC cell lines. 

Clonogenic survival assays were performed with olaparib in each of the three IBC cell lines, as 

olaparib is a more potent PARP1 inhibitor compared to veliparib, with both PARP1 enzymatic 

inhibition efficacy and PARP trapping function. All IBC cell lines displayed significant 

radiosensitization as a result of pretreatment with olaparib. In SUM-190 cells, a dose-dependent 

radiosensitization was observed, with average radiation enhancement ratios (rER) of 1.45 ± 0.03 

and 1.64 ± 0.21 at concentrations of 1µM and 2µM olaparib, respectively (Figure 2.2A, Table 

2.1A). A similar trend was observed in MDA-IBC-3 cells, with enhancement ratios of 1.12 ± 0.08 
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and 1.28 ± 0.06 under the same treatment conditions (Figure 2.2C, Table 2.1B). Because SUM-

149 cells express a truncated form of the BRCA1 protein, treatment with olaparib leads to marked 

radiosensitization at much lower doses. At 10nM and 20nM, the average enhancement ratios for 

SUM-149 cells were approximately 1.42 ± 0.01 and 1.76 ± 0.11 (Figure 2.2E, Table 2.1C). The 

enhancement ratios observed here are similar to or greater than that of cisplatin (rER=1.2-1.3), a 

compound well-characterized for its ability to act as a radiosensitizing agent(13),(14). 

Furthermore, the surviving fraction of cells at 6 Gy (Figure 2.2B, D, F) was significantly lower 

across all three inflammatory cell lines with the addition of olaparib. The radiation enhancement 

ratios demonstrated a marked dose-dependent increase, while toxicity from each treatment was 

minimal (Table 2.1). 

PARP1 inhibition and radiation leads to delayed repair of DNA double strand breaks 

compared to radiation alone 

In cancer cells, ionizing radiation induces both single strand and double strand DNA 

breaks. In situations where DNA repair is inhibited and single strand breaks go unrepaired, the 

collapse of replication forks can propagate chromosomal damage and lead to the accumulation of 

lethal dsDNA breaks. Because PARP1 is involved in the recruitment of DNA repair proteins to 

DNA strand breaks, we sought to understand the effect of PARP1 inhibition and radiation on the 

accumulation of DNA damage in IBC cell lines. In SUM-190 and SUM-149 cells, radiation 

treatment alone (2 Gy) induces γH2AX foci in greater than 75% of cells (Figure 2.3A-B). In both 

cell lines, dsDNA breaks are retained at significantly higher levels at 12 and 16 hours after 

treatment with olaparib and radiation compared to treatment with radiation alone (Figure 2.3C-

D). Furthermore, a similar difference in dsDNA breaks was observed between RT alone and 

combination treatment in SUM-190 cells at 4 hours after radiation. In short, the presence of 
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olaparib leads to the accumulation and persistence of dsDNA breaks in the combination treatment 

compared to the radiation treatment alone in both SUM-190 and SUM-149 cells. In order to 

independently confirm these findings, we performed the neutral comet assay to assess for dsDNA 

breaks (Figure 2.4A). In SUM-190 cells, the combination of PARPi and RT in SUM-190 cells 

lead to a significantly longer tail moment, indicating increased dsDNA breaks compared to 

treatment with RT alone (p = 0.029). The tail moment was also significantly higher compared to 

cells treated with vehicle or olaparib as a single agent (Figure 2.4A). Representative images for 

each treatment condition are shown (Figure 2.4A).  

Olaparib effectively inhibits PAR formation in IBC cell lines 

 In order to determine if inhibition of PARP1 enzymatic activity occurs at concentrations 

of olaparib that are sufficient to induce radiosensitization, we treated cells with olaparib ± 4 Gy 

radiation and measured the total PAR and PARP1 levels in IBC cell lines. In SUM-190 and MDA-

IBC-3 cells, PAR formation is significantly inhibited with 1μM of olaparib (Figure 2.4B-C). 

Inhibition of PAR formation, however, can also be achieved at the same level in SUM-149 cells 

with 20nM of olaparib (Figure 2.4D). Therefore, inhibition of PAR formation with olaparib occurs 

at low concentrations (20nM) that are sufficient to confer radiosensitization in SUM-149 cells. 

Though olaparib effectively inhibits PARylation at these concentrations, the amount of PARP1 in 

the cell lines remains relatively constant in all models (Figure 2.4B-D). 

PARP1 inhibition significantly inhibits growth of SUM-190 xenografts in vivo 

Having demonstrated that PARP1 inhibition can effectively radiosensitize IBC cell lines 

in vitro, we next sought to validate these findings in an in vivo xenograft model. For in vivo studies, 

subcutaneous tumors were allowed to reach ~80 mm3 in CB-17 SCID mice whereupon treatment 
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was initiated with one of the following: vehicle, 50 mg/kg olaparib alone daily, radiation alone (8 

fractions of 2 Gy), or the combination (olaparib 50 mg/kg + 2 Gy RT daily for 8 fractions) (Figure 

2.5A). To truly assess the radiosensitizing effects of PARP1 inhibition, olaparib treatment was 

started one day before initiation of radiation and discontinued after the last fraction of radiation. 

 Consistent with the in vitro proliferation assays, treatment with olaparib alone did not 

significantly delay tumor growth or doubling time of xenograft tumors. As expected, radiation 

alone did lead to a decrease in tumor size initially, but tumors continued to grow after the 

completion of fractionated radiation (Figure 2.5B). Mice receiving both radiation and olaparib 

treatment had significantly smaller tumors after completion of the study compared to those 

receiving radiation alone (p < 0.0001). There was a significant delay in the time to tumor doubling 

(p < 0.0001, Figure 2.5C) and tripling (p < 0.0001, Figure 2.5D) in the animals treated with 

combination olaparib and RT. In addition, time to tumor doubling and tripling was not reached in 

the combination treated group after 35 days. Weights of the mice (Figure 2.5E) remained 

relatively constant throughout the experiment, indicating there was limited toxicity observed with 

combination treatment. Interestingly, the effects of the combination treatment with olaparib and 

radiation were found to be synergistic using the fractional tumor volume (FTV) method as 

previously described (Figure 2.5F)(15).  

Immunohistochemistry studies in tumors harvested from the mice at the end of the 

experiment demonstrated that levels of Ki67, a marker of cell proliferation, were significantly 

decreased in all treatment groups compared to control mice, with the most significant decrease in 

the combination treated animals (p = 0.0004, Figure 2.5A-B). There was also a decrease in p16 

staining levels in the mice treated with radiation alone (p = 0.0072) and the combination treated 

group (p = 0.0385) in the long-term experiments (Figure 2.5C-D), suggesting a decrease in cellular 
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senescence in these tumors(16). The on-target effects of olaparib were confirmed in the short-term 

studies (48 hours of PARPi treatment alone or 24 hours of PARPi pretreatment before radiation). 

As expected, total levels of PARP1 were unaffected by treatment with olaparib, radiation, or the 

combination treatment (Figure 2.7A-B), while PAR levels were significantly lower in the PARPi 

treated animals (Figure 2.7C-D). 
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Discussion 

In this study, we demonstrate that PARP1 inhibition alone is insufficient in delaying IBC 

cell line growth and proliferation (Figure 2.1). Combination treatment with PARP1 inhibition 

and ionizing radiation, however, results in significant radiosensitization of IBC models in vitro 

(Figure 2.2), and the combination treatment results in delayed tumor growth in vivo (Figure 

2.5). Additionally, we demonstrate that PARP1 inhibition in combination with radiation 

significantly delays resolution of dsDNA breaks using in vitro models of IBC (Figure 2.3, 

Figure 2.4). Taken together, these results suggest that PARP1 inhibition with radiation therapy 

may be a promising strategy for the treatment of inflammatory breast cancer.  

 Although these studies suggest that PARP1 inhibition may be an effective 

radiosensitization strategy for the treatment of IBC, other potential targets for treatment have 

also been identified. Several groups have identified molecular alterations in IBC tumors and in 

vitro models that may help to describe the aggressive phenotype associated with IBC(1). Owing 

to the inflammatory nature of these cancers, the use of lipid lowering agents such as statins has 

been met with some success(17,18). Preclinical data using statins in IBC show statin treatment 

can lead to increased apoptosis and radiosensitivity, inhibition of proliferation and invasion, and 

decreased metastatic dissemination of tumors(19). In a population-based cohort study in patients 

with IBC, statin use was associated with improved progression-free survival in IBC patients(19). 

Recent studies have sought to better define this inflammatory microenvironment, and many have 

noted that macrophages may be important in mediating the radiosensitivity and metastatic 

potential of IBC tumors(20-23). Immune regulating agents have also been implicated in the 

aggressiveness of IBC. In addition to the role that cytokines such as INFα and TNFα may play in 

pathogenesis(24), many studies have reported that PD-L1 is consistently overexpressed in IBC 
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tumors(25,26). Upregulation of downstream signaling proteins including mTOR and 

JAK2/STAT3 have also been observed(26,27). The role of RhoC in IBC has also been reported, 

but recent evidence suggests that downstream signaling may lead to unique metabolic 

regulation(28) and changes in lipid raft formation(29). Transcriptional reprogramming of IBC 

cells is also common, including C/EBPδ-mediated upregulation of VEGF-A(30) and 

upregulation of the redox-sensitive transcription factor NFκB and the E3 ubiquitin ligase 

XIAP(31-34). These promising studies suggest that more effective treatment strategies are on the 

horizon. 

 Although we have demonstrated the radiosensitizing effects of olaparib in our models, 

these studies highlight the challenges of studying IBC. This study uses most of the available 

preclinical models of IBC but also highlights that there are a limited number of available models 

in which to study IBC. Thus, the need for additional model systems is critical to gaining a better 

understanding of the heterogeneity and pathogenesis of inflammatory breast cancers. While our 

studies were conducted in IBC cell lines, an important future direction of this work will involve 

the use of patient-derived xenograft (PDX) models of IBC. In addition, this study primarily 

utilized the more potent PARPi olaparib, though our previous studies also evaluated the efficacy 

of radiosensitization using veliparib(10). Olaparib may be more potent given its dual 

functionality as a PARP enzymatic inhibitor and PARP trapper, whereas veliparib only has 

functions as an enzymatic inhibitor of PARP1 at the doses used for these studies(35). Although 

more potent, toxicity in clinical trials to date does not appear worse with olaparib and clinical 

data suggests that olaparib is well tolerated in vivo(8). 

 The dual functionality of some PARP inhibitors (such as olaparib) to both inhibit 

enzymatic activity of the PARP1 protein as well as induce PARP trapping has been well 
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documented(35-38). Recent literature also suggests that PARPi may cause an increase in 

replication fork acceleration, resulting in replicative stress that ultimately leads to cell death(39). 

Though the study reported here does not directly address the relative contributions of enzymatic 

PARP1 inhibition verses PARP trapping on radiosensitization, studies are underway to determine 

how these functions may differentially contribute to the compounds’ radiosensitizing effects. In 

addition to olaparib, PARP inhibitors such as talazoparib and rucaparib are used to treat other 

types of breast cancer(40,41). These inhibitors may also be valuable in the treatment of IBC in 

combination with radiation and are currently being investigated. 

While we have shown that PARP1 inhibition can be used for the radiosensitization of 

inflammatory breast cancer, olaparib and other PARP1 inhibitors are currently being investigated 

as radiosensitization agents for the treatment of triple negative breast cancer (RadioPARP/ 

NCT03109080), head and neck cancer(42), pancreatic cancer(43), prostate cancer(44), and 

ovarian cancer(45). More recent trials are testing whether PARP1 inhibition is effective in 

combination with radiation in squamous cell carcinoma(46) (NCT02229656), locally advanced 

rectal cancer (NCT02921256 and NCT01589419), high grade gliomas (NCT03212742), non-

small cell lung cancer (NCT01386385 and NCT02412371), and soft tissue sarcoma(47) 

(NCT02787642). Thus, while this study is the first to report that PARP inhibition may be an 

effective strategy in patients with IBC, the concept of PARP inhibitor-mediated 

radiosensitization is being explored in many other cancer contexts. 

 IBC is a subset of breast cancer with limited treatment options and the lowest 5-year 

survival rates of any breast cancer type(1). Despite the limitations of the model systems, these 

data have provided the preclinical rationale for further clinical investigation. In a phase I trial, 

our group previously demonstrated that PARP1 inhibition in combination with radiation may be 
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a safe and effective strategy for women with IBC (and in women with locoregionally recurrent 

breast cancer)(48). To that end, a randomized phase II trial (SWOG 1706, NCT03598257) 

comparing the effects of olaparib and radiation therapy to radiation therapy alone in patients with 

IBC is now underway. Patients in the combination arm begin treatment with olaparib one day 

prior to the initiation of radiation therapy, and olaparib is administered until the final day of 

radiation treatment. Invasive disease-free survival of women receiving treatment with olaparib 

and radiation will be compared to that of the group receiving radiation alone. Secondary 

endpoints, such as local disease control, distant relapse-free survival and overall survival will 

also be assessed. In addition, correlative studies from this trial will be used to see if biomarkers 

of treatment response and efficacy can be identified. These correlative studies will also define 

the genomic and transcriptomic landscape of IBC in a large patient population and will assess 

how circulating tumor DNA (ctDNA) levels are affected by combination and single agent 

treatment.   

 Though it is evident from our study that PARP1 inhibition with olaparib leads to 

radiosensitization of IBC cell lines, further studies are needed to determine the exact mechanism 

of olaparib-induced radiosensitization in IBC. Future transcriptomic and proteomic analysis of 

current model systems across multiple platforms may provide some insight as to the mechanism 

of this radiosensitization, and such studies are currently underway. Finally, correlative studies 

from SWOG 1706 will help inform future mechanistic studies and will provide a platform in 

which to evaluate potential predictive or prognostic biomarkers that may be able to help more 

effectively guide selection of IBC patients for this approach to treatment intensification. 
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Methods 

Cell Culture 

All IBC cell lines were grown in HAMS F12 media (Gibco 11765-054) in a 5% CO2 incubator. 

Media for SUM-149 cells was supplemented with 5% FBS (Atlanta Biologicals), 10mM HEPES 

(Thermo Fisher 15630080), 1x antibiotic-antimycotic (anti-anti, Thermo Fisher 15240062), 

1μg/mL hydrocortisone (Sigma H4001), and 5μg/mL insulin (Sigma I9278). SUM-190 media was 

supplemented with 1% FBS, 1μg/mL hydrocortisone, 5μg/mL insulin (Sigma I0516), 50nM 

sodium selenite (Sigma S9133), 5μg/mL apo-Transferrin (Sigma T-8158), 10nM triiodo thyronine 

(T3, Sigma T5516), 10mM HEPES, and 0.03% ethanolamine (Sigma 411000). MDA-IBC-3 cells 

were grown with 10% FBS, 1μg/mL hydrocortisone, 1x anti-anti, and 5μg/mL insulin (Sigma 

I0516). SUM cell lines were obtained from Stephen Ethier at the Medical University of South 

Carolina, and MDA-IBC-3 cells were obtained directly from Wendy Woodward at the University 

of Texas MD Anderson Cancer Center. All cell lines were routinely tested for mycoplasma 

contamination (Lonza LT07-418) and were authenticated using fragment analysis at the University 

of Michigan DNA sequencing core. Olaparib (MedChem Express HY-10162) and veliparib 

(MedChem Express HY-10129) were reconstituted in 100% DMSO for cellular assays. 

Proliferation Assays 

SUM-190 and SUM-149 cells were plated in 96 well plates overnight and treated the next morning 

with either olaparib or veliparib using a dose range of 1pM to 10μM. After 72 hours, AlamarBlue 

(Thermo Fisher DAL1025) was added up to 10% of the final volume and read on a microplate 

reader after incubation at 37⁰C for 3 hours. MDA-IBC-3 cells were plated in 6-well plates and 
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treated with a dose range of 1nM to 10μM of either olaparib or veliparib. After 72 hours, cells 

were trypsinized and counted with a hemocytometer. 

Clonogenic Survival Assays 

SUM-149 and SUM-190 cells were plated at various densities from single cell suspension in 6-

well plates and radiated the following day after a one-hour pretreatment with olaparib. Cells were 

grown for up to three weeks, then fixed with methanol/acetic acid and stained with 1% crystal 

violet. Colonies with a minimum of 50 cells were counted for each treatment condition. Plating 

efficiency was determined and used to calculate toxicity. Cell survival curves were calculated as 

described previously(10). MDA-IBC-3 cells were grown in soft agar (Thermo Fisher 214050) with 

a base layer of 0.5% agar solution and a top layer of 0.4% agar containing the cell suspension. 

Drug treatments in supernatant media were added fresh each week. Colonies were grown for up to 

four weeks before staining with 0.005% crystal violet. 

Immunofluorescence 

Cells were plated on 18 mm coverslips in 12-well plates and allowed to adhere to coverslips 

overnight. The following day, cells were treated with media containing either olaparib or vehicle 

one hour before radiation (2 Gy), and coverslips were fixed at predetermined time points after 

radiation. γH2AX foci were detected using anti-phospho-histone H2AX (ser139) monoclonal 

antibody (Millipore 05-636), with a goat anti-mouse fluorescent secondary antibody (Invitrogen 

A11005). At least 100 cells were scored visually for γH2AX foci in three independent experiments. 

Cells containing ≥ 15 γH2AX foci were scored positive and were pooled for statistical analysis. 
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Immunoblotting 

Cells were plated overnight and pre-treated the next morning with olaparib. Plates were irradiated 

one hour after pretreatment, and cells were harvested at 6 and 24 hours after radiation. Lysates 

were extracted using RIPA buffer (Thermo Fisher 89901) containing protease and phosphatase 

inhibitors (Sigma-Aldrich PHOSS-RO, CO-RO). Proteins were detected using the anti-PAR 

antibody (LS-B12794, 1:5000), the anti-PARP1 antibody (ab6079, 1:1000), and anti-β-Actin 

(8H10D10, Cell Signaling 12262S, 1:50,000). 

Xenograft Models  

Bilateral subcutaneous flank injections were performed on 4-6 week old CB17-SCID female mice 

with 1 x 106 SUM-190 cells resuspended in 100μL PBS with 50% Matrigel (Thermo Fisher CB-

40234). Tumors were allowed to grow until reaching approximately 80mm3. Olaparib treatment 

was given by intraperitoneal injection 24 hours prior to the first radiation treatment. For long term 

studies, mice were treated with vehicle (10% 2-hydroxylpropyl-beta-cyclodextrin in phosphate 

buffered saline, Thermo Fisher 10010-023), olaparib (50mg/kg) alone, radiation alone (2 Gy x 8 

fractions) or the combination of olaparib + RT, with 16-20 tumors per treatment group. Tumor 

growth was measured three times a week using digital calipers, and mice were weighed on the 

same days. Tumor volume was calculated using the equation V=(L*W2)*π/6. For short term 

studies, mice were treated with vehicle control, olaparib, or radiation for 48 hours before the 

tumors were harvested. Mice treated with both olaparib and radiation received olaparib treatment 

24 hours before radiation treatment. The tumors were then harvested 48 hours after radiation. 

Immunohistochemical staining was performed on tumors for all four conditions. All procedures 

involving mice were approved by the Institutional Animal Care & Use Committee (IACUC) at the 

University of Michigan and conform to their relevant regulatory standards.  
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Irradiation 

Irradiation was carried out using a Philips RT250 (Kimtron Medical) at a dose rate of 

approximately 2 Gy/min in the University of Michigan Experimental Irradiation Core as 

previously described(10). Irradiation of mouse tumors was carried out as described previously(49).  

Immunohistochemistry 

Immunohistochemical staining was performed on the DAKO Autostainer (Agilent, Carpinteria, 

CA) using Envision+ or liquid streptavidin-biotin and diaminobenzadine (DAB) as the chromogen. 

De-paraffinized sections were labeled with the antibodies listed in Supplemental Table 1 for 30 

minutes at ambient temperature. Microwave epitope retrieval, as specified in Supplemental Table 

1, was used prior to staining for all antibodies. Appropriate negative (no primary antibody) and 

positive controls (as listed in Supplemental Table 1) were stained in parallel with each set of slides 

studied. Whole-slide digital images were generated using an Aperio AT2 scanner (Leica 

Biosystems Imaging, Vista, CA, USA) at 20X magnification, with a resolution of 0.5 µm per pixel. 

The scanner uses a 20x / 0.75 NA objective and an LED light source. The same instrument and 

settings were used throughout the study for all whole-slide images generated. The images were 

checked for quality before use, and scans were repeated as necessary. Digital slides were analyzed 

using the Visopharm image analysis software suite (DK-2970 Hoersholm, Denmark, v2019.2) to 

count stained and unstained nuclei. 

Comet Assay 

Cells were plated in 6 well plates and allowed to adhere overnight. Cells were pretreated with 

olaparib for one hour before radiation and collected at designated time points after radiation. Cells 

were mixed with low melting point agarose (Thermo Fisher 15-455-200) and spread on 
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CometSlides (Trevigen 4250-050-03). The cells were lysed with lysis solution (Trevigen 4250-

050-01), and DNA was separated by electrophoresis. Propidium iodide (Thermo Fisher P3566) 

was used to stain DNA. A fluorescent microscope was used to take images of at least 50 

cells/treatment. Images were analyzed using Comet Assay IV Software Version 4.3 to calculate 

the Olive tail moment. Results were pooled for statistical analyses.  

Statistical Analyses 

GraphPad Prism 7.0 was used to perform statistical tests. In vitro statistical analyses were 

performed using the two-tailed student’s t-test or a one-way ANOVA in the case of multiple 

comparisons. For in vivo studies, a two way ANOVA was used to compare tumor growth, and the 

fractional tumor volume (FTV) method for assessing synergy in vivo was used as previously 

described(15,50). 
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Figures 

  

IBC cell lines were treated with either olaparib or veliparib and cell viability was measured 72 
hours after treatment. In SUM-190 (A,B) and MDA-IBC-3 (C,D) cells, neither veliparib or 
olaparib showed significant effects on proliferation at doses up to 10μM. In SUM-149 cells 
(E,F), olaparib, but not veliparib, can inhibit proliferation at high doses (2.2μM). Graphs are 
shown as the average of three independent experiments ± SEM. 
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Olaparib treatment results in a dose-dependent reduction in survival fraction of SUM-190 (A), 
MDA-IBC-3 (C), and SUM-149 (E) cell lines. Representative data from single experiments are 
shown for each cell line. The surviving fraction of cells after 6 Gy (B, D, F) was calculated as 
the mean of three independent experiments and depicted ± SEM for each cell line. (p < 0.05 = *, 
p < 0.01 = **) 
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Immunofluorescence microscopy was used to measure γH2AX foci in SUM-190 (A) and SUM-
149 (B) cells. Cells were pretreated for one hour with olaparib and fixed at 0.5, 4, 12, 16, and 24 
hours after radiation, then stained for DAPI and γH2AX. Cells containing ≥ 15 foci were scored 
as positive. In SUM-190 cells at 4, 12, and 16 hours, there were significantly higher levels of 
cells positive for γH2AX for those treated with the combination of 2 Gy radiation and 1μM 
olaparib compared to cells treated with 2 Gy radiation alone. In SUM-149 cells, 20nM olaparib 
and 2 Gy radiation results in a higher percentage of γH2AX positive cells compared to cells 
treated with radiation alone at both 12 and 16 hours. Representative images of γH2AX foci in 
SUM-190 (C) and SUM-149 (D) cells at 16 hours are shown for all treatment groups. Graphs 
represent the average of three independent experiments ± SD. (p < 0.05 = *). 
 

 



 
69 

 

Neutral comet assay in SUM-190 cells (A) shows higher levels of dsDNA damage at 4 hours in 
cells treated with radiation and olaparib compared to untreated cells, or cells treated with RT or 
olaparib alone (p < 0.05 = *). Graphs represent the average of three independent experiments ± 
SD and representative images for each treatment are shown. In SUM-190 (B) and MDA-IBC-3 
(C) cells, radiation induced DNA damage causes an increase in PAR formation at both 6 and 24 
hours after 4 Gy radiation. In the combination group that receives a one-hour pretreatment of 
1μM olaparib before radiation, PAR formation is significantly lower at 6 and 24 hours after RT. 
In SUM-149 (D) cells, this same trend can be observed at a much lower dose of olaparib (20nM). 
Though the enzymatic activity of PARP1 is efficiently inhibited at these doses, total levels of 
PARP are not significantly different across the treatment conditions. 
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SUM-190 cells were subcutaneously injected into CB17-SCID mice, and treatment was started 
when tumors reached approximately 80 mm3 (A). Olaparib treatment began one day before the 
initiation of radiation treatment and ended on the same day as the last fraction of radiation. With 
this paradigm, the combination treatment leads to delayed growth of tumors (B) and an increased 
time to tumor doubling (C) and tumor tripling (D) (p < 0.0001 = ****). The treatment did not 
display significant toxicities, and animal weights were not significantly different between the 
treatment groups (E). Using the FTV method, there was a synergistic effect with olaparib and RT 
treatment to antagonize tumor growth (ratios >1 indicate synergism) (F). A two-way ANOVA 
was performed to compare tumor volume between experimental groups. 
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Figure 2.6: Ki67 and p16 levels are decreased in tumors from animals treated with radiation 
and combination PARP-inhibitor and radiation. 

SUM-190 xenograft tumors that were harvested from mice at the completion of the long-term in 
vivo study. Protein expression levels were assessed by immunohistochemical staining. Levels of 
Ki67, a marker of proliferation, are significantly decreased in all treatment groups (A), and p16 
levels are significantly decreased in the RT-alone and combination treated groups (B). 
Representative images from each group are shown (C,D). (* p < 0.05, ** p <0.01, *** p < 
0.001). 
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Figure 2.7: Total PARP1 levels do not change with treatment but PAR levels are decreased 
by PARPi.  

Total levels of PARP1 were assessed in tumors from mice treated with olaparib. Olaparib 
treatment did not affect PARP1 protein expression by IHC in olaparib-alone, RT alone, or 
combination treated animals (A). Representative images of PARP1 staining are shown for all 
treatment conditions (B). PAR levels were, however, significantly decreased in the animals 
treated with olaparib alone (C). Representative images of PAR staining are shown for all 
treatment conditions (D). (NS: not significant, * p < 0.05)   
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Average radiation enhancement ratio (rER) and toxicity values are shown for each treatment in 
SUM-190 (A), MDA-IBC-3 (B), and SUM-149 (C) cells. 
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Antibodies used in all of the immunohistochemistry experiments are listed with each of the 
corresponding dilutions, retrieval techniques, and positive controls. 
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Chapter 3 : Short Term CDK4/6 Inhibition Radiosensitizes 

Estrogen Receptor Positive Breast Cancers3   

Abstract 

Cyclin-dependent kinase 4/6 (CDK4/6) inhibitors have improved progression free survival for 

metastatic, estrogen receptor positive (ER+) breast cancers, but their role in the non-metastatic 

setting remains unclear. We sought to understand the effects of CDK4/6 inhibition (CDK4/6i) 

and radiation (RT) in multiple preclinical breast cancer models. Transcriptomic and proteomic 

analyses were used to identify significantly altered pathways after CDK4/6i. Clonogenic assays 

were used to quantify the RT enhancement ratio (rER). DNA damage was quantified using 

γH2AX staining and the neutral comet assay. DNA repair was assessed using RAD51 foci 

formation and non-homologous end joining (NHEJ) reporter assays. Orthotopic xenografts were 

used to assess the efficacy of combination therapy. Palbociclib significantly radiosensitized 

multiple ER+ cell lines at low nanomolar, sub IC50 concentrations (rER: 1.21 – 1.52) and led to a 

decrease in the surviving fraction of cells at 2 Gy (p < 0.001). Similar results were observed in 

ribociclib- (rER: 1.08 - 1.68) and abemaciclib-treated (rER: 1.19 - 2.05) cells. Combination 

treatment decreased RAD51 foci formation (p < 0.001), leading to a suppression of HR activity, 

 
3 This chapter was published in Clinical Cancer Research in September 2020. 
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but did not affect NHEJ efficiency (p > 0.05). Immortalized breast epithelial cells and cells with 

acquired resistance to CDK4/6i did not demonstrate radiosensitization (rER: 0.94 – 1.11) or 

changes in RAD51 foci. In xenograft models, concurrent palbociclib and RT led to a significant 

decrease in tumor growth. These studies provide preclinical rationale to test CDK4/6i + RT in 

women with locally-advanced ER+ breast cancer at high risk for locoregional recurrence.  
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Statement of Translational Relevance 

Although CDK4/6 inhibitors are currently indicated for patients with metastatic, ER+ 

breast cancer, their utility in the non-metastatic setting is still being established. Our 

understanding of the interaction between CDK4/6 inhibitors and the ionizing radiation given as 

part of the standard of care is lacking, and the utility of this approach in women at high risk for 

locoregional failure is unknown. In this manuscript, we demonstrate using multiple non-

overlapping in vitro and in vivo models that combination therapy with RT and each of the three 

clinically approved CDK4/6 inhibitors is more effective at decreasing cell proliferation and 

tumor growth when compared to either RT or CDK4/6 inhibition alone. Further, this 

sensitization is due, at least in part, through the suppression of homologous recombination (HR)-

mediated DNA repair. In contrast, preclinical models with acquired resistance to CDK4/6 

inhibition do not demonstrate radiosensitization or suppression of HR. These data suggest that 

combination CDK4/6 inhibition and RT represent a novel indication for CDK4/6 inhibitors and a 

clinically feasible strategy for the radiosensitization of ER+ breast cancers that warrants clinical 

exploration. 
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Introduction 

The treatment of breast cancer is guided, in part, by the presence or absence of hormone 

receptors including the estrogen receptor (ER). Nearly 75% of new breast cancer diagnoses will 

be classified as estrogen receptor positive (ER+) disease(1). For these patients, precision medicine 

strategies that target the ER using selective estrogen receptor modulators (SERMs), selective 

estrogen receptor degraders (SERDs), and aromatase inhibitors (AIs) that block ER signaling have 

resulted in significant improvements in recurrence-free and overall survival rates(1). While many 

women with ER+ metastatic breast cancer initially respond to endocrine therapy, nearly all will 

become refractory to endocrine therapy(1). Treatment options in the metastatic setting are 

expanding, and the recent introduction of cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitors 

into the clinic has significantly improved outcomes for these patients(2,3). 

In contrast to anti-estrogen therapies, CDK4/6 inhibitors work by targeting the cell 

cycle(4). When cells are actively proliferating, the levels of cyclin proteins rise and fall in a series 

of predetermined, cyclic patterns. The activation of specific cyclins at fixed points in the cell cycle 

is crucial for proper regulation of cyclin-dependent kinases (CDKs). CDKs are serine/threonine 

kinases that act as master regulators of the cell cycle; they phosphorylate downstream target 

proteins necessary to proceed through cell cycle “checkpoints” designed to control abnormal 

proliferation(4). For example, cyclin D1 forms a complex with CDK4/6 and leads to the 

phosphorylation of many downstream targets – including the inactivation of the retinoblastoma 

(RB1) tumor suppressor(4). The ability of cancer cells to evade growth suppressors, one of the 

hallmarks of cancer, has long been appreciated in many cancer types based on the dysregulation 

of cyclins and cyclin-dependent kinases (CDKs)(4).  
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With the development of selective CDK4/6 inhibitors including palbociclib, the ability to 

selectively target this cell cycle dysregulation in metastatic, ER+ breast cancer became possible. 

There are currently 3 FDA-approved CDK4/6 inhibitors: palbociclib (PD0332991)(5), ribociclib 

(LEE011)(6) and abemaciclib (LY2835219)(7). All three are orally bioavailable ATP-competitive 

inhibitors of CDK4 and CDK6. Early preclinical studies suggested that ER+ breast cancer cell 

lines are more sensitive to the antiproliferative effects of specific CDK4/6 inhibitors compared to 

other breast cancer subtypes, including triple negative breast cancer, where alterations in RB1 are 

more frequent(5). This differential response, later validated by others, provided the rationale to 

restrict early clinical trials to ER+ breast cancers(3). Based on several practice changing clinical 

trials(2,3,8,9), CDK4/6 inhibitors are now standard-of-care for women diagnosed with metastatic 

ER+ breast cancer in combination with hormone therapies such as letrozole or tamoxifen.  

For patients with metastatic, ER+ breast cancer, CDK4/6 inhibitors have improved 

progression free survival, but acquired resistance to these drugs remains a critical clinical issue(4). 

While the exact mechanism(s) of therapy resistance remain unclear, recent data suggest changes 

in phosphorylation of RB1(5,10,11), and changes in cyclin/CDK expression(12-16), may 

contribute to drug resistance; however, currently there is no known consensus pathway of 

resistance. CDK4/6 inhibitors have also demonstrated the ability to slow progression in many types 

of cancers as well as the potential to synergize with other agents for more durable responses. 

Although use of CDK4/6 inhibitors is currently limited to the metastatic setting, there are 

ongoing efforts to evaluate the efficacy of CDK4/6 inhibitors in the upfront setting for women 

with locally advanced or high-risk ER+ disease(17). This resistance may become a more critical 

issue as these inhibitors make their way into the clinical management of patients with locally 

advanced, non-metastatic disease where cure remains the therapeutic goal. Thus, there is a critical 
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unmet need to identify strategies to improve the local efficacy of CDK4/6 inhibitor therapy in 

patients with ER+ breast cancer. 

Radiation (RT) therapy remains a mainstay in the treatment of women with locally 

advanced ER+ breast cancer(18). Despite its ubiquitous use, combination studies testing the use 

of RT in combination with CDK4/6 inhibition are lacking. It is well established that 

pharmacological CDK4/6 inhibition interferes with cell cycle regulation(4), but recent studies have 

also shown that single agent palbociclib can also affect regulation of the DNA damage response 

pathways(19,20). However, our understanding of this interaction and the resulting effects of 

CDK4/6 inhibitor therapy and RT is incomplete. Therefore, we sought to determine whether 

combining CDK4/6 inhibitors with RT would prove to be more effective than either treatment 

alone in multiple models of ER+ breast cancer, and to evaluate the physiological significance of 

this phenomenon in vivo. 
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Results 

Single-agent CDK4/6 inhibition leads to a suppression of cell cycle and DNA damage 

response pathways 

To determine the effects of CDK4/6 inhibition in breast cancer, we performed proliferation 

assays and calculated the IC50 values of palbociclib, ribociclib, and abemaciclib in the estrogen-

dependent, ER+ breast cancer cell lines MCF-7, T47D, (Figure 3.1), CAMA-1, and ZR-75-1 

(Figure 3.2). In order to understand the biological changes that are induced by short term CDK4/6 

inhibition, we analyzed transcriptomic changes of T47D cells treated with 40nM palbociclib for 

16 hours (Figure 3.3A). Overrepresentation (pORA) and total pathway accumulation (pAcc) were 

computed using iPathway (Advaita) to find pathways that were significantly differentially 

expressed. 

As expected, the cell cycle pathway was differentially expressed between vehicle-treated 

and palbociclib-treated T47D cells (p = 9.283 x 10-5) and expression of RB1, a canonical target of 

CDK4/6, was significantly decreased compared to control cells (p = 2.014 x 10-4). Surprisingly, 

pathway analysis identified DNA damage response as the pathway most significantly 

overrepresented after palbociclib treatment. These significantly altered pathways (with FDR-

corrected p values) include DNA replication (p = 6.198x10-23), Mismatch repair (p = 3.209x10-7), 

Base excision repair (p = 1.249x10-5), Fanconi anemia (p = 1.585x10-5), nucleotide excision repair 

(p = 4.935 x 10-5), and homologous recombination (p = 8.874 x 10-5). Cell cycle downregulation 

also led to the global suppression of cell cycle genes (Figure 3.3D) including Cyclin E2 (CCNE2), 

the transcription factor E2F (E2F1), and RB1 (RB1). T47D cells treated with either 100nM 

ribociclib (Figure 3.3B) or 20nM abemaciclib (Figure 3.3C) demonstrated similar pathway 

changes in cell cycle and DNA damage response pathways. MCF-7 cells treated with low 
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concentrations of CDK4/6 inhibition for 16 hours (Figure 3.4) showed less robust changes in gene 

expression overall and no significant changes in DNA damage response pathways, but showed 

some change in cell cycle response along with significant changes in interleukin and chemokine 

signaling.  

To understand how these pathway changes might be altered after the development of 

CDK4/6 inhibitor resistance, we developed models of acquired resistance (Figure 3.3E) to 

palbociclib (PalAR) ribociclib, (RibAR) and abemaciclib (AbeAR) in MCF-7 and T47D cells. After 

selection, CDK4/6 inhibitor resistant MCF-7 and T47D cells demonstrated a 10-100 fold greater 

resistance to CDK4/6 inhibition as evident by a significant shift in the dose-response curves 

(Figure 3.1). CDK4/6 inhibitor resistant cell lines also developed cross resistance to all three 

CDK4/6 inhibitors, suggesting commonality in resistance mechanisms (Figure 3.5). In contrast to 

the changes observed after CDK4/6 inhibition in CDK4/6 inhibitor-sensitive parental cell lines, 

short term treatment of palbociclib-resistant T47D PalAR cells with 40nM palbociclib (Figure 

3.3F) predominately led to changes in pathways involved in adhesion, cytokine signaling, and 

immune regulation, which has been demonstrated by others(19). T47D RibAR (Figure 3.3G) and 

T47D AbeAR (Figure 3.3H) cells and CDK4/6 inhibitor-resistant MCF-7 cells (Figure 3.4D-F) 

also showed minimal changes in cell cycle and DNA damage response pathways, suggesting that 

CDK4/6 inhibitor-resistant cell lines are not as susceptible to manipulations of DNA repair and 

DNA damage as their wild-type counterparts. 

In order to confirm these observed transcriptomic changes, we used reverse phase protein 

array to quantify changes in protein and phosphoprotein expression in MCF-7 and MCF-7 PalAR 

cells 16 hours after treatment with 75nM palbociclib. Along with expected changes in cell cycle 

proteins – including decreased pRB1 in MCF-7 parental cells – we saw a decrease in the expression 
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of a significant number of proteins and phospho-proteins involved in the DNA damage response 

(Figure 3.3I). CDK4/6 inhibition with palbociclib did not cause significant suppression of these 

proteins in MCF-7 PalAR cells treated with 75nM palbociclib, suggesting that CDK4/6 inhibitor-

resistant cells are no longer susceptible to CDK4/6 inhibitor-mediated suppression of DNA repair.  

CDK4/6 inhibition radiosensitizes CDK4/6 inhibitor-naïve ER+ breast cancer cell lines 

Because CDK4 and CDK6 act at the G1/S checkpoint, it has been hypothesized that the use 

of CDK4/6 inhibitors would be radioprotective by arresting cells in the G1 phase; cells are typically 

most sensitive to RT in G2/M. Our data demonstrating significant changes in DNA damage 

response proteins and phosphoproteins suggested that CDK4/6 inhibitors may be directly 

impacting these pathways independent of the cell cycle effects and may potentiate the effects of 

DNA damaging agents (including ionizing RT). In order to assess the ability of CDK4/6 inhibition 

to influence the radiosensitivity of ER+ breast cancer cell lines, we performed clonogenic cell 

survival assays. In these assays, ER+ breast cancer cells were pretreated with low-concentration 

CDK4/6 inhibition one hour prior to RT to minimize potential confounding effects of cell cycle 

reassortment.  

We demonstrate that escalating doses of palbociclib produced a dose-dependent increase 

in radiosensitization in MCF-7 cells (rER 1.15 – 1.67) at concentrations at or below the IC50 value 

(Figure 3.6A). The radiation enhancement ratio (rER) of clinically approved radiosensitizing 

agents such as cisplatin(27) is ~1.2, suggesting that this radiosensitization is clinically 

meaningful(27,28). Similar results were observed in T47D (rER: 1.12 – 1.65, Figure 3.6B), 

CAMA-1 (rER: 1.14 – 1.42, Figure 3.2D), and ZR-75-1 cells (rER: 1.12 – 1.43, Figure 3.2F) 

when treated with sub-IC50 concentrations of palbociclib. Radiosensitization occurred in MCF-7 

and T47D cells to a similar degree with ribociclib (Figure 3.6C-D) and abemaciclib (Figure 
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3.6E&F), suggesting that all three CDK4/6 inhibitors led to comparable levels of 

radiosensitization in vitro. Furthermore, all three drugs showed modest single agent toxicity 

(Table 3.1), predominately at concentrations closer to the IC50 value. However, at these 

concentrations, CDK4/6 inhibition did not significantly radiosensitize the transformed, mammary 

epithelial cell line MCF-10A (Figure 3.7), suggesting that the combination treatment would be 

unlikely to cause significant toxicity to normal breast tissue when treated with RT (Table 3.3). 

Because CDK4/6 inhibitors change the cell cycle distribution of exponentially growing 

ER+ breast cancer cells, we sought to understand how cell cycle changes may play a role in the 

radiosensitization. To that end, we performed propidium iodide-based cell cycle analysis in T47D 

and MCF-7 cells (Figure 3.8A,C) to determine the time course of G1 arrest in our cell lines. In 

T47D cells, G1 arrest did not occur at 1 or 6 hours after CDK4/6 inhibitor treatment, but cells were 

significantly arrested by 16 hours and remained arrested at 24 and 48 hours. MCF-7 cells did not 

arrest after 1 hour of drug treatment - equivalent to our one hour pretreatment in other assays – but 

did demonstrate cell cycle arrest at 48 hours even at these low concentrations. In addition, we 

performed clonogenic assays in MCF-7 cells with varied CDK4/6 inhibitor pretreatment times 

before radiation. In spite of these differences in cell cycle accumulation, pretreatment with 50-

100nM palbociclib for either 6 or 24 hours led to nearly equivalent levels of radiosensitization in 

MCF-7 cells (rER 1.29-1.58 at 6 hours, 1.13-1.71 at 24 hours; Figure 3.8E-F, Table 3.4), 

suggesting that radiosensitization is cell cycle independent and that radiosensitization occurs even 

in cells arresting at the G1 checkpoint.  

 Given that CDK4/6 inhibitor-resistant cell lines respond differently to short-term CDK4/6 

inhibition compared to their parental cell lines, we were interested in understanding whether 

CDK4/6 inhibitor resistance would play a role in the response of ER+ breast cancer cells to 
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ionizing radiation. As expected, cell cycle analysis demonstrated that CDK4/6 inhibitor-resistant 

MCF-7 and T47D cells did not arrest at G1 after treatment with palbociclib, ribociclib, or 

abemaciclib (Figure 3.8B,D) even after 48 hours. Much higher concentrations of all 3 drugs (100-

500nM) also failed to radiosensitize CDK4/6 inhibitor-resistant MCF-7 (Figure 3.9A,C,E) and 

T47D cells (Figure 3.9B,D,F) in clonogenic cell survival assays. Because these cells were selected 

for acquired resistance to CDK4/6 inhibitor monotherapy, single agent toxicity (Table 3.2) was 

minimal, as expected. 

Short term CDK4/6 inhibition leads to a decrease in homologous recombination efficiency 

Radiosensitization can occur through a variety of mechanisms, including changes in the 

efficiency of the DNA damage response, cell cycle reassortment, changes in oxygenation, and 

upregulation of other cellular response pathways such as apoptosis or senescence. Given that we 

observed cellular changes in multiple DNA damage response pathways at the transcriptomic and 

proteomic/phospho-proteomic level after short term CDK4/6 inhibition, we wanted to understand 

whether CDK4/6 inhibition affects specific DNA damage response pathways, including the two 

major double-strand break repair pathways of homologous recombination (HR) and non-

homologous end joining (NHEJ). 

 To assess HR-mediated effects, we performed RAD51 foci formation assays. RAD51 is a 

recombinase responsible for protecting single stranded DNA at the site of DNA strand breaks and 

initiating the catalysis of HR-mediated DNA repair. RAD51 foci are indicative of active HR and 

can be quantified using immunofluorescence microscopy to assess HR competency. In MCF-7 

(Figure 3.10A) and T47D (Figure 3.10B) cells, RT (4 Gy) led to an increase in RAD51 foci at 6 

and 16 hours following RT. In contrast, a 1-hour pretreatment with either palbociclib, ribociclib, 

or abemaciclib led to a significant decrease in RAD51 foci at 6 and 16 hours post-RT compared to 
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RT alone. The inability of ER+ breast cancer cells to respond to and repair double stranded breaks 

using HR cannot solely be attributed to an absence of RAD51 protein (Figure 3.10C), though 

there was a slight decrease in total RAD51 protein levels in the palbociclib- and combination-

treated groups in T47D cells at these time points. In contrast to CDK4/6 inhibitor-sensitive cell 

lines, CDK4/6 inhibitor-resistant MCF7AR (Figure 3.10D-F) and T47DAR cells (Figure 3.10G-I) 

did not demonstrate changes in RAD51 foci formation at either 6 or 16 hours. CDK4/6 inhibitor 

resistant cell lines still formed RAD51 foci and retained the ability to perform HR, but the addition 

of a CDK4/6 inhibitor did not further suppress the repair capacity of these cells. Representative 

foci are shown in both CDK4/6 inhibitor-sensitive (Figure 3.11A&B) and CDK4/6 inhibitor-

resistant (Figure 3.11C&D) cells.  

CDK4/6 inhibition does not suppress NHEJ repair 

To understand how CDK4/6 inhibition may affect NHEJ efficiency, we used a transient 

GFP reporter system(22) to assess NHEJ proficiency in MCF-7 (Figure 3.12A) and CAMA-1 

(Figure 3.12B) cells. In this system, CDK4/6 inhibitor monotherapy did not affect NHEJ 

efficiency in either cell line compared to vehicle controls. As a control, treatment with 1µM 

NU7441 (a DNAPK inhibitor) significantly decreases NHEJ activity in both MCF-7 and CAMA-

1 cells, but the CHK1/2 inhibitor AZD7762 does not affect NHEJ repair efficiency. Furthermore, 

when combined with RT, we observed stable or increased expression of the NHEJ protein mediator 

pKu80 in MCF-7 (Figure 3.12C), CAMA-1 (Figure 3.12D), and T47D cells (Figure 3.12E) 

suggesting that NHEJ repair was not inhibited and may be activated in response to decreases in 

HR. In addition, at concentrations that are double the IC50 values of each CDK4/6 inhibitor in 

MCF-7 cells, pKu80 expression was significantly higher in cells treated with the combination of 

drug and RT (Figure 3.12F). 
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 If CDK4/6 inhibition suppresses the ability of ER+ breast cancer cells to undergo HR, 

NHEJ becomes the predominant form of dsDNA break repair. Thus, we hypothesized that 

combining CDK4/6 inhibition with pharmacological or genetic inhibition of proteins in the NHEJ 

pathway would be synergistic. In both MCF-7 and T47D cells (Figure 3.12G, 3.12J), palbociclib 

in combination with 500nM NU7441 leads to extremely significant levels of radiosensitization 

(rER: 1.80 – 3.46) compared to either compound alone. However, in MCF-7 cells, pharmacologic 

CHK1/2 inhibition is not synergistic with CDK4/6 inhibition – consistent with the hypothesis that 

CDK4/6 inhibitors act redundantly to suppress HR repair. Similar results were obtained using 

genetic knockdown of Ku70 (XRCC6) and RAD51 (RAD51) in MCF-7 cells (Figure 3.12H,I). 

Although the ability of single agent DNAPK inhibition to radiosensitize MCF-7 cells is retained 

in MCF-7 PalAR cells (Figure 3.12K), the addition of palbociclib does not lead to additional or 

synergistic levels of radiosensitization. 

 These studies demonstrate that CDK4/6 inhibition impairs the ability of cells to undergo 

HR and may shunt dsDNA break repair through the NHEJ pathway. In our models, neither 

immunofluorescent γH2AX foci (Figure 3.13A,B,E,F) or γH2AX total protein (Figure 

3.13C&D) were significantly different between cells treated with RT alone (2 Gy) or the 

combination of RT and palbociclib, suggesting that combination treatment did not significantly 

affect the persistence of dsDNA damage in the cell. In our proteomic analysis using RPPA we 

did not see any changes in γH2AX (pS139) expression in our MCF-7 cells treated with 75nM 

palbociclib (Figure 3.3I). To further confirm this, we performed the neutral COMET assay in 

MCF-7 cells to detect changes in dsDNA breaks (Figure 3.13G-H). Although RT (4 Gy) caused 

an increase in dsDNA breaks at both 6 and 16 hours after RT, CDK4/6 inhibition did not 

potentiate a delay in dsDNA break repair. Thus, the ability of cells to repair dsDNA breaks in 
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breast cancer cells treated with CDK4/6 inhibition and RT may be limited to low-fidelity NHEJ 

repair. 

CDK4/6 inhibition radiosensitizes ER+ breast cancer cells in vivo 

To understand if CDK4/6 inhibition leads to clinically relevant levels of radiosensitization 

in vivo, we generated orthotopic xenograft models with the MCF-7 cells (Figure 3.14A). In the 

combination group, palbociclib treatment was started one day before fractionated RT and was 

discontinued after the last fraction in order to measure the radiosensitizing effects of CDK4/6 

inhibition with palbociclib independent from its single agent efficacy. Treatment with the 

combination of palbociclib and RT significantly suppressed tumor growth (p < 0.01, Figure 

3.14B) and prolonged time to tumor doubling (p < 0.0001, Figure 3.14C) compared to mice treated 

with RT or palbociclib alone. These treatments did not lead to any visible toxicities or significant 

changes in body weights of mice (Figure 3.14D) throughout the duration of the study, suggesting 

that the therapy was generally well-tolerated. In addition, we calculated the expected and observed 

fractional tumor volume (FTV)(26) for each treatment condition (Table 3.6) and our results 

suggest that combination treatment with palbociclib and RT has synergistic (expected/observed 

ratio > 1) rather than additive effects. 
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Discussion 

In this study, we demonstrate that short term treatment of ER+ breast cancer cell lines with 

the CDK4/6 inhibitors palbociclib, ribociclib, and abemaciclib led to alterations in many cellular 

pathways, including suppression of cell cycle signaling and changes in the DNA damage response 

(Figure 3.3). In ER+ breast cancer cells that are sensitive to CDK4/6 inhibitor monotherapy, the 

combination of CDK4/6 inhibition and ionizing RT led to significant radiosensitization with each 

of the three clinically approved CDK4/6 inhibitors (Figure 3.6). This radiosensitizing ability, 

however, was lost in ER+ breast cancer cells with acquired resistance to CDK4/6 inhibition and 

was not observed in normal breast epithelial cells (Figure 3.7, Figure 3.9). Mechanistically, the 

radiosensitization observed in CDK4/6 inhibitor sensitive models was mediated by impaired 

homologous recombination that shunted dsDNA break repair towards error-prone NHEJ (Figure 

3.10). In contrast, both HR and NHEJ repair remained intact in CDK4/6 inhibitor-resistant cell 

lines. In xenograft models of ER+ breast cancer, CDK4/6 inhibition led to tumor radiosensitization 

(Figure 3.14). Taken together, these results demonstrate that the combination of CDK4/6 

inhibition and RT is a potentially effective strategy for the radiosensitization of ER+ breast cancer 

that is lost in cells that have become resistant to CDK4/6 inhibitor monotherapy. Our data also 

suggest that concurrent administration of CDK4/6 inhibition with RT (instead of adjuvant therapy) 

may be a more effective strategy to decrease the rates of disease recurrence in patients with ER+ 

breast cancer at high risk of locoregional recurrence and that this strategy warrants clinical 

investigation. 

In contrast to the conventional use of CDK4/6 inhibitors in the metastatic setting, our work 

challenges the standard treatment paradigm and highlights the therapeutic potential of using 

CDK4/6 inhibitors in combination with ionizing RT to radiosensitize CDK4/6 inhibitor-naïve ER+ 
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breast cancers. In contrast to studies that seek to overcome CDK4/6 inhibitor resistance or propose 

therapeutic alternatives for CDK4/6 inhibitor-resistant tumors, our approach in combining 

CDK4/6 inhibitors and RT is a novel therapeutic strategy that can be utilized prior to the 

development of drug resistance; thus, this approach has the potential to cure women prior to the 

development of metastatic disease. Finally, in our study, all three clinically approved CDK4/6 

inhibitors demonstrated the ability to radiosensitize ER+ breast cancer cell lines at similar 

concentrations, suggesting that this effect could be achieved in patients regardless of the specific 

CDK4/6 inhibitor chosen for therapy.  

In current practice, RT is only given in combination with CDK4/6 inhibitors for palliative 

management in patients with metastatic disease. While there have been a few studies that report 

additional skin and GI toxicities for these patients(29,30), recent analyses report that combination 

therapy in the palliative setting has been generally well-tolerated(31-34). Our data in normal breast 

epithelial cells suggested that CDK4/6 inhibition did not potentiate radiation effects and therefore 

should be well tolerated by the normal breast tissue when translated clinically.  

It is important to note that our in vivo murine studies were designed to test the effect of low 

dose CDK4/6 inhibition (25mg/kg) as a radiosensitizing strategy, rather than the efficacy of 

continued combination therapy at standard, optimal doses (50-100mg/kg). Because drug was not 

continued after completion of fractionated RT, we would expect that long term CDK4/6 inhibition 

after completion of RT would lead to even further reduction in overall tumor burden. Importantly, 

our data suggest that much lower doses of CDK4/6 inhibition can confer radiosensitivity, and one 

potential translational strategy would be to use these low doses in combination with RT which 

would potentially limit the frequency of systemic toxicities that lead to the discontinuation of 

therapy. Alternatively, future studies will assess if monotherapy doses of CDK4/6 inhibition led 
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to an even greater degree of radiosensitization with an acceptably low toxicity profile. These two 

competing strategies are currently being considered in the planned phase I/II clinical trials testing 

this combination treatment. 

While this work may be beneficial for ER+ breast cancer patients, our study may also 

provide valuable mechanistic insights that could be applied to other cancers where CDK4/6 

inhibitors are being studied preclinically. Indeed, whether CDK4/6 inhibitor-mediated 

radiosensitization is clinically effective in other subtypes of breast cancer (basal-like, HER2 

enriched, etc.) remains an unanswered question, as well as if this is effective in other histologies, 

including invasive lobular or inflammatory breast cancer. Previous studies have, however, 

demonstrated that CDK4/6 inhibition may radiosensitize head and neck squamous cell 

carcinomas(35,36), glioblastomas(37,38), and colorectal and lung cancer cell lines(39). In line 

with findings in head and neck squamous cell carcinoma cell lines(35,36), impaired HR efficiency 

might be important for CDK4/6 inhibitor-mediated radiosensitization in multiple cancer types.  

Along the same lines, other preclinical studies performed in pancreatic cancer(40) and 

triple negative breast cancer(20,41) cell lines have suggested that CDK4/6 inhibition impairs 

homologous recombination efficiency after administration of cytotoxic chemotherapies or RT(42). 

This will be an important clinical consideration for future studies with CDK4/6 inhibitors as 

radiosensitizing agents, as cytotoxic chemotherapies are routinely used to treat patients with ER+ 

breast cancer in the neoadjuvant setting. However, in contrast to studies in lung and colorectal 

cancer cell lines that suggest that radiosensitization is p53-dependent(39), our data showed that 

CDK4/6 inhibitor-mediated radiosensitization occurs in both p53 wild type (MCF-7, ZR-75-1) and 

p53 mutant (T47D, CAMA-1) models. However, all of our models express the tumor suppressor 

RB1 which has recently been shown to directly promote HR in breast cancer cell lines(43). 
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There are some limitations to this study that need to be considered. Although we focused 

on CDK4/6 inhibition and the DNA damage response, other mechanisms of radiosensitization may 

play a minor role in this phenotype. CDK4/6 inhibitor monotherapy has been shown to increase 

apoptosis in triple negative breast cancer cell lines(44-46), but in our models we did not see an 

increase in apoptosis with CDK4/6 inhibition or combination treatment (Figure 3.15). There are 

conflicting reports about the effect of CDK4/6 inhibition on senescence in breast and other cancer 

types(47-52), and further studies could address any potential contributions of senescence to the 

radiosensitization phenotype that we see in ER+ breast cancer models. We also did not explore 

mechanisms of single strand break repair, such as mismatch repair, base excision repair, or 

nucleotide excision repair, but our transcriptomic data (Figure 3.3) suggested that these pathways 

could play a minor role in radiosensitization. Finally, confirmatory animal studies demonstrating 

radiosensitization in CDK4/6 inhibitor-treatment naïve PDX models and lack of radiosensitization 

in CDK4/6 inhibitor-resistant PDXs (from women whose disease progressed on CDK4/6 inhibitor 

therapy) are needed. These studies were underway when the COVID-19 pandemic arose and are 

still planned when circumstances allow. 

It is possible that other CDK inhibitors may be able to radiosensitize ER+ breast cancer 

cells. Flavopiridol, a nonspecific CDK inhibitor, has been shown to radiosensitize cancer cell 

lines(53,54) and to potentiate cell death after cytotoxic therapy(55), though it is has an 

unacceptable safety profile that has prevented its clinical development(56). Furthermore, studies 

of CDK12/13 in triple negative breast cancer have demonstrated changes in radiation sensitivity 

based on direct interaction with transcriptional machinery and changes in polyadenylation(57), and 

support the idea that radiosensitization in ER+ breast cancers may be achieved with inhibition of 

other cyclin-dependent kinases as well. Finally, there is recent evidence to suggest that hormone 
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therapy and CDK4/6 inhibitor resistance may lead to alterations in genes such as AKT1 and 

AURKA that are involved in DNA repair(58), which may have important clinical implications for 

patients receiving both types of therapy. 

In conclusion, our results suggest that CDK4/6 inhibitor therapy would be effective in 

decreasing tumor growth in ER+ breast cancer patients by radiosensitizing tumor cells during 

fractionated RT. Our data also suggests that the development of CDK4/6 inhibitor resistance with 

one drug leads to cross-resistance with the others in its class, consistent with what others have 

shown, which is an important clinical consideration as clinicians start to use CDK4/6 inhibitors in 

the adjuvant setting with RT. We also found that CDK4/6 inhibitor-mediated radiosensitization 

can be used as a therapeutic strategy in the absence (or prior to) the initiation of hormone therapies, 

but future studies will seek to understand the interaction between CDK4/6 inhibition and RT with 

concurrent endocrine therapy. A complete understanding of the mechanism of CDK4/6 inhibitor-

mediated radiosensitization will provide further insight into future treatment protocols and 

strategies to more effectively treat patients with ER+ breast cancers.  
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Methods 

Cell Culture 

All cell lines were obtained from ATCC and cultured at 37⁰C and 5% CO2 at subconfluent 

densities. MCF-7 and T47D cells were maintained in DMEM (#11965-092), 10% fetal bovine 

serum (FBS) (Atlanta Biologicals), and 1% Pen/Strep (Thermo #15070063). CAMA-1 cells were 

maintained in EMEM (#12-611F), 10% FBS, and 1% Pen/Strep. MCF-10A cells were maintained 

in DMEM/F-12 (#11330-032) containing 5% horse serum (Invitrogen #16050-122), 1% Pen/Strep, 

20ng/mL EGF (Thermo #PHG0311), 0.5mg/mL hydrocortisone (Sigma #H-0888), 100ng/mL 

cholera toxin (Sigma #C-8052), and 10μg/mL insulin (Sigma #1-5500). Parental cell lines (MCF-

7, T47D, CAMA-1, ZR-75-1) are ER+ breast cancer cells that are sensitive to both estrogen 

supplementation and hormone therapies. CDK4/6 inhibitor-resistant cell lines were developed 

through serial passaging with dose-escalation of either palbociclib, ribociclib, or abemaciclib every 

2-3 weeks. Cells were selected for approximately three months (Figure 3.1D) and resistant pools 

were continuously cultured in 1μM CDK4/6 inhibitor. Before use in assays, drug was removed for 

at least 24 hours and cells were plated in drug-free media. The identity of the cell lines was 

confirmed by STR profiling and mycoplasma testing was done monthly (Lonza #LT07-318). 

Drugs 

All drugs were solubilized in 100% DMSO for a stock concentration of 10mM for use in all cell 

culture assays. Palbociclib (Sigma #PZ0199), ribociclib (Med Chem Express #HY-15777A), 

abemaciclib (Med Chem Express #HY-16297A), staurosporine (Sigma #S6942), NU7441 (Selleck 

#S2638), and AZD7762 (Sigma #SML0350) were all purchased commercially.  
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Clonogenic Survival assay 

Cells were seeded at single cell density in 6 well plates and allowed to adhere overnight. The 

following morning, cells were pretreated with drug for one hour (except where indicated 

otherwise) and radiated. Colony counts were used to determine toxicity, the surviving fraction of 

cells at 2 Gy (SF 2 Gy), and the radiation enhancement ratio (rER) for each treatment condition. 

Clonogenic data were fit to a linear-quadratic model and enhancement ratios were calculated as 

the ratio of the area under the curve (AUC) from control cells / experimental conditions. 

 

Immunoblotting 

Cell lysates were prepared with RIPA buffer (Thermo Fisher #89901) containing commercially 

available phosphatase and protease inhibitor tablets (Sigma #PHOSS-RO, #CO-RO). Protein 

lysates were sonicated and reduced with 2% β-Mercaptoethanol and 4x Nu-Page buffer (Life 

Technologies #NP0007). Immunoreactivity was detected using the following antibodies: anti-

RAD51 (Millipore ABE257 1:1000, pKu80 (Invitrogen #38118, 1:1000), Ku80 (CST #2180S, 

1:1000), γH2AX (Milipore #05-636, 1:1000), cleaved PARP (CST #5625S, 1:1000), PARP1 (CST 

# 9542S, 1:1000), anti-β-Actin-HRP (CST #12262S, 1:50,000). 

 

Proliferation Assays 

Cells were plated in 96-well plates (~2000 cells/well) and treated the next morning with drugs 

ranging from 1nM - 10μM or vehicle. Cells were cultured for 72 hours and then Alamar blue 

(Invitrogen #DAL1100) was added at a concentration of 10% of the final volume. Plates were read 

3-4 hours after the addition of Alamar blue with a microplate reader (BioTek Cytation 3) and 
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fluorescence was measured for each well. Readings were blank-corrected and normalized in 

comparison to the vehicle (DMSO-treated) controls. Cell growth curves were generated using the 

GraphPad Prism v7 software and fit with nonlinear regression to calculate the half maximal 

inhibitory concentration (IC50). IC50 concentrations (unique to each of the three drugs in each cell 

line) were used in subsequent assays for most experiments where single treatment with drug was 

indicated. 

 

Comet Assay 

MCF-7 cells cultured in 6-well plates were treated with either vehicle or 75nM palbociclib one 

hour prior to RT (4 Gy). At 6 and 16 hours post-radiation, cells were trypsinized and plated on 

CometSlides (Trevigen #4250-050-03) after dilution in low melting point agarose (Thermo Fisher 

#15-455-200). Lysis solution (Trevigen #4250-050-01) overnight allowed for electrophoretic 

separation of DNA fragments and propidium iodide (Thermo Fisher #P3566) was used to stain the 

DNA fragments. At least 50 cells per treatment group were imaged and images were analyzed with 

Comet Assay IV Software Version 4.3 to calculate the tail moment.  

 

Flow Cytometry 

For cell cycle determinations, exponentially growing cells were trypsinized and fixed with 70% 

ethanol. Fixed cells were then stained with 1x PBS containing 50μg/mL propidium iodide and 

100μg/mL RNAse (Qiagen #19101) approximately 30 minutes before analysis on the Bio-Rad 

ZE5 Cell Analyzer at the University of Michigan Flow Cytometry core. Cell cycle analysis and 

curve fitting was performed using FCS Express 7. For apoptosis experiments, live cells were 
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trypsinized and stained with Annexin V and propidium iodide according to the manufacturer’s 

protocol (Roche #11858777001) before analysis.  

 

Immunofluorescence 

Cells were plated in 12 well plates containing glass coverslips and treated with either vehicle or 

CDK4/6 inhibitor the following day. Coverslips were fixed at predetermined timepoints using 2% 

sucrose (S0389) and 0.2% Triton X-100 (Sigma #T8787) in 4% paraformaldehyde (Thermo Fisher 

#J19943K2). Cells were permeabilized with 0.5% Triton X-100 and blocked with 5% goat serum 

(Thermo Fisher #16210064) containing 0.5% BSA and 0.05% Triton X-100 before staining with 

RAD51 (GeneTex GTX70230 1:300) or γH2AX (Millipore #05-636, 1:2000) primary antibodies. 

Goat anti-mouse secondary (Life Technologies #A11005, 1:2000) was used and slides were 

mounted with ProLong Gold containing DAPI (Invitrogen #P36931) before imaging. 

 

siRNA Clonogenics 

SiRAD51 (#J-003530-10), siXRCC6 (#L-005084-00-0020), and siNT (#D-001810-10) were all 

obtained from Dharmacon. Lipofectamine RNAiMAX (Thermo #13378030) was used to transfect 

cells in Opti-MEM (Invitrogen #31985-062) and antibiotic-free media. Cells were plated at sub-

confluent densities in 6-well plates overnight and siRNA were used at a final concentration at 

25nM. 24 hours post-transfection, cells were re-plated at single cell density for clonogenic cell 

survival assays. The next morning, cells were pretreated for one hour before radiation (0, 2, 4, 6 

Gy) and clonogenic assays grew for 1-3 weeks before fixing with methanol/acetic acid and staining 

with crystal violet. 
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Irradiation 

Irradiation was carried out as described previously in the University of Michigan Experimental 

Irradiation Core(21,22). Briefly, a Philips RT250 (Kimtron Medical), which is calibrated to meet 

the standards of the National Institute of Standards and Technology (NIST), was used at a dose 

rate of approximately 2 Gy/min for both in vitro and in vivo irradiation experiments. 

 

NHEJ Reporter and qPCR 

NHEJ reporter assays were performed as described previously(21,22). Briefly, a linearized GFP 

reporter plasmid was transfected into cells using lipofectamine 2000 (Invitrogen #11668) in Opti-

MEM media (Invitrogen 31985-062) after a 1-hour pretreatment and plasmid DNA was isolated 

to perform comparative qPCR (ΔΔCt) using GFP and internal control primers. The Qiaprep Spin 

Miniprep Kit (Qiagen #27204) was used to isolate plasmid DNA. Fast Sybr Green was used to 

perform comparative qPCR (ΔΔCt) on a QuantStudio6 Flex Real Time qPCR system using GFP 

(GCTGGTTTAGTGAACCGTCAG, GCTGAACTTGTGGCCGTTTA) and internal control 

(TACATCAATGGGCGTGGATA, AAGTCCCGTTGATTTTGGTG) primers. All Ct values 

were normalized to untreated control cells.  

 

Xenograft Studies 

MCF-7 cells (n = 4 x 106) were injected bilaterally into the mammary fat pads of 8-10 week old 

CB17-SCID female mice in 50% Matrigel (Thermo #CB-40234). Estrogen pellets (Innovative 

Research of America, #SE-121) were implanted subcutaneously in the nape of the neck on the day 

of tumor injection and removed after visible tumor formation. When tumors reached 
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approximately 80mm3, mice were randomized into four groups (14-16 tumors per group): vehicle 

(Sodium L-Lactate, 50mmol/L pH 4.0, Sigma #L-7022), palbociclib only, RT only, or combination 

treatment. Mice in the palbociclib only or combination groups were treated with 25mg/kg 

palbociclib by oral gavage for 6 days. Mice receiving RT only received fractions of 2 Gy for five 

days. Mice in the combination group started palbociclib treatment one day before RT, but drug in 

all groups was discontinued after the last RT fraction. Tumor growth was measured 1-3 times a 

week and tumor volume was calculated using the equation V=(L*W2)*π/6. All xenograft 

experiments and procedures were done with the approval of the Institutional Animal Care & Use 

Committee (IACUC) at the University of Michigan.  

 

Transcriptomic Analysis 

RNA was isolated using QIAzol and the RNeasy mini kit (Qiagen #74104) and sent to the 

University of Michigan Advanced Genomics Core. For transcriptomic analyses, expression values 

were calculated using a robust multi-array average (RMA)(23) to convert probe values into log2 

expression values for each gene which were then fit using linear models(24). The standard error 

(SE) for each gene was standardized across all arrays used for a median SE of 1. All p-values were 

corrected for a false discovery rate. Analyses were done using the oligo and limma packages of 

Bioconductor in R at the University of Michigan Bioinformatics Core. Data from this study is 

publicly available through GEO (GSE155570). 
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Statistical Analysis 

The SF-2 Gy values and the NHEJ reporter data were compared to control cells using a one-way 

ANOVA with Dunnett’s Test. A t-test was used to compare RT and combination groups in the 

immunofluorescence experiments, and p-values were corrected for multiple comparisons. All in 

vitro experiments were completed as the average of at least three independent experiments and 

pooled for statistical analysis. Xenograft tumor size and mouse weights were compared using a 

two-way ANOVA, and survival curves were compared using the log-rank (Mantel-Cox) test. 

Fractional tumor volume (FTV) was calculated in a manner consistent with previous 

studies(22,26). 

 

Pathway Analysis 

The data (significantly impacted pathways, biological processes, molecular interactions, 

miRNAs, SNPs, etc.) were analyzed using Advaita Bio’s iPathwayGuide. This software analysis 

tool implements the ‘Impact Analysis’ approach that takes into consideration the direction and 

type of all signals on a pathway, the position, role and type of every gene, etc., as described 

previously(27-30). The pathway plot displays the unique character of iPathwayGuide’s Impact 

Analysis, which accounts for both over-representation (enrichment) of differentially expressed 

genes on a pathway AND the topology of the pathway. The x-axis measures the p-value obtained 

using the classical over-representation analysis (pORA). The y-axis represents the p-value 

obtained from total perturbation accumulation (pAcc) in the pathway. The first probability, 

pORA, expresses the probability of observing the number of DE genes in a given pathway that is 

greater than or equal to the number observed, by random chance(27,30). The second probability, 

pAcc, is calculated based on the amount of total accumulation measured in each pathway. 
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Proteomic Analysis 

Protein for reverse phase protein array (RPPA) was extracted from cells and standardized to 1.5 

μg/μL in RIPA buffer. Cell lysate was reduced with β-mercaptoethanol and 4x SDS and sent to 

the Functional Proteomics RPPA Core Facility at M.D. Anderson Cancer Center for analysis(25). 

Briefly, serial dilutions of each sample were prepared and used to capture the linear 

antibody/antigen reaction for accurate data analysis using validated antibodies. In addition, 48 

unique cell lysates were printed on each slide and served as controls to develop Replicate-Based-

Normalization used for quality control for data generation and analysis and RPPA data merging 

across different slides. Subsequent algorithms of spatial correction, quality control of antibody 

probing, protein loading correction, replicate-based-normalization, and quality of antibody batches 

were performed with each run and an automated program for RPPA Pipeline processing was used. 

Each sample was quantitated and run in triplicate for each condition. 
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Figures 

 

Figure 3.1: Proliferation of ER+ breast cancer cells following CDK4/6 inhibition.  

MCF-7 and T47D cells (black lines) were treated with various concentrations of palbociclib (A, 
B), ribociclib (C,D), or abemaciclib (E,F) and allowed to grow for 72 hours before the addition 
of Alamar Blue. CDK4/6 inhibitor resistant MCF-7 and T47D cells (colored lines) were treated 
with the same range of drug and demonstrated decreased sensitivity to CDK4/6 inhibitor 
monotherapy. IC50 values were calculated for each treatment condition using the dose-response 
curve and all values were normalized to vehicle (DMSO) control wells. Data points represent the 
average ± SEM. 
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Figure 3.2: CDK4/6 inhibition radiosensitizes CAMA-1 and ZR-75-1 cells. 

Proliferation assays were used to assess single agent efficacy of CDK4/6 inhibition in CAMA-1 
(A-C) and ZR-75-1 (E) cells. In clonogenic cell survival assays, CAMA-1 (D) and ZR-75-1 (F) 
cells were treated with vehicle or palbociclib and the surviving fraction of cells was calculated 
for each condition. 
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Figure 3.3: Multi-omic analysis of ER+ breast cancer cells after CDK4/6 inhibition.  
 
T47D cells were treated with 40nM palbociclib (A), 100nM ribociclib (B), or 20nM abemaciclib 
(C) for 16 hours to assess transcriptomic changes at the pathway level. Genes related to the cell 
cycle are globally suppressed in T47D cells treated with palbociclib (D). CDK4/6 inhibitor-
resistant MCF-7 and T47D cell lines were generated using long term selection (E). Differentially 
expressed pathways in CDK4/6 inhibitor-resistant T47D PalAR (F), RibAR (G), or AbeAR (H) 
cells treated with a CDK4/6 inhibitor for 16 hours compared to parental T47D cells treated with 
the corresponding CDK4/6 inhibitor. (I) Reverse phase protein lysate array (RPPA) data from 
MCF-7 and MCF-7 PalAR cells treated with 75nM palbociclib for 16 hours. Protein and 
phosphoprotein log2 expression values were normalized for total protein loading and shown as 
the fold change in expression over untreated MCF-7 cells. All p-values and pathway plots were 
FDR corrected, where red dots indicate significantly differentially expressed pathways and 
(unlabeled) grey pathways are not significantly changed. The yellow dot in panels A-F is used to 
denote the cell cycle. 
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Figure 3.4: Transcriptomic analysis of MCF-7 cells following CDK4/6 inhibition. 

MCF-7 cells were treated with 75nM palbociclib (A), 200nM ribociclib (B), or 40nM 
abemaciclib (C) for 16 hours and analyzed for pathways that were differentially expressed 
between parental cells and CDK4/6 inhibitor-treated cells. MCF7 PalAR (D), RibAR (E), and 
AbeAR (F) cells were also treated with CDK4/6 inhibition and compared to the wild-type MCF-7 
parental cells treated with the corresponding CDK4/6 inhibitor. Red dots represent differentially 
expressed pathways, grey dots represent non-significant pathway changes, and the yellow dot is 
used to highlight the cell cycle pathway.   
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Figure 3.5: CDK4/6 inhibitor-resistant cells demonstrate cross-resistance. 

CDK4/6 inhibitor resistant MCF-7 (A, C, E) and T47D (B, D, F) cells were treated with either 
palbociclib (A,B), ribociclib (C,D), or abemaciclib (E,F). Cell lines selected for resistance 
against one drug (such as PalAR cells and palbociclib) were treated with each of the other two 
CDK4/6 inhibitors for 72 hours and viability was measured compared to vehicle (DMSO-treated) 
controls. 
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Figure 3.6: Concurrent pharmacological inhibition of CDK4/6 in ER+ breast cancer cell 
lines confers radiosensitivity.  

Clonogenic survival assays were performed in MCF-7 (A) and T47D (B) cells with 1-hour 
pretreatment of the CDK4/6 inhibitor palbociclib at 1-100nM palbociclib. Clonogenics were also 
performed with ribociclib (C,D) and abemaciclib (E,F) and the surviving fraction of cells was 
calculated for each treatment condition at 2 Gy. Radiation enhancement ratios (rER) are shown. 
(p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***).  
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Figure 3.7: CDK4/6 inhibition and RT does not radiosensitize normal breast tissue cells.  

CDK4/6 inhibition with palbociclib (A), ribociclib (B), and abemaciclib (C) in MCF-10A cells 
was assessed using Alamar blue-based proliferation assays. The surviving fraction of cells was 
calculated in clonogenic survival assays using 100nM of each of the three CDK4/6 inhibitors 
(D). 
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Figure 3.8: CDK4/6 inhibitor effects on radiosensitization are not explained exclusively by 
cell cycle changes.  

Cell cycle changes were assessed in T47D (A) and MCF-7 (C) cells at predetermined timepoints 
after treatment with each of the CDK4/6 inhibitors (colored lines) using propidium iodide-based 
flow cytometry. CDK4/6 inhibitor resistant T47D (B) and MCF-7 (D) cells were treated ± 
CDK4/6 inhibition and cell cycle changes were assessed at 48 hours. Clonogenic survival assays 
were repeated in MCF-7 cells with a 6 hour pretreatment (E) or a 24 hour pretreatment (F) in 
contrast to the conventional one hour pretreatment used in all other assays.  
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Figure 3.9: CDK4/6 inhibition does not radiosensitize CDK4/6 inhibitor-resistant cell lines.  

After three months of selection in CDK4/6 inhibitor-containing media, clonogenic survival 
assays were repeated in MCF-7 PalAR (A) and T47D PalAR cells (B). Ribociclib- (C,D) and 
abemaciclib-resistant (E,F) cell lines were also unaffected by combination therapy. Radiation 
enhancement ratios (rER) are shown. Data are graphed as the mean ± SEM. 
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Figure 3.10: CDK4/6 inhibition suppresses HR in CDK4/6 inhibitor-sensitive cells.  

After a 1-hour pretreatment ± CDK4/6 inhibition (colored bars), MCF-7 (A) and T47D (B) cells 
were treated ± 4 Gy RT (black / patterned bars) and slides were stained for immunofluorescent 
RAD51 foci 6- and 16-hours after radiation. Total RAD51 protein levels were assessed by 
western blot (C) at 1, 6, or 16 hours following radiation, with a one hour drug treatment prior to 
RT (4 Gy). CDK4/6 inhibitor-resistant cell lines were also used to assess RAD51 foci formation 
by immunofluorescence (D-I). Data points represent the average ± SEM. 
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Figure 3.11: Representative Images for RAD51 immunofluorescence.  

Sample images from MCF-7 (A) and T47D (B) cells treated ± palbociclib and ± 4 Gy RT are 
shown for all treatment conditions. Foci from the MCF-7 PalAR (C) and T47D PalAR cells (D) are 
shown for the RT (4 Gy) and combination treated groups. All images are from the 6 hour 
timepoint. 
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Figure 3.12: CDK4/6 inhibition does not suppress NHEJ efficiency in breast cancer cells.  

A GFP reporter system was used to assess relative NHEJ efficiency in MCF-7 (A) and CAMA1 
(B) cells at 6- and 24-hours following CDK4/6 inhibitor treatment. DNAPK inhibition (1μM 
NU7441) was used as a positive control and CHK1/2 inhibition (100nM AZD7762) was used as 
a negative control in this assay. Western blots (C-E) were used to assess pKu80 and Ku80 
expression at 1, 6, 12, and 24 hours after RT (4 Gy) and a 1-hour drug pretreatment. Western 
blots were also used to assess pKu80/Ku80 expression at 24 hours after treatment of MCF-7 cells 
with higher concentrations of CDK4/6 inhibition (F). Clonogenics were performed in MCF-7 
(G), T47D (J), and MCF-7 PalAR cells (K) with palbociclib in combination with RT and either 
NU7441 (teal) and/or AZD7762 (purple). MCF-7 cells were also used for clonogenics with 
siXRCC6 and siRAD51 (H) ± 75nM palbociclib. Protein was harvested 48 hours after 
transfection (the timepoint at which clonogenics are radiated) to demonstrate successful RAD51 
and Ku70 protein knockdown (I). Data points represent the average ± SEM (p < 0.05 = *, p < 
0.01 = **, p < 0.001 = ***). 
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Figure 3.13: dsDNA breaks are not potentiated with CDK4/6 inhibition.  

In MCF-7 (A) and T47D (B) cells, γH2AX foci formation was measured at 1, 6, 16, and 24 hours 
after RT (2 Gy) and a one hour palbociclib pretreatment. Representative foci are shown at the 6 
hour timepoint (E,F). Total γH2AX was assessed by western blot (C,D) with the same 
pretreatment and post-radiation time points. The neutral COMET assay (G, H) was used to 
quantify the tail moment (a surrogate measure for dsDNA breaks) in MCF-7 cells at 6 and 24 
hours ± RT (4 Gy) and ± a one hour, 75nM pretreatment with palbociclib. (p < 0.05 = *, p < 0.01 
= **, p < 0.001 = ***, p < 0.0001 = ****). 
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Figure 3.14: CDK4/6 inhibition radiosensitizes ER+ breast cancer cells in vivo.  

MCF-7 cells were used to generate orthotopic xenograft tumors in the mammary fat pads of 
CB17-SCID mice. Once tumors reached 80mm3, mice were treated with either vehicle, 
palbociclib alone (25mg/kg), RT alone (5 x 2 Gy), or the combination and all treatment was 
stopped on the 5th day as indicated (A). Tumor size (B) was measured throughout the duration of 
the study and used to calculate the time to tumor doubling (C). Mouse weights (D) were 
recorded on the same days that tumor measurements were taken. (p < 0.05 = *, p < 0.01 = **, p < 
0.001 = ***). 
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Figure 3.15: CDK4/6 inhibition + RT does not increase apoptosis.  
 
Flow cytometry was used to assess apoptosis in live MCF-7 (A) and T47D (B) cells based on 
annexin V (FITC) and propidium iodide staining. The percentages of early and late apoptotic 
cells were added together and the total number of apoptotic cells was graphed as a percent of the 
total cells assayed. 500nM staurosporin (red) was used as a positive control. Cells were treated 
with drug alone (colored bars), 4 Gy RT alone (black bar) or the combination (patterned bars) 
and harvested at 48 hours for analysis. In combination treated cells, drug was added 1 hour 
before RT. Using the same experimental conditions, cells were also harvested for western blot 
analysis (C) of cleaved PARP and total PARP1 protein. 
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Table 3.1: Toxicity and radiation enhancement ratios for MCF-7, T47D, CAMA-1, and ZR-75-1 
cells treated with CDK4/6 inhibition and RT. 
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Table 3.2: Toxicity and radiation enhancement ratios for CDK4/6 inhibitor-resistant MCF-7 and 
T47D cells treated with CDK4/6 inhibition and RT. 
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Table 3.3: Toxicity and radiation enhancement ratios for MCF10A cells treated with CDK4/6 
inhibition and RT. 
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Table 3.4: Toxicity and radiation enhancement ratios for MCF-7 cells treated with CDK4/6 
inhibition and RT with either a 6 hour or 24 hour pretreatment. 
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Table 3.5: Toxicity and radiation enhancement ratios for MCF-7 and T47D cells. 
  
Cells were treated with either NU7441, AZD7762, and palbociclib (A,C), MCF-7 cells 
transfected with siNT, siXRCC6, or siRAD51 and palbociclib (B), or MCF-7 PalAR cells treated 
with NU7441 and palbociclib (D). 
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Table 3.6: Synergy calculations for the expected and observed tumor sizes in MCF-7 xenografts.  
Synergy is indicated by a ratio of expected/observed > 1.  
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Chapter 4 : RB Expression Confers Sensitivity to CDK4/6 Inhibitor-

Mediated Radiosensitization Across Breast Cancer Subtypes4 

Abstract 

Standard radiation (RT) therapy does not reliably provide locoregional control for women 

with multi-node positive and triple-negative (TNBC) breast cancers. We hypothesized that 

CDK4/6 inhibition (CDK4/6i) would increase the radiosensitivity not only of estrogen receptor 

positive (ER+) cells, but also TNBC that express retinoblastoma (RB) protein.  We found that 

CDK4/6i radiosensitized RB wild-type TNBC (n=4, rER 1.49 – 2.22), but failed to radiosensitize 

RB-null TNBC (n=3, rER: 0.84 – 1.00). RB expression predicted response to CDK4/6i + RT 

(R2=0.84), and radiosensitization was lost in ER+/TNBC cells (rER: 0.88 – 1.13) after RB1 

knockdown in isogenic and non-isogenic models. CDK4/6i suppressed homologous 

recombination (HR) in RB wild-type cells, but not in RB-null cells or isogenic models of RB1 

loss; HR competency was rescued with RB re-expression. Radiosensitization was independent of 

non-homologous end joining and the known effects of CDK4/6i on cell cycle arrest. 

Mechanistically, RB and RAD51 interact in vitro to promote HR repair. CDK4/6i produced RB-

dependent radiosensitization in TNBC xenografts, but not in isogenic RB-null xenografts. Our 

data provide the preclinical rationale for a clinical trial expanding the use of CDK4/6i + RT to 

 
4  This chapter was published in JCI Insight in January 2022. 
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difficult to control RB-intact breast cancers (including TNBC) and nominate RB status as a 

predictive biomarker of therapeutic efficacy. 
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Introduction 

Breast cancer is a heterogeneous group of diseases where treatment options – and often 

treatment outcomes – are tied to the presence or absence of molecular markers including the 

estrogen receptor (ER), progesterone receptor (PR), and the human epidermal growth factor 

receptor 2 (HER2). These receptors serve as drivers of tumorigenesis and disease progression, 

and ER+ or HER2-expressing tumors respond to inhibitors targeting either hormone-mediated or 

HER2-mediated signaling pathways, respectively. In triple negative breast cancers (TNBC) that 

lack ER, PR, and HER2, this results in a limited number of targeted treatment options. 

Consequently, locoregional control remains a challenge in women with TNBC and multi-node 

positive estrogen receptor-positive (ER+) breast cancers (1, 2). 

Traditionally, endocrine therapies including tamoxifen, fulvestrant, and aromatase 

inhibitors are used for the treatment of ER+ breast cancer following surgery, RT, and/or 

chemotherapy (3). For patients whose cancers develop resistance to these therapies and who 

develop locoregional recurrences or metastatic disease, treatment with CDK4/6 inhibitors 

including palbociclib (4), ribociclib (5), and abemaciclib (6) has demonstrated an increase in 

progression free survival time and decreased tumor metastasis (7). Mechanistically, 

pharmacological CDK4/6 inhibition prevents phosphorylation of downstream cell cycle proteins 

such as RB that control cell cycle progression through the G1/S checkpoint (4). Although first 

approved in the metastatic setting for ER+ breast cancers, current clinical trials in hormone 

receptor-positive (HR+) breast cancer including PALLAS, monarchE, PENELOPE-B, and 

NATALEE seek to study the potential utility of CDK4/6 inhibitors in non-metastatic HR+ breast 

cancer. Varying results have been reported, but based on improved invasive disease-free survival 

in the MonarchE trial, abemaciclib was the first CDK4/6 inhibitor to be approved as an adjuvant 
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therapy in women with high-risk, non-metastatic, ER+ breast cancer with a high Ki67 score (8-

10). Thus far, clinical trials using CDK4/6 inhibitors have been mostly restricted to women with 

ER+, HER2- breast cancer, and their potential role in treating TNBC remains unclear. 

Multiple preclinical studies support the hypothesis that CDK4/6 inhibition can improve 

the efficacy of standard chemotherapy treatments (such as paclitaxel and cisplatin) in TNBC and 

other cancer types by inducing apoptosis or potentiating DNA damage and causing increased cell 

death (11-16).  Previous studies combining low doses of CDK4/6 inhibition with RT demonstrate 

clinically-meaningful radiosensitization in ER+ breast cancer models (17), though others have 

since suggested that combination treatment may be most effective when RT is administered prior 

to CDK4/6 inhibitor therapy (18).  There is evidence to suggest that CDK4/6 inhibition can 

increase tumor cell sensitivity to proton therapy through impaired RAD51 foci formation (19), 

but at present our understanding of the relationship between simultaneous radiation treatment 

and CDK4/6 inhibitor therapy in the treatment of TNBC is insufficient. 

 When compared to ER+ breast cancers, loss-of-function mutations in the retinoblastoma 

tumor suppressor RB1 (RB) are more common in TNBC (7% vs. < 4%), and RB pathway 

alterations have been reported in up to 30% of TNBC (20, 21). RB1 loss in breast cancer is 

associated with resistance to many therapies, including chemotherapy and radiation, and the 

presence of wild-type RB protein is an important determinant for the efficacy of CDK4/6 

inhibitor monotherapy (4). However, in addition to CDK4/6-mediated phosphorylation of RB 

that is required to drive forward the G1/S cell cycle transition, there is growing evidence that RB 

is essential for multiple processes involved in the DNA damage response (22-24). For example, 

RB null TNBC are more sensitive to gamma irradiation and less susceptible to CDK4/6 inhibitor 
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monotherapy (4, 25, 26). Further studies also suggest that RB localizes to double strand DNA 

(dsDNA) breaks and helps recruit factors such as BRG1 necessary for proper dsDNA repair (27).  

Taken together, the lack of targeted treatment options and the failure to achieve 

locoregional control of aggressive breast cancers – including TNBC – represents a clear unmet 

clinical need, but our understanding of the potential of combined CDK4/6 inhibitor therapy and 

radiotherapy in TNBC remains insufficient. In this study, we first sought to evaluate the efficacy 

of combining CDK4/6 inhibitors with radiotherapy in multiple preclinical models of TNBC. 

Next, we utilized isogenic models of breast cancer to explore how the presence or absence of RB 

led to changes in intrinsic cellular radiosensitivity as well as the mitigation of CDK4/6 inhibitor-

mediated radiosensitization in ER+ and TNBC. Finally, we investigated the effects of RB 

expression on homologous recombination (HR) efficiency and the role of RB in CDK4/6 

inhibitor-mediated radiosensitization both in vitro and in vivo. 

 

  



140 
 

Results 

CDK4/6 inhibition radiosensitizes TNBC with wild-type RB1  

To understand the single agent effects of CDK4/6 inhibition on the proliferation of 

TNBC cell lines, we calculated the half-maximal inhibitory concentration (IC50) of proliferation 

after a 72-hour treatment with palbociclib, ribociclib, or abemaciclib (Figure 4.1A, Figure 4.2A-

B). All three drugs had minimal to moderate effects as monotherapies, especially in TNBC cell 

lines that lack expression of RB (MDA-MB-468 and CAL-851, IC50 > 1μM; dotted lines), 

consistent with prior literature (4). RB expression varied across both ER+ and TNBC cell lines, 

and normalized breast epithelial tissue (MCF10A) expressed very low levels of RB (Figure 

4.1B).  

To determine if short term CDK4/6 inhibition altered sensitivity of TNBC cell lines to 

ionizing radiation, we performed clonogenic cell survival assays using a one-hour CDK4/6 

inhibitor pretreatment with concentrations at or near the IC50 value for each TNBC cell line 

(Table 4.1 & Table 4.2). After a one-hour pretreatment, the concentrations of all three CDK4/6 

inhibitors used in both ER+ and TNBC cell lines led to a decrease in RB phosphorylation at both 

serine 780 (S780) and serine 807 (S807), suggesting that these concentrations and this time scale 

were sufficient to produce relevant physiological effects (Figure 4.3). 

A concentration-dependent increase in radiosensitization and a concentration-dependent 

decrease in cell survival was observed in TNBC cell lines with wild type RB protein including 

MDA-MB-231 (rER: 1.49 ± 0.10), CAL-120 (rER: 1.50 ± 0.07), CAL-51 (rER 2.22 ± 0.26), and 

SUM-159 (rER 1.69 ± 0.12) with a one-hour pretreatment of palbociclib before radiation 

(Figure 4.1D-G). Pretreatment with ribociclib or abemaciclib led to similar levels of 

radiosensitization in MDA-MB-231 and CAL-120 cells (rER: 1.33 – 1.34 for ribociclib and 2.14 
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– 2.20 for abemaciclib; Figure 4.2D-G), demonstrating that all three drugs affected 

radiosensitization to a similar degree in vitro. To assess the time dependence of the combination 

therapy, we repeated clonogenic survival assays in MDA-MB-231 cells with sequential treatment 

(radiation treatment first followed by drug treatment 6 hours post-RT, Figure 4.2I). In this 

model, palbociclib-mediated radiosensitization was maintained at similar or slightly diminished 

levels compared to clonogenics performed with drug pretreatment prior to RT.  

The observed rER values after CDK4/6 inhibition + RT suggest that this 

radiosensitization is similar in magnitude to that of other clinically used radiosensitizers such as 

cisplatin (28), with an rER threshold of > 1.2. In contrast, in the TNBC cell lines MDA-MB-468 

(rER 0.96 – 1.0), CAL-851 (rER 0.84 – 0.95), and BT-549 (rER: 0.91 – 0.93) that harbor 

inactivating RB1 mutations, combination treatment with RT and palbociclib did not lead to 

radiosensitization (Figure 4.1H-I, Figure 4.2H). In addition, combined palbociclib and RT in 

normal mammary epithelial (MCF10A) cells is not significantly more toxic than palbociclib 

treatment alone (Figure 4.2C), suggesting that the combination treatment does not potentiate 

toxicities in normal breast tissue. Using rER values calculated from clonogenic survival assays 

(Figure 4.1D-I) and the relative RB expression from each cell line (Figure 4.1B), we calculated 

the correlation coefficient between RB expression and the degree of palbociclib-mediated 

radiosensitization observed in vitro. RB mutant cell lines were not sensitized (average radiation 

enhancement ratio rER: 0.92 ± 0.05, white open circles) to radiation after palbociclib treatment, 

whereas RB wild type TNBC cells (black circles) were radiosensitized (average rER at highest 

palbociclib concentrations: 1.66 ± 0.14; Figure 4.1C) by palbociclib. Enhancement ratios (Table 

4.3) for RB wild type ER+ cell lines (17) were also predictive of efficacy of the combination 
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therapy. Thus, RB expression status was predictive of CDK4/6 inhibitor-mediated 

radiosensitization in our models (R2 = 0.73 for all cell lines and R2 = 0.84 for TNBC only).  

CDK4/6 inhibition suppresses HR in TNBC 

CDK4/6 inhibition is known to affect HR activity in ER+ breast cancer cells (17), which 

we confirmed in our experimental model system. We used a stable MCF-7 cell line expressing a 

GFP-based homologous recombination reporter system (29) and demonstrated a 22.1- 46.0% 

decrease in HR efficiency at 6 hours after CDK4/6 inhibition (Figure 4.4A). Using this reporter 

system, we examined HR repair in TNBC stable cell lines to determine if radiosensitization was 

due to changes in double stranded DNA (dsDNA) break repair efficiency. In two separate MDA-

MB-231 HR reporter clones, palbociclib, ribociclib, and abemaciclib pretreatment led to a 

significant decrease in HR efficiency (19.1 - 58.7%) compared to vehicle treated cells. The 

magnitude of HR suppression was similar to that of the CHK1/2 inhibitor AZD7762 (average 

decrease of 47.1% compared to vehicle), which is known to suppress HR activity and was used 

as a positive experimental control (30) (Figure 4.4B-C). As an additional control, pretreatment 

with NU7441, a known inhibitor of DNA-dependent protein kinase (DNAPK) involved in NHEJ, 

led to an increase (average of 104.7% increase compared to vehicle) in HR efficiency by 

blocking NHEJ-mediated dsDNA repair. HR suppression did not occur in the RB null cell line 

BT-549 with 500 nM CDK4/6 inhibitor pretreatment (Figure 4.5A,B). 

 To further understand the implications of CDK4/6 inhibitor-mediated radiosensitization 

and its effects on HR in a non-overlapping model system, we quantified RAD51 foci formation 

after radiation using immunofluorescence microscopy. RAD51 is a recombinase that initiates the 

catalysis of HR-mediated DNA repair through involvement in the strand pairing process, and 

RAD51 foci formation is a surrogate measure for active HR activity (31). In MDA-MB-231 
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(Figure 4.4D), CAL-120 cells (Figure 4.4E, Table 4.6), and SUM-159 cells (Figure 4.5C) that 

express wild type RB, irradiation with 4 Gy led to a sharp increase in the presence of RAD51 

foci at both 6 and 16 hours post radiotherapy (average increase of 50.4-67.54% compared to 

DMSO). However, in cells with a 1-hour palbociclib pretreatment, RAD51 foci at both 6 and 16 

hours post radiotherapy significantly decreased compared to radiation alone (average decrease of 

26.6-31.56% at 6 hours and 18.1-31.2% at 16 hours), indicating suppression of HR (Figure 

4.4D-E, Figure 4.5C). The decrease in RAD51 foci formation in MDA-MB-231, CAL-120, and 

SUM-159 cells was not explained by the absence of RAD51 protein, which remained constant at 

6 hours post-RT (Figure 4.4F, Figure 4.5D) with only a modest decrease of RAD51 expression 

after palbociclib or combination treatment in the latest time point (16 hours). 

 In contrast to RB wild-type TNBC cell lines, MDA-MB-468 (Figure 4.4G) and CAL-

851 TNBC cells (Figure 4.4H) that lack RB formed equivalent levels of RAD51 foci after RT 

despite pretreatment with 1μM palbociclib (average of 46.3% percent positive in RT only cells 

and 53.0% in combination-treated cells at 6 hours). Thus, CDK4/6 inhibitor pretreatment did not 

lead to HR suppression at 6 or 16 hours (Table 4.6). In these RB null cell lines, RAD51 

expression levels also remained relatively constant at both 6 hours and 16 hours post RT (Figure 

4.4I). Representative immunofluorescent images of RAD51 foci are shown in both MDA-MB-

231 cells and CAL-851 cells (Figure 4.5E-F) 6 hours after RT.  

To better understand the dynamic regulation of dsDNA break repair in our models, we 

used a transient pEYFP reporter system to assess the capacity of TNBC cell lines to conduct non-

homologous end joining-mediated DNA repair after CDK4/6 inhibition. Although we observed 

HR suppression 6 hours after CDK4/6 inhibition, treatment of RB wild type MDA-MB-231 and 

CAL-120 TNBC cells with the IC50 concentration of palbociclib, ribociclib, or abemaciclib did 
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not affect NHEJ efficiency after 6 hours (Figure 4.6A-B). As expected, treatment with NU7441 

(DNAPK inhibitor) significantly decreased NHEJ activity (average of 46.8% decreased 

compared to vehicle in MDA-MB-231 and 46.1% in CAL-120), but the CHK1/2 inhibitor 

AZD7762 (which inhibits HR) did not affect NHEJ repair efficiency in this system.  

Next, we used immunofluorescence to measure γ-phosphorylation of histone 2AX 

(γH2AX foci) to assess the total number of dsDNA breaks and the kinetics of DNA repair in 

TNBC cell lines treated with RT and palbociclib. Consistent with previous literature (17, 26), 

CDK4/6 inhibition did not potentiate the number of total dsDNA or delay repair time in TNBC 

cell lines after radiation, remaining relatively constant at 0.5, 6, 16, and 24 hours after RT 

(Figure 4.6C-D, Table 4.7). NHEJ is much faster than HR, and with CDK4/6 inhibition the 

burden of dsDNA repair is increasingly shifted to error-prone NHEJ even prior to cell cycle 

arrest in G1. Representative images for γH2AX foci are shown in both MDA-MB-231 and CAL-

120 cells (Figure 4.6E-F).  

RB1 loss eliminates radiosensitivity to CDK4/6 inhibitors 

To investigate whether intact RB protein expression was necessary for radiosensitization 

in breast cancer cell lines, we first sought to determine how RB1 loss would affect the radiation 

response in breast cancer cell lines. CDK4/6 inhibitor-mediated radiosensitization was preserved 

in control siNT cells treated with palbociclib and RT (MCF-7 rER 1.40 ± 0.10, MDA-MB-231 

rER: 1.53 ± 0.21) compared to cells treated with RT alone (Figure 4.7A-B). Transient 

knockdown of RB1, however, abolished palbociclib-mediated radiosensitization of MCF-7 (rER 

1.05 ± 0.10) and MDA-MB-231 (rER 0.95 ± 0.17) cells compared to siRB1-transfected cells 

treated with vehicle. Notably, transient loss of RB expression was associated with an overall 
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increase in the intrinsic radiosensitivity of breast cancer cells, particularly in MDA-MB-231 

cells. 

To further confirm these studies, we generated isogenic models of RB loss in ER+ and 

TNBC cell lines utilizing the CRISPR-Cas9 system. Loss of RB in MDA-MB-231, CAL-120, 

MCF-7, and T47D cells led to a decrease in potency – but not a complete absence of effect – for 

all three CDK4/6 inhibitors as monotherapies (Table 4.1, Figure 4.8). Control cell lines 

expressing the Cas9 protein did not show significant differences in the IC50 value compared to 

parental cell lines.  

RB knockout also affected CDK4/6 inhibitor-mediated cell cycle arrest in RB1 knockout 

cell lines. In parental cell lines that express RB (CAL-120, MDA-MB-231; Figure 4.9A,D), 

treatment with a CDK4/6 inhibitor led to cell cycle arrest in G1 after 24-48 hours. Although Cas9 

control cells retained the ability to undergo CDK4/6 inhibitor-mediated G1 arrest (Figure 

4.9B,E,H), ER+ and TNBC RB1 knockout cell lines fail to arrest in G1 after 24-48 hour 

treatment with palbociclib, ribociclib, or abemaciclib (Figure 4.9C,F,I). These results are 

consistent with the RB null cell line MDA-MB-468 which also fails to arrest in G1 phase after 

CDK4/6 inhibitor treatment (Figure 4.9G).  

To determine the effect of RB protein levels on radiosensitivity in isogenic models, we 

performed clonogenic survival assays. We observed a complete loss of radiosensitization in 

MDA-MB-231 (rER: 0.97 – 1.07, Figure 4.7C) and CAL-120 RB1 CRISPR cells (rER: 0.99 – 

1.06, Figure 4.10A), despite using higher concentrations of palbociclib, ribociclib, or 

abemaciclib compared those used to treat parental TNBC cell lines. Similar results were obtained 

in the ER+ cell lines MCF-7 and T47D (Figure 4.7D, Figure 4.10B; rER: 0.88 – 1.07) where we 

failed to observe a concentration-dependent increase in radiosensitization or a decrease in the 
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surviving fraction of cells at 2Gy. As expected, Cas9-expressing control cell lines retained 

palbociclib-mediated radiosensitization at levels comparable to the respective parental cell lines 

(rER: 1.26 – 1.60, Figure 4.10C,D). When compared to wild type MDA-MB-231 and CAL-120 

cells, mean rER values for each CDK4/6 inhibitor significantly decreased in MDA-MB-231 and 

CAL-120 CRISPR RB1 knockout cells (Figure 4.7E, Figure 4.10F), consistent with RB-

dependent radiosensitization. In RB1 knockout cells, western blots were used to confirm 

successful knockout of RB at the protein level (Figure 4.7F-H, Figure 4.10E). 

In order to test if re-expression of RB was sufficient to rescue the radiosensitization 

phenotype, we engineered a Cas9-resistant RB expression plasmid using site directed 

mutagenesis of a GFP-tagged RB plasmid. By creating four synonymous mutations in the coding 

sequence recognized by the CRISPR gRNA, we were able to overexpress RB protein in our ER+ 

and TNBC models of RB1 loss without changing the amino acid sequence of the RB protein. Re-

expression of RB protein in RB1 CRISPR cells was radioprotective, leading to an increase in the 

surviving fraction of cells at 2Gy and an upward deflection of the surviving fraction curve (solid 

purple). After re-introduction of RB, radiosensitization was restored after palbociclib 

pretreatment (MCF-7 rER: 1.66 ± 0.04, MDA-MB-231 rER: 1.27 ± 0.03); Figure 4.7I,J). In 

addition, transient expression of RB protein in MDA-MB-468 or BT-549 cells led to modest 

radiosensitization ([rER: 1.27 – 1.36], Figure 4.10G-I), though we only tested this effect up to a 

concentration of 1μM palbociclib.  

 We also engineered models of RB loss through serial culture of MDA-MB-231 cells in 

palbociclib-containing media to create CDK4/6 inhibitor-resistant MDA-MB-231 subclones 

(MDA-MB-231 PalboR, Figure 4.11A, IC50 > 5μM for all CDK4/6 inhibitors). These cells 

demonstrated decreased sensitivity to all 3 CDK4/6 inhibitors and, similar to MDA-MB-231 RB1 
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CRISPR clones, MDA-MB-231 PalboR cells demonstrated a loss of RB protein. In clonogenic 

survival assays MDA-MB-231 PalboR cells were not radiosensitized with palbociclib, ribociclib, 

or abemaciclib pretreatment (rER: 0.97 – 1.09) (Figure 4.11B). To reaffirm the RB-dependence 

of radiosensitivity to CDK4/6 inhibition, we transiently expressed the GFP-RB protein in MDA-

MB-231 PalboR cells which rescued palbociclib-mediated radiosensitization (Figure 4.11C). 

Because there is data to suggest that other mutations in other tumor suppressor proteins – 

such as TP53 – may play a role in response to CDK4/6 inhibitor monotherapy or combination 

therapy (32), we generated additional isogenic models of TP53 loss in TP53 wild-type ER+ 

(MCF-7) and TNBC (CAL-51) cell lines (Figure 4.12A-B) and performed clonogenic survival 

assays. Radiosensitization was maintained in CAL-51 and MCF-7 TP53 CRISPR cells (Figure 

4.12C-D) compared to Cas9 controls (Figure 4.12B,D), though the magnitude of the effect was 

slightly diminished at the highest concentrations used. Nonetheless, these findings corroborate 

earlier data in p53 mutant parental TNBC cell lines (Figure 4.1D-G) suggesting that TP53 status 

does not predict response to CDK4/6 inhibition + RT. 

CDK4/6 inhibition radiosensitizes RB-expressing TNBC tumors in vivo 

To characterize the effects of combined CDK4/6 inhibition and radiation in an in vivo 

model, we generated xenografts using MDA-MB-231 cells injected into the mammary fat pads 

of female mice (Figure 4.13A). Mice received either vehicle, 100mg/kg palbociclib alone, 

radiation alone, or a combination of palbociclib and radiation. Palbociclib treatment in the 

combination group was started one day prior to the start of radiotherapy that was delivered in 6 

fractions at 2 Gy/fraction; all treatment was halted after the last fraction of radiation. 

Combination treatment with palbociclib and RT significantly suppressed tumor growth in mice 

compared to treatment with RT or palbociclib alone (Figure 4.13B). There was significant delay 
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in time to tumor doubling (Figure 4.14A, p<0.001) and tripling (Figure 4.13C, p<0.001) in the 

combination treated group (undefined) compared to tripling times for vehicle (11 days), 

palbociclib alone (19 days), or radiation treated mice (23.5 days). Short term treatment of mice 

with palbociclib and RT demonstrated suppression of Ki67 staining in combination treated 

groups, demonstrating on-target effects of palbociclib and RT (Figure 4.14C-D).  

To elucidate the RB-dependence of CDK4/6 inhibitor-mediated radiosensitization in vivo, 

we utilized isogenic MDA-MB-231 xenograft models expressing either Cas9 alone or the Cas9 

and the RB1 CRISPR guide (Figure 4.13D). In Cas9-expressing xenografts, RT and abemaciclib 

(50mg/kg) demonstrated modest single agent efficacy, but combined abemaciclib + RT led to 

significant radiosensitization in vivo Figure 4.13, p < 0.01).  Although RB1 CRISPR xenograft 

tumors (Figure 4.13) were not radiosensitized by abemaciclib + RT (p > 0.05), RB1 CRISPR 

xenografts demonstrated increased single agent sensitivity to RT, consistent with the proposed 

role of RB in responding to DNA damage. Despite RB1 knockout, modest single agent effects of 

abemaciclib were observed - likely due to the effects of abemaciclib on other CDKs such as 

CDK5 and CDK9.  

Overall, all treatments were tolerated without significant weight loss (Figure 4.14B, E-

F). Synergy between CDK4/6 inhibition with palbociclib (Table 4.4) and abemaciclib (Table 

4.5) and radiation was calculated, as described previously (33). Combination treatments were 

synergistic – not just additive –  in RB-expressing xenografts by the end of the study (parental 

and Cas9 control xenografts; ratio > 1), which did not occur in RB1 CRISPR xenografts (Table 

4.5), as expected.  

RB is involved in HR-mediated dsDNA repair 
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To assess whether or not changes in the intrinsic sensitivity of RB1 CRISPR cells was 

mediated through aberrant mitosis and increased mitotic catastrophe, we performed 

immunofluorescence to quantify micronuclei formation in MCF-7 and MDA-MB-231 cells 72 

hours after 4 Gy RT (Figure 4.15) (34). As expected, RB1 wild type parental cells, radiation led 

to an increase in micronucleated cells (23.1% in MDA-MB-231, 26.0% in MCF-7 cells). 

However, RT-induced micronuclei formation was not potentiated in the RB1 CRISPR cell lines 

and occurred at similar magnitudes (16.9% increase in MDA-MB-231 RB1 CRISPR cells after 

RT and 22.9% increase in MCF-7 RB1 CRISPR cells) to the parental cell lines.  

To further elucidate the effects of RB1 loss in ER+ and TNBC cell lines, we quantified 

RAD51 foci formation after transient RB1 knockdown or CRISPR-mediated RB1 loss. In MCF-7 

and MDA-MB-231 cells, transient RB loss resulted in a decrease in the overall induction of 

RAD51 foci following radiation (4Gy) treatment (average of 53.9% percent positive in siNT 

cells after RT and 37.8% positive in siRB1 cells after RT; Figure 4.16A,B, Table 4.8). While 

control cells demonstrate CDK4/6 inhibitor-mediated suppression of RAD51 foci formation, 

indicative of HR suppression, siRB1 cells do not demonstrate suppression of RAD51 foci 

formation after palbociclib treatment.  

Consistent with models of transient RB1 knockdown, MCF-7 and MDA-MB-231 RB1 

CRISPR cells display global suppression of RAD51 foci formation compared to Cas-9 control 

cell lines (average of 68.2% percent positive in Cas9 cells after RT and 42.6% positive in RB1 

CRISPR cells after RT; Figure 4.16C,D). Overexpression of RB protein in RB1 CRISPR cells 

increased the overall quantity of radiation-induced RAD51 foci and increased susceptibility of 

TNBC and ER+ cells to CDK4/6 inhibitor-mediated HR suppression (Figure 4.16C-D). 

Representative images of RAD51 foci are shown for MCF-7 and MDA-MB-231 cells transfected 
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with siRB1 (Figure 4.17A,B) as well as MCF-7 and MDA-MB-231 Cas9 and RB1 CRISPR cells 

(Figure 4.17C-E) 6 hours post RT (Table 4.9).  

With a clear decrease in HR activity (RAD51 foci) driven by RB-dependent CDK4/6 

inhibitor-mediated radiosensitization, we next sought to determine the molecular mechanism 

linking RB to HR. Thus, we co-transfected HEK-293T cells with GFP-RB or Myc-tagged 

RAD51 and performed immunoprecipitation 24 hours after transfection (Figure 4.16E). 

Pulldown of GFP-RB (green boxes) also resulted in pulldown of myc-RAD51 protein, and the 

reverse occurred with pulldown of myc-RAD51 (black boxes) resulting in pulldown of GFP-RB 

protein. In contrast, the NHEJ mediator Ku80 was not pulled down with either GFP-RB 

pulldown or myc-RAD51 pulldown, suggesting that it may not be necessary for RB-dependent 

repair of dsDNA breaks. This interaction between GFP-RB and myc-RAD51 was also observed 

in the ER+ breast cancer cell line MCF-7 (Figure 4.16F) and the TNBC cell line MDA-MB-231 

(Figure 4.16G). To control for nonspecific effects of overexpression we also performed 

immunoprecipitation with GFP-RB and myc-MCL1, a mitochondria-associated protein involved 

in apoptosis, and did not observe nonspecific pulldown of GFP-RB as an artifact of 

overexpression (Figure 4.17F). 
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Discussion 

                In this study, we demonstrate that CDK4/6 inhibition and radiotherapy led to an RB-

dependent increase in both radiosensitization and breast cancer cell death in multiple, non-

overlapping ER + and TNBC models in vitro (Figure 4.1) and in vivo (Figure 4.13). Cells treated 

with a CDK4/6 inhibitor in the presence of RB were radiosensitized through cell cycle-independent 

impairment of HR activity and not NHEJ (Figure 4.6); neither radiation sensitivity nor HR activity 

was affected in RB null TNBC cell lines (Figure 4.4). The blockade of CDK4/6 inhibitor-mediated 

radiosensitization produced by transient knockdown or complete knockout of RB1 could be 

rescued with transient overexpression of RB protein (Figure 4.7), further confirming the key role 

of RB in radiosensitization.  Finally, our findings suggest that RB may affect HR by interacting 

with key protein members of HR repair (such as RAD51) in breast cancer cell lines (Figure 4.16). 

These results demonstrate that the combination of CDK4/6 inhibition and radiotherapy is a 

potentially effective strategy not just for ER+ breast cancers, but for the radiosensitization of other 

RB1 wild type cancers including TNBC, which have disproportionately high rates of locoregional 

recurrence after RT (Figure 4.18). 

Although the role of RB in cell cycle progression through the G1/S checkpoint is well 

characterized, recent reports have implicated RB expression as a necessity for promoting 

efficient DNA damage response in cancer cells (35). RB expression can be used to predict 

sensitivity of cancer cells to antimitotic and cytotoxic chemotherapies (12, 16), and recent 

evidence suggests that CDK4/6 inhibitors can be used to suppress the DNA damage response in 

RB-dependent cancers (24). Finally, the ataxia telangiectasia mutated (ATM) protein, which sits 

at the apex of dsDNA break repair, has been shown to phosphorylate RB (36) or E2F1 (27), 

leading to RB-dependent repair of dsDNA breaks.  
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The role of RB in DNA damage repair has been implicated in both NHEJ-mediated(37) 

and HR-mediated repair (27, 38). CDK4/6 inhibitor-mediated G1 arrest in TNBC cell lines shifts 

the DNA damage response away from HR to the more error-prone dsDNA repair pathway, 

NHEJ, resulting in increased DNA damage (11, 26). Additionally, loss of RB may modulate 

expression of γH2AX, a measure for the total number of dsDNA breaks, in cancer cell lines (39, 

40). Although we were unable to reproduce the finding that RB protein forms foci after radiation 

that are co-localized with γH2AX at dsDNA break sites (27), we instead demonstrated that RB 

interacts within the same protein complex as RAD51 in the process of HR-dependent DNA 

repair. Although further studies are needed to determine the complex dynamics of RB and 

RAD51 interaction and the time course of recruitment for additional DNA damage response 

proteins, we have demonstrated here that manipulation of RB expression changes both the 

radiosensitivity of breast cancer cells and their susceptibility to CDK4/6 inhibitor-mediated 

suppression of homologous recombination. Specifically, we show that the absence of RB impairs 

the recruitment of RAD51 to sites of dsDNA damage (resulting in less RAD51 foci), but 

overexpression of GFP-RB can increase RAD51 recruitment (more RAD51 foci). 

There is a growing body of evidence suggesting that other cyclin-dependent kinases 

including CDK7, CDK8, CDK9, and CDK12 may also be important for modulating the 

sensitivity of cancer cells to the effects of ionizing radiation (41-43). In contrast to CDK4/6 

inhibitor-mediated radiosensitization in breast cancer that is primarily mediated through 

suppression of HR, inhibition of other CDK proteins leads to increased apoptosis, senescence, 

and/or inhibition of RNA Polymerase II function that leads to radiosensitization (41-43). 

Furthermore, specific inhibition of CDK9 may be mediated through suppression of Axl-mediated 

signaling pathways (44). In our study, abemaciclib – which inhibits other CDK proteins 
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including CDK9 – was consistently the most potent and effective radiosensitization agent 

compared to palbociclib and ribociclib, which are more selective for CDK4/6. Although pan-

CDK inhibitors such as roscovitine, flavorpiridiol, and roniciclib have also demonstrated 

potential as radiosensitization agents in a variety of cancer types, targeted inhibition of individual 

CDK proteins provides a more targeted therapeutic approach with greatly reduced side effect 

profiles (45-50). Future studies are needed in this setting to explore if there are additional 

mechanisms – beyond HR suppression – that could be exploited with the use of CDK inhibition 

+ RT in ER+ and TNBC.  

CDK4/6 inhibitors may be administered with other types of therapies – particularly 

endocrine therapies in ER+ disease or novel immune checkpoint inhibitors in TNBC – which 

may influence cell survival when administered concurrently with radiation. CDK4/6 inhibition 

has been shown to promote anti-tumor immunity (51-54), leading to greater immunogenicity of 

TNBC cells in vivo. Radiation is known to stimulate the immune system in breast cancer (55, 56) 

and immunotherapies have recently been approved for use in TNBC (57). Many combination 

treatments with CDK4/6 inhibition and immune checkpoint inhibitors (targeting PD-1 and 

CTLA-4) have been proposed (58), but the effects of CDK4/6 inhibition on radiation-induced 

anti-tumor immunity – and the potential for those effects to be altered in the presence of immune 

checkpoint inhibitor therapy – have yet to be elucidated and are an important future direction of 

this work. 

CDK4/6 inhibitors are currently only approved for use to treat ER+ breast cancers, but 

our data builds on a growing body of evidence that suggests there may be clinical relevance in 

expanding the use of CDK4/6 inhibition in combination with DNA damaging or cytotoxic agents 

to treat TNBC and other cancer types. Although the rates of RB mutation are higher in TNBC 
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(7%) (20), the RB-dependence of CDK4/6 inhibitor-mediated radiosensitization may be an 

important consideration in patient selection for future clinical trials in both ER+ breast cancer 

and TNBC. Furthermore, in additional cancers such as oral squamous cell carcinoma and 

hepatocellular carcinoma, palbociclib significantly inhibits cellular growth, accelerates 

senescence and apoptosis, and suppresses RAD51 foci formation (59, 60). Thus, CDK4/6 

inhibition + RT may be a viable therapeutic strategy in other cancer types.  

 
We have demonstrated the potential for radiosensitization of TNBC models utilizing all 

three of the clinically approved CDK4/6 inhibitors, but future studies we will evaluate whether 

this strategy is effective in other histopathological classifications or subtypes of breast cancer, 

such as inflammatory breast cancer, lobular breast cancer, and HER2-enriched breast cancer. In 

addition, future studies are needed to address optimal sequencing of drug and radiation in both 

ER+ and TNBC in order to optimize treatment efficacy (18). These studies will determine 

whether pretreatment, concurrent, treatment, or continued adjuvant treatment of tumors with 

drug in relation to RT are most effective, and these studies will be critical to phase I/II clinical 

trial design in women with RB intact breast cancers at high risk for locoregional recurrence. 

Finally, animal studies utilizing patient-derived xenograft (PDX) models will help offer 

additional compelling evidence that combinatory treatment with CDK4/6 inhibition and 

radiotherapy may be a clinically relevant strategy for TNBC.  

Taken together, our results suggest that CDK4/6 inhibition + RT is a promising strategy 

to decrease recurrence and increase local disease control across ER+ and TNBC and that RB 

may be a potential biomarker for efficacy. Concerns about the safety of concurrent CDK4/6 

inhibition and RT remain, and to date, small studies exploring outcomes in patients with MBC 

receiving palliative radiation and CDK4/6 inhibitor therapy have conflicting results regarding 
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toxicity, depending on the dose/fractionation of radiation and the regions targeted in the 

metastatic setting (visceral organs) (61-64). Reassuringly, no studies to date have demonstrated 

more pronounced side effects of CDK4/6 inhibitors, such as cytopenias and skin desquamation, 

in women receiving concurrent therapy to the breast or axillary regions. To answer this question 

directly, we have developed a phase I trial to assess the safety, tolerability, and preliminary 

efficacy of this combination in women with multi-node positive ER+ breast cancer which is 

opening soon. In our proposed study, all subjects would receive breast/chest wall and regional 

nodal therapy with highly conformal techniques designed to minimize dose to adjacent organs. 

We do not anticipate that concurrent radiation therapy and CDK4/6 inhibition will exacerbate the 

known potential toxicities of these agents, however the effect of CDK4/6 inhibition on skin 

toxicities during postoperative RT will be carefully assessed on study. 

Provided that the combination therapy is well tolerated, these data will also inform the 

planned phase II randomized clinical trial evaluating the efficacy of combined CDK4/6i and RT 

in women with multiple lymph node (LN) positive ER+ breast cancer (>3 LN). The preclinical 

studies described herein provide the rationale for expanding the eligibility for these trials into 

women with RB intact TNBC for whom locoregional control remains a significant clinical issue. 

Finally, this proposed combination therapy has the potential to provide an effective “targeted 

therapy” for the treatment of TNBC with radiation where no such targeted therapy currently 

exists.  
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Methods 

Cell Culture 

Cell lines were grown at 37℃ and 5% CO2. T47D, MCF-7, MDA-MB-231, MDA-MB-468, and 

CAL-120 cells were grown in DMEM (ThermoFisher #11965-092) with 10% FBS (Atlanta 

Biologicals). BT-549 were grown in RPMI and CAL-851 cells were grown in DMEM 

(ThermoFisher #11995-040) with 10% FBS. SUM-159 cells were grown in HAMS F-12 

(ThermoFisher #11765-054) with 5% FBS, 0.01M HEPES (ThermoFisher #15630080), 6μg/mL 

insulin (Sigma #I9278), and 1μg/mL hydrocortisone. All cell lines were supplemented with 5% 

penicillin/streptomycin (Invitrogen #15140122) and used for experiments at sub-confluent 

densities. Cell lines were authenticated with STR profiling and mycoplasma testing (Lonza # 

LT07-701) was performed monthly. Palbociclib-resistant cells (PalboR) were generated by 

culturing MDA-MB-231 cells in dose-escalating concentrations of palbociclib (50nM – 1μM) 

over a period of 3 months. 

Drugs 

Palbociclib (Sigma, #PZ0199), abemaciclib (Med Chem Express, #HY-16297A), and ribociclib 

(Med Chem Express, #HY-15777A) were used to make 10mM stocks in 100% DMSO for in 

vitro assays. NU7441 (SelleckChem #S2638) and AZD7762 (SelleckChem #S1532) were also 

obtained commercially in 10mM DMSO.  

Clonogenic Survival assay 

Cells plated at single cell density were pretreated with CDK4/6 inhibitor one hour prior to RT. 

Plates were radiated (0 – 6 Gy) and returned to the incubator for 1-3 weeks before methanol and 

acetic acid fixation (7:1) and staining with crystal violet (1%). Drug-containing media remained 
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on the cells during the incubation phase, but drug was not replaced or replenished at any time 

after the initial day of treatment. Colonies were defined as 50+ cells and counted from each 

treatment condition to calculate the surviving fraction for each treatment group. Survival curves 

were calculated as described previously (33, 65) and enhancement ratios were calculated by 

taking a ratio of the area under each of the surviving fraction curves, with the area for the control 

(RT only) condition divided by the area under the curve for each experimental condition. 

Immunofluorescence 

100,000 cells were plated onto coverslips in 12-well plates and treated the next morning with 

either palbociclib or vehicle (DMSO) one hour prior to radiation (4 Gy). Coverslips were fixed at 

6 hours or 16 hours post RT (4 Gy) for RAD51, and γH2AX foci were fixed at 0.5, 6, 16, and 24 

hours post RT (2 Gy).  Cells were fixed in 4% paraformaldehyde (ThermoFisher #J19943K2) 

with 2% sucrose (Sigma #S9378) and 0.2% Triton X-100 (Sigma #T8532), permeabilized with 

0.5% Triton X-100, and blocked in 1x PBS containing 5% goat serum (ThermoFisher 

#16210064), 0.5% BSA, and 0.05% Triton X-100. The phospho-histone H2AX (ser139) 

monoclonal antibody (Millipore #05-636, 1:2000) or the anti-RAD51 antibody (GeneTex 

#GTX70230 1:300) were used with the goat anti-mouse fluorescent secondary antibody 

(Invitrogen #A11005, 1:2000) to stain foci. A minimum of 100 cells were used to score and 

analyze formation of γH2AX and RAD51 foci. To quantify the exact number of foci per cell, 

ImageJ was used to count image maxima. Cells with more than 15 γH2AX foci or more than 10 

RAD51 foci were scored as positive. To quantify micronuclei formation, cells were radiated at 4 

Gy and fixed in 4% paraformaldehyde after 72 hours before mounting directly on coverslips with 

DAPI stain (34). 
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Immunoblotting 

After treatment, cells were washed using PBS and lysed using RIPA buffer (ThermoFisher, 

#89901) with protease and phosphatase inhibitors (Sigma #PHOSS-RO, #CO-RO). Western 

blotting was done using anti-RB (CST #9313S), anti-GFP (CST #2956S), anti-phospho-RB 

(Ser807/811; CST #8516 or Ser780; CST #8180), anti-Cas9 (CST #14697S), anti-myc (Millipore 

#05419), and anti-RAD51 (Millipore ABE257) antibodies. All primary antibodies were diluted 

at a 1:1000 dilution in 1% milk; HRP-conjugated β-actin (CST #12262S) was diluted 1:50,000. 

Visualization was performed using 1:10,000 HRP-conjugated secondary antibodies (CST # 

7074S, #7076S) and ECL prime (Cytiva #RPN2236). RB expression was quantified using 

ImageJ, normalized to β-actin expression for each lane, and calculated relative to the median RB 

expression of the blot. 

Xenograft Studies 

2 x 106 wild type, RB1 CRISPR, or Cas9 control MDA-MB-231 cells were injected into the 

mammary fat pads of 6-8 week old CB17-SCID female mice with Matrigel (ThermoFisher #CB-

40234) with 14-16 tumors per group. Once tumor volume reached 80-100mm3, mice were 

randomly assigned to either vehicle treatment, drug alone, radiation alone, or the combination. 

CDK4/6 inhibitor was given by oral gavage with either palbociclib (100mg/kg) in 50 mmol/L pH 

4.0 sodium L-lactate (Sigma, #L-7022) or abemaciclib (50mg/kg) in 25mM phosphate buffer pH 

2.0 (Sigma #09568) with 1% hydroxyethylcellulose. Mice in the combination groups were 

treated 24 hours prior to the first RT dose, dosed concurrently with radiation for 5 days, and 

treatment for all groups was stopped at day 6. Tumor growth was measured using calipers and 

tumor volume was calculated using the equation V = (L*W2)*π/6. For short term studies, mice 

were treated with palbociclib one day (24 hours) prior to RT and continued concurrently with RT 
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(1 hour pretreatment each day) for two days. Tumors were harvested 1 hour after the last 

fraction of RT (2 fractions x 2 Gy) and immunohistochemistry was performed with the help of 

the University of Michigan Research Histology and Immunohistochemistry Core. Ki67 slides 

were imaged at 40x and 5 high powered fields from 4 tumors (20 total) were quantified per 

treatment condition using ImageJ. 

Homologous Recombination Repair Efficiency Assay 

The HR DR-GFP reporter plasmid transfected into cell lines and, after 48 hours, selection of 

stable clones was performed with geneticin (ThermoFisher #10131027). Flow cytometry was 

used to sort for GFP+ cells and verified single clones were expanded. Cells were plated and 

pretreated with CDK4/6 inhibitor, 1.5µM NU7441, or 200nM AZD7762 for 1 hour, after which 

SceI adenovirus was added for 48 hours to induce dsDNA breaks. Cells were then harvested, 

ethanol-fixed, and analyzed using flow cytometry to detect GFP+ cells. 

Transfections and siRNA 

Pooled siRNA guides targeting RB1 (Dharmacon #L-003296-02) and control siRNA 

(Dharmacon #D-001810-10) were used at a stock concentration of 20μM and a final 

concentration of 25nM. Lipofectamine 2000 (Thermo #11668030) was used to transfect cells in 

Opti-MEM (Invitrogen #31985-062) and antibiotic-free media. Transfected cells were re-plated 

for in vitro assays 24 hours post-transfection and treated with CDK4/6 inhibitor/RT 48 hours 

post-transfection.  

CRISPR 

The lentiCRISPRv2 plasmid (Addgene #98290) was digested with BsmBI for 15 minutes 

at 55 degrees and gel-purified using the QIAquick Gel Extraction Kit (Qiagen #28706X4). 
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Oligos from IDT were annealed at 95 degrees cooled at 5 degrees/minute. The RB1 guide 

sequence (5’ CACCGGGTTCTTTGAGCAACATGGG 3’) or the TP53 guide sequence (5’ 

CACCGCCATTGTTCAATATCGTCCG 3’) was ligated into the CRISPR plasmid and 

transformed into Stbl3 bacteria. For preparation of lentivirus, 1.0 x 106 HEK-293T cells were 

transfected with 1.5μg PAX2 (Addgene #12260) + 0.3μg MD2g (Addgene #12259) + 1.5μg 

plasmid in OPTImem media. DMEM + 30% FBS was used to collect virus-containing media at 

24 and 48 hours, which was spun down and cleared through a 0.45 micron filter before adding to 

cells with 0.8μg/mL polybrene. For RB1 CRISPR cells, puromycin selection was performed at 

1μg/mL (MDA-MB-231, MCF-7) or 2μg/mL (T47D, CAL-120) and single clones were isolated 

and used for all assays. Cas9-only control cell lines utilized an AAVS1 control guide (5’ 

CACCGGGGGCCACTAGGGACAGGAT 3’). For TP53 CRISPR MCF-7 and CAL-51 cells, 

hygromycin selection was performed at 500 µg/mL. 

Mutagenesis 

The GFP-RB plasmid (AddGene 16004) was mutated using PCR by introducing 4 synonymous 

mutations into phosphorylated primers targeting the RB1 sequence recognized by the gRNA. Q5 

polymerase (NEB #M0491) and Taq DNA ligase (NEB #M0647S) were used according to the 

manufacturer’s protocol (including cycling parameters) for PCR extension and ligation of the 

plasmid with two sequential rounds of mutagenesis (2 base pair changes each time). The PCR 

was DpnI-treated (NEB # R0176L) for 1 hour at 37oC and transformed into XL10 Gold bacteria 

(Agilent #200314). Colonies were expanded for minipreps (Qiagen #27104) and sanger 

sequenced (U6 primer) to confirm successful mutagenesis.  
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Proliferation Assays 

Cells plated in 96-well plates were treated with a CDK4/6 inhibitor at concentrations 

from 0-10μM. After 72 hours, AlamarBlue was added to the wells at a concentration of 10% of 

the well volume. After incubation, viability was calculated with the relative absorbance from 

each well using a plate reader. 

Irradiation 

Irradiation was conducted at the University of Michigan Experimental Irradiation Core 

using a Kimtron IC-225 at a dose rate of approximately 2 Gy/min. The irradiator was calibrated 

using dosimetry directly traceable to a National Institute of Standards and Technology (NIST) 

standard. In vitro experiments were performed with a 0.1 mm added Cu filter and a half-value-

length of 0.51 mm Cu. In vivo experiments were performed with a Thoraeus filter (0.4 mm Sn + 

0.25 mm Cu) and a half-value-length of 2.29 mm Cu. 

Immunoprecipitation 

Cells were plated in 10cm dishes and transfected the next morning with 6µg GFP-RB plasmid, 

6µg myc-RAD51 plasmid or the combination. 24 hours later, cells were lysed in 1.0mL RIPA 

buffer with protease and phosphatase inhibitor, rocked for one hour at 4 degrees then spun down 

and the pellet discarded. A BCA assay was used to standardize protein concentrations: ~100mg 

was removed for input and ~1000mg was used for the IP. Lysates were precleared by incubation 

with 20μL of A/G Plus agarose beads (sc-2003) for 1 hour at 4°C, then GFP-Trap Magnetic 

Beads (Chromotek #GTD-20), Myc-Trap Magnetic Beads (Chromotek #YTMA-20) or Binding 

Control Magnetic Agarose Beads (Chromotek #BMAB-20) beads were added to the cleared 

lysate which was left to slowly rock overnight at 4°C. Beads were washed the next morning with 
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RIPA buffer and bound proteins were eluted in 50uL RIPA buffer with 1x NuPAGE and 2% 

βeta-mercaptoethanol.  

Statistical Analysis and Randomization 

In vitro experiments are graphed as the average ± the standard error of the mean (SEM). 

Experimental conditions in clonogenic survival assays and HR/NHEJ reporter assays were 

compared to vehicle (DMSO) controls using a one-way ANOVA with Dunnett’s post-hoc test. 

Immunofluorescence experiments were blinded for analysis of RAD51 or γH2AX and analyzed 

with an unpaired, two-sided student’s t-test between paired RT and combination values for each 

group, with a correction for a number of time points (6 and 16 hours post radiotherapy). 

Xenograft tumors were randomized on the first day of treatment and tumor volume was 

compared using a one-way ANOVA at the study endpoint.  

Study Approval 

 All xenograft mice model experiments were done with consent from the Institutional Animal 

Care & Use Committee (IACUC) at the University of Michigan. 
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Figures 

 
Figure 4.1: CDK4/6 inhibition with palbociclib radiosensitizes TNBC with wild-type RB1  

Cell viability was measured in RB wild type (solid lines) and RB null (dashed lines) TNBC cell 
lines 72 hours after treatment with palbociclib (A). Western blots were used to assess protein 
expression in various breast cancer cell lines (B). RB expression was quantified using ImageJ 
and the correlation coefficient between RB expression and mean rER ratios (highest 
concentration of palbociclib for each cell line) were compared between ER+ (solid triangles), 
wild type RB1 TNBC (solid circles), or RB null TNBC (open circles) (C). Clonogenic survival 
assays were performed in the RB wild type (D-G) and mutant (H-I) cell lines.  
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Figure 4.2: Abemaciclib and ribociclib radiosensitize TNBC with wild-type RB1 
 
Cell viability was measured in each cell line 72 hours after treatment with either abemaciclib 
(green) or ribociclib (blue) in RB wild type MDA-MB-231 (A) and CAL-120 (B) cells to calculate 
IC50 values. MCF10A cells (C) were treated with palbociclib alone (open circles) or palbociclib + 
RT (filled squares). Clonogenic survival assays were performed in MDA-MB-231 (D-E) and 
CAL-120 (F-G) cells with varying doses of either ribociclib or abemaciclib and a one-hour drug 
pretreatment. RB null BT-549 cells were treated with palbociclib + RT (H). MDA-MB-231 cells 
were treated with palbociclib 6 hours after RT (I). (*, P < 0.05; **, P < 0.01; ***, P < 0.001). 



166 
 

 
 
Figure 4.3: pRB levels decrease with CDK4/6 inhibition 
 
Western blots were used to assess expression of pRB (S807), pRB (S780), and total RB in RB 
expressing breast cancer cell lines including MDA-MB-231 (A), CAL-120 (B), MCF-7 (C), and 
T47D (D) cells. Cells were pretreated with a CDK4/6 inhibitor one hour prior to radiation (4 Gy) 
and harvested 30 minutes after radiation treatment.  
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Figure 4.4: CDK4/6 inhibition suppresses HR in RB wild type TNBC 
 
A GFP reporter was used to measure relative HR repair efficiency in RB wild type (A-C) cells 
after treatment with in IC50 concentration of palbociclib (grey), ribociclib (blue), or abemaciclib 
(green). A CHK1/2 inhibitor (AZD7762) was used as a positive control and a DNAPK inhibitor 
(NU7441) was used as the negative control. For RAD51 immunofluorescence, cells were 
pretreated for one hour with palbociclib and coverslips were fixed 6 hours and 16 hours after 4 Gy 
radiation in RB wild type MDA-MB-231 (D) and CAL-120 (E) cells as well as RB null MDA-
MB-468 (G) and CAL-851 (H) TNBC cells. T-tests were performed between radiation and 
combination treated groups at each time point. Western blots were used to assess RAD51 protein 
expression at the same timepoints (F, I).  
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Figure 4.5: CDK4/6 inhibition impairs HR in TNBC in vitro  
 
Two stable BT-549 HR reporter clones were pretreated ± 500nM CDK4/6 inhibitor one hour 
before SceI-induction of dsDNA breaks (A,B). After a 1-hour pretreatment with ± 1μM palbociclib 
and ± 4 Gy radiation, coverslips were stained for RAD51 foci 6 hours and 16 hours after radiation 
in RB wild type SUM-159 cells (C). T-tests were performed between paired radiation and 
combination treated groups at each timepoint, correcting for multiple comparisons. Western blots 
were used to assess RAD51 protein expression (D). Representative images of RAD51 foci (red) 6 
hours post radiation are shown in MDA-MB-231 cells (E) and CAL-851 cells (F).  
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Figure 4.6: CDK4/6 inhibition does not suppress NHEJ efficiency 
 
A eYFP reporter system was used to measure relative NHEJ repair efficiency in RB wild type 
MDA-MB-231 (A) and CAL-120 (B) cells after treatment with palbociclib (grey), ribociclib 
(blue), or abemaciclib (green). The CHK1/2 inhibitor (200nM AZD7762) was used as a negative 
control and the DNAPK inhibitor (2.5μM NU7441) was used as a positive control. Cells were 
fixed 0.5, 6, 16, and 24 hours post RT (2Gy) in RB wild type MDA-MB-231 (C,E) and CAL-120 
(D,F) cells and cells were stained for γH2AX foci (red) and DAPI (blue). (*, P < 0.05). All 
experiments represent the mean of n=3 independent experiments and t-tests were used to compare 
the RT and combination treated groups at each γH2AX timepoint. 
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Figure 4.7: RB is required for the radiosensitization of TNBC cell lines 
 
Clonogenic survival assays were performed in breast cancer cell lines with transient knockdown 
of RB1 (A,B) or CRISPR RB1 knockout (C,D). Average radiation enhancement ratios (rER) were 
compared between parental MDA-MB-231 cells and MDA-MB-231 RB1 CRISPR cells (E). The 
efficiency of siRNA mediated knockdown (F), CRISPR RB1 knockout (G), and RB 
overexpression (H) were assessed using western blots, where transfected samples were harvested 
48 hours post-transfection. RB was transiently overexpressed in MDA-MB-231 (I) and MCF-7 (J) 
RB1 CRISPR cell lines and clonogenic survival assays were used to assess rescue of the 
radiosensitization phenotype. For CRISPR cells a one-way ANOVA with Dunnett’s post hoc test 
was used to compare CDK4/6 inhibitor-treated cells to vehicle-treated cells. (*, P < 0.05; ***, P 
< 0.001). 
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Figure 4.8: RB1 knockout decreases CDK4/6 inhibitor potency in ER+ and TNBC cell lines  
 
Cell viability was measured 72 hours after treatment with either palbociclib (grey), ribociclib 
(blue), or abemaciclib (green) in Cas9-expressing control cell lines (black circles) or RB1 CRISPR 
knockout cells (colored squares). Dose-response curves were generated for each drug in CAL-120 
(A-C), MDA-MB-231 (D-F), MCF-7 (G-H), and T47D (J-L) cell lines to calculate IC50 values 
after RB1 knockout. IC50 experiments represent the aggregate of 3 independent replicates and data 
points display average with SEM. 
 



174 
 

 
 
Figure 4.9: RB1 is essential for G1 cell-cycle arrest  
 
Flow cytometry was used to quantify cell cycle distribution in G1 (black), G2 (white), and S (grey) 
phase after CDK4/6 inhibition using propidium iodine (PI) staining in CAL-120 cells (A, B), 
MDA-MB-231 cells (D,E) and MCF-7 cells (H) with intact RB1. Cell cycle progression was also 
quantified in RB null MDA-MB-468 cells (G) and in models of RB1 knockout (C,F,I). Cells were 
fixed at 24 hours and 48 hours post drug treatment with the IC50 concentration of palbociclib, 
abemaciclib, and ribociclib in all cell lines. 
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Figure 4.10: Loss of RB1 diminishes CDK4/6 inhibitor-mediated radiosensitivity  
 
Clonogenic survival assays were performed in CAL-120 (A) and T47D (B) RB1 CRISPR cells 
along with MDA-MB-231 (C) and MCF-7 (D) Cas9 control cells to quantify radiosensitization 
and calculate radiation enhancement ratios (rER). Western blots were used to confirm successful 
knockout of RB in CAL-120 and T47D cells (E). rER were compared between parental CAL-120 
cells and CAL-120 RB1 CRISPR knockout cells (F). Overexpression of RB was performed in 
MDA-MB-468 and BT-549 cells in order to assess radiosensitivity in clonogenic survival assays 
(G-I). All clonogenics represent the pooled results of 3 independent replicates.  (*, P < 0.05; **, 
P < 0.01; ***, P < 0.001, ****, P < 0.0001). 
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Figure 4.11: Palbociclib-resistant TNBC cells demonstrate loss of both RB protein and 
CDK4/6 inhbitor-mediated radiosensitization. 
 
Palbociclib-resistant MDA-MB-231 cells were generated through continuous culture in drug-
containing media (A) and 72 hour cell viability was used to assess acquired resistance to 
palbociclib, ribociclib, or abemaciclib. Clonogenic survival assays were performed to quantify 
the rER for PalboR cells and western blots were used to assess RB expression compared to 
parental MDA-MB-231 cells (B). Radiosensitization was assessed after transient overexpression 
of GFP-RB and pretreament ± palbociclib (C). 
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Figure 4.12 Loss of p53 expression does not significantly impact radiosensitization 
 
Knockout of p53 protein was assessed by western blot (A) and the viability of TP53 CRISPR cell 
lines was assessed using Alamar Blue 72 hours after treatment with varying concentrations of 
palbociclib (B). Clonogenic survival assays were used to assess palbociclib-mediated 
radiosensitization in TP53 knockout cell lines (C,D) and Cas9 control cells (E) using a one hour 
pretreatment. A one-way ANOVA with Dunnett’s post hoc test was used to compare SF 2 Gy 
values for each cell line (*, P < 0.05).  
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Figure 4.13: CDK4/6 inhibition radiosensitizes TNBC cells in vivo 
 
Mice bearing parental (RB wild type) MDA-MB-231 xenografts were randomized to four 
treatment groups (8-9 tumors per group): vehicle, RT only, 100mg/kg palbociclib, and the 
combination (A). Tumor size was measured 2-3 times a week and used to calculate average 
tumor volume (B; graphed as average ± SEM) and time to tumor tripling (C; log-rank Mantel-
Cox test). Xenografts with CRISPR MDA-MB-231 cells (D) expressing either Cas9 only (E) or 
Cas9 and the RB1 guide RNA (F) were treated in a similar treatment schedule using 50mg/kg 
abemaciclib or the combination of abemaciclib + RT. Tumor volume was compared using a one-
way ANOVA comparing average tumor size at the end of the study across the treatment groups. 
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Figure 4.14: CDK4/6 inhibitor-mediated radiosensitization of TNBC in vivo 
 
Time to tumor doubling is shown for MDA-MB-231 parental (RB wild type, A) xenografts treated 
with palbociclib, and a log-rank (Mantel-Cox) test was used to compare survival curves. Weights 
are shown for mice with parental (B), Cas9 control (E), and RB1 CRISPR (F) xenografts 
throughout the study. Ki67 staining (imaged at 40x) was used to assess proliferation of tumor cells 
in mice treated with short term palbociclib and/or RT (C,D). A one-way ANOVA with Tukey’s 
post hoc test was used to compare Ki67 staining across treatment groups. 
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Figure 4.15: RB1 loss does not result in increased micronuclei formation following ionizing 
RT 
 
Immunofluorescence was used to quantify micronuclei formation following 4 Gy RT in parental 
and RB1 CRISPR MCF-7 (A) and MDA-MB-231 cells (B) 72 hours after RT. Representative 
DAPI-stained slides are shown for all treatment groups (C,D). 
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Figure 4.16: RB is required for efficient repair of dsDNA breaks through HR 
 
RAD51 foci formation was used to assess HR competency with transient (A,B) knockdown or 
CRISPR knockout (C,D) of RB1 in MCF-7 and MDA-MB-231 cells at 6 hours post radiation. 
Cells transfected with a control siRNA or cells expressing Cas9 with control guides (AAVS1) 
were used for comparison. Immunoprecipitation of GFP-RB and myc-RAD51 was performed 24 
hours after transfection of HEK-293T cells (E), MCF-7 cells (F), or MDA-MB-231 cells (G) 
using myc-trap beads (black boxes), GFP-trap beads (green boxes), or control beads (white 
boxes). Expression of myc-RAD51 and GFP-RB was assessed in protein inputs and IP lysates 
with western blotting.  
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Figure 4.17: CDK4/6 inhibition suppresses RAD51 foci formation 
 
Representative images of RAD51 foci at 6 hours post RT (4 Gy) are shown (A-E). As a control 
for immunoprecipitation, GFP-RB and myc-MCL1 were transfected into HEK-293T cells and 
immunoprecipitation was performed 24 hours later (F).  
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Figure 4.18: Graphical abstract describing the mechanism of CDK4/6 inhibitor-mediated 
radiosensization in ER+ and TNBC. 
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Palbociclib Ribociclib Abemaciclib 

IC50 
CRISPR 
RB1 IC50 

Cas9 
Only 
IC50 IC50 

CRISPR 
RB1 
IC50 

Cas9 
Only 
IC50 IC50 

CRISPR 
RB1 
IC50 

Cas9 
Only 
IC50 

MDA-MB-231 241.6nM >10 µM 222nM 1.99µM >10 µM 1.95µM 1.07µM 9.2 µM 568nM 

CAL-120 2.9µM >10 µM 1.3µM 1.77µM >10 µM 1.25µM 2.61µM 9.5 µM 2.54µM 

T47D 20nM > 5µM 17nM 40nM > 5 uM 33nM 10nM 2.6µM 21nM 

MCF-7 75nM 1.047 µM 184nM 200nM 741 nM 317.7nM 40nM 2.34µM 68nM 
 
Table 4.1: IC50 values for parental and CRISPR TNBC and ER+ breast cancer cell lines 
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Pa
lb

oc
ic

lib
 Cell Line IC50 RB 

SUM-159 5.5µM Wild Type 
CAL-51 330nM Wild Type 

MDA-MB-468 >10µM Null 
CAL-851 >10µM Null 

 
Table 4.2: IC50 values for additional TNBC cell lines 
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Pa
lb

oc
ic

lib
 Cell Line Concentration rER RB 

MCF-7 100nM 1.52 + 0.14 Wild Type 
T47D 25nM 1.50 + 0.13 Wild Type 

CAMA1 75nM 1.32 + 0.09 Wild Type 
ZR-75-1 100nM 1.27 + 0.14 Wild Type 

 
Table 4.3: Radiation enhancement ratios for ER+ breast cancer cell lines treated with palbociclib 
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M
D

A
-M

B
-2

31
 Palbociclib Combination 

Day RT Palbo Expected Observed Ratio 
7 0.790 0.762 0.602 0.651 0.925 

16 0.455 0.572 0.260 0.325 0.801 
18 0.381 0.490 0.187 0.257 0.725 
21 0.348 0.476 0.165 0.215 0.768 

Final 0.462 0.866 0.400 0.238 1.682 
 
Table 4.4: Fractional tumor volume Calculations for MDA-MB-231 xenografts treated with 
palbociclib. 
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  Abemaciclib Combination 

Day RT Abema Expected Observed Ratio 

M
D

A
-M

B
-2

31
 

C
as

9 
C

R
IS

PR
  

7 0.738 0.678 0.500 0.624 0.801 
11 0.625 0.608 0.380 0.446 0.852 
16 0.482 0.703 0.338 0.329 1.030 
18 0.448 0.712 0.319 0.299 1.067 

Final 0.549 0.872 0.479 0.320 1.499 

M
D

A
-M

B
-2

31
 

R
B

1 
C

R
IS

PR
  

7 0.782 0.818 0.640 0.684 0.935 
11 0.546 0.613 0.335 0.444 0.754 
16 0.440 0.579 0.254 0.327 0.778 
18 0.416 0.591 0.246 0.298 0.824 

Final 0.427 0.721 0.308 0.327 0.939 
 
Table 4.5: Fractional tumor volume calculations for MDA-MB-231 Cas9 Control and RB1 
CRISPR xenografts treated with abemaciclib. 
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  Timepoint Treatment Average Foci / Cell Average Foci / 
Positive Cell 

C
A

L
-1

20
 

6 hours DMSO 3.66 ± 0.74   
  Palbociclib 2.82 ± 1.34   
  RT (4 Gy) 11.28 ± 3.39 19.56 ± 6.37 
  RT + Palbo 7.38 ± 3.02 26.71 ± 10.37 

16 hours DMSO 0.91± 0.64   
  Palbociclib 1.14 ± 0.67   
  RT (4 Gy) 11.86 ± 2.01 21.51 ± 2.00 
  RT + Palbo 3.48 ± 0.92 17.46 ± 6.07 

M
D

A
-M

B
-2

31
 

6 hours DMSO 6.67 ± 4.77   
  Palbociclib 2.84 ± 1.65   
  RT (4 Gy) 12.81 ± 4.85 25.30 ± 8.16 
  RT + Palbo 4.12 ± 2.89 31.92 ± 15.83 

16 hours DMSO 1.54 ± 0.49   
  Palbociclib 1.85 ± 0.34   
  RT (4 Gy) 6.43 ± 0.55 12.07 ± 1.01 
  RT + Palbo 4.47 ± 3.02 18.11 ± 7.32 

M
D

A
-M

B
-4

68
 

6 hours DMSO 2.72 ± 1.13   
  Palbociclib 2.18 ± 1.96   
  RT (4 Gy) 15.57 ± 4.02 29.13 ± 8.61 
  RT + Palbo 11.39 ± 1.62 19.67  ± 3.47 

16 hours DMSO 1.92 ± 0.52   
  Palbociclib 1.86 ± 0.84   
  RT (4 Gy) 9.04  ± 0.51 18.18  ± 1.39 
  RT + Palbo 7.66 ± 0.32  15.51 ± 1.52 

C
A

L
-8

51
 

6 hours DMSO 1.07 ± 0.47   
  Palbociclib 1.27 ± 0.80   
  RT (4 Gy) 16.17 ± 2.71 44.24 ± 10.49 
  RT + Palbo 14.51 ± 3.80 34.48 ± 7.25 

16 hours DMSO 1.51 ± 0.60   
  Palbociclib 2.46 ± 0.56   
  RT (4 Gy) 7.97 ± 2.33 16.06 ± 4.38 
  RT + Palbo 9.32 ± 2.95 20.84 ± 6.95 

 
Table 4.6: Quantification of RAD51 foci in RB wild type and RB null TNBC cell lines. 
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  Timepoint Treatment Average Foci / Cell Average Foci / 
Positive Cell 

C
A

L
-1

20
 

30 min DMSO 2.29 ± 0.52   
  Palbociclib 2.31 ± 0.30   
  RT (4 Gy) 20.40 ± 1.03 22.58 ± 0.64 
  RT + Palbo 21.16 ± 1.68 24.21 ± 0.89 

6 hours DMSO 2.73 ± 1.40   
  Palbociclib 2.51 ± 0.47   
  RT (4 Gy) 17.05 ± 0.60 21.51 ± 0.35 
  RT + Palbo 14.51 ± 0.29 17.49 ± 0.54 

16 hours DMSO 2.77 ± 1.04   
  Palbociclib 1.16 ± 0.65   
  RT (4 Gy) 13.40 ± 4.23 26.06 ± 0.34 
  RT + Palbo 10.85 ± 2.5 24.70 ± 1.42 

24 hours DMSO 1.55 ± 0.59   
  Palbociclib 1.87 ± 1.02   
  RT (4 Gy) 7.32 ± 1.11 20.83 ± 4.66 
  RT + Palbo 8.27 ± 1.45 20.80 ± 3.96 

M
D

A
-M

B
-2

31
 

30 min DMSO 1.24 ± 0.51   
  Palbociclib 0.91 ± 0.34   
  RT (4 Gy) 12.84 ± 5.96 19.20 ± 0.90 
  RT + Palbo 18.94 ± 1.36 21.34 ± 0.80 

6 hours DMSO 2.28 ± 0.76   
  Palbociclib 0.50 ± 0.02   
  RT (4 Gy) 11.63 ± 3.57 14.76 ± 3.05 
  RT + Palbo 12.07 ± 2.32 18.76 ± 2.71 

16 hours DMSO 1.02 ± 0.13   
  Palbociclib 1.29 ± 0.49   
  RT (4 Gy) 10.08 ± 2.02 23.11 ± 1.52 
  RT + Palbo 7.00 ± 4.85 20.52 ± 1.01 

24 hours DMSO 0.69 ± 0.18   
  Palbociclib 1.17 ± 0.54   
  RT (4 Gy) 3.78 ± 0.91 18.75 ± 3.49 
  RT + Palbo 2.52 ± 1.30 20.17 ± 2.21 

 
Table 4.7: Quantification of γH2AX foci after RT and CDK4/6 inhibition. 
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  Timepoint Treatment Average Foci / 
Cell 

Average Foci / 
Positive Cell 

M
C

F-
7 

6 hours RT (siNT) 17.07 ± 0.17 33.04 ± 0.66 
  RT + Palbo (siNT) 4.71 ± 1.07 20.71 ± 5.63 
  RT (siRB1) 6.5 ± 0.82 17.40 ± 2.98 
  RT + Palbo (siRB1) 10.13 ± 1.72 23.74 ± 2.73 

M
D

A
-M

B
-

23
1 

6 hours RT (siNT) 11.57 ± 3.75 28.58 ± 3.25 
  RT + Palbo (siNT) 5.65 ± 0.37 18.68 ± 3.01 
  RT (siRB1) 5.18 ± 0.38 12.56 ± 0.88 
  RT + Palbo (siRB1) 7.99 ± 1.10 21.18 ± 3.10 

 
Table 4.8: Quantification of RAD51 foci in MCF-7 and MDA-MB-231 cells after RT and CDK4/6 
inhibition ± siRB1. 
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Treatment 
Average Foci / 

Cell 
Average Foci / 
Positive Cell 

M
C

F-
7 

C
as

9 6 hours NT 2.51 ± 0.68   
  Palbociclib 1.31 ± 05.1   
  RT (4 Gy) 22.96 ± 4.26 35.79 ± 3.30 
  RT + Palbociclib 10.65 ± 1.59 37.61 ± 6.77 

M
C

F-
7 

R
B

1 
C

R
IS

PR
 6 hours NT 2.02 ± 0.70   

  Palbociclib 0.71 ±  0.29   
  RT (4 Gy) 15.24 ± 2.83 35.38 ± 5.82 
  RT + Palbociclib 14.55 ± 3.19 34.82 ± 5.40 

M
C

F-
7 

R
B

1 
C

R
IS

PR
 +

 
G

FP
-R

B
 6 hours NT 2.11 ± 1.29   

  Palbociclib 2.42 ± 0.75   
  RT (4 Gy) 19.98 ± 3.42 40.57 ± 7.33 
  RT + Palbociclib 6.68 ± 2.87 50.70 ± 12.39 

M
D

A
-M

B
-

23
1 

C
as

9 6 hours NT 2.60 ± 1.12   
  Palbociclib 3.61 ± 0.49   
  RT (4 Gy) 24.69 ± 5.25 33.14 ± 5.86 
  RT + Palbociclib 8.36 ± 3.24 22.32 ± 9.56 

M
D

A
-M

B
-

23
1 

R
B

1 
C

R
IS

PR
 6 hours NT 4.36 ± 1.35   

  Palbociclib 3.29 ± 0.39   
  RT (4 Gy) 12.52 ± 0.76 23.60 ± 0.96 
  RT + Palbociclib 9.01 ± 0.23 33.14 ± 2.29 

M
D

A
-M

B
-2

31
 

R
B

1 
C

R
IS

PR
 +

 
G

FP
-R

B
 

6 hours NT 1.09 ± 0.73   
  Palbociclib 1.51 ± 0.79   
  RT (4 Gy) 20.42 ± 4.99 45.81 ± 6.48 

  RT + Palbociclib 14.97 ± 2.51 38.74 ± 10.26 
 
Table 4.9: Quantification of RAD51 foci in MCF-7 and MDA-MB-231 Cas9 control and RB1 
CRISPR cells ± transient GFP-RB overexpression. 
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Chapter 5 : Bcl-xL Inhibition Radiosensitizes PIK3CA/PTEN Wild 
Type Triple Negative Breast Cancers in an Mcl-1-Dependent 

Manner5   

Abstract 

Patients with radioresistant breast cancers, including a large percentage of women with 

triple negative breast cancer (TNBC), demonstrate limited response to radiation (RT), increased 

locoregional recurrence, and lower rates of overall survival; thus, strategies to increase the efficacy 

of RT in TNBC are critically needed. We demonstrate that pan Bcl-2 family inhibition (ABT-263, 

rER: 1.06-1.74) or Bcl-xL specific inhibition (WEHI-539, A-1331852; rER: 1.13 – 2.14) 

radiosensitized wild-type PIK3CA/PTEN wild-type TNBC (MDA-MB-231, CAL-120) but failed 

to radiosensitize mutant PIK3CA/PTEN TNBC (rER: 0.87-1.18; MDA-MB-468, CAL-51, SUM-

159). Specific inhibition of Bcl-2 or Mcl-1 did not induce radiosensitization, regardless of 

PIK3CA/PTEN status (rER: 0.91 – 1.21). In wild-type PIK3CA/PTEN TNBC, pan Bcl-2 family 

inhibition or Bcl-xL specific inhibition and RT led to increased levels of apoptosis (p < 0.001) and 

an increase in cleaved PARP. CRISPR-mediated PTEN knockout in wild-type PIK3CA/PTEN 

MDA-MB-231 and CAL-120 cells induced expression of pAKT/Akt and Mcl-1 and abolished Bcl-

xL inhibitor-mediated radiosensitization (rER: 0.95 – 1.13). Similarly, Mcl-1 overexpression 

 
5 This chapter was a collaboration between co-first authors Andrea Pesch and Benjamin Chandler and submitted for 
publication in January 2022.  
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abolished radiosensitization in MDA-MB-231 and CAL-120 cells (rER: 0.99 – 1.09) but transient 

MCL1 knockdown in CAL-51 cells promoted Bcl-xL-inhibitor mediated radiosensitization (rER 

2.35 ± 0.05). In vivo, ABT-263 or A-1331852 in combination with RT decreased tumor growth 

and increased tumor tripling time (p < 0.0001) in PIK3CA/PTEN wild-type TNBC cell line and 

patient-derived xenografts. Collectively, this study provides the preclinical rationale for early 

phase clinical trials testing the safety, tolerability, and efficacy of Bcl-xL inhibition and RT in 

women with wild-type PIK3CA/PTEN wild-type TNBC at high risk for recurrence. 
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Introduction 

Triple negative breast cancer (TNBC) is an aggressive subtype of breast cancer with poor 

rates of locoregional control even after treatment with radiation (RT) therapy (1). TNBC do not 

express molecular drivers of tumorigenesis and proliferation such as the estrogen receptor (ER), 

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

consequently, cannot be treated with small molecule and/or targeted therapeutic options. Although 

radiation is a mainstay in the treatment of breast cancer, patients with TNBC tend to have tumors 

enriched for intrinsic radioresistance (2) and additional strategies are needed to increase local 

disease control and reduce the occurrence of regional and distant metastases. Efforts to increase 

the efficacy of radiation (RT) therapy in the treatment of TNBC have primarily focused on 

targeting DNA synthesis and DNA damage repair, including chemotherapies such as gemcitabine 

and cisplatin (3) or PARP1 inhibitors such as olaparib and veliparib (4,5). Although effective 

radiosensitization agents, these treatments are often associated with extensive normal tissue 

toxicities that have limited their clinical translatability (6). 

In addition to increased DNA damage following RT, ionizing RT can lead to increased 

rates of apoptosis in tumor cells. Apoptosis is a highly regulated pathway of programmed cell 

death that is controlled by pro-apoptotic BH3-only proteins (Bid, Bim, Puma, Noxa), pro-apoptotic 

effector proteins (Bax, Bak, and Bok), and anti-apoptotic BH3 only proteins (Bcl-2 family proteins 

including Bcl-2, Bcl-xL, Mcl-1, Bcl-w) (7-13). Under normal physiological conditions, anti-

apoptotic proteins are bound to effector proteins to inhibit apoptosis (8). Under conditions of 

cellular stress, the activation of the downstream effector proteins (often Bax/Bak) leads to 

dimerization and pore formation in the outer mitochondrial membrane, releasing SMAC and 
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cytochrome c; this leads to formation of the apoptosome and the irreversible caspase-mediated 

cleavage of proteins in the nucleus including PARP1 and, eventually, cell death (14-19). 

Careful control of the balance between anti- and pro-apoptotic protein signaling cascades 

is mediated through cellular control of a number of signaling pathways – including the 

phosphatidyl inositol 3 kinase (PI3K) signaling pathway – which has been shown to directly 

modulate the expression of Bcl-2 family proteins such as Bcl-xL and Mcl-1 (20-23). In breast 

cancer, it is well known that activating mutations in PIK3CA, the gene encoding the catalytic 

subunit (p110α) of PI3K, occur in almost a quarter of hormone receptor positive (HR+) breast 

cancers and ~10% of TNBC (24). Paradoxically, despite worse outcomes for patients with HR+ 

PIK3CA mutant breast cancer, patients with PIK3CA mutant TNBC tend to have higher rates of 

overall survival compared to patients with subtype-matched tumors that express wild-type PIK3CA 

(24). Similar studies have also studied the effects of the tumor suppressor PTEN, that works in 

opposition to PI3K signaling in this context (25), where inactivating mutations and loss of PTEN 

expression lead to higher PI3K pathway activity. Thus, control of cellular apoptosis in breast 

cancer is partially dependent on the presence or absence of PI3K pathway mutations. 

Apoptosis is not the primary mode in which RT induces cellular death in cancer cells (26), 

but the clinical development of targeted pharmacological inhibitors of anti-apoptotic proteins has 

made it increasingly possible to target apoptotic signaling in a variety of cancer types .  Inhibition 

of anti-apoptotic proteins as a monotherapy, (specifically Bcl-2, Bcl-xL, and Mcl-1) is a successful 

cancer treatment strategy for acute myeloid leukemia (AML), chronic lymphocytic leukemia 

(CLL), and small lymphocytic lymphoma (27-30). As a result, efforts are underway to test the 

effects of inhibiting anti-apoptotic proteins in additional cancer types, particularly in combination 

with other small molecule treatments such as DNA damaging agents or compounds that target 
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PI3K/mTOR signaling (20,31-34). Despite this, few studies have focused on inhibition of anti-

apoptotic proteins in combination with RT, and none have specifically examined Bcl-xL inhibition 

in combination with RT in the treatment of aggressive breast cancers (35). To that end, data from 

a screen performed in our lab to identify potential targets for radioresistant breast cancers 

nominated  Bcl-2 family inhibition as a potential targeted approach to sensitize radioresistant 

breast cancers to RT (36). Thus, we hypothesized that the use of targeted inhibitors against Bcl-2 

family proteins in TNBC would be a viable therapeutic strategy for patients with aggressive TNBC 

without PI3K pathway alterations for whom therapy intensification is needed.  
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Results 

ABT-263, a nonspecific Bcl-2 family inhibitor, radiosensitizes PIK3CA/PTEN wild type 

triple negative breast cancers 

First, we sought to assess the impact of pan Bcl-2 family inhibition on TNBC cell lines in 

vitro (Figure 5.1A). Cellular response to the Bcl-2 family pan inhibitor ABT-263 (37) varied 

across TNBC cell lines, with half-maximal inhibitory concentrations (IC50s) less than 1µM in 

sensitive cell lines (red) and IC50s greater than 5µM in resistant TNBC cell lines (blue). Consistent 

with prior studies (38-40), TNBC cell lines with wild-type PIK3CA/PTEN expression (MDA-MB-

231, CAL-120) were sensitive to pan Bcl-2 inhibition, while PIK3CA mutant (CAL-51, SUM-159) 

and PTEN mutant (CAL-51, MDA-MB-468) cells were insensitive (Figure 5.1B, Table 5.1-Table 

5.2). Thus, we hypothesized that cell lines with wild-type PIK3CA/PTEN would be radiosensitized 

by ABT-263, while those with mutations in the PIK3CA/PTEN pathway would not. 

To assess the combined effects of radiation and pan Bcl-2 family inhibition, we performed 

clonogenic survival assays in PIK3CA/PTEN wild-type (MDA-MB-231, CAL-120) and mutant 

(CAL-51, MDA-MB-468, SUM-159) cell lines. PIK3CA/PTEN wild-type cells (Table 5.1C-D) 

were significantly radiosensitized by ABT-263 (MDA-MB-231 rER 500nM 1.52 ± 0.13; CAL-

120 rER 500nM: 1.56 ± 0.20) even at concentrations 6-10 times lower than the IC50 value in each 

respective cell line. In both MDA-MB-231 and CAL-120 cells there was a significant decrease in 

surviving fraction of cells after 2 Gy RT (SF-2Gy) in cells treated with ABT-263 compared to 

vehicle-treated (DMSO) control cells. Conversely, in PTEN null TNBC cell lines, ABT-263 did 

not radiosensitize MDA-MB-468 (rER: 1.02 ± 0.05) or CAL-51 cells (rER: 1.07 ± 0.08) and failed 

to significantly change the SF-2Gy (Figure 5.1E-F). Similar results were observed in the PIK3CA 

mutant cell line (SUM-159 rER 1µM: 0.96 ± 0.05; Figure 5.1G). 
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Pan Bcl-2 family inhibition potentiates radiation-induced apoptotic cell death in 

PIK3CA/PTEN wild type TNBC 

 Because Bcl-2 proteins are critical components of the cellular anti-apoptotic signaling 

cascade, we hypothesized that ABT-263-mediated radiosensitization of TNBC cell lines was due 

to an increase in apoptosis following the combined treatment. In our PIK3CA/PTEN wild-type 

TNBC models, ABT-263 + RT (4 Gy) led to a significant increase (doubling) in the number of 

apoptotic cells 48 hours after RT (absolute increase of 14.7% in MDA-MB-231 cells and 8.0% 

increase in CAL-120 cells compared to RT alone, Figure 5.2A-B). In addition, ABT-263 

pretreatment before RT (4 Gy) increased the formation of cleaved-PARP, a marker for late 

apoptosis, at 48 hours post RT compared to either RT or drug alone in both MDA-MB-231 and 

CAL-120 cells (Figure 5.2A-B).  

 Alternatively, ABT-263 with RT (4 Gy) did not lead to a significant increase in apoptotic 

cells compared to RT alone in PTEN null cell lines (Figure 5.2C-D) or PIK3CA mutant cells 

(Figure 5.2E). In all three cell lines (MDA-MB-468, CAL-51, SUM-159), ABT-263 + RT also 

failed to increase cleaved PARP formation, even demonstrating a slight decrease in cleaved PARP 

formation. Thus, combined inhibition of Bcl-2 and Bcl-xL using the nonspecific inhibitor ABT-

263 led to increased apoptosis and radiosensitization in a PIK3CA/PTEN pathway dependent 

manner. Because PIK3CA/PTEN wild-type cell lines express higher levels of Bcl-2 and Bcl-xL 

and lower levels of Mcl-1 protein compared to PIK3CA/PTEN mutant TNBC cell lines (Figure 

5.2F), we next sought to assess the contributions of individual Bcl-2 family proteins to the 

radiosensitization phenotype. 
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Specific inhibition of Bcl-xL, but not Bcl-2, radiosensitizes PIK3CA/PTEN wild-type TNBC 

 To determine the effect of inhibiting individual Bcl-2 protein family members on 

PIK3CA/PTEN wild-type TNBC cell lines, we used specific pharmacological inhibitors targeted 

against Bcl-2 family members: WEHI-539, a Bcl-xL specific inhibitor (and the orally bioavailable 

analog, A-1331852)(41); ABT-199 (navitoclax), a Bcl-2 specific inhibitor (42); and  the Mcl-1 

inhibitor S63845 (32). To assess Bcl-xL inhibitor-mediated effects on cell viability, we treated 

TNBC cell lines with 1nM-10µM WEHI-539 for 72 hours (Figure 5.3A, Table 5.2). Single agent 

effects of WEHI-539 on cell growth were dependent on PIK3CA/PTEN mutational status in vitro, 

with PIK3CA/PTEN mutant cell lines demonstrating resistance to Bcl-xL inhibition, which 

mirrored the lack of in vitro effects that were observed with the pan inhibitor ABT-263. Combined 

WEHI-539 and RT led to an increase in the number of apoptotic cells (Figure 5.3B-C) and cleaved 

PARP formation (Figure 5.4A) in both MDA-MB-231 and CAL-120 cells compared to 4 Gy RT 

alone (22.3% and 17.6% increases in the fraction of apoptotic cells, respectively).  

Using clonogenic survival assays, we determined that the Bcl-xL inhibitor WEHI-539 led 

to clinically relevant levels of radiosensitization (rER > 1.2) in PIK3CA/PTEN intact TNBC 

(MDA-MB-231 and CAL-120, Figure 5.3D-E) that were comparable to the effects of combined 

ABT-263 pretreatment with RT (MDA-MB-231 rER 1µM: 1.31 ± 0.06; CAL-120 rER 1µM: 1.87 

± 0.38). Consequently, combined WEHI-539 treatment and RT led to a dose-dependent decrease 

in the SF-2Gy in both cell lines. To further confirm that Bcl-xL inhibition was responsible for 

radiosensitization of PIK3CA/PTEN wild-type TNBC cell lines, we repeated the clonogenic 

survival assays with A-1331852, an analog of WEHI-539 developed for in vivo use (41,43). As 

with WEHI-539, treatment with A-1331852 radiosensitized MDA-MB-231 and CAL-120 cells 
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(MDA-MB-231 rER 1µM: 1.32 ± 0.07; CAL-120 rER 1µM: 2.00 ± 0.47) and significantly 

increased cleaved PARP formation in combination treated groups (Figure 5.4B-D).  

Having established that Bcl-xL inhibition was sufficient to confer radiosensitivity to 

PIK3CA/PTEN wild-type TNBC models, we next sought to determine if Bcl-2 also contributed to 

this radiosensitization. Unlike ABT-263 and WEHI-539, which suppressed growth of 

PIK3CA/PTEN wild-type TNBC cell lines, the Bcl-2-specific inhibitor ABT-199 had no effect on 

TNBC cell line viability (regardless of PIK3CA/PTEN mutational status) at doses less than 5µM 

(Figure 5.3F, Table 5.2).  Not surprisingly, ABT-199 did not lead to increased apoptosis in MDA-

MB-231 or CAL-120 cells (Figure 5.3G-H) nor did it lead to radiosensitization at concentrations 

up to 1µM (MDA-MB-231 rER: 0.98 ± 0.02; CAL-120 rER: 1.03 ± 0.07, Figure 5.3I&J). Finally, 

the combination of ABT-199 and RT (4 Gy) did not increase cleaved PARP levels compared to 

either RT or drug alone (Figure 5.4E).  

Although ABT-263 is a less potent inhibitor of Mcl-1 compared to Bcl-2 or Bcl-xL, Mcl-

1 has been suggested as a potential therapeutic target in TNBC in multiple studies (32,44); 

therefore, we sought to assess the effects of the Mcl-1 specific inhibitor S63845 (32) on 

radiosensitization in our in vitro models of TNBC. Pretreatment with S63845 did not significantly 

inhibit proliferation of TNBC cell lines (Figure 5.5A, Table 5.2), though modest effects were seen 

in PIK3CA/PTEN mutant cell lines at high concentrations, consistent with prior literature (32). 

S63845 failed to induce radiosensitization in PIK3CA/PTEN wild-type CAL-120 cells (Figure 

5.5B, rER: 1.06 ± 0.08) or PIK3CA mutant SUM-159 cells (Figure 5.5E, rER: 0.95 ± 0.10), or 

PIK3CA/PTEN mutant CAL-51 cells (Figure 5.5D, rER: 1.07 ± 0.11), suggesting that Mcl-1 

inhibition alone did not potentiate apoptosis in PIK3CA/PTEN wild-type or mutant TNBC cells.  
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Bcl-xL inhibition radiosensitizes PIK3CA/PTEN wild-type TNBC xenograft tumors 

 To examine the effects of Bcl-xL inhibitor-mediated radiosensitization in vivo, we 

generated MDA-MB-231 xenograft tumors by injecting cells into the mammary fat pads of female 

SCID CB-17 mice. Following the formation of established tumors (approximately 80mm3) and 

randomization, mice were assigned to receive either 25 mg/kg of ABT-263 (pan Bcl-2 family 

inhibitor), 25 mg/kg of A-1331852 (Bcl-xL inhibitor), 9 fractions of 2 Gy RT, or a combination of 

either ABT-263 or A-1331852 with RT. In combination treated mice, RT treatment started 24 

hours after the first drug treatment and drug was given for 10 days (Figure 5.6A). All treatment 

was discontinued after the ninth fraction of RT. Overall, pan Bcl-2 family inhibition with ABT-

263 or specific Bcl-xL inhibition and RT significantly decreased tumor growth compared to drug 

or RT alone (Figure 5.6B) and significantly extended time to tumor tripling (Figure 5.6C).  

In addition to a cell line-derived xenograft model, we tested the effects of Bcl-xL inhibition 

in a patient-derived xenograft (PDX) model of wild-type PIK3CA/PTEN TNBC using a similar 

treatment paradigm (Figure 5.6D). In this PDX model, combination treatment with A-1331852 

and RT significantly decreased tumor growth (Figure 5.6E) and time to tumor tripling (Figure 

5.6F) compared to either single treatment arm alone. Although the effects of ABT-263 were only 

additive with RT in cell line xenografts (FTV ratio < 1, Table 5.3), A-1331852 was synergistic 

with RT in both MDA-MB-231 and PDX4664 xenografts (FTV ratio > 1, Table 5.3-Table 5.4). 

PTEN knockout leads to increased Mcl-1 expression and radioresistance 

 To further understand how PI3K/PTEN signaling contributes to Bcl-xL inhibitor-

mediated radiosensitization of TNBC, we next sought to understand the cellular changes induced 

by PI3K pathway mutations in these models. Using the Cancer Cell Line Encyclopedia, we 

analyzed expression of phosphorylated Akt (pAKT T308 and S473), a signaling mediator 
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downstream of activated PI3K, across breast cancer cell lines with either wild-type PI3K 

signaling or activating mutations in the PI3K pathway (Figure 5.7A). As expected, 

hyperactivation of PI3K signaling resulted in higher expression of pAkt, which we confirmed in 

our cell line models (Figure 5.7B). To understand the effects of PTEN loss in our models, we 

used CRISPR-Cas9 to generate isogenic models of MDA-MB-231 and CAL-120 with PTEN 

knockout (Figure 5.7C).  

In these models, knockout of the PTEN tumor suppressor gene led to a baseline increase 

in pAkt (Ser473) and Mcl-1 expression in PTEN knockout cell lines compared to parental or 

Cas9 control cells. We assessed the effects of PTEN loss on Bcl-xL inhibitor-mediated 

radiosensitivity by repeating the clonogenic survival assays in PTEN knockout cells and Cas9-

expressing CRISPR control TNBC cell lines. In MDA-MB-231 PTEN knockout cells, drug 

pretreatment failed to sensitize cells to RT when 1µM ABT-263 (rER: 0.98 ± 0.02), 1µM WEHI-

539 (rER: 0.94 ± 0.02) or 1µM A-1331852 (rER: 1.07 ± 0.08) was given one-hour prior to RT 

(Figure 5.7D). Similar results were achieved with CAL-120 cells (1µM ABT-263 [rER: 0.98 ± 

0.02], 1µM WEHI-539 [rER: 0.94 ± 0.02] or 1µM A-1331852 [rER: 1.07 ± 0.08]) (Figure 5.7F). 

The Bcl-2 specific inhibitor ABT-199, which did not lead to radiosensitization in PTEN wild-

type parental cell lines, remained unable to induce radiosensitization in the PTEN knockout 

models (rER: 0.95-0.99). 

Consistent with our previous results, isogenic control cell lines expressing the Cas9 

protein with a control (AAVS1) gRNA were radiosensitized by pan Bcl-2 family inhibition 

(ABT-263) and Bcl-xL specific inhibition at magnitudes similar to the parental (non-CRISPR) 

cell lines (ABT-263 [rER: 1.30 – 1.72], WEHI-539 [rER: 1.31 – 1.38] or 1µM A-1331852 [rER: 

1.49 – 1.75]) (Figure 5.7E,G), suggesting that the observed effect on radiosensitivity is 
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dependent on loss of PTEN. Mechanistically, PTEN knockout abolished Bcl-xL inhibitor-

mediated induction of apoptosis following RT in MDA-MB-231 and CAL-120 cells (Figure 

5.7H,I), but Cas9 control cells remained sensitive to the pro-apoptotic effects of pan Bcl-2 

family inhibition (ABT-263) and Bcl-xL-specific inhibition (WEHI-539, and A-1331852). 

Increased Akt signaling has been shown to lead to increased translation and expression of 

Mcl-1 (20). In our models, we hypothesized that higher expression of Akt/Mcl-1 in 

PIK3CA/PTEN mutant cell lines conferred radioresistance, and that we could induce 

radioresistance in PIK3CA/PTEN wild-type cells with transient Mcl-1 overexpression. In these 

models, transient Mcl-1 overexpression prevents WEHI-539-mediated radiosensitization of 

MDA-MB-231 (rER: 1.04 ± 0.01) and CAL-120 cells (rER: 1.02 ± 0.03; Figure 5.8A-B,D). 

Overexpression of Mcl-1 in MDA-MB-231 cells also led to a reduction in PARP1 cleavage 

following RT + WEHI-539 (Figure 5.8C), suggesting that Mcl-1 expression induces 

radioresistance. Conversely, transient knockdown of MCL1 in PIK3CA/PTEN mutant CAL-51 

cells (rER: 2.35 ± 0.05) induced sensitivity to Bcl-xL inhibition and RT (Figure 5.8D-E). 

Furthermore, MCL1 knockdown led to increased cleaved PARP formation (Figure 5.8F) and 

increased apoptosis (Figure 5.8G-H) with combined Bcl-xL inhibitor therapy and RT suggesting 

that Mcl-1 is a modulator of radioresistance in TNBC. 

We also validated these changes in radiosensitivity through modulation of the upstream 

modulator, Akt, expression, in PIK3CA/PTEN mutant cell lines. Following AKT1 knockdown by 

siRNA, Bcl-xL inhibition radiosensitized PIK3CA mutant CAL-51 cells (WEHI-539 1µM: rER: 

1.46 ± 0.06) (Figure 5.9A). AKT1 knockdown did not induce global sensitivity to Bcl-2 family 

inhibitors, as the Bcl-2 specific inhibitor ABT-199 remained unable to radiosensitize CAL-51 cells 

(rER 0.95 ± 0.07) despite AKT1 knockdown (Figure 5.9B). Finally, although we previously 
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demonstrated that PTEN knockout abrogates Bcl-xL inhibitor-mediated radiosensitization in 

MDA-MB-231 cells, rescue experiments with the addition of AKT1-targeting siRNA partially 

restores radiosensitization (Figure 5.9C-D; rER 1.37 ± 0.03). Although these changes were more 

pronounced at higher RT doses (4-6 Gy compared to 2 Gy), these results further support the 

hypothesis that manipulation of the Akt/Mcl-1 signaling axis is sufficient to modulate Bcl-xL-

inhibitor mediated radiosensitization in TNBC.  

 

Mcl-1 signaling induces resistance to Bcl-xL inhibitor-mediated radiosensitization in TNBC 

through increased activation of Bak  

To further elucidate the connection between increased Mcl-1 and increased apoptosis 

following treatment with Bcl-xL inhibition + RT, we assessed the expression of pro-apoptotic 

proteins such as Bcl-2 homologous antagonist killer (Bak) in TNBC cell lines.  Bak protein was 

significantly elevated following treatment with WEHI-539 or WEHI-539 + RT in CAL-120 and 

MDA-MB-231 cells (Figure 5.10A). Induction of BAK did not occur in radioresistant 

PTEN/PIK3CA mutant CAL-51 or MDA-MB-468 cells (Figure 5.10B). When comparing isogenic 

models of PTEN loss in MDA-MB-231 cells, induction of Bak expression occurred in Cas9 control 

cells after treatment with WEHI-539 ± RT but failed to occur in MDA-MB-231 PTEN CRISPR 

(Figure 5.10C). Taken together, our results suggest that PIK3CA/PTEN wild-type TNBC cell lines 

can be radiosensitized through inhibition of Bcl-xL, but PIK3CA/PTEN mutant cell lines that 

overexpress Akt/Mcl-1 cannot properly induce Bak expression which may be responsible, at least 

in part, for apoptotic cell death in response to RT (Figure 5.10D). 
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Discussion 

In this study, we describe the identification of a targeted approach that may be useful in 

increasing the efficacy of RT in aggressive, radioresistant, triple-negative breast cancers. First, we 

demonstrated that treating PIK3CA/PTEN wild type TNBC with either a pan Bcl-2 family 

inhibitor (ABT-263, Fig. 1) or specific inhibitors of Bcl-xL (WEHI-539, A-1331852, Fig. 3) – but 

not specific inhibitors of Bcl-2 or Mcl-1 – resulted in radiosensitization by potentiating RT-

induced apoptotic cell death (Fig. 2 and 3). Pan-Bcl-2 family inhibition or Bcl-xL specific 

inhibition combined with RT in vivo led to significantly reduced tumor sizes and delayed tumor 

growth in cell line and patient derived xenograft TNBC models (Fig. 4). Finally, we show that in 

TNBC cell lines with activating PI3K pathway mutations (either PIK3CA mutations or PTEN 

loss), radioresistance occurs through increased basal levels of Akt and Mcl-1and cellular apoptosis 

that occurs in PIK3CA/PTEN wild type TNBC (Fig. 5 and 6). Together, our results provide 

preclinical data in support of Bcl-xL inhibition as a potential clinical strategy for radiosensitization 

of PIK3CA/PTEN wild type breast cancers. 

Currently, the primary therapeutic modalities for TNBC are surgery, radiation therapy and 

cytotoxic chemotherapy – and in some cases the anti-PD-1 antibody pembrolizumab. Although we 

focused on the use of Bcl-xL inhibition in combination with RT, others have demonstrated parallel 

interactions in vitro between BH3 mimetics and chemotherapeutic agents. The antineoplastic agent 

docetaxel is synergistic with the Mcl-1 inhibitor S63845 in TNBC and HER2-amplified breast 

cancers (32), the first-generation pan Bcl-2 family inhibitor ABT-737 in ER+ breast cancer (40), 

and the Bcl-xL specific inhibitor A-1331852 in a wide range of solid tumor types (45). In addition, 

targeting Bcl-2 family proteins with BH3 mimetics such as ABT-737 and ABT-263 also sensitizes 

TNBC cells to other taxols including paclitaxel (46,47). In combination with anthracycline 
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chemotherapies, nuclear pAkt has been shown to predict the efficacy of PI3K and doxorubicin in 

breast and ovarian cancers. Furthermore, ABT-263 leads to selective cell death in TP53 wild-type 

breast cancers after the induction of doxorubicin-induced senescence (48) and activating PIK3CA 

mutations confer resistance to chemotherapies in TNBC through increased Akt/mTOR signaling 

and a subsequent reduction in apoptosis (49). Radiation therapy, similar to systemic chemotherapy, 

can induce cytotoxic effects in tumor cells, but RT for the treatment of breast cancer can be 

administered locally with reduced risk to healthy organs and tissues; this suggests that our 

proposed combination therapy may be significantly less toxic than combination therapies using 

systemic chemotherapies. 

Our data supports a growing body of literature that suggests that the role of each Bcl-2 

family protein is determined in a context-dependent manner, leading to differential regulation of 

Bcl-xL, Mcl-1, and Bcl-2 expression across different cancer types. Our models support the current 

hypothesis that increased Akt signaling drives Mcl-1 expression (21,50-52) and that inhibition of 

PI3K/Akt signaling results in downregulation or degradation of Mcl-1 (22,23,53,54). It has also 

been shown that dual targeting of Bcl-xL and PI3K in PIK3CA mutant breast cancer models blocks 

tumor growth in vivo through modulation of mTOR-mediated Mcl-1 translation (20); this is 

consistent with our observation that blocking PI3K signaling (through genetic knockdown of AKT1 

or MCL1) renders PIK3CA/PTEN mutant TNBC models sensitive to Bcl-xL inhibitor-mediated 

radiosensitivity. 

Despite many studies exploring Bcl-2 family proteins in breast cancer, most of the current 

literature has focused on the role of the anti-apoptotic protein Mcl-1 (32,44) in examining the 

efficacy of combination therapies using BH3 mimetics with other targeted agents such as NVP-

BEZ235, everolimus (RAD001), and other pharmacological inhibitors that target mTOR or PI3K 
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signaling (23,32,39,55). Our studies extend this incomplete examination and describe a role for 

both Bcl-xL and Mcl-1 in mediating radiosensitivity in TNBC in a PI3K pathway-dependent 

manner. In addition, the synthetic vulnerability of PTEN loss and pharmacological Mcl-1 

inhibition has been explored in the context of PTEN-deficient models of glioblastoma (67), but 

our study is the first to demonstrate that both PIK3CA mutations and PTEN loss in breast cancer 

cells can induce resistance to Bcl-xL inhibitor-mediated radiosensitivity. Although we focused on 

aggressive, radioresistant models of TNBC in this study, future studies in our laboratory are 

underway to determine the effects of Bcl-xL inhibition in other breast cancer subtypes. These 

ongoing studies will allow us to elucidate the potential for context-dependent differences in Bcl-2 

family inhibitor-mediated radiosensitization across a more heterogenous population of breast 

cancer models and would build on recent literature demonstrating differences in sensitivity to Bcl-

2 family inhibitors across different breast cancer subtypes (20,32,38,39). In addition, expanding 

these studies into additional breast cancer subtypes will allow us to explore the distinct functions 

of other Akt isoforms (56) in the context of Akt-mediated expression of Bak and Bcl-xL-mediated 

radiosensitization.  

 Taken together, our results suggest that Bcl-xL inhibition is a viable therapeutic strategy 

to increase the efficacy of radiation therapy when given as part of the standard of care for patients 

with TNBC in the absence of PI3K pathway activating mutations. ABT-199 (venetoclax) is FDA 

approved for the treatment of some hematologic malignancies, but the use of BH3 mimetics 

targeting Bcl-xL – such as A-1331852 – would need to undergo further safety and toxicity studies 

in combination with RT to identify and mitigate any potential overlapping toxicities such as acute 

decreases in platelet formation (27) or myelosuppression. Finally, there is a growing pipeline of 

novel BH3 mimetics (APG-2575, BM-1197, LOXO-388, and AZD0466, among others as well as 
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Bcl-xL PROTAC degraders (PZ703b) under preclinical and early clinical investigation (57) that, 

if given concurrently with ionizing radiation, have the potential to influence radiation sensitivity 

in a wide variety of tumor types. 
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Methods 

Cell Culture 

Frozen stocks of MDA-MB-231, CAL-120, MDA-MB-468, and CAL-51 TNBC cells were 

obtained from ATCC and grown in DMEM (Thermo Fisher 11965092) supplemented with 10% 

FBS (Atlanta Biologicals S11650H) and 1% penicillin/streptomycin (Thermo Fisher 15070063). 

SUM-159 cells were received courtesy of Steve Ethier from University of Michigan stocks and 

grown in Ham’s F-12 media (Thermo Fisher 11765054) supplemented with 5% FBS, 5mL of 1M 

HEPES (Sigma H3375), 1μg/mL hydrocortisone (Sigma H4001), 1x antibiotic-antimycotic 

(Thermo Fisher 15240062) and 6μg/mL insulin (Sigma I9278). All cell lines were maintained in a 

humidified incubator (5% CO2), tested for mycoplasma routinely (MycoAlert, Lonza LT07), and 

authenticated at the University of Michigan DNA sequencing core. 

 

Gene Expression Knockout 

Generation of CRISPR cell lines was performed using the lentiCRISPRv2 plasmid (Addgene 

#98291). Guides targeting PTEN were obtained from Integrated DNA Technologies and annealed 

at 95 degrees and cooled at a rate of 5⁰/minute. The lentiCRISPRv2 plasmid was digested with 

BsmB1, purified using the QIAquick Gel Extraction Kit (Qiagen #28706X4), and the guide 

sequences were annealed using T4 DNA Ligase (NEB M0202S). Transient transfection of 

HEK293T cells was used to generate lentivirus (1.5 µg PAX2 [Addgene #12260], 0.3µg MD2g 

[Addgene #12259], and 1.5 µg plasmid) in Opti-MEM media. Virus was collected in DMEM 

media containing 30% FBS for 48 hours then centrifuged and filtered (0.45-micron filter). Virus 

was added to exponentially growing cells for 48 hours with 0.8µg/mL polybrene after which point 

hygromycin was used for selection (500μg/mL). Pooled clones were used for all assays. CRISPR 
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control cells containing a control guide targeting AAVS1 were also produced for use as Cas9 

controls (5’ CACCGGGGGCCACTAGGGACAGGAT 3’).  

For transient gene knockdown, siMCL1 (#L-004501-00), siAKT1 (#L-003000-00) and a 

control siRNA (#D-001810-10) were purchased from Dharmacon and used at a final concentration 

of 25nM. siRNA were transfected into cells using RNAiMAX (Thermo #13378030) in Opti-MEM 

(Invitrogen #31985-062) with antibiotic-free media. Transfected cells were replated 24 hours after 

transfection and treated with drug/radiation the following day (~48 hours post transfection). 

Lysates were harvested from cells 24-48 hours post-transfection (as indicated) to assess the 

efficiency of overexpression/knockdown at the protein level.  Experimental conditions were 

similar with transient overexpression of MCL1 (Origene RC200521) using 1µg plasmid DNA per 

well of a 6-well plate. 

 

Drugs 

ABT-263, ABT-199, WEHI-539, and A-1331852 were ordered from MedChemExpress (HY-

10087, HY-15531, HY-15607, HY-19741) as 10mM solutions in DMSO.  

 

Irradiation 

Irradiation was performed using a Kimtron IC-225 at a dose rate of ~2 Gy/min at the University 

of Michigan Experimental Irradiation Core (225kVp). Dosimetry is performed semiannually using 

an ionization chamber connected to an electrometer system that is directly traceable to the National 

Institute of Standards and Technology (NIST) calibration. The beam was collimated with a 0.1 

mm Cu added filter for cell line irradiation with a half-value-length of 0.51mm Cu. A Thoraeus 
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filter mm Cu filter (0.4 mm Sn + 0.25 mm Cu) and a half-value-length of 2.29 mm Cu was used 

for in vivo xenograft experiments. 

 

Western Blot 

Floating and adherent cells were collected and centrifuged to make cell pellets. Pellets were lysed 

with RIPA buffer (Thermo Fisher #89901) supplemented with cOmplete Mini protease and 

phosSTOP inhibitors (Sigma-Aldrich #PHOSS-RO, #CO-RO) and standardized using a BCA 

protein assay (Thermo Fisher #23225). Membranes were blocked in 5% milk and primary 

antibodies were diluted 1:1000 in 1% milk and used to probe for cleaved PARP (CST #5625), total 

PARP1 (CST #9542), Bcl-xL (CST #2762), Bcl-2 (CST #15071), Mcl-1 (CST #94296), pAKT 

(CST #4060, Ser473), total Akt (CST #9272), PTEN (CST #9559), p110α (CST #4249), Bak (CST 

#12105), β-Actin (CST #11262), and GAPDH (CST #2118). Secondary antibodies were HRP-

conjugated for detection (CST #7074, #7076) and used at a 1:10,000 dilution. 

 

IC50 of proliferation 

Cells were plated in 96-well plates and allowed to adhere overnight. BH3 mimetics were added at 

various concentrations and, after 72 hours, AlamarBlue (1/10th volume; Thermo Fisher 

#DAL1025) was added. Absorbance was measured 3-4 hours after the addition of AlamarBlue 

with an excitation wavelength of 540 nm and an emission wavelength of 590 nm. Absorbance 

values were used to calculate normalized growth percentages compared to vehicle (DMSO) 

controls. A dose-response curve and half-maximal inhibitory concentrations (IC50s) were 

calculated in GraphPad Prism 8.0.  
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Clonogenic survival assays 

Cells plated at single-cell density in 6 well plates were pretreated for one hour with inhibitor and 

plates were radiated at 0, 2, 4, or 6 Gy. Single cell colonies were allowed to grow for 1-3 during 

which time drug containing media was left on cells without replacement. Cells were fixed with 7:1 

methanol and acetic acid and colonies (50+ cells) were visualized with 1% crystal violet staining. 

Linear-quadratic survival curves were fit to each experimental condition as described previously, 

(57) and radiation enhancement ratios were calculated as the ratio of the radiation-treated cells 

divided by the combination treated cells for each treatment group. 

 

Annexin V Staining 

The Annexin-V-FLUOS Staining Kit (Roche #11858777) was used to quantify apoptosis and 

necrosis by flow cytometry. Cells grown in 6-well plates were pretreated for one hour with Bcl-2 

family inhibitors (ABT-263, ABT-199, WEHI-539, A-1331852) at the indicated concentrations 

and radiated at 4 Gy. Cells were collected after 48 hours, washed with PBS, and incubated in the 

dark in 200 µl of binding buffer containing 1 µl of Annexin V-FITC and 1 µl of PI for 30 

minutes before detection using the BioRad Ze5 flow cytometer. Results were presented as the 

total percent of apoptotic cells, including both early apoptosis (Annexin V+/PI−) and late 

apoptosis (Annexin V+/PI+). 

 

In vivo studies 

2x106 MDA-MB-231 cells or freshly passaged tumor fragments from patient derived xenografts 

(PDXs) were orthotopically implanted into the mammary fat pad of CB-17 SCID female mice. 
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Tumors were allowed to grow to ~80mm3 and randomized before treatment began. For the MDA-

MB-231 xenografts, ABT-263 or A-1331852 were given once a day for ten days at 25mg/kg and 

nine fractions of radiation were given, starting one day after the initiation of drug. For PDX4664 

xenografts, drug was started one day prior to RT, given concurrently with six fractions of RT, and 

continued one day post-RT. Tumor size was measured approximately three times per week using 

a digital caliper. Tumor volume was calculated using the equation V = (L * W2) * π/6 (V=volume, 

L=length, W=width). Synergistic effects were calculated using the fraction tumor volume (FTV) 

method as previously described (58,59). 

 

Study approval 

The procedures listed above were approved by the Institutional Animal Care and Use Committee 

(IACUC) at the University of Michigan. 

 

Statistics 

Statistical analyses were performed using GraphPad Prism 8.0. One-way ANOVA with Dunnett’s 

multiple comparisons test was used for clonogenic survival and Annexin V assays. One-way 

ANOVA with Dunnett’s multiple comparisons test at the study endpoint and Log-rank (Mantel-

Cox) test were used for in vivo analyses. (For simplicity, only the statistical comparisons for RT 

vs combination treatment with ABT-263 or A-1331852 are denoted on tumor growth curves). A 

p-value equal to or less than 0.05 was considered significant. 
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Figures 

 

Figure 5.1: Pan Bcl-2 family inhibition radiosensitizes PIK3CA/PTEN wild-type TNBC.  
 
Viability was assessed 72 hours after treatment with ABT-263 in TNBC cell lines (A). 
Expression of PTEN and p110α in TNBC cell lines was assessed by western blot (B). 
Clonogenic survival assays were used to calculate radiation enhancement ratios (rERs) in 
PIK3CA/PTEN wild-type TNBC (red, C,D) and PIK3CA/PTEN mutant TNBC (blue, E-G). All 
experiments represent the average of 3 independent replicates and one way ANOVA with 
Dunnett’s post hoc test was used to compare the surviving fraction of cells at 2 Gy for each 
treatment condition. (ns = not significant, * = p < 0.05, ** = p < 0.01, *** = p < 0.001).  
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Figure 5.2: Pan Bcl-2 inhibition leads to apoptosis in PIK3CA/PTEN wild-type TNBC.  

Apoptosis was assessed by annexin-V/PI flow cytometry in PIK3CA/PTEN wild-type TNBC 
(red, A,B) and PIK3CA/PTEN mutant TNBC (blue, C-E) 48 hours after RT treatment. Western 
blots were used to assess cleaved PARP formation 48 hours after combination treatment and the 
expression of Bcl-2 family proteins (Bcl-2, Bcl-xL, Mcl-1) in each of the TNBC cell lines at 
baseline (F). The concentration for the 1 hour ABT-263 pretreatment was 500nM in CAL-120 
cells and 1µM in MDA-MB-231, MDA-MB-468, SUM-159, and CAL-51 cells. (ns = not 
significant, * = p < 0.05, ** = p < 0.01). 
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Figure 5.3: Bcl-xL, but not Bcl-2, is responsible for radiosensitivity in PIK3CA/PTEN wild-
type TNBC.  
 
Cellular viability was assessed in PIK3CA/PTEN wild-type (red) and mutant (blue) TNBC cell 
lines following 72-hour treatment with WEHI-539 (A) or ABT-199 (F). Annexin-V/PI flow 
cytometry was used to quantify the number of apoptotic cells following drug and/or RT 
treatment (B,C,G,H) and clonogenic survival assays were used to quantify the effects of 
combined RT + WEHI-539 (D,E¸1µM pretreatment for MDA-MB-231 and 250nM pretreatment 
for CAL-120) or ABT-199 (I,J, 1µM for both cell lines) in PIK3CA/PTEN wild-type TNBC. T-
tests were used to compare RT and combination treated groups and a one-way ANOVA with 
Dunnett’s post hoc test was used to compare SF 2 Gy values within each cell line (ns = not 
significant, * = p < 0.05, ** = p < 0.01, *** = p < 0.001). 
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Figure 5.4: Bcl-xL inhibition induces apoptosis in PIK3CA/PTEN wild-type TNBC.  

Apoptosis was assessed 48 hours after RT in MDA-MB-231 and CAL-120 cells pretreated for 
one-hour with WEHI-539 (1µM for MDA-MB-231 and 500nM for CAL-120), A-1331852 (1µM 
for MDA-MB-231 and 500nM for CAL-120), or 1µM ABT-199 prior to RT (A,B,E). 
Clonogenics (n=3) were used to assess A-1331852-mediated radiosensitivity and to assess the 
surviving fraction of cells at 2 Gy. (** = p < 0.01, *** = p < 0.001, **** p < 0.0001). 
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Figure 5.5: Mcl-1 inhibition does not radiosensitize TNBC cell lines regardless of 
PIK3CA/PTEN status.  
 
Viability of TNBC cells was assessed 72 hours after treatment with the Mcl-1 inhibitor S63845 
(A). Clonogenic survival assays were performed in PIK3CA/PTEN wild-type CAL-120 cells (B), 
and PIK3CA mutant SUM-159 cells (C), and PIK3CA/PTEN mutant CAL-51 cells (C) with 
S63845. (ns = not significant). 
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Figure 5.6: Pan Bcl-2 family inhibition or specific inhibition of Bcl-xL radiosensitizes 
PIK3CA/PTEN wild-type TNBC xenografts. 
 
 MDA-MB-231 xenograft tumors (A) were treated with 25mg/kg ABT-263 or 25mg/kg A-
1331852 ± concurrent RT. Tumor volume was measured every 2-3 days (B) and used to 
calculate the median time to tumor tripling (C). A patient derived xenograft (PDX) model of 
TNBC was also used to assess effects of A-1331852 + RT (D-F). Tumor volume was compared 
using a one-way ANOVA at the study endpoint and Kaplan-Meier curves were compared using 
the log-rank (Mantel-Cox) test. (* = p < 0.05, ** = p < 0.01). 
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Figure 5.7: PTEN loss leads to increased Akt/Mcl-1 expression and abolishes 
radiosensitization in TNBC cell lines.  
 
CCLE data was used to plot pAkt expression based on PIK3CA mutation status in TNBC cell 
lines (A). Western blots were used to assess pAkt, Akt, and Mcl-1 expression at baseline (B) and 
following Cas9-mediated knockout of PTEN in MDA-MB-231 and CAL-120 cells (C). 
Clonogenic survival assays were performed in Cas9 control and PTEN CRISPR knockout cells 
to assess radiosensitivity with ABT-263, WEHI-539, A-1331852, and ABT-199 (D-G). Annexin 
V/PI-based flow cytometry was used to quantify apoptosis 48 hours after combination treatment 
in Cas9 control and PTEN knockout TNBC cell lines (H,I). (ns = not significant, * = p < 0.05, ** 
= p < 0.01, *** = p < 0.001). 
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Figure 5.8: Mcl-1 expression leads to radioresistance in TNBC cell lines.  
 
Radiosensitization of cells with transient Mcl-1 overexpression was assessed in MDA-MB-231 
(A) and CAL-120 cells (B). 24-hours post-transfection of FLAG-Mcl-1, cells were treated with 
WEHI-539 and/or RT (4 Gy) and harvested for western blot (C) at 48 hours post-RT. 
Radiosensitization was assessed when siMCL1 was used to transiently knockdown MCL1 
expression in CAL-51 cells (E) and western blots were used to verify Mcl-1 protein expression 
24 hours after transfection of siRNA or FLAG-Mcl-1 (D). Cells were treated with 1µM ABT-
263 or 1µM WEHI-539 24 hours post-transfection (siMCL1) and harvested 48 hours post-RT for 
western blots or annexin V/PI-based flow cytometry (F,G,H) to assess apoptosis. 
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Figure 5.9: Akt is a modulator of Bcl-xL mediated radiosensitivity in TNBC cell lines. 
 
Transient expression of siAKT1 in CAL-51 (A,B) cells and MDA-MB-231 PTEN CRISPR (C) 
cells to perform clonogenic survival assays. Western blots were used to assess Akt expression 
following knockdown (24 hours post-transfection) (D). (ns = not significant, * = p < 0.05, ** = p 
< 0.01, *** = p < 0.001). 
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Figure 5.10: BAK mediates Bcl-xL inhibitor-mediated radiosensitivity in TNBC.  
 
Expression of Bak was assessed 24 hours after RT (1 hour drug pretreatment before RT) in 
PIK3CA/PTEN wild-type (MDA-MB-231, CAL-120, MDA-MB-231 Cas9 control) and mutant 
(CAL-51, MDA-MB-468, MDA-MB-231 PTEN CRISPR) cell lines (A-C). In PIK3CA/PTEN 
wild-type cell lines, Bcl-xL inhibition leads to radiosensitization through suppression of Bcl-xL 
activity and increased Bak expression. In PIK3CA/PTEN mutant type cell lines, overactivation 
of AKT leads to increased Mcl-1 activation and minimal induction of Bak, preventing Bcl-xL 
inhibitor-mediated radiosensitization (D). 
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Table 5.1: Triple negative breast cancer cell line PIK3CA/PTEN mutational status 
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Table 5.2: IC50 values in TNBC cell lines with ABT-263, WEHI-539, and ABT-199. 
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Table 5.3: Fractional tumor volume calculations for MDA-MB-231 xenografts treated with RT 
+ ABT-263 
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Table 5.4: Fractional tumor volume calculations for MDA-MB-231 xenografts treated with RT 
+ A-1331852. 
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Table 5.5: Fractional tumor volume calculations for PDX4664 xenografts treated with RT + A-
1331852 
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Chapter 6 : Discussion   

Summary 

Radiation (RT) treatment is part of the standard of care for breast cancer patients and it is 

often used with other treatment strategies such as chemotherapy and surgery as part of a 

multimodal approach to treat patients with breast cancer (1). While radiation is an effective 

therapy that can be used for local disease control and the treatment of distant metastases, the 

benefits derived from adjuvant radiation therapy are not uniform across the different molecular 

and pathological subtypes of breast cancer (2). Although there are typically higher rates of 

locoregional recurrences in patients with inflammatory and/or triple negative breast cancer, 

disease control in women with multi-node positive breast cancers is suboptimal across all 

subtypes (1). To that end, our studies aimed to develop subtype-specific combination therapies 

that were effective in increasing the effectiveness of radiation therapy in in vitro and in vivo 

models of aggressive breast cancer.  

First, in the context of inflammatory breast cancer (IBC), we demonstrated that inhibition 

of PARP1 with veliparib or olaparib (Lynparza) is selective and specific therapeutic approach to 

induce cell death through the potentiation of radiation-induced dsDNA breaks (Chapter 2) (3). 

Next, we demonstrated that specific inhibitors of cyclin-dependent kinase 4 and 6 including 

palbociclib (Ibrance), ribociclib (Kisqali), and abemaciclib (Verzenio) suppress homologous 
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recombination-mediated dsDNA repair and lead to radiosensitization of breast cancer cells when 

given in combination with RT (4). Although this strategy was initially proposed and validated in 

models of estrogen receptor positive (ER+) breast cancer (Chapter 3), our subsequent studies 

demonstrated that CDK4/6 inhibition + RT is an effective combination therapy in triple negative 

breast cancers that express the retinoblastoma (RB) tumor suppressor (Chapter 4). Finally, we 

showed that BH3 mimetics such as ABT-263 (Navitoclax) or Bcl-xL specific inhibitors (WEHI-

539, A-1331852) – but not the Bcl-2 specific inhibitor ABT-199 (Venetoclax) – radiosensitized 

triple negative breast cancers in a manner dependent on upstream PI3K/PTEN signaling 

(Chapter 5). As a whole, this work demonstrates the efficacy and feasibility of subtype-specific 

approaches to radiosensitization for the treatment of breast cancer.  
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Future Directions  

PARP Inhibition in Inflammatory Breast Cancer 

One of the most important future directions is to characterize the mechanism of PARP1-

mediated radiosensitization in inflammatory breast cancer. Although we demonstrated that RT + 

PARP1 inhibition potentiated dsDNA breaks, we have yet to elucidate the effects of this 

combination therapy on specific DNA repair pathways, including homologous recombination, 

non-homologous end joining, base excision repair, nucleotide excision repair, or mismatch 

exchange. The PARP1 protein has been shown to play an extensive role in these repair processes 

in other cancers, and targeting one or more of these pathways in addition to PARP1 may prevent 

or overcome clinical resistance to PARP1 inhibition. One recent example of this is the antibiotic 

novobiocin, which inhibits DNA polymerase theta (POLθ)-mediated DNA repair, which is 

synergistic with PARP1 inhibition in HR-deficient cancers, such as BRCA2 mutated breast 

cancers (5). 

 Our studies predominately utilized veliparib and olaparib, but there are a number of new 

PARP1 inhibitors with the potential to induce radiosensitization of IBCs with reduced side effect 

profiles or more effective enzymatic inhibition of PARP1. Currently available PARP1 inhibitors 

can also be used as a pharmacophore to bind the PARP1 enzyme as part of novel PARP1 

degraders, as is the case in novel compounds such as SK-575 or iRucaparib-AP6 (6-8). SK-575 

leads to increased apoptosis, higher levels of DNA damage, and decreased cell migration in 

combination with temozolomide and cisplatin, and it is likely that novel PARP1 degraders would 

demonstrate similar levels of synergy in combination with radiation.  

Differences in PARP trapping ability also induce different levels of immune system 

activation after PARP1 inhibition (9). Activation of the cGAS-STING pathway is well-
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coordinated to levels of DNA damage and PARP1 trapping when comparing talazoparib, 

niraparib, rucaparib, olaparib, and veliparib (9). Interestingly, PROTAC-mediated degradation of 

PARP1 can block PARP1 catalytic activity without affecting PARP1 trapping (8,9) or immune 

system activation (9). Because we have yet to clarify which of the PARP1 inhibitor functions is 

essential for radiosensitization in models of TNBC and IBC, PARP1-targeted PROTACs 

represent an important future mechanistic direction of this work.  

 

CDK4/6 Inhibition in ER+ and Triple Negative Breast Cancers 

By extending our initial studies of CDK4/6 inhibition + RT from the context of ER+ to 

TNBC, we demonstrated that RB was an important biomarker for the efficacy of the combination 

therapy. Although we have not specifically tested this strategy in breast cancers that overexpress 

HER2, we hypothesize that HER2+ breast cancer cells lines that express RB will be 

radiosensitized by CDK4/6 inhibition and RT. In addition, this strategy may be beneficial in 

other histopathological classifications of breast cancer (lobular, inflammatory) that are RB intact. 

We demonstrated that manipulation of RB expression changes the overall efficiency of HR-

mediated repair in breast cancer cell lines and that RB interacts with the HR mediator RAD51, 

but future studies should seek to specifically characterize this protein complex and identify 

additional protein mediators that participate in dsDNA repair in complex with the tumor 

suppressor RB. Alternatively, overexpression of phosphorylation-deficient RB protein or kinase 

dead (inactive) CDK4 or CDK6 could be used in our in vitro model systems to further refine our 

mechanistic understanding of CDK4/6 inhibitor-mediated radiosensitization. 

Because CDK4/6 inhibitor-mediated radiosensitization occurs through suppression of 

homologous recombination, another important question to consider is how existing BRCA1/2 
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mutations may influence response to the proposed combination treatment. In these patients, pre-

existing deficits in the homologous repair pathway may preclude response to combined CDK4/6 

inhibition + RT and it may be more effective to pharmacologically target other DNA repair 

pathways such as NHEJ or single stranded DNA repair. In our study, we demonstrated that 

RAD51 and RB interact as part of a protein complex that is necessary for effective repair of 

dsDNA breaks through HR; future studies could address the role of BRCA1/2 in this repair 

complex and determine the effects of BRCA1/2 mutations on the efficacy of CDK4/6 inhibitor-

induced radiosensitization. 

 In the context of ER+ breast cancer, one important clinical question that remains is how 

to optimize the timing and sequence of CDK4/6 inhibition, anti-estrogen therapies, and RT. 

Although it has been debated in the past, recent evidence suggests that anti-ER therapies such as 

tamoxifen and fulvestrant can radiosensitize ER+ breast cancers through an increase in 

senescence a resulting decrease in the efficiency of non-homologous end joining-mediated DNA 

repair (10). The timing of the initiation of anti-estrogen therapy varies across different medical 

centers, and as CDK4/6 inhibitors make their way into the neoadjuvant/adjuvant setting, this will 

also be a necessary question to address. It is likely that these two strategies would have additive 

or synergistic effects when given together with RT in the clinic, but the benefits may be 

constrained by dose-limiting or overlapping toxicities with the triple combination. Furthermore, 

because there is recent evidence to suggest that CDK4/6 inhibition may be equally effective 

when started after fractionated radiation (11), there may be additional nuances in the timing of 

the combination therapy that require optimization in patients. 

Finally, additional studies should be completed to assess the effects of CDK4/6 inhibition 

+ RT in the presence of compounds targeting critical signaling pathways in breast cancer such as 
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PI3K or EGFR; although these therapies are administered less frequently than anti-estrogens in 

patients with ER+ disease, inhibition of PI3K or EGFR has also been shown to affect the 

radiation response in breast cancer (12-14). This is especially applicable for patients with 

ER+/HER2+ disease that receive anti-HER2 small molecule or monoclonal antibody therapies 

such as lapatinib and trastuzumab, respectively. Inhibition of HER2 suppresses HER2-stimulated 

growth pathways and can sensitize HER2+ breast cancer cells to RT; this may be potentiated by 

the addition of a CDK4/6 inhibitor if given concurrently with radiation. Altogether, we need to 

develop a more complete understanding of these potential drug-drug and drug-radiation 

interactions when it comes to developing the most effective, safe, and viable clinical path 

forward for patients with ER+ or ER+/HER2+ breast cancers. In the context of high-risk, early 

stage TNBC, the recent approval of pembrolizumab poses a similar clinical conundrum for 

implementation of CDK4/6 inhibition + RT. Radiation treatment induces a number of cellular 

changes even in the absence of additional small molecule modifiers, and recent evidence has 

even shown that low-dose, fractionated RT can promote tumoral T-cell infiltration and increase 

tumor immunogenicity (15) in cancer cells.  

Similar to these radiation-mediated effects, CDK4/6 inhibitors cause increased antigen 

presentation and increased type III interferon production which stimulate the immune system and 

creates synergistic between CDK4/6 inhibitors and anti PD-1 or anti-CTLA4 therapies (16-20). 

Other groups have demonstrated that, in addition to the stimulation of effective T lymphocytes, 

CDK4/6 inhibition in immunocompetent models can alter the balance of T cell production by 

increasing the number of cytotoxic T cells relative to the number of immunosuppressive T cells 

in models of breast cancer (17,21). The expression of CDK6 is higher in Treg cells than other 

types of T cells, making this a selective strategy in which breast tumors can be primed for 
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immunotherapy (21,22). Our in vivo studies were done in immunocompromised mice, and in the 

future it will be important to evaluate the efficacy of this combination therapy in the context of 

an intact immune system – and in combination with anti PD-1 or CTLA4 therapies that modulate 

the immune system. Current clinical trials that seek to combine palbociclib (NCT02778685) or 

abemaciclib (NCT02779751) with pembrolizumab in metastatic, ER+ breast cancers have 

preliminary data to suggest that the combination therapy is generally well-tolerated (23), and 

future studies could evaluate this treatment strategy in ER+ or RB-intact TNBC in combination 

with RT to harness benefits of CDK4/6 inhibition on both radiosensitization and potentiation of 

the immune response. 

 

Bcl-xL Inhibition in Triple Negative Breast Cancers 

 Our data demonstrated that pharmacologic inhibition of Bcl-xL was sufficient to 

radiosensitize triple negative breast cancers that express wild type PIK3CA and PTEN. In this 

context, AKT-dependent signaling through Mcl-1 and Bak is responsible for induction of 

apoptosis following radiation, and this can be modulated through knockdown or overexpression 

of Mcl-1. In the future, generating comprehensive transcriptomic and proteomic data from 

TNBC cell lines treated with Bcl-xL inhibition and RT would help to form a more complete 

mechanistic picture of this radiosensitization phenotype; extended profiling of PIK3CA/PTEN 

mutant cell lines also has the potential to identify additional critical signaling mediators that are 

responsible for radioresistance in this setting. Although more patients with ER+ breast cancer 

harbor activating PIK3CA mutations or inactivating PTEN mutations, future studies could test if 

Bcl-xL inhibition + RT could be a viable therapeutic strategy for the ER+ patients with wild type 

PIK3CA/PTEN expression. 
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Clinical Trial Design 

PARP Inhibition + RT 

Patients with IBC are treated according to the standard of care for the molecular 

composition of their tumor (anti ER/HER2 therapies). However, due to the biological 

heterogeneity of IBC, the current clinical trial landscape is diverse and covers a large number of 

biological signaling pathways (24,25). In addition to novel chemotherapy regimens, small 

molecules targeted against VEGFR/FGFR/PDGFRα/β (nintedanib and bevacizumab) or JAK1/2 

(ruxolitinib) are currently under investigation for the treatment of IBC. In the metastatic setting, 

epigenetic modifiers (romidepsin), the viral oncolytic agent T-VEC, and immunomodulatory 

agents such as atezolizumab (PD-L1) and pembrolizumab (PD-1) are currently in phase II trials 

for patients with IBC. 

 In contrast to these treatment strategies, our proposed combination therapy of PARP1 

inhibition in combination and radiation specifically aims to increase the efficacy of radiation 

therapy that patients receive as part of the standard of care. This is in alignment with other 

clinical studies that have shown benefit to higher doses of RT or radiation intensification for IBC 

patients compared to non-IBC patients (26,27). Aside from increasing RT dose, increasing the 

efficacy of RT can often be achieved by administering fractionated radiation in combination with 

small molecule/antibody therapies. To assess the safety and tolerability of this combination 

therapy, a 30-patient phase I study was conducted at the University of Michigan (TBCRC 024, 

NCT01477489) for patients with locally recurrent or inflammatory breast cancer. The PARP1 

inhibitor veliparib was given at a dose of 50-200mg twice a day using a time-to-event continual 

reassessment method (TiTE-CRM) approach. 10Gy radiation was delivered in five fractions to 

the chest wall concurrent with administration of veliparib and used to assess safety and 
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tolerability of the combined therapy. Although short term toxicities were minimal, a significant 

number of patients developed severe acute toxicities. 

Our phase II trial (SWOG 1706, NCT03598257, Figure 6.1) is currently the only open 

clinical trial studying a potential small molecule radiosensitizer specifically for patients with 

inflammatory breast cancer. This will be a ~300 patient phase II trial testing the efficacy of 

standard RT therapy against RT + the PARP1 inhibitor olaparib. Olaparib will be orally 

administered at 25mg BID concurrently with RT, with dosing started one day before RT and 

ended on the last day of RT. At the end of the trial, invasive disease-free survival will be 

compared between the two groups in addition to secondary objectives such as local recurrence-

free survival, distant recurrence-free survival, and overall survival. Although this trial is still 

ongoing, it is one example of how targeted therapies can potentially be used in combination with 

radiation to improve rates of recurrence and overall survival in patients with inflammatory breast 

cancer. 

 

CDK4/6 Inhibition + RT 

 Although we have compelling preclinical evidence to suggest that CDK4/6 inhibitors can 

be used to radiosensitize breast tumors, we ultimately sought to develop a clinical trial in which 

we could test our proposed combination therapy (CDK4/6 inhibition + RT) against the current 

standard (RT). Currently, CDK4/6 inhibitors are not generally administered concurrently with 

radiation; however, patients with metastatic breast cancer do receive RT for palliative pain relief, 

and there have been a number of case reports and retrospective clinical trials involving patients 

that received radiation while on a CDK4/6 inhibitor. 
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In these patients, the most common toxicities reported were neutropenias and GI 

disturbances, predominately in patients that received higher doses of radiation (>4 Gy / fraction). 

Of importance, no skin or normal tissue toxicities of Grade 3 or higher were reported in these 

studies and hematological toxicities were not significantly greater than those observed with 

CDK4/6 inhibitor monotherapy. Although our preclinical study suggests that patients who are in 

late-stage disease and resistant to CDK4/6 inhibition may not be the target population to benefit 

from our proposed combination therapy, these data still serve as evidence that CDK4/6 + RT is 

likely to be well-tolerated in patients.  

In order to prospectively test the safety and efficacy of CDK4/6 inhibition + RT, we have 

proposed to test ribociclib administered concurrently with adjuvant radiation therapy for patients 

with hormone receptor positive (HR+) breast cancer (Figure 6.2). After a 30-patient phase I run 

in (Figure 6.3) to optimize dosing and monitor and dose-limiting toxicities, we have proposed a 

300 patient, multi-center, randomized phase II clinical trial testing ribociclib and adjuvant RT 

(Figure 6.4). In addition to the presence of a HR+ breast tumor, patients must have multi-node 

(>3) positive disease or highly proliferative disease (grade 3) to be included in the study.  

Ribociclib is not currently indicated for patients with HR+ breast cancer in the adjuvant 

setting, but this trial proposes a new indication wherein ribociclib would be combined with RT to 

treat early-stage disease. The overall treatment plan and medical toxicology assessment timeline 

for the study is outlined in Figure 6.5. Although the current trials are designed to recruit patients 

with hormone receptor positive breast cancer, the proposed studies could be extended in the 

future to patients with TNBC or other RB-intact breast cancers based on our additional 

preclinical data. 
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Final Remarks  

In conclusion, our studies have demonstrated that targeted therapies can successfully be 

used to increase the efficacy of radiation therapy in a “precision medicine” type approach to treat 

aggressive breast cancers. By tailoring the treatment strategy to the molecular drivers and 

signaling pathways intrinsic to each subtype, we developed combination strategies using targeted 

agents against PARP1, CDK4/6, and Bcl-xL that have shown significant efficacy in preclinical 

models and have led to the development of multiple Phase I/II clinical trials across different 

breast cancer subtypes. While additional studies need to be performed to further characterize the 

proposed mechanisms of radiosensitization in our in vitro models, the most important future 

directions of this work are to validate these findings in a larger range of patient-derived 

xenograft models of breast cancer and to initiate early clinical trials to test the safety and efficacy 

of these combination therapies in patients with breast cancer that are at high risk for locoregional 

recurrence. 
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Figures 

 

Figure 6.1: The phase II clinical trial “Radiation Therapy with or without Olaparib in Treating 
Patients with Inflammatory Breast Cancer” (NCT03598257). 
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Figure 6.2: Treatment options for patients with ER+ breast cancer. 

While all patients with ER+ disease receive endocrine therapy, CDK4/6 inhibitors are primarily 
restricted to the metastatic setting, with the exception of abemaciclib that can be used in the 
adjuvant setting. In contrast to current clinical trials that seek to nominate additional drugs that 
can be used in the event of disease progression on endocrine therapy and CDK4/6 inhibitor 
therapy, our proposed trial (with ribociclib + RT, denoted with the light blue arrow) would be 
used prior to the development of CDK4/6 inhibitor resistance. 
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Figure 6.3: The proposed phase I run-in clinical trial to test the safety and tolerability of 
ribociclib + RT in patients with hormone receptor positive (HR+) breast cancer breast cancer. 
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Figure 6.4: The proposed phase II trial for ribociclib + RT in patients with hormone receptor 
positive (HR+) breast cancer breast cancer. 
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Figure 6.5: The treatment schematic for combined CDK4/6 inhibitor + RT therapy in patients 
with hormone receptor positive (HR+) breast cancer breast cancer. 
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