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Abstract 

Title of Dissertation: Inducing DNA Repair Deficiencies in Triple Negative Breast Cancers 

Through Pharmacologic Stimulation of Innate Immune Signaling 

Lena McLaughlin, Doctor of Philosophy, 2020 

Dissertation Directed by: Feyruz V. Rassool, PhD, Professor, Radiation Oncology 

 

Poly (ADP-ribose) polymerase inhibitors (PARPi) are FDA approved in a subset of 

patients with ovarian cancer or metastatic breast cancers who harbor BRCA gene 

mutations. These mutations generate homologous recombination deficiencies (HRD) and 

are the main predictor to PARPi sensitivity. Unfortunately, responses to therapy have not 

been durable and have failed for the majority of sporadic triple negative breast cancers 

(TNBC). We previously reported that DNA methyltransferase inhibitor (DNMTi) 

azacytidine (Aza) improves the efficacy of a new generation of PARPi, Talazoparib (Tal), 

through increased trapping of cytotoxic PARP-DNA complexes in both BRCA-mutant and 

-proficient TNBC. These trapped complexes lead to increased and persistent levels of lethal 

double strand breaks (DSBs), suggesting that DSB repair may also be impaired with this 

treatment. In the present study, we show that Aza/Tal treatment in BRCA-proficient TNBC 

cell lines significantly downregulates expression of HR and Fanconi Anemia (FA) genes, 

notably FANCD2, and decreases HR activity, thus generating HRD. DNMTi have also 

been established to induce a viral mimicry response which upregulate Type I interferon 

(IFN) signaling and production of inflammatory cytokines. We now link Aza/Tal 

facilitated HRD and induction of innate immune and inflammatory related genes, mediated 

in part through a STING dependent mechanism. Gene set enrichment analysis of RNA-Seq 



 
 

data derived from mono- and combination-treatments, reveal enrichment of innate immune 

and cytosolic DNA sensing pathways with significant increases of TNFα/NF-κB and 

IFNαβ gene sets. Overlap between HRD and immune related signaling was evaluated using 

the STRING database, which reveals a significant interaction specifically between FA 

pathway and TNFα/NF-κB and IFNαβ pathway genes. This inverse relationship was also 

validated in both METABRIC TNBC dataset and other TCGA data sets suggesting broad 

applicability of this observed transcriptional program independent of pharmacologic 

intervention. Additionally, Tal driven cytosolic DNA as well as an Aza augmentation in 

STING protein expression, emerges as the key node in Aza/Tal induced innate immune 

signaling to drive HRD. Induction of what we define as a pathogen mimicry response to 

drive HRD mechanism suggests that DNMTi-PARPi therapy strategies can expand the 

therapeutic scope of PARPi to encompass treatment of BRCA-proficient cancers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

Inducing DNA Repair Deficiencies in Triple Negative Breast Cancers Through 
Pharmacologic Stimulation of Innate Immune Signaling 

 
 
 
 
 

by 
Lena Jessie McLaughlin 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dissertation submitted to the Faculty of the Graduate School of the 
University of Maryland, Baltimore in partial fulfillment 

of the requirements for the degree of 
Doctor of Philosophy 

2020 
 

 

 

 



 
 

 

 

©Copyright 2020 by Lena J. McLaughlin 

All rights reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

Dedication 
 

To my family, for their love and support. I would not have been here without you. I see 

myself in everything you have helped me become today. Also, to my husband, Michael 

McGann, who has been the best person helping me get to this point. And to my parents, 

especially my father, Tim McLaughlin, for their unconditional love, caring, and guidance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

Acknowledgements 
 

First and foremost, I would like to thank my thesis mentor, Dr. Feyruz Rassool for giving 

me the opportunity to join in her lab when I needed help the most. Under her guidance I 

learned to get out of my shell and become the confident scientist I am today. Her 

enthusiasm and love of science has pushed our lab, and especially me, to always reach for 

the top. I will always be grateful to Dr. Rassool for her positivity, persistence, and 

perseverance.  

I would also like to thank my thesis committee members, Dr. Amy Fulton, Dr. Rena 

Lapidus, Dr. David Kaetzel, Dr. Stuart Martin, and Dr. Stephen Baylin, for their support 

and guidance throughout my graduate career. I am especially indebted to Dr. Baylin who 

has been a fantastic second mentor throughout the project’s twists and turns. I am so 

grateful for the joint meetings and overall discussions we have had, and their immense help 

to me to become a better researcher. 

A huge special thanks to Dr. Michael Topper. So often in research we get pulled down and 

stuck but working with you has been inspiring. Thank you for all for helping me and getting 

me to this point. We figured out a few answers but opened up so many more exciting 

questions! 

Additionally, thank you to Dr. Ying Zou, the Translational Laboratory Core, the Genomics 

Core, and the Flow Cytometry Core at UMB.    

I also want to thank my lab members, both past and current. It was amazing having Dr. 

Nidal Muvarak, Dr. Khadiza Chowdhury, Dr. Pratik Nagaria, Chris Biondi, Ade Adewuyi, 

Dan Fontaine, and Bryan Pelkey as friends and colleagues. I would also like to thank the 

current members, Anna Dellomo (and Matt Castagna!), Lora Stojanovic, Aksinija Kogan 



v 
 

(bench buds!), Julia Rutherford, and Dr. Rachel Abbotts. We all work so hard in the lab, 

but it makes it so much easier when your closest friends (and family, because we’re a lab 

family) are in the lab right next to you (with just a little bit of vying for the best PCR 

pipettors, hah!). I would also like to thank Dr. David McCarty, from my previous lab, who 

has continuously helped me from the very start.  

I would also like to acknowledge and thank a few people from my time before graduate 

school who definitely helped start my career into cancer research. Thank you to Mark Muzi 

who introduced me to scientific research and Dr. Jeffrey Schwartz and Dr. David Plotnik 

who taught me those fundamental laboratory research techniques that I still use today! 

Thank you all to my friends who have helped and supported me through these past eight 

years (and longer)! Thank you Dr. Justine Yu and Dr. Jimena Dancy for all the science 

help and, of course, for the skiing/snowboarding trips, the hiking, and the BBQs outside of 

lab for the fun mental breaks. Thank you to Shaw Li, Sarah Ostrach, Zhibin Dai, and San-

dee Ostrach for being part of my local family here. Nikki Laurita and Dr. Phil Balzano, 

thank you so much for some of the best first years of graduate school! And thank you, 

Kirsten Rinker and Travis Voboril, I don’t know what I would have done without you guys.  

Finally, I want to thank my immediate and extended family for their continuous love and 

support. To my sister, Kelley, my brother, Tatsuya, and especially to my parents, Mika, 

Eleonora, Heiko, and Tim. You guys have helped me achieve more than I could have 

dreamed. And to my family at home, my husband, Michael, and Nash, and Korra. My 

days after lab always ended the best regardless of a good science or a bad science day, 

thank you for always supporting me and being a constant rock in my life.  

 



vi 
 

Table of Contents 

Dedication ....................................................................................................................................... iii 

Acknowledgements ......................................................................................................................... iv 

Chapter 1: Introduction ................................................................................................................... 1 

1.1 Breasts cancer classifications and treatments ........................................................................ 1 

1.2 Triple Negative Breast Cancer and Therapeutic Strategies ................................................... 6 

1.3 The DNA damage repair response ...................................................................................... 10 

1.4 The Fanconi Anemia-BRCA pathway ................................................................................. 11 

1.5 PARP inhibitors and synthetic lethality in cancer ............................................................... 18 

1.6 Hypothesis and Aims ........................................................................................................... 23 

Chapter 2: Low doses of DNMTi in combination with PARPi generate an HRD effect in BRCA-

proficient TNBC ............................................................................................................................ 25 

2.1 Introduction ......................................................................................................................... 25 

2.2 Materials and Methods ........................................................................................................ 39 

2.3 Results ................................................................................................................................. 48 

2.4 Discussion ........................................................................................................................... 68 

Chapter 3: Innate Immune signaling can induce homologous recombination deficiencies .......... 71 

3.1 Introduction ......................................................................................................................... 71 

3.2 Materials and Methods ........................................................................................................ 80 

3.3 Results ................................................................................................................................. 85 

3.4 Discussion ......................................................................................................................... 103 

Chapter 4: DNMTi and PARPi converge on STING promoted innate immune signaling to drive 

HRD ............................................................................................................................................ 106 

4.1 Introduction ....................................................................................................................... 106 



vii 
 

4.2 Materials and Methods ...................................................................................................... 115 

4.3 Results ............................................................................................................................... 122 

4.4 Discussion ......................................................................................................................... 134 

Chapter 5: Discussion and Therapeutic Implications .................................................................. 137 

Appendix ..................................................................................................................................... 141 

References ................................................................................................................................... 155 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 
 

List of Tables 

Table 1.1 FA-BRCA pathway and associated genes ......................................................... 13 

Appendix Table S1 ...........................................................................................................141 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 
 

List of Figures 

Figure 1.1 Breast cancer subtypes (specific to invasive ductal carcinoma) by gene 

expression profiling ............................................................................................................3 

Figure 1.2 Summary of various types of DNA damage and repair .................................. 10 

Figure 1.3 Schematic for ICL FA-HR repair .................................................................... 16 

Figure 1.4 PARPi mechanism inhibiting DNA repair ....................................................... 19 

Figure 1.5 Schematic for synthetic lethality ..................................................................... 20 

Figure 1.6 Knockdown of multiple DNA repair associated genes increase sensitivity to 

PARPi ............................................................................................................................... 22 

 

Figure 2.1 Schematic for epigenetic modifications  ......................................................... 30 

Figure 2.2 DNA methylation and inhibition ..................................................................... 31 

Figure 2.3 DNMTi and PARPi are synergistic in BRCA-deficient and proficient TNBC cell 

lines ................................................................................................................................... 33 

Figure 2.4 Transient DNMTi treatment induce an anti-tumor memory response ............. 35 

Figure 2.5 Key pathways and genes modulated by in vitro DNMTi treatment  ............... 36 

Figure 2.6 Adapted model from Muvarak et. al. 2016 for DNMTi+PARPi mechanism  . 38 

Figure 2.7 Low doses of DNMTi downregulates gene expression of BRCAness genes in 

BRCA-proficient TNBC ................................................................................................... 49 

Figure 2.8 Low doses of DNMTi downregulates FANCD2 protein expression and generates 

an HRD effect ................................................................................................................... 50 

Figure 2.9 Low doses of DNMTi downregulates Rad51 foci formation in MDA-MB-231 

DNMTi-induced HRD ...................................................................................................... 52 

Figure 2.10 DNMTi prevents repair of MMC induced chromosomal breaks .................. 53 

Figure 2.11 FANCD2 knockdown downregulates HR activity ........................................ 54 

Figure 2.12 Knockdown of FANCD2 sensitizes to PARPi Tal in vitro and in vivo .......... 55 

Figure 2.13 Transfection of FANCD2 in Aza treated cells partially rescues HR  

Activity ............................................................................................................................. 56 

Figure 2.14 Single agents and combination therapy induce global perturbation of the 

transcriptome..................................................................................................................... 58 



x 
 

Figure 2.15 Single agents and combination therapy modulate expression of DNA repair 

genes ................................................................................................................................. 60 

Figure 2.15 Continued: Single agents and combination therapy modulate expression of 

DNA repair genes .............................................................................................................. 61 

Figure 2.16 Single agents and combination therapy induces innate immune pathways ... 63 

Figure 2.17 Single agent and combination treatment leading edge genes in IFNαβ and 

TNFα/NFκB pathways ...................................................................................................... 64 

Figure 2.18 Interaction between FA and TNFα/NF-κB or IFNαβ pathway genes ............ 66 

Figure 2.18 Continued. Interaction between FA and TNFα/NF-κB or IFNαβ pathway  

Genes................................................................................................................................. 67 

 

Figure 3.1 Activation of PRRs initiates intracellular signaling leading to transcription of 

pro-inflammatory and IFNαβ stimulated genes ................................................................ 72 

Figure 3.2 DNA damage and inflammation positive forward feedback loop ................... 74 

Figure 3.3 Tumor cell immune editing to avoid and suppress immune cell detection ..... 76 

Figure 3.4 DNMTi induced viral mimicry promotes an immunomodulatory response ... 78 

Figure 3.5 Basal, inverse Pearson correlation for METABRIC TNBC patient samples .. 86 

Figure 3.6 Basal, inverse Pearson correlation for METABRIC TNBC mRNA expression 

from patient samples ......................................................................................................... 88 

Figure 3.7 Basal, inverse Pearson correlation for METABRIC TNBC mRNA expression 

from patient samples ......................................................................................................... 90 

Figure 3.8 Short-term acute TNFα cytokine treatment downregulates HR expression and 

activity............................................................................................................................... 92 

Figure 3.9 Short-term acute IFNβ cytokine treatment downregulates HR expression and 

activity............................................................................................................................... 93 

Figure 3.10 IFNβ and TNFα treatment do not affect cell cycle S phase .......................... 95 

Figure 3.11 DNMTi and PARPi induction of chronic expression of TNFα inflammatory 

pathway genes ................................................................................................................... 97 

Figure 3.11 Continued: DNMTi and PARPi induction of chronic expression of TNFα 

inflammatory pathway genes ............................................................................................ 98 

Figure 3.12 DNMTi drives nuclear translocation of p50/p65 ........................................... 98 



xi 
 

Figure 3.13 Knockdown of NF-κB and dsDNA-sensing pathways induce expression of 

FANCD2 ........................................................................................................................... 99 

Figure 3.14 DNMTi and PARPi induction of chronic expression of IFNαβ pathway  

Genes................................................................................................................................101 

Figure 3.14 Continued: DNMTi and PARPi induction of chronic expression of IFNαβ 

pathway genes ..................................................................................................................102 

 

Figure 4.1 Schematic for crosstalk involved in dsDNA/dsRNA sensing to elicit innate 

immune signaling .............................................................................................................109 

Figure 4.2 Schematic for pharmacologic induction of DNA/RNA sensing pathways to 

reestablish anti-tumor immune cell recognition and promote tumor cell death ..............114 

Figure 4.3 DNMTi and PARPi treatments induces cytosolic DNA sensing pathway .....123 

Figure 4.3 Continued: DNMTi and PARPi treatments induces cytosolic DNA sensing 

pathway ............................................................................................................................124 

Figure 4.4 PARPi drives increased cytosolic dsDNA .....................................................125 

Figure 4.5 DNMTi induces protein expression of STING ..............................................127 

Figure 4.6 Perturbation of STING can rescue DNMTi-induced HRD ............................129 

Figure 4.7 Perturbation of STING can impair induction of inflammation gene expression 

despite DNMTi and PARPi treatment .............................................................................130 

Figure 4.8 Perturbation of NF-κB activation can rescue DNMTi induced HRD ............132 

Figure 4.9 Schematic of our pathogen mimicry response leading to HRD .....................133 

 

Appendix Figure S4.1 Basal, inverse Pearson correlation between FA and TNFα/NFκB 

pathway related genes across multiple cancer types ................................................ 145-149 

Appendix Figure S4.2 Basal, inverse Pearson correlation between FA and INFαβ related 

genes across multiple cancer types .......................................................................... 150-154 

 

 



xii 
 

List of Abbreviations 

AI Aromatase Inhibitors 

Alt-NHEJ Alternative Non-Homologous End Joining 

AML Acute Myeloid Leukemia 

AR Androgen Receptor 

ATCC American Type Culture Collection 

ATM Ataxia Telangiesctasia mutated 

ATR Ataxia Telangiesctasia mutated and Rad3 related 

Aza 5-Azacitidine 

BC Breast Cancer 

BER Base Excision Repair 

BL1 Basal-Like 1 

BL2 Basal-Like 2 
 

BRCA1 Breast Cancer Gene 1 
 

BRCA2 Breast Cancer Gene 2 

BSA Bovine Serum Albumin 

cDNA Complementary DNA 

CO2 Carbon Dioxide 



xiii 
 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

Dac Decitabine 

DAMP Danger Associated Molecular Patterns 

DDR DNA Damage Response 

DEG Differentially Expressed Genes 

DMEM Dulbecco’s Modified Eagle Medium 

DNA Deoxyribonucleic Acid 

DNMT DNA Methyltransferase 

DNMTi DNA Methyltransferase Inhibitor 

DSB Double Strand Break 

DSBR Double Strand Break Repair 

dsDNA Double-stranded DNA 

dsRNA Double-stranded RNA 

ER Estrogen Receptor 

EV Empty Vector 

FA Fanconi Anemia 

FBS Fetal Bovine Serum 

FDA Food and Drug Administration 



xiv 
 

FDR False Discovery Rate 

GFP Green Fluorescent Protein 

GSEA Gene Set Enrichment Analysis 

H. Pylori Helicobacter Pylori 

HER2 Human Epidermal Growth Factor Receptor 2 

HR Homologous Recombination 

HRD Homologous Recombination Defects/Deficiencies 

ICL Intrastrand Crosslink 

ID2 FANCD2 and FANCI Complex 

IF Immunofluorescence 

IFNαβ Type I Interferon 

IHC Immunohistochemistry 

IM Immunomodulatory 

iNOS Inducible Nitric Oxide Synthase 

IR Ionizing Radiation 

ISG Interferon Sensitive/Stimulated Genes 

KD Knockdown 

LAR Luminal Androgen Receptor 



xv 
 

MMC Mitomycin C 

M Mesenchymal 

mRNA Messenger Ribonucleic Acid 

MSL Mesenchymal Stem-Like 

 
ncRNA Non-coding RNA 

NER Nucleotide Excision Repair 

NES Normalized Enrichment Score 

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B Cells 

NHEJ Non-Homologous End Joining 

NO Nitric Oxide 

NOS Nitric Oxide Synthase 

NSCLC Non-Small Cell Lung Cancer 

OC Ovarian Cancer 

P/S Penicillin-Streptomycin 

PAMP Pathogen-Associated Molecular Patterns 

PARP Poly (ADP-ribose) polymerase 

PARPi Poly (ADP-ribose) polymerase inhibitor 



xvi 
 

PARylation Poly (ADP-ribosylation) 

PCR Polymerase Chain Reaction 

PDX Patient Derived Xenograft 

PI Propidium Iodide 

PMR Pathogen Mimicry Response 

Poly (dI-dC) Poly(deoxyinosinic-deoxycytidylic) acid 

Poly (I:C) Polyinosinic-polycytidylic acid   

PR Progesterone Receptor 

PRR Pattern Recognition Receptor 

pTBK1 Phosphorylated TANK-Binding Kinase 1 

qPCR Quantitative PCR 

qRT-PCR Quantitative Real Time PCR 

RNA Ribonucleic Acid 

RNA-Seq Ribonucleic Acid Sequencing 

RON Reactive Nitrogen Species 

RONS Reactive Oxygen and Nitrogen Species 

ROS Reactive Oxygen Species 

RT Reverse Transcription 



xvii 
 

SDS-PAGE Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis 

SEM Standard Error of the Mean 

shRNA Short Hairpin RNA 

siRNA Small Interfering RNA 

SSB Single Strand Break 

STING Stimulator of Interferon Genes 

STINGi STING inhibitor 

Tal Talazoparib 

TBK1 TANK Binding Kinase 1 

TBST Tris-Buffered Saline with Tween 

TCGA The Cancer Genome Atlas 

TLR Toll Like Receptor 

TLS Translesion Synthesis 

TNBC Triple Negative Breast Cancer 

TNFα Tumor Necrosis Factor α 



1 
 

Chapter 1: Introduction 

 

1.1 Breasts cancer classifications and treatments 

 

Breast cancer (BC) is the most commonly diagnosed cancer (excluding skin cancer) among 

women. In the United States, one in eight women have a lifetime risk of developing BC 

and in 2019, there were approximately 268,600 new cases of invasive BC resulting in 

41,700 female deaths [1]. Although BC remains the second leading cause of all female 

related cancer deaths, after lung cancer, the number of BC related deaths has decreased 

over time resulting from better methods of early detection along with increased and more 

personalized treatment paradigms.  

BC is a highly heterogenous disease which can be subclassified based on its histological 

and molecular differential characteristics [2]. As a hormonal cancer, the steroidal growth 

factor estrogen, has been an important factor in the tumorigenesis and progression of BC 

[3]. As such, the presence of the estrogen receptor (ER), which is activated by the binding 

of estradiol (estrogens), is one of the most important prognostic and predictive biomarkers 

in BC for personalized and targeted therapy approaches [3]. There are numerous 

approaches to the treatment of BC, among which surgery and excision of tumor tissue, 

radiation therapy, and chemotherapy are implemented. The ultimate goal for cancer 

therapy, as a whole, is narrowing to a personalized patient dependent approach, and BC is 

no exception where the presence of ER, progesterone receptor (PR), and human epidermal 

growth factor 2 (HER2) are the major predictors for initial targeted therapy [4]. 

Unfortunately, after treatment, nearly one third of women develop resistances to these 
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targeted therapies, while almost all patients with advanced stages of the disease develop 

resistance, thus highlighting the need for additional treatment strategies [5]. 

Through extensive gene profiling of breast cancer tissue from an array of patients, Perou 

et al., and later, Sorlie et al., have paved the way for the common nomenclature and 

classification and molecular profiling of BC that is used today [6, 7]. Tumor size, patient 

age at diagnosis, histological grade of the tumor, and lymph node status, are key in the 

evaluation of BC. Additionally four major tumor subtypes are used to subclassify patients: 

Luminal A, Luminal B, HER2 enriched, and basal-like which further differ in survival 

probability and dictate mode of therapy (Fig. 1.1) [6-10].   
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Figure 1.1 Breast cancer subtypes by gene expression/receptor status.  

The majority of patients diagnosed with BC express ER, PR, or HER2 (top left panel). Patients with 
positive receptor status can receive targeted therapies including Fulvestrant, Tamoxifen, Aromatase 
inhibitors, and Herceptin (top right panel). Patients who do not express the three major receptor 
types are diagnosed with triple negative breast cancer (bottom panel) and do not benefit from 
common targeted therapies for BC patients. Figure created in BioRender. 
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Approximately 75% of cancers (generally comprising of Luminal A and B subtypes) are 

ER positive and benefit from targeted therapy ER inhibition [11]. Hormone dependent 

signaling depends on ER activation and translocation into the nucleus where it promotes 

transcription of genes involved in cell cycle progression, survival, and angiogenesis [12]. 

Targeting with direct antagonists such as tamoxifen, a selective estrogen receptor 

modulator, or fulvestrant, a selective estrogen receptor down-regulator, has significantly 

improved the overall survival in premenopausal patients [12-14]. Alternately, aromatase 

inhibitors (AI), such as letrozole and anastrozole, block estrogen synthesis, thereby reduce 

circulating estrogen and prevent hormone dependent tumor growth, thus are currently first 

line treatment in post-menopausal women [15].  

Luminal A BC make up approximately 50-60% of patients and are the most commonly 

diagnosed subtype [6, 16]. In general, patients have a favorable prognosis with lower rates 

of disease relapse. Tumors are frequently diagnosed with a lower histological grade with 

lower expression of cell proliferation related genes [17]. Patients benefit from endocrine 

related and AI therapies and are defined as ER+, PR+, and HER2-.  

Luminal B BC, although present as ER+, often have lower expression of ER compared to 

the Luminal A subtype [18]. Patients who present as Luminal B do not respond and are 

often resistant to ER targeted therapy [18]. Though Luminal B tumors often present as 

ER+, PR+ and either HER2-/+ (10-20% present as HER2+, although not enriched for 

HER2 expression), gene expression related to increased cell proliferation is a general 

hallmark of Luminal B tumors [18]. Unfortunately, although they represent 15-20% of 

BCs, Luminal B tumors are more aggressive in phenotype and have a higher histological 
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grade, thus a poorer prognosis and these women experience overall lower survival rates 

than those with Luminal A tumors [17].  

HER2 enriched and basal-like subtypes represent the ER- category of BCs. HER2 enriched 

represent 15-20% of patient diagnoses and generally present as ER-, PR-, and HER2+ [19]. 

It is noted that some patients with HER2 enriched tumors express low levels of ER, similar 

to Luminal B tumors, although the enrichment and constitutive activation of the HER2 

receptor is key [2]. HER2 is a member of the epidermal growth factor receptor family of 

transmembrane tyrosine kinases. Upon activation, receptor homo- or hetero- dimerization 

leads to phosphorylation and activation of a multitude of pro-growth signaling cascades 

[20]. Patients have poor prognosis and survival with a higher rate of disease relapse and 

these tumors are associated with a higher histological grade and are poorly differentiated 

[21].  

Basal-like tumors are named for their cell of origin and gene expression resemblance to the 

breast basal myoepithelial cell layer. These tumors represent 10-20% of BC diagnosis and 

are generally associated with ER-, PR-, and HER-, and therefore often interchanged with 

triple negative breast cancer (TNBC) [22, 23]. Importantly, although basal-like and TNBC 

are often interchangeable, a TNBC classification is used in the clinical setting due to the 

immunohistological negativity in receptor status. However, there are a number of 

disparities in gene expression profiling that show further complexity in basal-like tumors 

which cannot be routinely provided in the clinic [22, 24]. Basal-like tumors are associated 

with an overall lower survival rate and poor prognosis with a high risk of disease relapse 

[21]. These tumors present with a high histological grading with an extremely aggressive 

phenotype and metastatic potential [25]. Due to their triple negative status, there are no 
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common targeted therapies available thus patients are limited to surgery, radiation therapy, 

and chemotherapy. Work is underway to further differentiate TNBC tumor subtypes and 

to identify potential targeted therapies in a patient-specific manner.  

 

1.2 Triple Negative Breast Cancer and Therapeutic Strategies 

 

TNBC is a heterogenous disease associated with an overall poor prognosis and reduced 

survival. Due to the lack of targeting potential, patients undergo systemic chemotherapy 

[23]. Remarkably, 15-30% of TNBC patients who have a complete response to therapy 

have similar survival rates to non-TNBC patients [26].  In contrast, the majority of patients 

who do not achieve a complete response have significantly poorer outcomes, with higher 

relapse rates and decreased overall survival [26]. The peak of tumor recurrence and risk of 

death are increased in the first five years with approximately 70% of TNBC related deaths 

occurring within the first five years of diagnosis [27]. The identification of novel 

therapeutic approaches is urgently needed for TNBC patients. To further understand the 

molecular basis of TNBC, several extensive studies have attempted to subgroup TNBC 

cancers based on the genomic signatures. TNBC can be further subdivided into six specific 

sub categories that clustered in: Basal Like-1 (BL1), Basal Like-2 (BL2), 

Immunomodulatory (IM), Mesenchymal (M), Mesenchymal Stem-Like (MSL), and 

Luminal Androgen Receptor (LAR), with an additional seventh unstable cluster in which 

tumors could not be further distributed [28]. Though additional studies and other groups 

have alternatively subdivided TNBC tumor types into similar groupings i.e., LAR, basal-

like immunosuppressed, basal-like immune activated, and mesenchymal, further studies 
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differentiating tumor types are still required [29, 30]. Nonetheless, for purposes of our 

studies, we have used the original six subcategories of TNBC.  

The distribution of TNBC patients who were subcategorized into the six main groups were 

comprised of 18% BL1, 11% BL2, 21% IM, 21% M, 8% MSL, 9% LAR, with the 

remaining 12% unable to be classified [28, 29]. The BL1 subtype is typically enriched for 

elevated DNA damage response gene expression and elevated cell cycle and cell division 

pathways whereas BL2 are enriched in multiple growth factor signaling pathways 

including epidermal growth factor, MET, and WNT/β-Catenin pathways with enrichment 

for myoepithelial biomarkers [28]. Patients with tumors classified as BL1 and BL2 had 

significantly higher complete responses when treated with taxane-based therapies 

compared to other subtypes [31, 32]. The IM subtype, as its name suggests, is enriched for 

signaling involved in immune cell processes including cytokine/chemokine production, 

innate immune signaling transduction, and immune cell surface antigen presentation [28]. 

The M and MSL subtypes share many similarities with upregulation of genes promoting 

epithelial to mesenchymal transition and cell motility. However, the MSL subtype 

additionally have decreased expression related to cell proliferation with an increase in 

expression of stem cell and mesenchymal stem-like markers [28].  Finally, the LAR 

subtype was enriched for the androgen receptor (AR) and appeared as more of a luminal-

like BC [28]. The AR-driven molecular phenotype of the LAR TNBC subgroup has 

implications for targeting these tumors with an AR specific inhibitor, which are commonly 

used to treat prostate cancers [33].  

Efforts to predict for therapy response between the seventh subtype grouping (and the 

narrowed down TNBCtype4 [29]) have demonstrated differential clinical response to 
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neoadjuvant therapy. In a small cohort of 130 patients who received neoadjuvant 

anthracycline, taxanes, or combination, TNBC subtyping was able to generally predict for 

complete response status [34]. Interestingly, while the BL1 subtype had the highest 

complete response rate (52%), BL2 and LAR had the lowest (0% and 10%, respectively) 

complete response (with M, MSL, and IM having a complete response of 31%, 23%, and 

30%, respectively) [34]. This is likely due to the BL2 and LAR enrichment for growth 

factor pathways making them candidates for growth factor inhibitors [28]. The additional 

AR receptor status in the LAR subtype suggests that these tumors are likely to be 

susceptible to additional AR inhibition compared to neoadjuvant chemotherapy alone. 

Several studies have also associated tumor-infiltrating lymphocytes (TILs) with increased 

rates of complete response and recurrence-free survival with neoadjuvant therapy. As 

expected, BL1 subtypes had the highest immune signature (gene enrichment for immune 

cell processes) at 48%, while all M phenotype tumors had 0% immune enrichment 

suggesting that mesenchymal-like tumors have an immunosuppressed tumor 

microenvironment [35]. In total, these data represent the need to differentiate patient tumor 

types for a more personalized treatment approach. While neoadjuvant chemotherapy 

certainly predicts for response in BL1 tumor types [26], an expanded option of growth 

factor inhibitors, AR inhibition, or immune activation and checkpoint inhibition, is 

required for TNBC patients. 

The discovery of inherited mutations in two critical tumor suppressor genes, Breast Cancer 

1 and 2 (BRCA1 and BRCA2), have led to the development of many novel therapies in BC 

and ovarian cancer (OC), and one of first targeted therapies in TNBC [36]. BRCA1 and 

BRCA2 mutations are responsible for the majority of hereditary breast cancers and are 
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closely correlated with progression to TNBC [37]. Patients with inherited heterozygous 

mutations in BRCA1/2 account for 5-10% of BC diagnosed, in which up to 30% of those 

diagnoses are TNBC [37, 38]. The BRCA1/2 genes play critical roles in maintaining 

genomic integrity in the DNA damage response (DDR) through homologous 

recombination (HR) mediated repair, thus mutations in these genes impair DNA repair 

function [39, 40]. Homozygous knockouts in mice displayed severe embryonic lethal 

phenotypes, thus highlighting the importance of BRCA1/2 gene functions in normal cell 

development [41]. Cancer risks associated with BRCA1/2 mutations due to loss of 

heterozygosity, increase substantially with age, with a predicted overall lifetime risk of up 

to 80% for developing BC and 60% for developing OC [42, 43]. Though mutations in 

BRCA1/2 have increased susceptibility to cancer risks, defects in BRCA1/2 have led to the 

development and use of poly (ADP-ribose) polymerase (PARP) inhibitors (PARPi).  

Olaparib, Rucaparib, Niraparib, and Talazoparib (Tal) are currently approved by the United 

States Food and Drug Administration (FDA) for the treatment of OC and metastatic BC in 

patients with BRCA1/2 germline mutations [44, 45]. Although BRCA mutation status has 

been the key factor in predicting PARPi sensitivity, patients with sporadic OC with in-tact 

BRCA genes also have showed clinical benefit from PARPi [46-48]. However, the lack of 

additional predictive biomarkers limits the clinical use of PARPi for sporadic cancers. 

Efforts to expand from solely using BRCA1/2 mutations to identifying other defects in 

DNA repair genes are being explored to predict for PARPi therapy response. 
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1.3 The DNA damage repair response 

 

DNA damage is accumulated in a normal cell setting from DNA replication, cell division, 

metabolism etc., and can also be damaged through diseases (such as from infection) and 

environmental factors, such as sunlight [49]. Long term effects of DNA damage are 

associated with increased mutagenesis and genomic instability, and therefore, 

tumorigenesis [50]. The DDR is a complex, highly regulated and necessary process 

responsible for the maintenance of the cellular genome. Though specific types of DNA 

damage trigger specific DNA repair mechanisms, often many factors from different 

pathways come together to facilitate the intricate process of repairing the damaged DNA 

(Fig. 1.2) [49].  

Figure 1.2 Summary of various types of DNA damage and repair. 

Common DNA damaging agents can lead to base mismatching, bulky adducts (CPD/6-4PP), DNA 
intrastrand crosslinks, single strand breaks, and double strand breaks which trigger various DNA 
repair processes. Figure created in BioRender. 
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 In brief, there are multiple specialized repair mechanisms, although the most deleterious 

result from lack of repair of double strand breaks (DSBs) [51]. DSBs are primarily repaired 

via the high-fidelity homologous recombination (HR) repair pathway during cell 

replication. HR utilizes the DNA sister chromatid during replication to repair to maintain 

the correct sequence identity of the genome. Non-homologous end joining (NHEJ) and 

Alternative NHEJ (Alt-NHEJ) are also key to repairing DSBs, however they involve 

joining blunt DNA ends together and can lead to large deletions in the DNA, hence 

increased genomic instability [52]. Other pathways involved in SSBs are repaired through 

Base Excision Repair (BER) or Nucleotide Excision Repair (NER), which is closely linked 

to Translesion Synthesis Repair (TLS), for shorter bulkier DNA damaged [49]. Diseases 

associated with mutations in repair, including NER, Fanconi Anemia (FA), Mismatch 

Repair (MMR), and HR, have result in increased genomic instability and therefore 

increased susceptibility to cancer [53]. As a consequence, cancer cells have greater 

dependency on other repair mechanisms which leaves them vulnerable to be treated with 

DNA damaging agents and DNA repair inhibitors such as PARPi [36].  

 

1.4 The Fanconi Anemia-BRCA pathway  

 

Fanconi Anemia is a DNA repair pathway essential for the repair of intrastrand covalent 

DNA crosslinks (ICLs) which was first described over a century ago by Swiss physician 

Guido Fanconi [54]. FA is a rare recessive disease (or X-chromosomal linked for the case 

of FANCB) that affects 1 in 100,000 births worldwide leading to developmental delays, 

skeletal abnormalities, endocrine dysfunction, aplastic anemia, and typically lead to bone 
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marrow failure and hematological malignancies [55]. Mutations and deficiencies in any 

member of the FA pathway results in FA and predisposes patients to cancer (increased 

mutagenesis due to genomic instability). FA is classically associated with increased 

chromosomal abnormalities when exposed to DNA crosslinking agents, such as Mitomycin 

C (MMC) or platinum agents such as cisplatin. Upon crosslinking and DNA damage, cells 

from patients with FA, are unable to repair this damage leading to visual chromosomal 

damage and radial formations. Karyotyping analysis for these characteristics is used to 

diagnose FA [56].  

Biallelic mutations in 22 FANC complementation groups are currently known to cause FA, 

additionally, both BRCA1 and BRCA2, are also considered as FANC genes, which were 

discussed previously, where their monoallelic mutations are associated with direct 

increased cancer susceptibility. The FA pathway is often referred to the FA/BRCA 

pathway, given the interconnectivity between FA and the HR pathway [56, 57]. The FA 

complementation group is comprised of FANC-A, B, C, D1, D2, E, F, G, I, J, L, M, N, O, 

P, Q, R, S, T, U, V, and W which functions together to form an FA complex core acting as 

an E3 ligase to catalyze and activate the monoubiquitination of FANCD2 and FANCDI 

Table 1.1) [58].  
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Table 1.1 FA-BRCA pathway and associated genes.  

The 22 genes that are, to date, involved in FA-BRCA pathway, comprising the FA core complex 
(FANC-A, B, C, E, F, G, L, M, T), the ID2 complex (FANC-P, D2, I), and additional HR related 
genes (FANC-D1, J, N, O, R, S, U), recently added FANC-V, W, Q (novel FANC-Y is currently 
being explored), and additional FA associated genes necessary for FA-HR function. Figure from 
Niraj et al., 2019. 
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Upon recognition of an ICL, a coordinated FA core complex (FANC-A, B, C, E, F, and 

G), with the helicase FANCM, FANCT (UBE2T) and FANCL, the E2 ubiquitin 

conjugating enzyme and E3 ubiquitin ligase, respectively, monoubiquitinate the FANCD2 

and FANCI heterodimer [58]. Though the monoubiquitination of FANCD2 at K561, and 

FANCI at K563 are at the very core for DDR, mutations in any number of the FA genes 

can prevent repair from occurring and remain essential for the integrity of DNA DSB repair 

(DSBR) [59]. Mutations in four FA genes, were previously associated with HR dysfunction 

susceptibility to BC, i.e., FANC-D1, J, N, and S, or BRCA2, BRIP1, PALB2, and BRCA1. 

The multifaceted role for these HR proteins in numerous DNA repair pathways highlights 

the interconnectivity of FA to HR [60]. All ICL lesions require DSBR, which are associated 

with HR mediated repair in a highly coordinated and regulated series of events. FA and 

HR mediated repair of ICLs primarily occurs during S phase of the cell cycle, but ICL 

repair can also involve factors from NER and TLS especially in nondividing cells [58, 61]. 

ICLs are toxic DNA lesions that prevent replication and transcription from occurring 

preventing the separation of DNA double strands causing replication fork stalling [62].  

ICL dependent FA repair is initiated by FANCM, a DNA translocase and component of 

the FA core complex,  and is constitutively localized to the chromatin due to its interactions 

with histone fold-containing proteins MHF1/2 [63]. During replication, upon scanning of 

DNA and recognition of ICLs, FANCM in addition to MHF1/2, FAAP24, and other FAAP 

factors, initiate repair upon recognition of multiple ICLs [63]. Recruitment of the additional 

FA factors is mediated in part by FANCM recruitment and activation of the ATR 

dependent checkpoint kinase, that initiates critical phosphorylation cascades of other repair 

factors, including FANCD2, FANCI, Chk1, and Rad51 [64]. Given the importance of cell 
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cycle and the role of ICL repair during replication fork collapses during S phase, ATR and 

ATM play an important role as cell cycle checkpoint mediators in response to DNA 

damage [65]. The resulting SSBs and DSBs that result in the initiation of repair, activate 

ATR and ATM to stabilize the replication fork and halt cell cycle. Recruitment of the FA 

complex then triggers the monoubiquitination of the FANCD2/FANCI (ID2) complex 

[56]. Though it is known that the monoubiquitination is critical and is the core for ICL 

repair, the exact molecular function of the ID2 complex remains to be further elucidated 

[66, 67]. Indeed, it is currently the consensus that the ID2 complex can act independently 

and exist as a heterodimer in an inactive state [66]. The activation of the ATR/Chk1 kinase 

pathways acts as an FA pathway on switch by directly phosphorylating FANCI to allow 

for dissociation of the ID2 complex and thereby allowing for FA core complex dependent 

monoubiquitination [68]. ATM/Chk2 activation upon DSB recognition also is key for 

FANCD2 phosphorylation. Though the molecular basis of ATM dependent 

phosphorylation of FANCD2 still remains unclear, phosphorylation of FANCD2 does not 

affect its monoubiquitination, and are theorized to have an effect on S phase checkpoint 

and blocking the progression of DNA replication [69]. The nuances between FANCD2 and 

FANCI remain unclear, although the required dissociation events indicate independent 

roles for each monoubiquitinated form. FANCD2 is also more abundant than FANCI and 

HR repair seems more dependent on FANCD2 presence [66, 68]. Ultimately, the 

monoubiquitination events do lead to an accumulation of the ID2 complex to further recruit 

other repair factors and orchestrate downstream DNA repair in a highly regulated process 

(Fig. 1.3) [58]. 

 



16 
 

 

Figure 1.3 Schematic for ICL FA-HR repair.  

During S phase of cell cycle, upon recognition of an ICL (1) by FANCM/MHF1/2/FAAP, ATR and 
ATM are activated as checkpoint regulators (2) and in turn phosphorylate FANCD2/I while the FA 
complex is recruited to the site of damage (3) and is then able to monoubiquitinate FANCD2/I (4). 
Monoubiquitination of FANCD2/I recruits SLX4 and other nucleases (5) to unhook the DNA at the 
ICL (5) and allow for DNA repair. The lesioned DNA is bypassed by TLS mediators REV1/Polζ (7) 
and the opposing DNA with the DSB undergoes end resection (8) and RPA loading to the exposed 
ssDNA (9) to initiate HR-mediated repair. RPA is displaced with Rad51 via BRCA1/2/ and PALB2 
(FANCN) (10) and further stabilized by FANCD2/BRCA1/2 (**indicated) to complete strand 
invasion and DNA synthesis with sister chromatid and maintain genomic integrity (11). Modified 
from Niraj et al., 2019. 
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The monoubiquitinated FANCD2 or FANCI acts as a scaffold, recruiting other HR factors, 

first by recruiting SLX4 (FANCP) which in turn is associated with additional nucleases 

including XPF (ERCC4/FANCQ) and FAN1, resulting in DNA nucleolytic cleavage, or 

unhooking of the crosslink [70]. During replication, once unhooked, the ICL still exists in 

one strand of DNA required for replication, which is bypassed to continue DNA replication 

by REV1 and Polζ dependent TLS and NER mechanisms [71]. The opposing DNA strand 

that is unhooked results in a DSB, which are preferentially repaired by additional HR and 

FA factors [72]. These DSBs can also be repaired via error prone NHEJ or alt-NHEJ, which 

lead to increased genomic stability, although during S phase, HR is the dominant repair 

pathway for DSBs [52]. HR mediated DSBR initiates with DNA resecting by the MRN 

complex (MRE11/Rad50/NBS1) to prime for strand invasion any synthesis. The resulting 

strands of ssDNA are stabilized by RPA loading to prevent degradation of the strands, 

followed by PALB2 (FANCN) mediating BRCA1/2 displacement of RPA and loading of 

Rad51 which facilitates strand invasion and Holliday junction formations, and finally DNA 

synthesis and resolution of the DSB [73-75]. Additionally, during high replication stress, 

activated FANCD2 stabilizes RAD51-ssDNA filaments with BRCA1 and BRCA2 to 

protect replication forks and prevent their collapse and prevents aberrant MRN end 

resection of DNA [58]. This highlights the importance of FANCD2, specifically in HR 

mediated repair, and the multifaceted functions of downstream FA factors. Given the 

importance of FA in HR mediated repair and the crosstalk that occurs between them, it is 

no surprise that FA deficient cancers are also sensitive to PARPi and DNA damaging 

therapy.  
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1.5 PARP inhibitors and synthetic lethality in cancer 

 

PARP1 is an abundant nuclear protein that plays a key role in BER and senses and 

contributes to repair of DNA SSBs, working through catalyzing poly-(ADP-ribosyl)ation, 

or PARylation, of itself, histones and other target proteins [76-78]. PARylation is a post-

translational modifier that regulates many cellular processes including DNA repair, 

chromatin modification, cell cycle regulation and apoptosis [79]. PARPs have been 

classically linked to SSB repair, by binding to the site of damage and recruiting other 

proteins, such as XRCC1, by PARylation, however there is increasing evidence for its role 

in DSB repair [76, 80, 81]. PARPi have several mechanisms of action, the catalytic 

inhibition of PARP by blocking its PARylation activity, and second generation of PARPi 

can also trap PARP at DNA SSBs to create cytotoxic lesions [82]. For this new generation 

of PARPi, their primary cytotoxic effects have been correlated with trapping of cytotoxic 

PARP1-DNA complexes at sites of SSBs and DSBs break sites (Fig. 1.4) [83].  
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Blocking the catalytic activity of PARP1 has been shown to inhibit BER, resulting in 

accumulation of SSBs and generation of DSBs during replication, this damage, in turn 

activates HR [80, 81]. Second generation PARPi exert their primary cytotoxic effects with 

trapping of cytotoxic PARP1-DNA complexes at sites of SSBs and DSBs. Importantly, the 

trapped PARP-DNA complexes lead to stalling and collapsed replication forks, which 

require additional mechanisms to repair [83]. This is well reflected in the fact that up to 

100-fold greater inhibitory activity is associated with the increased ability of the potent 

PARPi, Tal, to trap PARP1-DNA complexes, compared to weaker PARPi such as veliparib 

(ABT888) [82].  

Figure 1.4 PARPi mechanism inhibiting DNA repair.  

PARPi acts by two major mechanisms, either by inhibiting the catalytic PARylation function or by 
affecting the DNA binding of PARP thereby trapping and creating PARP-DNA complexes (top). 
During the formation of SSBs, inhibition of the catalytic function and creation of PARP-DNA 
complexes lead to DSBs during replication. DSBs and protein-DNA complexes are repaired via HR 
and other related pathways. Figure from Murai et al., 2013. 
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PARPi prevent SSB repair, increase DSBs, and depends on HR mediate repair thus when 

used in cancers with BRCA1/2 mutations, PARPi use lead to cell death through synthetic 

lethality [84]. The basis of synthetic lethality is understanding the molecular underpinnings 

in cancer and to use drug targets that would be lethal for the cancer cells but leave normal 

cells unharmed [85]. The PARPi and BRCA1/2 mutation relationship is the best 

characterized and example for synthetic lethality (Fig. 1.5) [86].       

 

Figure 1.5 Schematic for synthetic lethality. 

Representative of PARPi in cancers with BRCA mutations. When DNA is damaged, SSB repair is 
initiated and mediated by PARP (left side of diagram). Use of PARPi prevent SSB repair and thus 
accumulate in DSBs. Normal cells can repair DSBs through HR and thus lead to cell survival 
(middle). Cancer cells with mutated BRCA1/2 have defects in HR and are unable to repair the 
accumulated DSBs and lead to cell death (right). Figure created in BioRender. 
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Tumors that present as BRCA-deficient lack the ability to efficiently undergo HR to 

perform repair [36]. In normal conditions, during DNA damage, PARP1 recognizes SSBs 

and initiates BER repair to properly repair the damage [80, 81]. Use of PARPi in normal 

cells with intact BRCA1/2 genes, lead to generation of DSBs from the unrepaired SSBs, 

however this can be repaired by HR in an error prone free manner. Still, tumors that have 

BRCA1/2 deficiencies are unable to repair the DSB break that results from treatment with 

PARPi, leading to tumor cell death via synthetic lethality [87]. Though BRCA status has 

to date been the main factor predicting PARPi effectiveness, responses to PARPi therapy, 

even in BRCA-mutant breast cancers, have not been highly durable [88]. Recent studies 

have shown that disruptions of any of several HR-related pathway events, such as those 

that occur similarly to BRCA mutations, disruption of expression and/or function of FA, 

and ATM genes, can lead to HR deficiencies (HRD) or “BRCAness”, and thus can predict 

for sensitivity and tumor cytotoxicity to PARPi (Fig. 1.6) [83, 89, 90]. However, PARPi 

have still failed to show impressive clinical benefit for patients with sporadic TNBCs 

and/or other cancers with intact BRCA genes (BRCA-proficient), suggesting the necessity 

for developing new strategies to maximize the efficacy of these inhibitors.  
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Figure 1.6 Knockdown of multiple DNA repair associated genes increase sensitivity to PARPi. 

In Vitro verification of sensitivity to the three FDA approved PARPi. Knockdown of various factors 
in DNA repair lead to increased sensitivity to PARPi. Expectedly, knockdown of BRCA1 and 
BRCA2 have increased sensitivity to PARPi. Other factors that were knocked down related to HR, 
FA, and NER also increased sensitivity to PARPi. Therefore, PARPi use can be expanded to multiple 
cancer types with mutations and deficiencies in other DNA repair pathways, but are still limited in 
use for tumors that display a BRCAness phenotype. Figure from Murai et al., 2013. 
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1.6 Hypothesis and Aims 

 

PARPi monotherapy strategies are being used in the clinic primarily for OC and BC 

cancers with BRCA mutations. However, PARPi have failed for the majority of sporadic 

cancers have intact BRCA1/2 genes and are BRCA-proficient. Studies are underway to 

expand the use of PARPi with combination therapy and by identifying patients with tumors 

that have a BRCAness phenotype. We have shown that PARPi in combination with DNA 

methyltransferase inhibitors (DNMTi), have increased efficacy in both BRCA-proficient 

and BRCA-deficient TNBC, and additionally in other BRCA-proficient cancers, including 

OC, acute myeloid leukemia (AML), and non-small cell lung cancer (NSCLC) [91-93]. 

Low doses of DNMTi can epigenetically reprogram a prolonged anti-tumor memory effect 

in multiple solid tumors and in leukemia in vitro and in vivo. Importantly, DNMTi can 

induce BRCAness in NSCLC, (IR). DNMTi can also facilitate immune-related signaling 

and induce a viral mimicry response in specifically through downregulation of FANCD2, 

and thus is synergistic with PARPi in combination with ionizing radiation multiple cancer 

types [94-96]. Our overall hypothesis is that DNMTi induced innate immune signaling 

potentiates a BRCAness phenotype in BRCA proficient TNBC and therefore is synergistic 

with PARPi, thus we mechanistically will link innate immune signaling with DNA repair. 

We will further elucidate the effects of DNMTi+PARPi in TNBC with the following 

specific aims: 

Specific Aim 1: Determine the extent of DNMTi induced BRCAness and elucidate their 

effects on the DNA damage response. 
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Specific Aim 2: Elucidate the link between innate immune signaling and DNA repair in 

context to DNMTi+PARPi 

Specific Aim 3: Evaluate the role of DNMTi+PARPi signaling inducing Stimulator of 

Interferon Genes (STING) in potentiating BRCAness in TNBC. 

Our findings provide important translational implications in expanding the use of PARPi 

in BRCA-proficient cancers and uncover a novel link between innate immune signaling 

and induction of BRCAness.  
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Chapter 2: Generation of HRD in BRCA-proficient TNBC using low doses of 

DNMTi1 

 

2.1 Introduction 

 

Implications for BRCAness in PARPi cancer therapeutics  

 

PARPi have increased efficacy in BRCA-mutant OC and BC due to synthetic lethality and 

several are now FDA approved for treatment of these cancers [45]. BRCA1 and BRCA2 

are tumor suppressors that play a critical multifaceted role in DNA repair, but they are 

specifically critical within the high-fidelity HR of DNA DSB repair. Thus cells lacking 

functional BRCA1 or BRCA2 have deficiencies in HR and utilize error prone repair 

pathways leading to increased genomic instability and susceptibility to tumorigenesis [44, 

97]. Patients with heterozygous mutations in BRCA1/2 have approximately an 80-90% risk 

of developing OC and BC, and comprise approximately 5-10% of all of BC cases [42, 43]. 

Within TNBC, patients with these mutations are more common, where 30% of all TNBCs 

harbor the BRCA mutation [38]. Therefore, PARPi are potentially only efficacious in these 

subsets of patients with BRCA mutations by synthetic lethality, and furthermore have been 

largely ignored for the majority of patients who have intact BRCA1/2 genes [87, 88]. 

 
1 McLaughlin, L.J., Stojanovic, L., Kogan, A.A., Rutherford, J.L., Choi, E.Y., Yen, R.W.C., Xia, L., 
Zou, Y., Lapidus, R.G., Baylin, S.B., Topper, M.J., Rassool, F.V. Pharmacologic Induction of Innate 
Immune Signaling Directly Drives Homologous Recombination Deficiency. Proceedings of the 
National Academy of Sciences. 2020. (in review). 

 

 



26 
 

Recent efforts to expand the use of PARPi in BRCA-proficient cancers has been underway 

by exploring BRCAness genes for increased sensitivity to PARPi [89, 90].  

In the broader sense, BRCAness is a phenotype in which tumors display HR repair defects 

in the absence of BRCA mutations [36]. Defects in genes involved in HR repair, or other 

factors that have an impact on HR repair, are encompassed in this overarching term of 

BRCAness [36, 89]. However, this begs the bigger question as to how can BRCAness be 

defined molecularly, or rather, whether there is a BRCAness genomic signature that can be 

established and utilized to ultimately personalize cancer treatment. Several studies are 

underway aiming to create transcriptional and functional signatures for BRCAness. Studies 

by Jazaeri et al., and furthered by Konstantinopolos et al., led to discoveries of BRCA-like 

transcriptional signatures established from cDNA microarray between a cohort of OC 

patients with either BRCA1 mutations, BRCA2 mutations, or without either mutation (i.e., 

sporadic in nature) [98, 99]. From these microarray array studies, a distinct gene molecular 

signature differentiated BRCA1-like vs BRCA2-like tumors and was further applied to 

sporadic tumors, to create a BRCA-like vs non-BRCA-like gene signature that correlated 

to responses to PARPi  [98, 99]. Importantly, BRCA mutation status in itself is not the sole 

predictor of PARPi sensitivity or even to other DNA damaging therapies [89, 100, 101]. 

Indeed, some sporadic cancers are sensitive to these aforementioned therapies even in the 

context of intact BRCA genes. Sporadic cancers can have a BRCA1-like or a BRCA2-like 

transcriptional profiles and thus also predict for sensitivity to various therapies [98, 99, 

102]. Within the cohort of OC patients, some patients who received platinum-based 

therapies developed resistance to cisplatin. Analyzing tumor biopsies prior to resistance 

and post resistance and subdividing each tumor biopsy between BRCA-like or non BRCA-
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like signatures, most patients with tumors with a BRCA-like signature were sensitive to 

cisplatin, whereas patients who developed resistance had tumors with a non BRCA-like 

signature [99]. Thus, development of transcriptional BRCAness signatures can increase the 

therapeutic strategies for all patients regardless of BRCA status. Interestingly, within the 

BRCA-like profiles, tumors were commonly associated with an increased expression of 

various immune related genes, including Tumor Necrosis Factor α (TNFα), and other 

interferon related genes, which will be further discussed in later chapters [98]. 

While these transcriptional gene expression signatures for BRCAness certainly can be 

predictors for certain therapeutic strategies, some studies, including the aforementioned 

studies, did not fully predict sensitivities to PARPi or platinum drugs [103, 104]. These 

signatures also do not take into account any epigenetic changes that can occur, such as the 

promoter methylation of BRCA1 which occur in ~15% of sporadic OC and BC [105, 106]. 

Therefore, there is an inherent weakness in just utilizing transcriptional signatures for 

directing therapies, without fully understanding the downstream functional impacts on HR. 

Additionally, studies have been underway to predict functional HR implications and thus 

their sensitivities to certain therapies. Rad51 recruitment to sites of damage is a key initiator 

and marker for HR mediated repair [107, 108]. In vitro studies are easily measurable 

through immunohistochemistry (IHC) or immunofluorescence (IF), but they depend on 

some type of induction of DNA damage in order to visualize nuclear punctate formation of 

Rad51 foci [109]. Though ex vivo studies from OC patient derived xenograft (PDX) 

models, as well as ascites from OC patients, were able to predict for sensitivity to PARPi 

via Rad51 foci assays, the clinical application still needs to be explored with studies in 
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tumor biopsies that have limited availability and the need for rapid and reliable assays 

[110]. 

Although these studies are beneficial for patients, especially from some BRCA-proficient 

patients who may have a more BRCA-like tumor and will benefit from PARPi therapy or 

other DNA damaging therapies; other patients, especially TNBC patients who have non-

BRCA-like tumors, still need additional options for targeted therapy. For that reason, 

studies are underway to combine PARPi with drugs that increase the cytotoxic effects of 

these drugs and expand the potential use of PARPi to BRCA-proficient cancers [91-93]. 

This chapter and those following explore the rationale and mechanisms for combining 

DNMTi and PARPi for the treatment of BRCA-proficient cancers. 

 

DNA methytransferase inhibitors and PARPi as a cancer therapeutic strategy 

 

In addition to mutations in key oncogenic drivers, cancer cells can epigenetically silence 

tumor suppressor genes, to proliferate, survive, and evade the immune system [111, 112]. 

Epigenetics refers to the heritable changes of chromatin modifiers that can regulate gene 

expression without changes in the primary DNA sequence [113]. Epigenetic modulations 

can regulate the nucleosome and chromatin packaging that can promote and inhibit gene 

expression. Coordination of the major modifiers of the epigenome is critical to the 

regulation of gene transcription (Fig. 2.1) [114]. The epigenome is predominantly 

controlled by DNA methylation at CpG islands and histone modifications which regulate 

gene transcription [115]. Non-coding RNAs (ncRNA) have also recently been implicated 

in direct and indirect interaction with the predominant epigenetic modifiers, regulators of 
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DNA methylation and histone modification, and therefore can regulate epigenetic 

mechanisms [116]. In addition to genetic mutations, dysregulation of the epigenome and 

transcription silencing of tumor suppressors is a common feature across all cancer types  

and has contributed to the development of BC [117, 118]. Advances in understanding the 

cancer epigenome has led to development of several epigenetic cancer therapies [115, 119]. 
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Figure 2.1 Schematic for epigenetic modifications.  
General schematic for overall modifications involved in regulating the epigenome. DNA is tightly 
packed nucleosomes made of histones and DNA. Histones can be modified via acetylation and 
methylation which can either reduce chromatin tension to allow for gene transcription or promote 
increased tightening to prevent gene transcription. DNA is also methylated at promoter CpG islands 
and enhance transcriptional silencing. Together, with ncRNA, cooperate together to maintain and 
regulate gene transcription. Figure from the AACR Human Epigenome Task Force 2008. 
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DNMTs maintain the methylation patterns at CpG islands in the DNA promoter regions 

resulting in gene transcriptional silencing (Fig. 2.2A) [120]. DNMTi promote reversion of 

DNA methylation through passive and active mechanisms [121]. DNMTi are cytosine 

analogues that have been developed to prevent cytosine to 5’methylcystosine catalyzation. 

They are incorporated into the DNA during replication thereby preventing methylation and 

subsequent gene silencing from occurring and simultaneously triggering degradation of 

soluble DNMTs (Fig. 2.2B) [120, 122, 123].  

Figure 2.2 DNA methylation and inhibition.  
(A) DNMTs catalyze the addition of a methyl group at the 5-position of cytosine, forming 5-
methylcytosine, and promote promoter methylation and subsequent gene silencing. (B) DNMTi are 
cytosine analogues that are incorporated into the DNA and prevent methylation from occurring at 
their 5-position. Figures modified from Vilcinskas 2016 and Gravina et al., 2010.  
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These drugs are FDA approved and show effectiveness and favorable drug tolerability in 

hematological disorders, although their efficacy in solid tumors is still under study [124, 

125]. In addition to preventing DNA methylation, DNMTi covalently bind DNMTs in 

DNA, forming DNMT-DNA adducts that are recognized by the SSB DNA damage repair 

systems, including by PARP1 [126, 127]. Importantly, PARPi have two main mechanisms 

in which they interfere with PARP activity, either catalytically, thereby preventing 

PARylation from occurring, or by PARP-trapping, i.e., compounds which trap PARP to 

the DNA creating large protein-DNA adducts, followed by increased DSBs, and eventual 

cytotoxic cell death [83, 87, 128]. To show this, our lab published a study demonstrating 

that combining PARPi with DNMTi would increase PARP trapping and therefore 

cytotoxicity in TNBC and AML [91]. These studies show that the combination therapy is 

synergistic in BRCA-deficient and BRCA-proficient TNBC both in vitro and in vivo, with 

no effect in vitro in the immortalized non tumorigenic MCF10A (Fig. 2.3A-D) [91].  
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Figure 2.3 DNMTi and PARPi are synergistic in BRCA-deficient and proficient TNBC cell 
lines.  
Colony formation of non-tumorigenic MCF10A (A) and BRCA-deficient (B) SUM149PT (left) and 
HCC1937 (right) and BRCA-proficient (C) MDA-MB-231 (left) and MDA-MB-468 (right). (D) 
SUM149PT xenograft model for tumor volume (mm3) measurements in vehicle and drug-treated 
groups (top) and % survival with time for the duration of the experiment in the x axis (bottom). (E) 
MDA-MB-231 xenograft model for tumor volume (mm3) measurements in vehicle and drug-treated 
groups (top) and % survival with time for the duration of the experiment in the x axis (bottom). 
Modified from Muvarak et al., 2016.  
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We also showed that the combination of DNMTi+PARPi is able to tightly bind DNMT and 

PARP together at the chromatin, thus overwhelming cells with DSBs and enhance the 

cytotoxic effects of the combination, leading to cell death. Upon exogenous induction of 

damage, both DNMT and PARP are recruited to sites of damage. At specific laser 

microirradiation-induced sites of DNA damage, visualized by DSB marker γH2AX, both 

DNMT and PARP are localized at the specific damage sites in BRCA-proficient TNBC 

cell line MDA-MB-231. Interestingly, knockdown of PARP using shRNA, reduces DNMT 

presence at the laser-cute sites and similarly, knockdown of DNMT also reduces PARP 

levels at the laser-cut site down to basal levels of PARP activity. Though these studies 

address the more cytotoxic effects of these inhibitors, less was known at the time on the 

nature of DNMTi effects themselves on gene expression and the implications for BRCA-

proficient cancers. Within these in vivo xenograft studies between BRCA-proficient and 

BRCA-deficient cell lines, the BRCA-deficient SUM149PT cell line is more sensitive to 

PARPi monotherapy alone, as expected, and tumor burden is further decreased with 

combination of DNMTi. In the BRCA-proficient cell line MDA-MB-231, although single 

agents alone did not reduce tumor burden, the combination was able to significantly reduce 

tumor burden and increase survival (Fig. 2.3D-E) [91]. In a later published study, this drug 

combination strategy was expanded to BRCA-proficient OC, where they showed similar 

data, but also focused on the role reactive oxygen species (ROS) production in enhancing 

the DNA damage and cytotoxicity of DNMTi+PARPi [93].  

While the above published studies proposed PARPi and DNA damage enhancement 

leading to cytotoxic effects of these drugs, mechanisms for whether DNMTi induce 

transcriptional changes that might affect expression of DNA repair and HR genes in 
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particular remained unclear. A key study shed light on this question and showed that low 

doses of DNMTi in hematological and epithelial cells can reprogram the epigenome and 

create long-term and sustained anti-tumor responses, which is the basis for this chapter 

[121]. ER+ BC cell line MCF-7 were treated with low doses of decitabine (Dac) for 72 

hours in vitro and were implanted subcutaneously into an immune compromised mouse 

where tumor growth was significantly decreased in Dac-treated conditions relative to the 

control. Interestingly, when the tumors were excised and serially transplanted into a second 

mouse, growth inhibition was maintained from the Dac treated conditions (Fig. 2.4A-B).         

 

 

 

Figure 2.4 Transient DNMTi treatments induce an anti-tumor memory response.  
(A) Schematic of in vitro pretreatment of MCF7 ER+ BC cell line for 72 hours, which were then 
implanted into NOD/SCID mice for primary and secondary serial xenografts. (B) Primary (left) and 
secondary (right) xenograft of MCF7 cells that were pretreated with Dac. Figure from Tsai et al., 
2012. 
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The transient low dose three-day treatment of Dac produced anti-tumor memory response, 

maintaining the inhibitory effects of tumor growth in secondary tumors. In primary breast 

cancer patient samples from pleural effusions treated with 72 hours of 5-Azacitidine (Aza), 

mammosphere formation was significantly inhibited in both primary and secondary 

passaging, emphasizing the DNMTi memory effects and reduced self-renewal and 

tumorigenesis capabilities [121].  

Global gene expression and methylation from cell lines treated with Dac or Aza show 

numerous pathways and genes that are modulated, and overall decrease self-renewal and 

tumorigenicity (Fig. 2.5) [121]. The DNA damage and repair pathways were among many 

different pathways that were affected by DNMTi treatment. 

Figure 2.5 Key pathways and genes modulated by in vitro DNMTi treatment  
Key pathways and genes modulated by DNMTi in cultured cells.  Genes in depicted in red indicate 
genes with basal promoter hypermethylation, and were demethylated by DNMTi. Genes depicted in 
black are not directly linked to promoter DNA methylation. Figure from Tsai et al., 2012. 
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Based on the Tsai et. al. study, in BRCA-proficient NCSLC, we investigated whether low 

doses of DNMTi treatments downregulate DNA repair pathways. Our microarray studies 

showed that DNMTi downregulates HR and NHEJ gene expression and activity [92]. 

Significantly, FANCD2 was shown to be key in the downregulation of HR, where 

knockdown of FANCD2 in xenograft models sensitizes to PARPi and reduced HR activity 

within the tumor itself. Additionally, downregulation of NHEJ also sensitized these cells 

to IR. Finally, the combination of DNMTi+PARPi in combination with IR increased 

efficacy in xenograft models. These studies were exciting and documented a role for 

DNMTi in inducing BRCAness in BRCA-proficient NSCLC. Nevertheless, mechanisms 

through which DNMTi induce a BRCAness phenotype, thus sensitizing to PARPi, requires 

elucidation. This brings up the question as to what the mechanisms behind the PARPi 

enhancement are, or what synthetic lethality induced by DNMTi remains. We have 

modified our original PARP trapping model, to include the effects of DNMTi priming for 

BRCAness (Fig 2.6) where in addition to the increase in DNMT+PARP trapping at the 

chromatin, DNMTi additionally reprogram the epigenome and decreasing HR to further 

potentiate the trapping and cell death [91, 92]. In this chapter we show that DNMTi can 

also induce a BRCAness phenotype in BRCA-proficient TNBC and that the 

DNMTi+PARPi combination can further enhance this effect. Moreover, in our genome-

wide gene transcription and STRING connectivity analysis we make an unexpected link 

between induction of an immune response and induction of HRD with this drug 

combination treatment. 
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Figure 2.6 Expanded model for DNMTi+PARPi mechanism  
Model for DNMTi and PARPi binding to the chromatin where in the case of PARPi alone, these 
protein-DNA adducts can be repaired through HR during replication. When PARPi is combined 
with DNMTi, there is increased persistent binding of PARP1 and DNMT1 in the DNA, which can 
also be repaired via HR. However, with the additional DNMTi priming of the epigenome, 
downregulating HR through DNMTi induction of an innate immune response, these protein-DNA 
adducts cannot be repaired, thus the DSBs persist (including the addition of IR in NSCLC) and 
promote cell death. Figure created in BioRender. 
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2.2 Materials and Methods 

 

Cell lines 

TNBC cell line SUM159PT, were generously gifted from Dr. Dennis Slamon. TNBC cell 

lines MDA-MB-231, MDA-MB-468, HCC1806, HCC1143, and BT594 were obtained 

from ATCC. TNBC MDA-MB-231 and MDA-MB-468 were cultured in DMEM, 10% 

FBS, and 1% P/S. HCC1143, HCC1806, and BT549 were cultured in RPMI-1640, 10% 

FBS, and 1%P/S. SUM159PT was cultured in Ham’s F-12, 5% FBS, 1% P/S and 

supplemented with 10mM HEPES, 5μg/mL insulin, and 1μg/mL hydrocortisone. All cell 

lines were cultured and maintained in 37˚C incubators with 5% CO2 and passaged every 3-

4 days.  

 

Drug Reagents and Treatments in-vitro 

5-Azacytidine (Aza, Sigma) was prepared in PBS at a stock solution of 500μM, aliquoted, 

and stored at -80˚C for single use. Cell lines were treated daily with 150nM-500nM Aza. 

PARP inhibitor Talazoparib (Tal, Pfizer) was prepared at 50mM stock concentrations in 

DMSO and stored at -80˚C. Tal was further diluted to 5mM in single use 1μL aliquots in 

DMSO and stored at -80˚C. For treatments, Tal was diluted 1:1000 in complete media and 

cells were treated every 72 hours. For combination treatments, cells were plated and 

allowed to adhere for 24 hours before media was replaced with the combination of Aza and 

Tal (day one) and every 72 hours replaced with fresh Aza and Tal. On day two and three, 

100μL of the appropriate concentration of Aza (e.g., for 10mL, Aza was diluted to 50μM 
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in media for a final concentration of 500nM after addition of 100μL) was added on top of 

cells.  

 

Lentiviral transduction 

The production of lentivirus and cell infection were performed according to the pLKO.1 

lentiviral vector protocol recommended by Addgene. The lentiCRISPR-FANCD2-KO 

vector [92]was ordered from Addgene. Lentiviral FANCD2 MISSION shRNA plasmids 

were purchased from Sigma (NM_033084 TRCN0000082841) with respective empty 

vector control, SHC002. Briefly, the lentiviral plasmid lentiCRISPR-FANCD2-KO with 

packaging plasmids pMD2.G and psPAX2 (Addgene plasmid #12259 and #12260), and 

lentiviral MISSION shRNA plasmids with packaging plasmids pCMB-dR8.2 and pCMV-

VSVG (Addgene plasmid #8455 and #8454), were transfected into HEK293T cells with 

transfection reagent (Lipofectamine®3000, Thermo Fisher Scientific) and OPTI-MEM 

media (Invitrogen, Waltham, MA, USA). The lentiviruses were harvested at day three-five. 

Virus were filtered with 0.45μm filter and stored at -80°C. The lentiviral infection of target 

cells was performed in cell culture media with 8 μg/ml polybrene. Seventy-two hours after 

infection, cells were selected for two weeks using 1-2.5 μg/ml puromycin.  

 

Colony forming assay 

MDA-MB-231-empty vector and MDA-MB-231-CRISPR-FANCD2-KO were plated at a 

density of 1000 cells/well in triplicate in a total volume of 2mL of complete media and 

allowed to adhere for 24 hours before treatment. Tal was added every 72 hours at doses 
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ranging from 0.5-100nM. Colonies were stained after 12 days with 0.05% crystal violet 

solution for 30 minutes and then washed and counted using a colony counter (Synbiosis).  

 

Analysis of chromosomal breaks 

MDA-MB-231 and SUM159PT cells were plated and treated with Aza or vehicle control 

for six days. Following Aza treatment, cells were treated with 50ng/mL mitomycin C 

(Sigma) for 48 hours. The 0.1μg/ml Colcemid was added 75 minutes before harvesting; 

cells were then exposed to hypotonic solution KCl 0.075 M for 30 minutes, fixed in 3 

methanol/1 acetic acid, and stained with 10% Giemsa for 2.5 minutes. The slides were 

prepared using Thermotron slide drying chamber. For each 

treatment, twenty consecutive metaphases were analyzed for the induction of chromatid 

breaks and exchanges. 

 

Irradiation  

For IR studies, cells were exposed to 4Gy X-Ray radiation using a Pantak HF320 X-Ray 

machine (250 kV peak, 13 mA; half-value layer, 1.65 mm copper) at a dose rate of 2.4 

Gy/min.  

 

RNA Interference 

ON-TARGET plus siRNA SMARTpool were purchased from GE Dharmacon and used in 

this study. siRNAs were transfected using Lipofectamine 2000 reagent (Invitrogen) at a 

25nM final concentration. 
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RNA Extraction 

Total RNA was isolated from cultured cells using the NucleoSpin RNA Plus kit 

(Macherey-Nagel) according to manufacturer protocol.  

Quantitative PCR 

cDNA was synthesized by converting 1-2ug of RNA using High Capacity cDNA Reverse 

Transcription kit (Applied Biosystems). Quantitative real time PCR was performed using 

Power Sybr Green PCR Master Mix (Applied Biosystems) in a CFX384 Touch Real-Time 

PCR system (BioRad). The sequences of primers used are listed in Appendix Table S1. 

 

Protein extraction and Immunoblotting 

Cell pellets were harvested at the indicated time points and were stored in -80˚C prior to 

protein extraction. Cells were lysed in RIPA buffer (Sigma) supplemented with 1% 

phosphatase inhibitor (Thermo scientific) and 1% protease inhibitor (Thermo scientific) 

and incubated for 45 minutes on ice with periodic vortexing. Supernatants were collected 

after centrifugation at 16,000xg at 4°C for 20 minutes. Whole cell extract (20μg) in 

NuPAGE LDS Sample Buffer with 10% β-mercaptoethanol were boiled for ten minutes 

and loaded onto 4-20% SDS-PAGE gel (Bio-Rad) and transferred to polyvinylidene 

difluoride membranes (GE Life science). Membranes were blocked with 5% nonfat milk 

in TBST for 60 minutes at room temperature, and overnight at 4˚C with antibodies against 

mouse monoclonal anti-β-actin (1:10000), mouse monoclonal anti-FANCD2 (1:200, Santa 

Cruz). Blots developed using a Hi/Lo Digital-ECL Western blot Detection kit and Kwik 

Quant Imager in the 1:10 ratios. Band densitometry were quantified using ImageJ software 

(NIH).  
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Immunofluorescence Staining 

Cells were plated onto Human Fibronectin Cellware 22mm round coverslips in a density 

of 500,000 cells/coverslip. After 24 hours, for detection of RAD51 and γH2AX foci, 

coverslips were irradiated with 4Gy and incubated for a four-hour release period. Cells 

were then washed three times in 1% BSA+0.1% Triton X-100 in PBS and fixed with 4% 

paraformaldehyde in PBS for ten min followed by five minutes permeabilization (50nM 

NaCl, 3mM MgCl2, 10mM HEPES, 200mM Sucrose and 0.5% Triton X-100 in PBS) at 

room temperature. Coverslips were then washed twice in 1% BSA+0.1% Triton X-100 in 

PBS and blocked overnight at 4˚C in 10% FBS in PBS. Coverslips were incubated in 

primary antibody with rabbit polyclonal anti-RAD51 (1:100, Santa Cruz), mouse 

monoclonal anti-γH2AX (1:100, Millipore), or mouse monoclonal mouse monoclonal anti-

double stranded DNA (1:100, Millipore) antibody for one hour at 37˚C followed by washes 

in 1% BSA+0.1% Triton X-100 in PBS and secondary antibody (Affinity purified antibody 

Dylight 488 – green, anti- rabbit, 1:200; and Dylight 594- red, anti-mouse, 1:200) for 45 

minutes at room temperature. Coverslips were then washed overnight in 1% BSA+0.1% 

Triton X-100 in PBS and then sealed in mounting solution containing DAPI (Cell 

Signaling). Images were examined and acquired using a Nikon fluorescent microscope 

Eclipse 80i (100×/1.4 oil, Melville, NY). Images were captured using a CCD (charge-

coupled device) camera and the imaging software NIS Elements (BR 3.00, Nikon). 

 

HR Repair Analysis 

TNBC cell lines MDA-MB-231 and SUM159PT were stably transfected with pDRGFP 

plasmid (Addgene plasmid #26475) [129] using the Amaxa Nucleofection System (Lonza). 
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Cells (2x10^6) were nucleofected with 2-5μg pDRGFP, and selected using 1-5mg/mL 

puromycin, and were further selected for single clones. Clones were verified by flow 

cytometry for GFP+ cells 72 hours after transfection using Lipofectamine 3000 with a 

plasmid expressing I-SceI (pCBASce, Addgene plasmid # 26477) [130]. To examine the 

role of treatment on HR DSB repair, cells were treated for six days with Aza, Tal, or 

combination, and plated at a density of 5x10^5 cells/well in a 12 well plate in triplicate. 

After 24 hours, cells were transfected with 1μg I-SceI for 72 hours or a GFP expressing 

plasmid (pmaxGFP Lonza) for transfection efficiency. For siRNA effects on HR, cells 

were plated at a density of 5x10^5 and siRNA was transfected using Lipofectamine 2000 

for 48 hours, followed by a 72-hour transfection of I-SceI using Lipofectamine 3000. A 

non-targeting control was used as a negative control. Cells were then harvested and 

analyzed via flow cytometry to measure percent GFP+ cells using FACS CANTO II (BD).  

 

Xenografts models  

Athymic Nude-Foxn1nu female mice (six-eight weeks old) obtained from Envigo 

(Frederick MD) were used for MDA-MB-231 xenograft studies. All mice were housed 

under pathogen-free conditions at University of Maryland Baltimore Association for 

Assessment and Accreditation of Laboratory Animal Care International accredited facility. 

All experiments with these mice were conducted in compliance with Public Health Service 

guidelines for animal research and approved by the University of Maryland, Baltimore 

Institutional Animal Care and Use Committee. Exponentially growing MDA-MB-231 cells 

with empty vector or CRISPR-FANCD2 knock down (3x10^6) were mixed with 33% 

Matrigel and injected subcutaneously above the right hind leg of the mice. Tumor volumes 
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were measured in two dimensions using electronic calipers and volume calculated by 

[(length * width2)/2]. When tumors reached 80–120 mm3, mice were sorted into groups (n 

= 7 or 8) so that the mean tumor volume between groups was similar. Mice were observed 

daily, weighed 5 days per week, and tumor volume was measured twice per week. Mice 

were treated with 0.3 mg/kg Tal or vehicle. Tal was prepared weekly in 10% DMAc, 6% 

Solutol, and 84% PBS at 0.03 mg/mL and stored in 4°C in the dark. Tal was administered 

by oral gavage daily, five days per week for the duration of the study. Mice were euthanized 

when tumors reached 1,500 mm3 or showed necrosis. 

 

Gene Set Enrichment Analysis (GSEA) 

Ranked lists of Log2 fold change mRNA drug treatment vs. Mock, were analyzed using 

Gene Set Enrichment Analysis (GSEA) by the Broad Institute and data packages 

(HALLMARK and KEGG) [131]. Pathways with a false discovery rate (FDR) less than 

0.25 were considered differentially enriched. 

 

RNA-seq Library Preparation and Analysis 

Total RNA was extracted from Day 10, MDA-MB-231 cells, treated as described above, 

using the NucleoSpin Plus RNA extraction kit. RNA was quantified with NanoDrop ND-

1000 followed by quality assessment with 2100 Bioanalyzer (Agilent Technologies) 

according to manufacturer’s protocol. 500μg of total RNA was used as input for SMARTer 

Stranded total RNA Sample Prep Kit and performed as described in the manufacturer 

protocol. All RNA-seq libraries were dual indexed during preparation. Post library 

preparation quality and quantity of each library was assessed by BioAnalyzer and NGS 
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Library Quantification Kit, respectively. Prepared libraries were sequenced using Illumina 

NOVAseq 6000 system at the Johns Hopkins Institution sequencing core for paired end 

reads (300 cycles, S1 type) and the resulting Fastq files were used as input for RNAseq 

analysis by Dr. Michael Topper. Raw Fastq files were trimmed prior to downstream 

analysis using Trimmomatic, paired end data setting (R1/R2) [132]. Trimmomatic 

operation was set to SLIDINGWINDOW. Processed trimmed files were then aligned using 

STAR  [133] to the Hg38 Homo Sapiens reference genome with genecode.v30.annotation 

(comprehensive gene annotation) used as spice junction model. Mapped BAM files 

generated by STAR were used as input for featureCounts [134] to generate count matrix 

with associated annotation (genecode.v30.annotation), features mapped to exons. 

Differential gene expression analysis was conducted on featureCount count files using 

DESeq2, using Parametric fit type [135]. DESeq2 Log2 fold change data was used as input 

for GSEA (ranked prior to input) and significance of each differentially expressed gene 

was determined by FDR (0.10) based multiple comparisons corrected p-value.  

 

Heatmap KEGG Cytosolic DNA Sensing Pathway and DNA Repair Genes 

Normalized Log2 fold change over Mock data from DESeq2 analysis of RNAseq data and 

Limma expression array analysis was used as input for clustering analysis. Matrix was 

prepared using genes derived from KEGG Cytosolic DNA Sensing pathway and DNA 

repair genes (FANCD2, BRIP1, ERCC8, FANCF, FANCC, RAD51, FEN1, MDC1, 

XRCC3, XRCC5, BAP1, ATM, DDB2, XPC, BRCA2, PALB2, XRCC6, XRCC4, 

BRCA1, ATR, ERCC2, FANCE, FANCG, RAD50, LIG3) were used as identifiers. 
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Heatmap depicted are Z-score transformed Log2 fold change values with euclidean 

distance-based clustering, generated through use of R/Bioconductor package pheatmap. 

 

STRING Protein-Protein Interaction Map 

Fanconi Anemia and HALLMARK Interferon Alpha Response/TNFα via NF-κB gene sets 

were downloaded from MSigDB (Broad Institute) and used as input for exploratory 

analysis using string-db [136] a computational resource which summarizes known and 

predicted protein-protein interactions culled from experimental data from several 

databases: DIP, BioGRID, HPRD, IntACT, MINT, and PRB; and curated data from: 

Biocarta, Biocyc, GO, KEGG, and Reactome. The comparisons selected for input were 

specific for Homo Sapiens and included: Fanconi Anemia v. HALLMARK Interferon 

Alpha Response and Fanconi Anemia v. HALLMARK TNFα via NF-κB. Interaction 

scores are assigned based on probabilities derived from various evidence channels and 

normalized for random associations as described in Mering et al.  [136].  

 

Statistical analysis 

All data are presented as mean ± SEM with statistical significance displayed as asterisk 

based on p value derived from two-tailed unpaired student’s t test (or ANOVA) *significant 

p value after False Discovery Rate (FDR=0.05) based multiple comparisons correction, 

two-stage linear step-up procedure of Benjamini, Kriegerm and Yekutieli. 
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2.3 Results 
 

Low doses of DNMTi downregulate HR and FA gene expression and activity 

 

In a recent study, we elucidated that, in addition to the PARP1-DNA complexes in BRCA-

proficient TNBC and AML, the combination of DNMTi plus PARPi also induce HRD in 

BRCA-proficient NSCLC in the presence of radiation [92]. The mechanistic underpinnings 

of this combination inducing HRD were not discerned, but the HRD was mediated by 

downregulation of expression of FA genes, which play an important role in HR mediated 

repair.  Notably, we now observe similar DNMTi-induced dynamics occurring in BRCA-

proficient TNBC. Thus, in the TNBC cell lines MDA-MB-231 and SUM159PT, treatment 

with low doses of the DNMTi Aza (500nM and 250nM Aza, respectively) induces 

downregulation of BRCAness genes (boxed area, Fig. 2.7A-B), including several FA-

related genes and critically FANCD2, which is central to the interaction between FA and 

HR and the progression to HR-mediated repair [57]. Intriguingly, these cell lines have MSL 

features, as opposed to other subtypes that did not show the same expression pattern [28].  
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These decreases in gene expression following Aza treatment result in a parallel decrease in 

steady-state levels of FANCD2 protein in BRCA-proficient TNBCs (MDA-MB-231) (Fig. 

2.8A) and are associated with a functional decrease in HR activity, as monitored by a GFP 

reporter assay (DR-GFP) (Fig. 2.8B-C) [137].  

 

 

 

Figure 2.7 Low doses of DNMTi downregulate gene expression of BRCAness genes in BRCA-
proficient TNBC.  
BRCA-proficient TNBC cell lines were treated with 50nM-500nM Aza over the course of 10 days. 
RNA was isolated and analyzed for expression of BRCAness related genes. (A) Heat map of Z-score 
based on fold change of relative RNA expression relative to Mock conditions for a subset FA and 
HR genes in 6 TNBC (HCC1143, MDA-MB-468, HCC1806, BT549, MDA-MB-231, and 
SUM159PT). (B) Representative scatterplots for relative RNA expression of fold change over Mock 
conditions. Data represent the mean ± SEM *significant p value over Mock after FDR=0.05 based 
multiple comparisons correction (n=3 independent biological replicates and experimental 
triplicates). 
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Figure 2.8 Low doses of DNMTi downregulate FANCD2 protein expression and generates an 
HRD effect.  
BRCA-proficient TNBC cell line MDA-MB-231 were treated with 500nM Aza over the course of 
10 days. Protein was isolated and analyzed for expression of FANCD2. (A) Immunoblot for 
FANCD2 in MDA-MB-231 treated with 500nM Aza for the indicated number of days with β-actin 
used as a loading control. (B) Schematic for pDR-GFP reporter plasmid to determine HR DSB repair 
where I-SceI endonuclease cleaves SceGFP to create a DSB, and HR repairs allows and thus full 
GFP expression. (C) Relative HR activity analysis of GFP+ cells by flow cytometry after 
transfection of I-SceI in TNBC cell lines MDA-MB-231 and SUM159 transfected with pDR-GFP 
reporter after treatment for 6 days with 250nM-500nM Aza. Data represent the mean ± SEM 
*significant p value over Mock after FDR=0.05 based multiple comparisons correction; (n=3 
independent biological replicates (A) and experimental triplicates (C)). 
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As a further validation of this HRD effect in BRCA-proficient cell lines, MDA-MB-231 

TNBC decreases levels of Rad51 foci (Fig. 2.9A) and increases levels of DSBs with IR 

(4Gy) treatment, as measured by γH2AX (Fig. 2.9B) [138, 139]. As expected in Aza 

treatment induced upregulation of FANCD2 (and other BRCAness related genes), TNBC 

cell line, HCC1143, Rad51 recruitment after induction of IR damage was not impaired 

(Fig. 2.9C). 
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Figure 2.9 Low doses of DNMTi downregulates Rad51 foci formation in MDA-MB-231 
DNMTi-induced HRD.  
MDA-MB-231 and HCC1143 were treated with 500nM Aza over the course of 6 days. Cells were 
stained for Rad51 for HR initiation and γH2AX for extent of DNA damage 4 hours post 4Gy IR and 
analyzed via IF. (A) Representative IF images (right) for Rad51 foci for Aza treated MDA-MB-231. 
(B) Representative IF images (left) for γH2AX foci for Aza treated MDA-MB-231. (C) 
Representative IF images (right) for RAD51 foci for Aza treated HCC1153. Data represent the mean 
± SEM *p<0.05; (n=3 independent biological replicates). 
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Finally, decreases in FANCD2 have a classic phenotypic consequence, increased tri-radial 

chromosomes in cells treated with the DNA cross-linking drug, MMC [140, 141]. MDA-

MB-231 and SUM159 cells treated with MMC alone under mock conditions repair any of 

the DNA damage induced by MMC and importantly, Aza alone does not cause 

chromosomal abnormalities. As expected, an increase of chromosomal abnormalities and 

radial chromosome formations is apparent in Aza+MMC conditions thus highlighting that 

Aza prevents repair from occurring and does not cause DNA crosslinking damage (Fig. 

2.10 A-B).  

 

 

Figure 2.10 DNMTi prevents repair of MMC induced chromosomal breaks.  
MDA-MB-231 and SUM159 were treated with 150nM-500nM Aza over the course of 6 days, 
followed by 48hr treatment with 50ng/mL MMC to account for induction of damage and time to 
allow for repair to occur. Representative karyotype images (upper two and lower left panels) and 
quantification (lower right) for cytogenetic analysis of chromosomal breaks and exchanges in mock 
or Aza-treated MDA-MB-231 (A) and SUM159 (B) ± MMC. Red arrows indicate chromosomal 
abnormalities. Data represent the mean ± SEM *p<0.05; (n=3) Panels A and B were generated by 
Lena McLaughlin and analyzed by Ying Zou.  
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Knockdown of FANCD2 increases sensitivity to PARPi 

Transient knockdown of FANCD2 in MDA-MD-231 (Fig. 2.11A) reduced HR activity 

comparable to the drug-induced response as expected (Fig. 2.11B).  

 

This further link between downregulation of FANCD2 to a drug induced HRD phenotype 

matches with the predicted increased sensitivity to Tal in clonogenic assays using stable 

knockdown of this protein compared to scrambled controls. (Fig. 2.12A-B). These results 

are not restricted to in vitro studies, as MDA-MB-231 cells with comparable levels of 

FANCD2-CRISPR-KD have significant growth inhibition and tumor weight when 

implanted as xenografts in immunodeficient mice treated with Tal (Fig. 2.12C-D).  

 

 

 

Figure 2.11 FANCD2 knockdown downregulates HR activity.  
MDA-MB-231 cells were tested for transient knockdown of siFANCD2 at day two and day five post 
transfection to confirm knockdown at the time of HR activity compared to non-target control. (A) 
Western blot confirmation of siFANCD2 knockdown and (B) relative HR activity analysis of GFP+ 
cells by flow cytometry after 72hr transfection of I-SceI at day two of siFANCD2 knockdown. Red 
arrows indicate chromosomal abnormalities. Data represent the mean ± SEM *p<0.05; (n=2 
independent biological replicates).  
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Figure 2.12 Knockdown of FANCD2 sensitizes to PARPi Tal in vitro and in vivo.  
Stable FANCD2-CRISPR-knockdowns were established in MDA-MB-231 cells and confirmed via 
western blot (A).  (B) Colony formation of bulk population MDA-MB-231 CRISPR knockdowns 
compared to scramble control treated with increasing doses of Tal (5nM-100nM). (C) In vivo 
xenograft treatment measuring tumor volume (mm3) of bulk population CRISPR knockdown of 
FANCD2 in MDA-MB-231 (left) vs scramble control (right) treated with vehicle or Tal (0.3mg/kg 
Tal, n=8 per group) with (D) excised tumor weight. Data represent the mean ± SEM *p<0.05; (n=3 
independent biological replicates and experimental triplicates for in vitro studies). CRISPR 
knockdowns were established by Limin Xia at Johns Hopkins University and Panels C and D were 
generated by the translational core at the University of Maryland, Baltimore. 
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Importantly in these studies, Aza effects on HR activity in MDA-MB-231 can be partially 

rescued by overexpression of constructs for wild-type, but not catalytically dead mutant 

FANCD2 or empty vector controls (Fig. 2.13A).  

 

 

 

 

 

 

 

 

Figure 2.13 Transfection of FANCD2 in Aza treated cells partially rescues HR activity. 
(A) Relative HR activity analysis of GFP+ cells by flow cytometry after transient transfection of I-
SceI+empty vector (EV), I-SceI+FANCD2 overexpressing plasmid, or I-SceI+K561R-FANCD2 
overexpressing plasmid in MDA-MB-231:DR-GFP after treatment for six days with 500nM Aza. 
Data represent the mean ± SEM *p<0.05 (n=3 independent biological replicates). 
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DNMTi and PARPi induce global perturbation of transcriptome providing an 

unexpected link between DNA repair and innate immune signaling pathways  

 

Several previous studies have linked DNMTi treatment to global alteration of the 

transcriptome, inclusive of innate immune-related signatures in tumor cells [95, 96, 142-

144] and a notably similar signature also occurs with PARPi treatment [145, 146]. In 

agreement, MDA-MB-231 cells display transcriptome-wide alteration with the generation 

of many differentially expressed genes (DEGs), as a result from the administration of Aza, 

Tal, or combination of the two pharmacologic agents (Fig. 2.14A-B).  
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Figure 2.14 Single agents and combination therapy induce global perturbation of the 
transcriptome.  
(A) MA plot for MDA-MB-231 Day 10 of drug treatment, total transcriptome RNA-seq data by 
DESeq2 analysis for Aza (top left), Tal (top right), and Combo (bottom). Red dots are differentially 
expressed genes (DEGs) for each condition; black dots are non-differentially expressed genes. 
Number of upregulated and downregulated genes as determined by DESeq2 displayed in the top 
right corner of each plot. (B) Venn diagram of DEGs upregulated and downregulated in MDA-MB-
231 Day 10, total transcriptome RNA-seq data. Overlap between drug conditions indicates a shared 
DEG. RNA-seq data are derived from biological replicates: Mock n=3, Aza n=4, Tal n=4, and 
Combo n=3; Drug conditions: Aza 500nM, Tal 10nM, Combo Aza 500nM + Tal 10nM. 
Experimental treatment and preparation for RNA-Seq was performed by Lena McLaughlin and Dr. 
Michael Topper, analysis and panels were generated by Dr. Michael Topper. 
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Among these differentially expressed genes, are those related to the perturbation of DNA 

repair-associated genes detailed in the previous section, including distinct subsets of genes 

showing differential sensitivity to each therapy (Fig. 2.15A). Further evaluation of DNA 

repair genes specifically, revealed the downregulation of several BRCAness genes 

contained within the Fanconi Anemia pathway including: BRIP1, FANCC, FANCD2, and 

FANCF (Fig. 2.15B). Regarding FANCD2 specifically, which was the focus of the 

preceding section, Aza treatment imparts significantly more repression over mock 

compared to Tal over mock treatment conditions, with even more additional 

downregulation noted from combination treatment in MDA-MB-231 (Fig. 2.15C). 

Notably, the perturbations noted above for DNA repair genes, occurs in the absence of 

substantive alteration of cell cycle distribution as the result of application of agents under 

study (Fig. 2.15D).  
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Figure 2.15 Single agents and combination therapy modulate expression of DNA repair genes. 
(A) DNA repair gene Z-score based heatmap for total transcriptome RNA-seq data. Hierarchical 
clustering of Log2 fold change over mock for each condition using Euclidean distance and complete 
linkage. Color gradation of heatmap based on negative Z-score: blue, positive Z-score: red. (B) DNA 
repair associated gene expression change in RNA-seq data set. (C) FANCD2 expression change in 
RNA-seq data set (black asterisk=significant change relative to mock, blue asterisk=significant 
change relative to Tal, red asterisk=significant change relative to Aza). RNA-seq data are derived 
from biological replicates: Mock n=3, Aza n=4, Tal n=4, and Combo n=3; Drug conditions: Aza 
500nM, Tal 10nM, Combo Aza 500nM + Tal 10nM. Asterisk indicates differential gene expression 
in data set by DESeq2 analysis. Experimental treatment and preparation for RNA-Seq was 
performed by Lena McLaughlin and Dr. Michael Topper, analysis and panels were generated by Dr. 
Michael Topper. 
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Figure 2.15 Continued: Single agents and combination therapy modulate expression of DNA 
repair genes. (D) Cell cycle distribution analyzed via PI staining of MDA-MB-231 treated with 
vehicle, 500nM Aza, 10nM Tal, or 500nM Aza+10nM Tal (day six). All data are presented as mean 
± SEM *significant p value over Mock after FDR=0.05 based multiple comparisons correction (n=3 
independent biological replicates and experimental triplicates). 
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Comparative analysis of HALLMARK pathways induced in transcriptome datasets 

revealed a number of immune-related gene sets present in top differentially enriched 

pathways, with further enhancement noted in drug combination treated samples compared 

to monotherapies alone (Fig. 2.16) [147]. This immune enrichment revealed a new scope 

for both DNMTi and PARPi transcriptional perturbation, and in addition to upregulation 

of cytosolic double-stranded RNA (dsRNA) sensing, which leads to Type I Interferon 

(IFNαβ) induction, the data now reveal signaling for TNFα/nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) and IFNαβ gene sets, as top hits across our 

data sets (Fig. 2.16 and Supplementary Table S1).  
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Figure 2.16 Single agents and combination therapy induces innate immune pathways.  
HALLMARK gene set enrichment Volcano plot for MDA-MB-231 day ten total transcriptome 
RNA-seq data DESeq2 analysis for Aza (top left), Tal (middle left), and Combo (bottom left) X 
axis: Normalized enrichment score (NES), Y axis: Nominal p value. Each dot is a single 
HALLMARK pathway (50 total), red dots: TNFα/NF-κB Gene set, blue dot: IFNαβ Gene set, black 
dot: other pathways. RNA-seq data are derived from biological replicates: Mock n=3, Aza n=4, Tal 
n=4, and Combo n=3; Top 5 and bottom 5 pathway “hits” for each treatment are listed on the right 
of each NES plot. Drug conditions: Aza 500nM, Tal 10nM, Combo Aza 500nM + Tal 10nM. 
Asterisk indicates differential gene expression in data set by DESeq2 analysis. Experimental 
treatment and preparation for RNA-Seq was performed by Lena McLaughlin and Dr. Michael 
Topper, analysis and panels were generated by Dr. Michael Topper. 
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In agreement with the global trends noted, TNFα/NF-κB and IFNαβ pathways were 

enriched significantly by both DNMTi and PARPi, but the highest induction was facilitated 

by combination treatment in terms of both overall pathway NES and leading- edge gene 

augmentation, specifically (Fig. 2.17).  

Figure 2.17 Single agent and combination treatment leading edge genes in IFNαβ and 
TNFα/NFκB pathways.  
(A) NES plots for MDA-MB-231 day ten total transcriptome RNA-seq data HALLMARK TNF 
alpha via NF-κB. (B) NES plots for MDA-MB-231 Day 10 total transcriptome RNA-seq data 
HALLMARK Interferon Alpha Response. For each plot: Y axis: Enrichment score, X axis: Ranked 
gene list. Below each plot: heatmap based on Log2 fold change (color gradation red to white, high 
to low) detected for top 25 genes of leading-edge subset for Aza (top), Tal (middle), Combo 
(bottom). Mock n=3, Aza n=4, Tal n=4, and Combo n=3; Drug conditions: Aza 500nM, Tal 10nM, 
Combo Aza 500nM + Tal 10nM. Experimental treatment and preparation for RNA-Seq was 
performed by Lena McLaughlin and Dr. Michael Topper, analysis and panels were generated by Dr. 
Michael Topper. 
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The drug-induced transcriptional responses noted above suggests an inverse relationship 

might exist between innate immune signaling and BRCAness genes. As validation of this 

proposed relationship, we queried the STRING database of known interactions between 

proteins for connectivity mapping [136]. These association data reveal a highly significant 

overlap between FA pathway and TNFα/NF-κB or IFNαβ related genes, thus indicating a 

high degree of interaction and hence a potential basal relationship (Fig. 2.18A-B). These 

data in total reveal a pharmacologic response centered on the perturbation of immune-

related datasets occurring in concert with the repression of DNA repair gene subsets, and 

further, our data indicate association between these datasets occurring in the basal state. 
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Figure 2.18 Interaction between FA and TNFα/NF-κB or IFNαβ pathway genes.  
(A) STRING protein-protein interaction map of Fanconi Anemia pathway vs. TNFα/NF-κB pathway 
related genes. Gene sets depicted derived from MSigDB (Broad Institute).  
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Figure 2.18 Continued. Interaction between FA and TNFα/NF-κB or IFNαβ pathway genes. 
(B) STRING protein-protein interaction map of Fanconi Anemia pathway vs. IFNαβ pathway related 
genes. Gene sets depicted derived from MSigDB (Broad Institute). Panels (A) and (B) were 
generated by Dr. Michael Topper. 
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2.4 Discussion 
 

While the clinical implications of PARPi in BRCA-deficient OC and BC cancers are 

apparent, it is less how relevant PARPi are in non BRCA-deficient cancers. Studies have 

been ongoing to attempt to include cancers with intact BRCA1/2 genes by sequencing and 

other HR activity assays to subcategorize patients with tumors into BRCA-like to use 

PARPi for these patients [98, 99, 110]. The application of a BRCA-like signature for some 

sporadic cancers is beneficial for broadening the use of PARPi however, the majority of 

sporadic tumors that do not have a BRCA-like phenotype are still largely ignored. Our 

earlier studies hinted at the implication of the combination of DNMTi+PARPi in both a 

BRCA-deficient and BRCA-proficient setting [91]. And in agreement with DNMTi 

induced HRD in BRCA-proficient NSCLC [92], DNMTi also downregulate HR related 

gene expression and activity in TNBC cell lines. Interestingly, the aggressive MSL subtype 

of TNBC was observed to have more downregulation of HR genes compared to the other 

TNBC subtypes (Fig 2.7A-B), in particular to HCC1153. As expected, the Rad51 foci 

induced by radiation was impaired in the MSL MDA-MB-231 and remained unchanged in 

HCC1153. A common feature of downregulation, also in agreement with NSCLC, is the 

DNMTi modulation of FA specifically, and the downregulation of FANCD2 gene and 

protein expression. The cytogenetic studies, which are used in the clinic environment to 

diagnose patients with FA, similarly show that DNMTi treatment itself does not cause the 

chromosomal abnormalities, but instead prevents the repair of crosslinking induced 

damage. These data reinforce the combination therapeutic potential of DNMTi induced 

BRCAness and increasing sensitivity to PARPi in BRCA-proficient TNBC. In the context 

of PARPi, our current studies did not explore the implication of removal of DNMT-PARP-
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DNA adducts or the role of FANCD2 in removal of the protein-DNA complexes. 

Downregulation of FA, and specifically FANCD2, given its role in replication fork stability 

during HR, would be expected to have similar persistence of PARP trapping at the DNA 

(relative to DNMTi+PARPi), and similar outcomes of increased γH2AX. This perhaps 

makes the case for a DNMTi+PARP trapping agent rather than a catalytic PARPi due to 

the increased damage produced from the PARP trapping agent, and thus highlights the 

benefits of a PARP trapping agent in the clinic with a BRCAness inducing therapy. 

Whole transcriptome sequencing provided an exciting new avenue of study of the 

DNMTi+PARPi treatment paradigm. DNMTi have been linked to an induction of an 

IFNαβ signature by sensing of induced dsRNA, facilitated in part by the induction of 

endogenous retroviral transcripts (ERVs) [94, 95, 142], and in our studies, with the addition 

of PARPi, there is a further potentiation of an increased immune signature, with the 

addition of pro-inflammatory TNFα/NF-κB pathways. Interestingly these pathways were 

increased in response to either monotherapy. The DNMTi induced gene expression 

changes was expected, however the extent of immune pathway enrichment by PARPi was 

initially surprising. Though innate immune signaling will be discussed in later chapters, 

DNA damage, and similarly, BRCA-deficiency, is associated with increased DNA damage 

potential, which is linked to increased inflammation [148-150]. Our previous studies from 

Muvarak et al. showed MDA-MB-231 xenograft tumors with increased PARP1 binding to 

the chromatin with PARPi treatment alone [91]. These trapped protein-DNA complexes 

likely induce an immune signature, thus when combined with DNMTi, the changes in gene 

expression along with the increased DNA damage, potentiates the innate immune signature 

in TNBC. Significantly, a novel interconnected relationship emerged with the 
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transcriptional response between HRD and innate immune related signaling evaluated 

through STRING database, connectivity mapping analyses. For the first time, we show that 

there is a high degree of overlap between FA pathway and TNFα/NF-κB and IFNαβ 

pathways (Fig 2.18A-B). Though two distinct clusters between FA genes and IFNαβ genes 

are connected through several nodes, the highly interactive network from FA genes and 

TNFα/NF-κB genes is striking. Nonetheless, these STRING connectivity maps suggests 

that there is a potential basal relationship between DNA repair and an innate immune 

response, which has, to date, never been explored.  
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Chapter 3: Innate Immune signaling can induce homologous recombination 
deficiencies2 

 

3.1 Introduction 

 

Linking inflammation and DNA damage 

 

Inflammation and antigen-driven immune responses protect against pathogens and initiate 

removal of damaged tissue and tissue regeneration after infection, or other tissue injury 

[151, 152]. The immune and inflammatory process are key to removal of pathogens and 

activation of immune pathways involving macrophages, neutrophils, and other myeloid 

and lymphoid derived cells, to combat infection [153]. In eukaryotic cells, DNA is 

packaged neatly and compactly within the nucleus and as an initial line of defense, 

cytoplasmic DNA and RNA, whether pathogenic (especially in the context of viral RNA) 

or self-made, are detected to initiate a host immune response [154-156]. Induction of an 

IFNαβ response is a first line of defense against viral and other pathogenic infections which 

is involved in initial inhibition of viral replication and stimulation of an innate and adaptive 

immune response [153]. However, sustained and overproduction of cytokines and other 

inflammatory chemokines can lead to tissue damage and potential increased mutagenesis 

[157]. While there are numerous DNA repair pathways to resolve DNA damage, there is 

risk of faulty DNA repair. Accumulation of DNA damage and with a chance of decreased 

 
2 McLaughlin, L.J., Stojanovic, L., Kogan, A.A., Rutherford, J.L., Choi, E.Y., Yen, R.W.C., Xia, L., 
Zou, Y., Lapidus, R.G., Baylin, S.B., Topper, M.J., Rassool, F.V. Pharmacologic Induction of Innate 
Immune Signaling Directly Drives Homologous Recombination Deficiency. Proceedings of the 
National Academy of Sciences. 2020. (in review). 
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repair efficiency can lead to increased risks of deletions, insertions and mutations in tumor 

suppressors, oncogenes, or regulators of cell proliferation or apoptosis can initiate 

malignant cell transformation. Tumor promoting inflammation is one of the hallmarks of 

cancers, which leads to cell damage and thus increased genomic instability and 

mutagenesis, and can lead to tumorigenesis [158].  

  

  

Figure 3.1 Activation of PRRs initiates intracellular signaling leading to transcription of pro-
inflammatory and IFNαβ stimulated genes.  

An overview example for several membrane bound (TLRs at plasma membrane and intracellular 
endosomes) and cytosolic sensing PRRs. Activation at the surface by bacteria (not shown) and 
viruses can activate PRR as well as once internalized, cytosolic RNAs and DNAs can activate 
internal cytosolic PRRs which then activate transcription of pro-inflammatory and IFNαβ gene 
transcription.  These transcriptional events lead to an induction of cytokine and chemokine 
production which can then potentiate the inflammatory response to neighboring cells and further 
recruit and activate innate immune cells. (Figure from Bowie and Unterholzner 2008).  
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It is now well established that pattern recognition receptors (PRRs) begin the complex 

cascade of events to initiate an innate immune response (Fig. 3.1) [159]. PRRs are involved 

in the recognition of pathogen-associated molecular patterns (PAMPs) (viruses and 

bacteria and other pathogen related assaults) and endogenous danger (or damage)- 

associated molecular patterns (DAMPs) (self-associated from the host system) [160-162]. 

Toll-like receptors (TLRs) are the first and most extensively studied PRRs, which are 

membrane bound at the cell surface and intracellularly located in endosomes and are 

activated in response to PAMPs and DAMPs [163, 164]. DAMP signals can also activate 

intracellular cytosolic PRRs, such as cytosolic DNA and RNA sensors and NOD-like 

receptors in the inflammasome, which then induce sterile inflammation in the absence of 

pathogen associated infection [152, 165]. Regardless, activation of PRRs leads to 

downstream signaling cascade activation of IFNαβ and pro-inflammatory related genes 

through downstream pathways such as TANK-binding kinase 1 (TBK1) and NF-κB, to 

induce expression of cytokines and chemokines [160, 166, 167]. These signals are secreted 

from an infected cell, first to neighboring cells in order to further activate an anti-pathogen 

response, and through the blood to activate the innate immune system (and additionally to 

activate adaptive immune memory) and to recruit immune cells such as macrophages, 

dendritic cells, and natural killer cells to the site of infection [152, 168]. The culmination 

of these events to combat infection has a protective role, but a balance must be maintained. 

Robust and chronic inflammation can lead to disease states of autoimmunity and potential 

tumorigenicity with the increased genomic instability associated to increased inflammation 

[169]. 
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DNA damage and inflammation are linked together in a forward feedback loop (Fig. 3.2) 

[170]. Inflammation, such as through the production of reactive oxygen and nitrogen 

species (RONs) by various immune and epithelial cells, although critical in damaging 

pathogenic assault, increase collateral DNA damage by forming DNA lesions and 

increasing potential mutagenesis in the host system [171-173]. Activated inflammatory 

cells, such as neutrophils and macrophages, produce RONs to induce genotoxic stress to 

induce pathogenic cell death, with the unintended consequence of creating collateral 

damage [50, 157]. Likewise, increased DNA damage can promote and perpetuate a pro-

inflammatory response [170]. Balance between DNA damage and inflammation are linked 

by the highly regulated DNA repair mechanisms. Within in the context of cancer, chronic 

inflammation can lead to increased genomic instability and thus promotion of 

carcinogenesis [149]. Pro-tumorigenic and immunogenic pathways are often highjacked 

and deregulated to promote tumor growth and evade immune sensing [174]. Infectious 

disease and chronic inflammatory conditions are associated with and contribute to 

Figure 3.2 DNA damage and inflammation positive forward feedback loop.  

Inflammation through RONs induce DNA damage and DMA damage can promote and 
inflammatory response, thus perpetuating a feedback loop and can lead to tumorigenesis. (Figure 
from Kay et al., 2019).  



75 
 

approximately 25% of cancers worldwide [175]. Infections by viruses and bacteria are 

associated with multiple cancer types including gastric, liver, and cervical cancers [157, 

176, 177]. Patients infected with Helicobacter pylori (H. Pylori) bacteria have an increased 

risk of gastric cancer due to increased levels of oxidative damage in gastric mucosal cells 

[178]. Viruses such as Hepatitis B and C are associated with an increased risk of liver 

cancer, while human papillomavirus is linked to an increased risk of cervical cancer in 

women [179-181]. Other pro-inflammatory diseases such as Crohn’s disease and 

inflammatory bowel disease are associated with an increased risk of colon cancer [182]. 

While the pro-inflammatory environment and increased DNA damage leading to cancer 

susceptibility is apparent, the role of inflammation to reactivate immune cell sensing of 

tumor cells has been increasing in interest with the development of immune checkpoint 

inhibitors [174]. 

 

Inducing an immunomodulatory response against tumors 

 

The microenvironment in solid tumors plays an important role in cancer progression, 

metastasis, angiogenesis, and of particular note regarding inflammation, immune evasion 

or escape [183, 184]. Within the tumor microenvironment, tumor cells can establish an 

immunosuppressive microenvironment by avoiding immune detection and suppressing 

immune cell infiltration to ultimately provide a tumor friendly environment. Tumor cells 

can undergo immune editing to evade the immune system through multiple mechanisms to 

enhance tumor survival and proliferation (Fig. 3.3) [174].  
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Though the immune system is key to detect pathogens, it is also important in distinguishing 

between normal cells and malignant cells and preventing malignant cell expansion. There 

is an increase in interest in studying novel therapy mechanisms to initiate a pro-

inflammatory response to reestablish host immune cell recruitment and recognition and 

target malignant tumor cells [185]. The presence of immunosuppressive and anti-tumor 

associated lymphocyte and cytotoxic CD8+ T cells within the tumor microenvironment is 

associated with favorable chemotherapy response in both ER+ and ER- breast cancers. 

Figure 3.3 Tumor cell immune editing to avoid and suppress immune cell detection.  

Tumor cells undergo a series of events to avoid detection from the immune system.  They undergo 
a loss of antigenicity where immune cells are unable to differentiate the malignant cell from normal 
cell. Tumors can express mutated and nonmutated antigens and through selection can evolve to 
appear “normal”. Malignant tumor cells also express immunoinhibitory cell surface receptors like 
PD-L1 to avoid detection and killing by immune cells. And finally, in the microenvironment, tumor 
cells can promote an immunosuppressive environment through tumor associated macrophages and 
regulatory T cells which further prevent tumor detection (Figure from Beatty and Gladney 2015).  
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Efforts to enhance the recruitment of lymphocytic cells within the tumor microenvironment 

and promote immunogenic tumor cell death are an exciting field in cancer therapeutics 

[186]. 

DNMTi have been demonstrated to induce genome wide transcriptional changes and 

producing an anti-tumor memory response and inhibit tumor cell growth and cancer stem-

like properties [121, 143]. DNMTi also upregulate and enrich immunomodulatory 

pathways in multiple cancer types and reverse tumor mediated immune evasion 

mechanisms. DNMTi upregulate an IFNαβ response, reestablish antigenicity, and can 

activate and recruit CD8+ T effector cells to the solid tumor microenvironment [144, 187]. 

DNMTi induction of these immune events are modulated by upregulation of dsRNA from 

hypermethylated ERVs [94-96]. ERVs are contained in approximately 8% of the human 

genome and are DNA retroviral sequences that were acquired and integrated within our 

genome millions of years ago [188]. Though the normal cell functions of ERVs are not 

fully elucidated and are likely nonfunctional, they have the potential, within the context of 

cancer, in eliciting an anti-tumor immune response [189]. DNMTi induced ERVs are 

associated with a cytosolic dsRNA antiviral response potentiated by PRR activation, which 

in turn initiate an innate immune response [94]. The activation of anti-viral pathways has 

been termed DNMTi induced viral mimicry and has recently been characterized in multiple 

solid tumors (Fig 3.4) [94-96].  
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Figure 3.4 DNMTi induced viral mimicry promotes an immunomodulatory response.  

Aza treatment in cancer cells increase expression of dsRNA and their respective PRRs to induce 
expression of Type 1 IFN and pro-inflammatory cytokines and chemokines. These in turn are 
secreted and perpetuate an anti-viral response via autocrine and paracrine signaling. DNMTi induced 
dsRNA can also result in reestablished antigen presentation and recognition from T effector cells. 
The cytokine and chemokine production likewise can recruit and activate anti-tumor immune cells 
to promote immunogenic cell death. Finally, DNMTi treatment can establish PD-L1 expression 
which creates attractive promise to immune checkpoint inhibitors. Note: genes next to arrows denote 
significant Aza-induced upregulation in breast (red), colorectal (blue), or ovarian (green) cancer cell 
lines. (Figure from Li et. al., 2014).  
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Regulation during DNA repair is crucial in cells to repair any accumulated damages during 

times of infection. Inflammation leading to increased DNA damage and DNA damage 

leading to inflammation have been extensively studied, although the effects of 

inflammation on DNA repair still largely remain unknown. In Chapter 2, we show that 

DNMTi drives HRD and in combination with PARPi, can potentiate immune signaling. In 

this study, we corroborate the established model for DNMTi induction of innate immune 

signaling and furthermore, we inversely link pro-inflammatory signaling and DNA repair 

and show that exogenous cytokine treatment can directly downregulate HR activity. These 

studies provide an additional layer to the positive feedback loop between inflammation and 

DNA damage, to include HRD, which can then be exploited for cancer therapy.  
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3.2 Materials and Methods 
 

Cell lines 

TNBC cell line MDA-MB-231 was obtained from ATCC. MDA-MB-231 were cultured in 

DMEM, 10% FBS, and 1% P/S. TNBC cell line SUM159PT, were generously gifted from 

Dr. Dennis Slamon. SUM159PT was cultured in Ham’s F-12, 5% FBS, 1% P/S and 

supplemented with 10mM HEPES, 5μg/mL insulin, and 1μg/mL hydrocortisone.  Cell lines 

were cultured and maintained in 37˚C incubators with 5% CO2 and passaged every three-

four days.  

 

Drug Reagents and Treatments in-vitro 

Aza (Sigma) was prepared in PBS at a stock solution of 500μM, aliquoted, and stored 

at -80˚C for single use. Cell lines were treated daily with 150nM-500nM Aza. PARP 

inhibitor Tal (Pfizer) was prepared at 50mM stock concentrations in DMSO and stored at 

-80˚C. Tal was further diluted to 5mM in single use 1μL aliquots in DMSO and stored 

at -80˚C. For treatments, Tal was diluted 1:1000 in complete media and cells were treated 

every 72 hours. For combination treatments, cells were plated and allowed to adhere for 24 

hours before media was replaced with the combination of Aza and Tal (day one) and every 

72 hours replaced with fresh Aza and Tal. On day two and three, 100μL of the appropriate 

concentration of Aza (e.g., for 10mL, Aza was diluted to 50μM in media for a final 

concentration of 500nM after addition of 100μL) was added on top of cells. Interferonβ 

(IFNβ) was prepared in water at stock solution of 1mg/mL and aliquoted and stored 

at -20˚C for single use. Cells were treated at a final concentration of 100ng/mL IFNβ and 

then harvested for RNA extraction or analyzed for HR repair via flow cytometry. TNFα 
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was prepared in water at a stock solution of 200ng/μL and stored at -20˚C. Cells were 

treated with between 5-100 ng/mL and then harvested for RNA extraction or analyzed for 

HR repair via flow cytometry. 

 

RNA Extraction 

Total RNA was isolated from cultured cells using the NucleoSpin RNA Plus kit 

(Macherey-Nagel) according to manufacturer protocol.  

 

Quantitative PCR 

cDNA was synthesized by converting 1-2μg of RNA using High Capacity cDNA Reverse 

Transcription kit (Applied Biosystems). Quantitative real time PCR was performed using 

Power Sybr Green PCR Master Mix (Applied Biosystems) in a CFX384 Touch Real-Time 

PCR system (BioRad). The sequences of primers used are listed in Appendix Table S1. 

 

HR Repair Analysis 

MDA-MB-231 was stably transfected with pDRGFP plasmid (Addgene plasmid #26475) 

[129] using the Amaxa Nucleofection System (Lonza). Cells (2x10^6) were nucleofected 

with 5μg pDRGFP, and selected using 1mg/mL puromycin, and were further selected for 

single clones. Clones were verified by flow cytometry for GFP+ cells 72 hours after 

transfection using Lipofectamine 3000 with a plasmid expressing I-SceI (pCBASce, 

Addgene plasmid # 26477) [130]. To examine the role of treatment on HR DSB repair, 

cells were treated for six days with Aza, Tal, or combination, and plated at a density of 

5x10^5 cells/well in a 12 well plate in triplicate. After 24 hours, cells were transfected with 
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1μg I-SceI or a GFP expressing plasmid (pmaxGFP Lonza) for transfection efficiency for 

a further 72 hours. Cells were then harvested and analyzed via flow cytometry to measure 

percent GFP+ cells using FACS CANTO II (BD).  

 

TCGA and METABRIC Pearson Correlation Analysis 

cBioPortal [190], [191] TCGA and METABRIC data sets were queried with genes derived 

from the following MSigDB data sets (Broad Insititute): Fanconi Anemia and 

HALLMARK IFNαβ Alpha Response/TNFα via NF-κB. The following mRNA datasets 

were retrieved from cBioPortal: Breast Cancer METABRIC (mRNA expression 

(microarray) Z-scores, n=1904 samples), Lung Adenocarcinoma TCGA (mRNA 

Expression Z-scores, RSEM (Batch normalized from Illumina HiSeq_RNASeqV2), n=510 

samples), Lung Squamous Cell Carcinoma TCGA (mRNA Expression Z-scores, RSEM 

(Batch normalized from Illumina HiSeq_RNASeqV2), n=510 samples), Acute Myeloid 

Leukemia TCGA (mRNA Expression Z-Scores (RNA Seq V2 RSEM), n=173 samples), 

Pancreatic Adenocarcinoma TCGA (mRNA Expression Z-scores, RSEM (Batch 

normalized from Illumina HiSeq_RNASeqV2), n=177 samples), and Colorectal 

Adenocarcinoma TCGA (mRNA Expression Z-scores, RSEM (Batch normalized from 

Illumina HiSeq_RNASeqV2), n= 592 samples). The resulting text file matrices were used 

as input for MORPHEUS (Broad Institute) and a similarity matrix based on Pearson 

correlation was generated for the aforementioned datasets with one minus Pearson 

correlation clustering to generate correlation-based heatmaps depicted.  
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TCGA and METABRIC Correlation Bar Plots 

cBioPortal [190], [191] Ovarian Serous Cystadenomcarcinoma TCGA [mRNA Expression 

Z-scores, RSEM (Batch normalized from Illumina HiSeq_RNASeqV2), n=300 samples] 

and Triple Negative Beast Cancer Subset of Breast Cancer METABRIC (mRNA 

expression (microarray) Z-scores, n=279 samples), data sets were queried with genes 

derived from the following MSigDB data sets (Broad Institute): Fanconi Anemia and 

HALLMARK IFNαβ Alpha Response/TNFα via NF-κB. Correlation matrices were 

generated in graphpad prism for all comparisons across each matrix with Pearson 

correlation coefficient and two-tailed permutation based p-value derived by software. From 

these data, p-value stacks were created to correct for multiple comparisons by two-stage 

linear step-up procedure of the Benjamini, Krieger and Yekutieli method, FDR set at 0.01. 

Bar plots depicted are top hits in data set and the individual genes displayed must meet the 

following 2 criteria: Pearson correlation coefficient > |0.20| and considered a discovery 

after FDR based correction for multiple comparisons. A full table of all comparisons as a 

reference can be found in Supplementary Table S2. 

 

Nuclear Lysate Based Enzyme-linked Immunosorbent Assay (ELISA) 

Nuclear lysates were extracted using Nuclear Extraction Kit (Active Motif) as described 

by manufacture protocol. Protein lysates were quantified by bicinchoninic 

acid assay (BCA assay). TransAM NF-κB Activation Assays (Colorimetric) based ELISA 

was performed according to manufacture instructions using 10μg of nuclear lysate protein 

loaded per well. Absorbance optical density of the colorimetric assay was determined using 

BioRad iMark microplate reader set to 450nm wavelength absorbance.  
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siRNA Screen  

ON-TARGET plus siRNA SMARTpool were purchased from GE Dharmacon (see 

Appendix Table S1) and used according to standard protocol as described by the 

manufacturer for 96 well-based transfections. At the end of study, transfected cells were 

lysed and prepared for relative FANCD2 detection using Cells-to-CT qPCR detection kit. 

 

Statistical analysis 

Data are presented as mean ± SEM with statistical significance displayed as asterisk based 

on p value derived from two-tailed unpaired student’s t test (or ANOVA) *significant p 

value after False Discovery Rate (FDR=0.05) based multiple comparisons correction, two-

stage linear step-up procedure of Benjamini, Kriegerm and Yekutieli. 
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3.3 Results 

 

A basal, inverse correlation exists between the pathogen response pathways and FA-

related gene sets. 

 

In Chapter 2, we demonstrated that the combination of PARPi and DNMTi induce a 

decrease in transcription of BRCAness genes, in particular FA group genes. 

Simultaneously, these drugs in combination increase expression of IFNαβ and TNFα 

inflammasome genes. However, connectivity mapping showing that there is a significant 

interaction between immune-related and FA group genes was unexpected. To determine 

whether there is an inverse, basal relationship of these pathways in cancer cells, as 

predicted by our drug studies, we queried expression analyses of primary human cancer 

samples derived from The Cancer Genome Atlas (TCGA) [192] and METABRIC [193] 

data sets deposited in the cBioPortal [190, 191]. Correlation data derived from these mRNA 

data reveals an overall negative correlation between BRCAness genes and TNFα/NF-κB 

or IFNαβ genes in TNBC datasets (Fig. 3.5 and Supplementary Table S2).  

 

 

 

 

 

 

 



86 
 

 

 

 

 

 

 

Figure 3.5 Basal, inverse Pearson correlation for METABRIC TNBC patient samples.  

Pearson correlation-based heatmaps for METABRIC TNBC samples (mRNA expression 
(microarray) Z-scores). Clustering by one minus Pearson correlation, negative correlation=blue, 
positive correlation=red. Top panel: Fanconi Anemia pathway related genes (green bar) vs. 
TNFα/NF-κB pathway related genes (red bar). Bottom panel: Fanconi Anemia pathway related 
genes (green bar) vs. IFNαβ pathway related genes (blue bar). Panels generated by Dr. Michael 
Topper. 



87 
 

Based on our DNMTi and PARPi transcriptional data as detailed in the preceding chapter, 

we initially selected FANCD2 and FANCC for further evaluation in primary gene 

expression datasets. In agreement with the global pattern discerned across the entire 

dataset, FANCD2 and FANCC display a conserved overall negative correlation, most 

pronounced when compared with TNFα/NF-κB pathway-associated genes (Fig. 3.6A-B).  



88 
 

 

Figure 3.6 Basal, inverse Pearson correlation for METABRIC TNBC mRNA expression from 
patient samples.  

Bar plot of Pearson correlation coefficients for METABRIC TNBC samples (mRNA expression 
(microarray) Z-scores) for (A) FANCD2 and (B) FANCC). Genes selected based on absolute value 
greater than 0.20 and significant p value after multiple comparisons correction (FDR set at 0.01 to 
define p value threshold for discovery). Blue bar=negative correlation, Red bar=positive correlation. 
Scatterplots associated with bar plot (right panel) depicted are the top 3 negative correlation values 
in the bar plot, where each dot is representative of a single patient in dataset. X and Y axis are the 
Z-scores for the genes displayed. Panels generated by Dr. Michael Topper. 
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Expanding these gene-specific analyses to additional BRCAness genes reveals, in 

agreement with the above Pearson correlation plots, the existence of a broad inverse, basal 

transcriptional program in TNBC (Fig. 3.7A-B). Importantly, these TCGA and 

METABRIC data when considered in the aggregate reveal a basal, inverse transcriptional 

correlation between BRCAness genes and innate immune genes conserved across major 

human cancer types including pancreatic ductal adenocarcinoma, colon adenocarcinoma, 

lung adenocarcinoma, and lung squamous cell carcinoma (Appendix Fig S3.1A-E and 

Appendix Fig S3.2A-E).  
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Figure 3.7 Basal, inverse Pearson correlation for METABRIC TNBC mRNA expression from 
patient samples.  

(A) Bar plots of Pearson correlation coefficients for METABRIC TNBC samples (mRNA 
expression (microarray) Z-scores) for RPS27A (top left), FANCE (top right), and FANCD2 
(bottom), selected from IFNαβ pathway gene subset. (B) Bar plots of Pearson correlation 
coefficients for METABRIC TNBC samples (mRNA expression (microarray) Z-scores) for PALB2 
(top) and UBE2T (bottom), selected from TNFα/NF-κB pathway gene subset. Genes depicted based 
on absolute value greater than 0.20 and significant p value after multiple comparisons correction 
(FDR set at 0.01 to define p value threshold for discovery). Panels generated by Dr. Michael Topper. 
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Acute TNFα and IFNβ cytokine treatment downregulates BRCAness genes and 

induces HRD. 

 

As the previous data are correlative, we next sought to define the causation of inflammatory 

and IFNαβ signaling through the application of exogenous stimulation. Treatment of 

exogenous TNFα in TNBC, reveals a seminal role for related signaling in the creation of 

HRD. TNFα is known to initiate inflammatory signaling processes through the potentiation 

of NF-B signaling by facilitating the proteasomal degradation of IκB and nuclear 

translocation of NF-B homo- or hetero- dimers [194-197]. As further evidence of NF-B 

causation, we evaluated HRD in the presence of exogenous cytokine stimulation. The 

application of TNFα induced a marked increase in expression of TNFα/NF-B responsive 

genes, as expected, with a correlated repression of several BRCAness genes in TNBC cells, 

and notably, BRCA1, FANCD2, and other FA related genes (Fig. 3.8A). Accompanying 

these gene responses was an associated repression of functional HR activity in MDA-MB-

231 cells (Fig. 3.8B).   
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Figure 3.8 Short-term acute TNFα cytokine treatment downregulates HR expression and 
activity.  

(A) Relative RNA expression for a subset of TNFα-inflammatory and FA genes after stimulation 
with 12hr 20ng/mL TNFα in MDA-MB-231. (B) Relative HR activity analysis of GFP+ cells by 
flow cytometry 72hrs after transient transfection of I-SceI for 6 hrs followed by TNFα treatment in 
MDA-MB-231:DR-GFP. Data represent the mean ± SEM *significant p value over Mock after 
FDR=0.05 based multiple comparisons correction (n=3 independent biological replicates and 
experimental triplicates). 
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Additionally, the application of IFNβ in TNBC, as expected, induces a marked increase in 

expression of IFNαβ-sensitive genes (ISGs), with a correlated repression of several 

BRCAness genes (Fig. 3.9A). Accompanying these gene expression responses was an 

associated significant functional HR defect in MDA-MB-231 (Fig. 3.9B).  

Figure 3.9 Short-term acute IFNβ cytokine treatment downregulates HR expression and 
activity.  

(A) Relative RNA expression for a subset of IFNαβ and FA genes after stimulation with 12hr 
100ng/mL IFNβ in MDA-MB-231. (B) Relative HR activity analysis of GFP+ cells by flow 
cytometry 72 hours after 6 hour transient transfection of I-SceI followed by 5µM Ruxolitinib, 
100ng/mL IFNβ, or 5µM Ruxolitinib+100ng/mL IFNβ, or after 6 hour transient transfection of I-
Sce1+0.5-1mg/mL Poly(I:C) or I-Sce1+0.5-1mg/mL Poly(dI:dC) in MDA-MB-231:DR-GFP. (C) 
Relative RNA expression for a subset of IFNαβ pathway and FA genes after stimulation with a 6-
hour transient transfection and 12-hour release of Poly(I:C) or (D) Poly(dI:dC) in MDA-MB-231. 
Data represent the mean ± SEM *significant p value over Mock after FDR=0.05 based multiple 
comparisons correction (n=3 independent biological replicates and experimental triplicates). 
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 Importantly, simultaneous treatment with the Jak 1/2 inhibitor, Ruxolitinib [198], which 

blocks IFN activation of downstream STAT signaling and ISG stimulation [199], fully 

rescues the HR activity defect imparted by exogenous IFN (Fig. 3.9B). Consistent with 

the above IFN signaling-mediated HRD, similar results were obtained by treatment of 

TNBC cells with Poly I:C, a cytosolic dsRNA mimetic and potent inducer of IFNαβ 

signaling (Fig. 3.9B-C) [200, 201]. Notably, MDA-MB-231 TNBC cells were found to be 

far more sensitive to Poly I:C relative to Poly dI:dC where the application of the double-

stranded DNA (dsDNA) mimetic Poly dI:dC resulted in a more measured response relative 

to IFNβ and Poly I:C in TNBC cells (Fig. 3.9B and Fig 3.9D), thus suggesting that 

cytosolic nucleotides represent only part of the repair gene downregulation mechanism. 

Additionally, to determine whether the observed decrease in HR activity with IFNβ or 

TNFα treatment is mainly due to a reduction in S phase, we performed cell cycle analysis 

by PI staining. Our results show that TNFα or IFNβ treatment do not have effects on the 

fraction of cells in S phase, thus effects of exogenous drug treatments are S phase cell cycle 

independent (Fig 3.10A).   
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These data provide direct evidence that IFN and TNFα/NF-B-related signaling can 

induce BRCAness and provides validation for the proposed inverse relationship between 

expression of IFN genes or TNFα/NF-B-related genes and BRCAness genes as displayed 

in both pan-cancer TCGA/METABRIC and pharmacologic transcriptional data. 

Repression of DNA repair genes by perturbation of this innate immune signaling may have 

phenotypic implications in the facilitation of PARPi sensitization for BRCA-proficient 

TNBC.   

Figure 3.10 IFNβ and TNFα treatment do not affect cell cycle S phase.  

(A) Cell cycle distribution analyzed via PI staining of MDA-MB-231 treated with vehicle, 12-hour 
stimulation of 100ng/mL IFN or 20ng/mL TNFα (n=3). Data represent the mean ± SEM *significant 
p value over Mock after FDR=0.05 based multiple comparisons correction (n=3 independent 
biological replicates and experimental triplicates). 
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DNMTi and PARPi treatments induce a low and sustained chronic inflammatory and 

IFNαβ signaling. 

 

Given our studies of direct cytokine application leading to induction of HRD, we sought to 

first define the subset of TNFα-related genes induced and how sustainable this 

augmentation might be in TNBC cell lines. A conserved feature of the innate immune 

transcriptional response, which has emerged in previous studies induced by both DNMTi 

and PARPi treatment, is downstream IFNαβ gene stimulation, which we now extend to 

include TNFα/NF-B inflammatory signaling. We thus, sought to define both the temporal 

nature of the TNFα-related and IFNαβ response and the resulting implications for inducing 

HRD, or BRCAness. First, evaluation of quantitative real-time PCR (qRT-PCR) data for 

DNMTi and/or PARPi-induced changes in TNFα/NF-B-related genes, revealed a 

generalized and persistent transcriptional increase present after 72 hours of treatment and 

continuing through day six through day ten in MDA-MB-231 (Fig 3.11A-C). A similar 

DNMTi and PARPi transcriptional induction also is present in the SUM159PT MSL-like 

cell line (Fig 3.11D). Interestingly, there was a conserved increase in IFIT1-3, IL7R, PLK2, 

SGK1, and notably, TNFα, between both cell lines.  
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Figure 3.11 DNMTi and PARPi induction of chronic expression of TNFα inflammatory 
pathway genes.  

Relative RNA expression for a subset of TNFα inflammatory pathway genes in MDA-MB-231 
treated with 500nM Aza, 10nM Tal, or 500nM Aza+10nM Tal relative to vehicle conditions after 
(A) three days, (B) six days, and (C) ten days treatment. (qRT-PCR, n=3). Data represent the mean 
± SEM *significant p value over Mock after FDR=0.05 based multiple comparisons correction (n=3 
independent biological replicates and experimental triplicates). 
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Furthermore, this transcriptional response is in agreement, as expected, by nuclear 

translocation of both NF-κB p65/p50 in MDA-MB-231 occurring predominantly in an 

Aza-driven manner, with further induction noted by combination treatment (Fig. 3.12A).  

Figure 3.11 Continued: DNMTi and PARPi induction of chronic expression of TNFα 
inflammatory pathway genes.  

(D) Relative RNA expression for a subset of TNFα inflammatory pathway genes after continuous 
ten days treatment in SUM159PT cell line; treated with 250nM Aza, 80nM Tal, or 250nM 
Aza+80nM Tal relative to vehicle. (qRT-PCR, n=3). Data represent the mean ± SEM *significant p 
value over Mock after FDR=0.05 based multiple comparisons correction (n=3 independent 
biological replicates and experimental triplicates). 

Figure 3.12 DNMTi drives nuclear translocation of p50/p65.  

(A) TransAM NF-κB activation (p50/p65) colorimetric ELISA for Day four=D4 and five=D5 
nuclear extracts (10μg per condition); treated with 250nM Aza, 80nM Tal, or 250nM Aza+80nM 
Tal relative to vehicle. Data represent the mean ± SEM *significant p value over Mock after 
FDR=0.05 based on multiple comparisons correction (n=2). Panel generated by Dr. Michael Topper. 
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Both p50 and p65 are the predominant subunits responsible for NF-B-mediated gene 

activation and bind to target genes as p50/p65 or p50/p50, hetero- and homo- dimers, 

respectively [202, 203]. As further validation of this concept, transient knockdown with 

siRNA pools targeting NF-B and dsDNA-sensing pathway induces expression of 

FANCD2 in both Mock- and Aza- treated MDA-MB-231 cells compared to non-targeting 

controls (Fig. 3.13A-B). 

Figure 3.13 Knockdown of NF-κB and dsDNA-sensing pathways induce expression of 
FANCD2.  

Relative FANCD2 expression in MDA-MB-231 after transient knockdown using various siRNA 
pools targeting NF-κB and dsDNA sensing pathway normalized to non-targeting control. 24 pre-
incubation hours followed by six-day treatment with vehicle (A) or treatment with 500nM Aza (B) 
(qRT-PCR using cells to CT direct method, day 6).  Panel generated by Dr. Michael Topper. 
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We also compared IFNαβ-related genes by qRT-PCR to drug induced changes similarly to 

the evaluation of TNFα-related genes. Our results reveal transcriptional augmentation as 

early as 72 hours after treatment and continuing through day six and day ten in MDA-MB-

231 and day ten in SUM159PT cell lines, thus suggesting a more sustained response with 

the drug combination (Fig. 3.14A-D). Indeed, several IFNαβ-related genes contained in 

this panel show induction with Aza or Tal, with further increases noted in drug combination 

treated cells across these cell lines including, CCL5, IFI27, IRF7, and ISG20 for 231 (Fig. 

3.14A-C). These IFNαβ gene effects are dominated by an Aza-driven response in 

SUM159PT with significant induction of IFI27, IFI6, IRF3, IRF7, and ISG15 (Fig. 3.14D). 
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Figure 3.14 DNMTi and PARPi induction of chronic expression of IFNαβ pathway genes.  

Relative RNA expression for a subset of IFNαβ pathway genes in MDA-MB-231 treated with 
500nM Aza, 10nM Tal, or 500nM Aza+10nM Tal relative to vehicle conditions after (A) three days, 
(B) six days, and (C) ten days treatment. (qRT-PCR, n=3). Data represent the mean ± SEM 
*significant p value over Mock after FDR=0.05 based multiple comparisons correction (n=3 
independent biological replicates and experimental triplicates). 
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Figure 3.14 Continued: DNMTi and PARPi induction of chronic expression of IFNαβ pathway 
genes.  

(D) Relative RNA expression for a subset of IFNαβ pathway genes after continuous ten days 
treatment in SUM159PT cell line; treated with 250nM Aza, 80nM Tal, or 250nM Aza+80nM Tal 
relative to vehicle. (qRT-PCR, n=3). Data represent the mean ± SEM *significant p value over Mock 
after FDR=0.05 based multiple comparisons correction (n=3 independent biological replicates and 
experimental triplicates). 
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3.4 Discussion 

 

The link between DNA repair and inflammation has usually been discussed in the context 

of DNA damage [149]. Through our pharmacologic paradigm we have uncovered a direct 

interaction between DNA repair and TNFα/NF-κB or IFNαβ related genes via STRING 

analysis connectivity mapping in the previous chapter. To fully examine the connection 

between DNA repair and innate immune signaling we analyzed mRNA expression TCGA 

data sets which reveal, for the first time, a significant basal inverse relationship across 

multiple cancer subtypes. The relationship of innate immune signaling response and 

subsequent induction of HRD is interesting in the context of evolutionary advantage. While 

in certain cases, repairing DNA damage and promoting cell proliferation for wound healing 

after clearing infection is required, as the scales tip to excessive damage, eventually DNA 

repair is no longer possible [149, 204]. Instead of promoting cell survival in a highly 

stressed environment, downregulating repair to prime for immunogenic promoted cell 

death is more amenable as a survival mechanism for the host system. Pro-inflammatory 

induction of HRD is perhaps part of an ancient evolutionary mechanism to dispose of cells 

that have undergone too much cell damage. Unfortunately, although the mechanism of 

clearing an infected cell has overall positive outcomes, the pro-inflammatory response 

induction of HRD also have implications in tumorigenesis. Patients with heterozygous 

BRCA mutations have an increased risk of developing OC and BC due to risk of increased 

mutagenesis and genomic instability [73, 205]. Likewise, a pro-inflammatory state leads 

to increased DNA damage, and with the additional induction of HRD, can also lead to 

increased risk of mutagenesis and genomic instability.   
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Further investigation into the extent of regulatory control of DNA repair during times of 

inflammation is required. The positive feedback loop between DNA damage and the 

inflammatory response have an implication in DNA repair [149, 170]. Studies in BRCA 

deficient cancers, which are more susceptible to DNA damage, have increased expression 

of innate immune signaling genes which corroborates the inverse correlation in our TCGA 

datasets [148, 206]. We also now show that exogenous cytokine treatment downregulates 

DNA repair and potentiates the positive feedback loop between inflammation and DNA 

damage. The nuances remain to be elucidated for when DNA repair is required and 

upregulated versus when downregulated to remove cells that cannot clear an infection. 

Within cancer, the relationship between induction of a pro-inflammatory response and 

downregulation of DNA repair can be taken advantage of with pharmacologic intervention, 

including PARPi.  

Thus, DNMTi in TNBC cells induce expression of both IFNαβ and pro-inflammatory 

related genes, inducing HRD and sensitizing to PARPi. Interestingly, while pro-

inflammatory responses with DNMTi treatment are NF-κB dependent, PARPi elicit innate 

immune signaling largely independent of NF-κB nuclear translocation. Therefore, the 

relationship between PARPi and induction of an innate immune response still requires 

further study. There is also controversy whether PARPi alone can mount an innate immune 

response in the presence of intact BRCA1/2 genes, regardless of a transcriptional induction 

of these gene sets [146, 206-208]. We propose that DNMTi induction of HRD is in 

response to initial innate immune signaling events, which then, through ancient 

evolutionary mechanisms, downregulate DNA repair. The culmination of induced immune 

signaling leading to BRCAness allows for the use of PARPi to treat BRCA proficient 
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cancers. Additionally, a DNMTi induced viral mimicry response in combination with a 

PARPi-induced innate immune transcriptional response can reduce an immunosuppressive 

tumor microenvironment. To further promote T cell lymphocyte infiltration and targeting 

of cancer cells the use of checkpoint inhibitors with our proposed DNMTi+PARPi 

treatment paradigm can strengthen the potential anti-tumor immunogenic potential. 
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Chapter 4: DNMTi and PARPi converge on STING promoted innate immune 
signaling to drive HRD3 

 

4.1 Introduction 

 

Innate immune sensing of cytosolic double-stranded RNA and DNA 

 

DNA is neatly packed inside the nucleus or mitochondria of eukaryotic cells [154-156]. 

Detection of dsDNA or dsRNA in the cytoplasm triggers activation of PRRs and the initial 

downstream induction of cytokine and chemokine production to mount an innate immune 

response [209]. PRRs are the first line of defense to initiate the innate immune system 

which are primarily located at the cell surface membrane, but there is also a subset of 

intracellular PRRs specific to sensing cytoplasmic dsDNA or dsRNA, recognizing nucleic 

acids from both pathogenic (PAMPs) and the host system (DAMPs) [160-164].  

Central to cytoplasmic dsDNA driven IFNαβ response is the endoplasmic reticulum 

located adaptor protein, STimulator of INterferon Genes (STING) [210, 211]. STING does 

not directly associate with dsDNA, but relies on multiple upstream PRRs which recognize 

and process cytosolic dsDNA [210]. Canonical activation of STING induced IFNαβ and 

pro-inflammatory transcription is associated with dsDNA sensor cyclic guanosine 

monophosphate (GMP)-adenosine monophosphate (AMP) synthase (cGAS) [212]. cGAS 

recognizes and binds to dsDNA and catalyzes the formation of secondary messenger 

 
3 McLaughlin, L.J., Stojanovic, L., Kogan, A.A., Rutherford, J.L., Choi, E.Y., Yen, R.W.C., Xia, L., 
Zou, Y., Lapidus, R.G., Baylin, S.B., Topper, M.J., Rassool, F.V. Pharmacologic Induction of Innate 
Immune Signaling Directly Drives Homologous Recombination Deficiency. Proceedings of the 
National Academy of Sciences. 2020. (in review). 
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cGAMP, which is able to bind and stimulate STING activation [213, 214]. STING 

activation involves a conformational change promoting multiple dimerization events and 

translocation from ER to ER-Golgi intermediate compartments where STING is 

palmitoylated and can then act as a scaffold to recruit TBK1 and IRF3 [212, 215]. 

Recruitment of TBK1 dimers promotes transphosphorylation events and phosphorylation 

of STING and transcription factor IRF3 [216, 217]. Activated phosphorylated IRF3 

promotes nuclear translocation and transcription binding to initiate Type 1 IFN gene 

transcription [218]. The cGAS-STING-TBK1-IRF3 paradigm serves as the primary and 

canonical signaling cascade in cytoplasmic dsDNA sensing [219]. Additionally, STING 

can mediate activation of transcription factor NF-κB through activation of the IκB kinase 

(IKK) complex [220, 221]. Briefly, activation of the IKK complex, comprised of IKKα 

and IKKβ, phosphorylate the negative regulator IκB of NF-κB. Inactive forms of IκB 

sequester NF-κB function, but phosphorylation of IκB promotes its proteosomal 

degradation and release of NF-κB. Once released, NF-κB functions as a transcription factor 

to promote expression of pro-inflammatory genes [222, 223]. Notably, STING induced 

NF-κB activation is predominant over canonical cGAS-STING-TBK1 signaling during 

etoposide induced nuclear DNA damage [220].  

Retinoic acid inducible gene‐I (RIG‐I)‐like receptors (RLRs) RIG-I, melanoma 

differentiation associated gene 5 (MDA5), and laboratory of genetics and physiology 2 

(LGP2), are cytosolic single stranded RNA (ssRNA) and dsRNA PRRs and are activated 

in response to viral infection [224]. All RLRs contain RNA helicase domains which are 

responsible for RNA binding [225]. In addition, RIG-I and MDA5 contain N terminal 

caspase activation and recruitment domains (CARDs) that bind to the adaptor 
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mitochondrial antiviral signaling protein (MAVS) to initiate a IFNαβ response [225, 226]. 

Corresponding to cGAS-STING signaling, RLR activation lead to phosphorylation and 

activation of  TBK1/IRF3 and NF-κB which promote IFNαβ and pro-inflammatory gene 

transcription [224]. Though there are distinct DNA and RNA sensors and adaptors in the 

cytoplasm to detect foreign pathogens and self-DNA/RNA, there is interplay and crosstalk 

between the cGAS-STING dsDNA sensing and RIG-I/MDA-5, that largely center on 

STING (Fig 4.1) [209, 227, 228].  
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Figure 4.1 Schematic for crosstalk involved in dsDNA/dsRNA sensing to elicit innate immune 
signaling 

Sensing of cytosolic dsRNA and dsDNA activate PRRs RIG-1/MDA5 or cGAS, respectively. 
Crosstalk is involved in these sensing pathways where dsDNA can be transcribed to dsRNA by 
cytosolic RNA polymerase III, and dsRNA can be reverse transcribed (RT) into DNA:RNA 
intermediates to be recognized by cGAS. DNA sensors activate downstream adaptors MAVS and 
STING to initiate similar signaling cascades involving TBK1/IRF3/IRF7 and IKK/NF-κB pathways, 
which translocate into the nucleus for transcription of inflammatory and IFNαβ cytokines and 
chemokines. Activated RIG-1/MAVS also associates with STING to promote activation of 
downstream IFN signaling. Figure created in BioRender. 
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Cytoplasmic dsRNA and dsDNA, whether pathogenic in nature or self-associated, are 

recognized by different sensors to promote innate immune signaling [209], but the 

importance of STING is apparent in several STING in vitro and in vivo knockdown studies. 

STING-/- mouse embryonic fibroblasts (MEFs) are unable to induce a IFNαβ response after 

infection of DNA and RNA viruses including, but not limited to, herpes simplex virus 1 

(HSV-1), vesicular stomatitis virus (VSV), and dengue virus [211, 212, 229, 230]. Mice 

with STING-/- also have increased susceptibility to lethal infection of HSV-1 and VSV, 

thus indicating the importance of STING in innate immune sensing of RNA and indeed 

leads to a defect in RIG-I associated IFNαβ induction [212, 228, 231]. Interestingly, 

STING also has a protective role against viral infection by preventing viral translation from 

the ER to prevent viral expansion [232]. These findings strongly suggest that the STING 

adaptor is central in promoting an antiviral innate immune response [227]. 

Additional crosstalk occurs upstream of DNA sensor signaling implicating RIG-I 

activation from dsDNA, where dsDNA can be used as a template and is transcribed to 

dsRNA by cytoplasmic RNA polymerase III, which is now considered as an additional 

PRR dsDNA sensor [233]. During viral infection, dsRNA can be reverse transcribed to 

DNA:RNA intermediates, which can then be recognized by cGAS and additional ssDNA 

and dsDNA sensor IFI16 to mediate a STING response. However, in the absence of viral 

infection, these mechanisms still remain unclear [234, 235]. Key in downstream crosstalk 

between RLRs and STING is the direct association of dsRNA activated RIG-1/MAVS with 

STING at the ER to drive TBK1/IRF3 and NF-κB activation and nuclear translocation 

[227]. Additionally, RLR dsRNA dependent activation can also induce STING gene 

expression [236, 237].  
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Although there are many upstream DNA and RNA PRR sensors, proper initiation of innate 

immune signaling converges on intact STING expression. The heavy crosstalk involved in 

sensing of cytoplasmic nucleic acids implicate STING as the central adaptor node to clear 

anti-viral and bacterial infection and to activate and recruit immune cells to the site of 

damage [227]. Activation of an immune response has been an attractive field in cancer 

therapeutics especially in solid tumors that have immunosuppressive tumor 

microenvironments. Harnessing this potential of a centralized STING associated innate 

immune response has led to the development of STING agonists to reverse tumor 

associated immune evasion [238].  

 

STING signaling in cancer 

 

Activation of cytosolic DNA and RNA sensing pathways, are gaining traction in cancer 

therapeutics. IFNαβ induction is crucial for anti-tumor activity of NK cells and 

reestablishing antigenicity to anti-tumor cytotoxic CD8+ T cells [239]. Abrogation of 

STING expression in vivo severely reduced spontaneous priming of CD8+ T cells against 

tumor antigens and defective accumulation of anti-tumor immune cells in the tumor 

microenvironment [240]. Decreased STING expression in Hepatocellular carcinoma and 

gastric cancer predicts for poor prognosis and decreased survival in patients [241, 242]. 

Interestingly, H. pylori infection is associated with increased inflammation and DNA 

damage as mentioned in the previous chapter, and importantly, induce STING expression 

and activation, and thus represent a strong risk factor for gastric cancer [241]. Though 

inflammation is often associated with tumorigenesis, after tumor establishment, immune 
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evasion is necessary for tumor cell growth. Therefore, STING deactivation is likely related 

to tumor immune evasion and poor survival.   

Given the crosstalk involved between dsRNA sensing and dsDNA sensing, activation of 

RIG-1 or MDA5 can also contribute to reversing tumor immune evasion and indeed can 

induce immunogenic cell death in AML, melanoma, and pancreatic cancers [243-245]. 

RIG-1 activation in pancreatic cancer cells leads to expression and upregulation of 

proinflammatory cytokines, IFNαβ, and immune linked apoptosis [245, 246]. Tumor 

driven Type 1 IFN response also promotes activation of dendritic cells and anti-tumor 

cytotoxic T cells to promote immunogenic tumor cell death. MDA5 activation in melanoma 

has also been shown to lead to autophagy due to the increased genotoxic stress [247]. 

As stated in Chapter 3, DNMTi can induce a viral mimicry response mediated by increased 

transcription of ERVs [94-96]. This was also implicated with activation of RIG-I/MDA5 

PRR sensors, which in turn initiate transcription of pro-inflammatory gene expression [94]. 

To date, DNMTi have not directly been linked to STING activation. DNA damage induced 

by DNA damaging agents such as etoposide, carboplatin, and IR, triggers cGAS-STING 

activation [220, 248-250]. Etoposide DNA damage provides additional insight to the 

highly regulated cGAS-STING signaling paradigm. Etoposide induced DNA damage 

revealed noncanonical STING signaling mediated through dsDNA sensor IFI16, 

independent of cGAS activation [220]. Noncanonical STING signaling predominantly 

drives activation of NF-κB rather than canonical cGAS-STING-TBK1-IRF3 signaling 

[220]. Drug-induced damage also highlights the importance of recognition of self-DNA. 

Though dsDNA translocation from nucleus to cytoplasm are unclear, PARPi can also 

induce accumulation of cytoplasmic dsDNA, to activate cGAS-STING signaling [145]. 
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PARPi induced cytoplasmic dsDNA, together with DNMTi induced viral mimicry, 

converge to induce innate immune signaling to reverse tumor immune evasion (Fig 4.2, 

figure modified from [251]). In this chapter we investigate the role of STING signaling in 

generating a DNMTi-induced HRD. Furthermore, we determine whether combining 

DNMTi with PARPi further augments immune–related signaling, potentiating HRD, or 

BRCAness in BRCA-proficient TNBC. We suggest the term, pathogen mimicry response 

(PMR) to define this drug-induced signaling centering on STING activation, which we link 

directly to down-regulation of FA genes to generate HRD, and to overall sensitize to PARPi 

therapy. 
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Figure 4.2 Schematic for pharmacologic induction of DNA/RNA sensing pathways to 
reestablish anti-tumor immune cell recognition and promote tumor cell death 

DNMTi induce a viral mimicry response by activation of RIG-I/MDA5 dsRNA sensing pathways 
mediated by DNMTi-induced expression of ERVs. dsRNA sensing pathways promote transcription 
of inflammatory and IFNαβ cytokines and chemokines. Likewise, DNA damaging agents, 
including PARPi, activate dsDNA sensing cGAS-STING pathways, which promote transcription of 
inflammatory and IFNαβ genes. The cytokines and chemokines secreted activate DC, CD8+ T cells, 
and NK cells which are recruited to tumor sites to promote a cytotoxic response. DNMTi also 
reestablish tumor antigenicity, to enhance immune cell recognition. These events converge to 
reverse tumor immune evasion and lead to cytotoxic tumor cell death. Figure obtained and modified 
from Iurescia et al., 2018. 
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4.2 Materials and Methods 

 

Cell lines 

TNBC cell line MDA-MB-231 was obtained from ATCC. MDA-MB-231 were cultured in 

DMEM, 10% FBS, and 1% P/S. Cell lines were cultured and maintained in 37˚C incubators 

with 5% CO2 and passaged every three-four days. 

 

Drug Reagents and Treatments in-vitro 

5-Azacytidine (Aza, Sigma) was prepared in PBS at a stock solution of 500μM, aliquoted, 

and stored at -80˚C for single use. Cell lines were treated daily with 150nM-500nM Aza. 

PARP inhibitor Talazoparib (Tal, Pfizer) was prepared at 50mM stock concentrations in 

DMSO and stored at -80˚C. Tal was further diluted to 5mM in single use 1μL aliquots in 

DMSO and stored at -80˚C. For treatments, Tal was diluted 1:1000 in complete media and 

cells were treated every 72 hours. For combination treatments, cells were plated and 

allowed to adhere for 24 hours before media was replaced with the combination of Aza and 

Tal (day one) and every 72 hours replaced with fresh Aza and Tal. On day two and three, 

100μL of the appropriate concentration of Aza (e.g., for 10mL, Aza was diluted to 50μM 

in media for a final concentration of 500nM after addition of 100μL) was added on top of 

cells. STING inhibitor, H-151 (Invivogen), was prepared in DMSO at a stock solution of 

150mM in DMSO and stored at -20˚C. MDA-MB-231 were treated daily with single use 

aliquots at 10μM final concentrations. IKKi inhibitor was stored at -20˚C in single 50mM 

stock concentrations and TBKi was stored at -20˚C in 10mM stock concentrations. Fresh 
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media with fresh application of drugs was applied every 48 hours in experiments involving 

IKKi/TBKi. 

 

RNA Interference 

ON-TARGET plus siRNA SMARTpool were purchased from GE Dharmacon and used in 

this study. siRNAs were transfected using Lipofectamine 2000 reagent (Invitrogen) at a 

25nM final concentration. 

 

RNA Extraction 

Total RNA was isolated from cultured cells using the NucleoSpin RNA Plus kit 

(Macherey-Nagel) according to manufacturer protocol.  

 

Quantitative PCR 

cDNA was synthesized by converting 1-2μg of RNA using High Capacity cDNA Reverse 

Transcription kit (Applied Biosystems). Quantitative real time PCR was performed using 

Power Sybr Green PCR Master Mix (Applied Biosystems) in a CFX384 Touch Real-Time 

PCR system (BioRad). The sequences of primers used are listed in Appendix Table S1. 

 

Cell Viability by MTS 

Cells were plated in 96-well plates in six replicates with increasing concentrations of Tal 

(10-320nM Tal) in combination with 500nM Aza ± 1μM IKKi+5μM TBKi. Cells were 

treated daily with Aza, and media was changed every 48hours with fresh IKKi/TBKi for 

up to six days. The assay was terminated using CellTiter96 MTS Reagent (Promega) 
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according to manufacturer protocol, and colorimetric absorbance values were used to 

determine percent proliferation.  

  

HR Repair Analysis 

TNBC cell lines MDA-MB-231 was stably transfected with pDRGFP plasmid (Addgene 

plasmid #26475) [129] using the Amaxa Nucleofection System (Lonza). Cells (2x10^6) 

were nucleofected with 2-5μg pDRGFP, and selected using 1-5mg/mL puromycin, and 

were further selected for single clones. Clones were verified by flow cytometry for GFP+ 

cells 72 hours after transfection using Lipofectamine 3000 with a plasmid expressing I-

SceI (pCBASce, Addgene plasmid # 26477) [130]. To examine the role of treatment on 

HR DSB repair, cells were treated for six days with Aza, Tal, or combination (± STINGi), 

and plated at a density of 5x10^5 cells/well in a 12 well plate in triplicate. After 24 hours, 

cells were transfected with 1μg I-SceI for 72 hours or a GFP expressing plasmid (pmaxGFP 

Lonza) for transfection efficiency. For siRNA effects on HR, cells were plated at a density 

of 5x10^5 and siRNA was transfected using Lipofectamine 2000 for 48 hours, followed by 

a 72-hour transfection of I-SceI using Lipofectamine 3000. A non-targeting control was 

used as a negative control. Cells were then harvested and analyzed via flow cytometry to 

measure percent GFP+ cells using FACS CANTO II (BD).  

 

Protein extraction and Immunoblotting 

Cell pellets were harvested at the indicated time points and were stored in -80˚C prior to 

protein extraction. Cells were lysed in RIPA buffer (Sigma) supplemented with 1% 

phosphatase inhibitor (Thermo scientific) and 1% protease inhibitor (Thermo scientific) 
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and incubated for 45 minutes on ice with periodic vortexing. Supernatants were collected 

after centrifugation at 16,000xg at 4°C for 20 minutes. Whole cell extract (20μg) in 

NuPAGE LDS Sample Buffer with 10% β-mercaptoethanol were boiled for ten minutes 

and loaded onto 4-20% SDS-PAGE gel (Bio-Rad) and transferred to polyvinylidene 

difluoride membranes (GE Life science). Membranes were blocked with 5% nonfat milk 

in TBST for 60 minutes at room temperature, and overnight at 4˚C with antibodies against 

mouse monoclonal anti-β-actin (1:10000, Sigma), rabbit monoclonal anti-STING (1:1000, 

Cell Signaling), rabbit monoclonal anti-phospho-NAK/TBK1 (1:1000, Cell Signaling), 

rabbit monoclonal anti-NAK/TBK1 (1:1000, Abcam), mouse monoclonal anti-cGAS 

(1:500, Santa Cruz), and mouse monoclonal anti-ISG15 (1:500, Santa Cruz). Blots 

developed using a Hi/Lo Digital-ECL Western blot Detection kit and Kwik Quant Imager 

in the 1:10 ratios. Band densitometry were quantified using ImageJ software (NIH).  

 

Immunofluorescence Staining 

Cells were plated onto Human Fibronectin Cellware 22mm round coverslips in a density 

of 500,000 cells/coverslip. Cells were then washed three times in 1% BSA+0.1% Triton 

X-100 in PBS and fixed with 4% paraformaldehyde in PBS for ten minutes followed by 

five minutes permeabilization (50nM NaCl, 3mM MgCl2, 10mM HEPES, 200mM Sucrose 

and 0.5% Triton X-100 in PBS) at room temperature. Coverslips were then washed twice 

in 1% BSA+0.1% Triton X-100 in PBS and blocked overnight at 4˚C in 10% FBS in PBS. 

Coverslips were incubated in primary antibody mouse monoclonal anti-double stranded 

DNA (1:100, Millipore) for one hour at 37˚C followed by washes in 1% BSA+0.1% Triton 

X-100 in PBS and secondary antibody anti- rabbit, 1:200; and Dylight 594- red, anti-
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mouse, 1:200 for 45 minutes at room temperature. Coverslips were then washed overnight 

in 1% BSA+0.1% Triton X-100 in PBS and then sealed in mounting solution containing 

DAPI (Cell Signaling). Images were examined and acquired using a Nikon fluorescent 

microscope Eclipse 80i (100×/1.4 oil, Melville, NY). Images were captured using a CCD 

camera and the imaging software NIS Elements (BR 3.00, Nikon). 

 

Gene Set Enrichment Analysis (GSEA) 

Ranked lists of Log2 fold change mRNA drug treatment vs. Mock, were analyzed using 

Gene Set Enrichment Analysis (GSEA) by the Broad Institute and data packages 

(HALLMARK and KEGG) [131]. Pathways with a false discovery rate (FDR) less than 

0.25 were considered differentially enriched. 

 

RNA-seq Library Preparation and Analysis 

Total RNA was extracted from Day 10, MDA-MB-231 cells, treated as described above, 

using the NucleoSpin Plus RNA extraction kit. RNA was quantified with NanoDrop ND-

1000 followed by quality assessment with 2100 Bioanalyzer (Agilent Technologies) 

according to the manufacturer’s protocol. 500μg of total RNA was used as input for 

SMARTer Stranded total RNA Sample Prep Kit and performed as described in the 

manufacturer’s protocol. All RNA-seq libraries were dual indexed during preparation. Post 

library preparation quality and quantity of each library was assessed by BioAnalyzer and 

NGS Library Quantification Kit, respectively. Prepared libraries were sequenced using 

Illumina NOVAseq 6000 system at the Johns Hopkins Institutions sequencing core for 

paired end reads (300 cycles, S1 type) and the resulting Fastq files were used as input for 
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RNAseq analysis by Dr. Michael Topper. Raw Fastq files were trimmed prior to 

downstream analysis using Trimmomatic, paired end data setting (R1/R2) [132]. 

Trimmomatic operation was set to SLIDINGWINDOW. Processed trimmed files were 

then aligned using STAR [133] to the Hg38 Homo Sapiens reference genome with 

genecode.v30.annotation (comprehensive gene annotation) used as spice junction model. 

Mapped BAM files generated by STAR were used as input for featureCounts [134] to 

generate count matrix with associated annotation (genecode.v30.annotation), features 

mapped to exons. Differential gene expression analysis was conducted on featureCount 

count files using DESeq2, using Parametric fit type [135]. DESeq2 Log2 fold change data 

was used as input for GSEA (ranked prior to input) and significance of each differentially 

expressed gene was determined by FDR (0.10) based multiple comparisons corrected p-

value.  

 

Heatmap KEGG Cytosolic DNA Sensing Pathway and DNA Repair Genes 

Normalized Log2 fold change over Mock data from DESeq2 analysis of RNAseq data and 

Limma expression array analysis was used as input for clustering analysis. Matrix was 

prepared using genes derived from KEGG Cytosolic DNA Sensing pathway. Heatmap 

depicted are Z-score transformed Log2 fold change values with euclidean distance-based 

clustering, generated through use of R/Bioconductor package pheatmap. 

 

STING Vector based Overexpression 

STING overexpression vector (pUNO1 bearing the human STING gene) and empty vector 

(puno1-mcs) using standard six well lipofectamine 2000 protocol as described by the 



121 
 

manufacturer without significant modification. MDA-MB-231 cells were incubated for 96 

hours post transfection, followed by lysis, RNA extraction, and qRT-PCR for relative 

FANCD2 expression as described in the related methods sections.  

 

Statistical analysis 

All data are presented as mean ± SEM with statistical significance displayed as asterisk 

based on p value derived from two-tailed unpaired student’s t test (or ANOVA) *significant 

p value after False Discovery Rate (FDR=0.05) based multiple comparisons correction, 

two-stage linear step-up procedure of Benjamini, Kriegerm and Yekutieli. 
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4.3 Results 

 

STING pathway augmentation facilitates HRD through transcriptional repression of 

FANCD2. 

 

Our RNA-seq analysis of MDA-MB-231 cells treated with DNMTi and PARPi uncover an 

additional parameter, that may act to facilitate the described PMR and associated HRD. 

This signaling involves a critical pathway node responsive to cytosolic dsDNA, which can 

be triggered by DNA viruses and bacterial infections, namely stimulator of interferon 

signaling, or STING [212]. The first suggestions of this resulted from KEGG pathway 

analyses of transcriptional data [252], which reveals sensing of cytosolic DNA as a top 

pathway enriched by either monotherapy and more markedly in combination  (Fig. 4.3A-

C).  
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Figure 4.3 DNMTi and PARPi treatments induce cytosolic DNA sensing pathway. 

(A) KEGG CYTOSOLIC DNA-SENSING PATHWAY normalized enrichment score (NES) plots 
for MDA-MB-231 day ten total transcriptome RNA-seq data. For each plot: Y axis: Enrichment 
score, X axis: compiled ranked genes. Below each plot: heatmap based on Log2 fold change (color 
gradation white to red) detected for leading edge gene subset in each panel. (B) KEGG CYTOSOLIC 
DNA-SENSING PATHWAY Z-score based heatmap for 231 RNA-seq datasets. Hierarchical 
clustering of Log2 fold change over mock for each condition. Experimental treatment and 
preparation for RNA-Seq was performed by Lena McLaughlin and Dr. Michael Topper, analysis 
and panels were generated by Dr. Michael Topper. 
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Figure 4.3 Continued: DNMTi and PARPi treatments induces cytosolic DNA sensing pathway. 

(C) KEGG CYTOSOLIC DNA SENSING PATHWAY associated gene expression changes in 
RNA-seq data set for MDA-MB-231 day ten, Y-Axis: Log2 Fold Change relative to mock, X-Axis: 
Pathway associated genes. Asterisk indicates differential gene expression in data set by DESeq2 
analysis. Drug conditions: Aza 500nM, Tal 10nM, Combo Aza 500nM + Tal 10nM. Experimental 
treatment and preparation for RNA-Seq was performed by Lena McLaughlin and Dr. Michael 
Topper, analysis and panels were generated by Dr.  Michael Topper. 
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In concert with this enhanced transcriptional response, for cytosolic DNA sensing, we 

validated these findings by IF for cytoplasmic dsDNA across all conditions. Our results 

show that cytoplasmic dsDNA is increased with Aza alone, but are the most pronounced 

by Tal- and drug combination- treated samples (Fig. 4.4A).  

 

 

 

Figure 4.4 PARPi drives increased cytosolic dsDNA. 

(A) Representative IF images for dsDNA (top) and quantified (bottom) in MDA-MB-231 after 
vehicle, 500nM Aza, 10nM Tal, or 500nM Aza+10nM Tal treatment (day six, n=3). Data represent 
the mean ± SEM *significant p value over Mock after FDR=0.05 based multiple comparisons 
correction (n=3 independent biological replicates). 
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Focusing on STING specifically, we observed that STING (TMEM173) mRNA is 

increased in response to all drug exposures, with further augmentation noted in drug 

combination treated samples (Fig. 4.3A-C). Intriguingly, increases in STING protein 

expression are driven solely by Aza treatment and not observed with Tal treatment alone, 

with a further accumulation noted in drug combination treated cells (Fig. 4.5A). These 

alterations in STING protein occur in the absence of detectable changes in other pathway 

components, cGAS or TBK1, both of which are required for canonical STING signaling, 

though interestingly, although insignificant, Aza and the drug combination treatment 

induced phosphorylation of TBK1 (pTBK1) (Fig. 4.5A). Additionally, interferon-

stimulated gene 15 (ISG15), a post translational modifier in ISGylation (similar to 

ubiquitination), is also driven solely by Aza treatment and also further increased with the 

drug combination.  
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Figure 4.5 DNMTi induces protein expression of STING. 

(A) Immunoblot for STING, cGAS, and TBK1 in MDA-MB-231 treated with vehicle, 500nM Aza, 
10nM Tal, or 500nM Aza+10nM Tal with β-actin used as a loading control (left) and quantified 
(right) (day six, n=3). Data represent the mean ± SEM *significant p value after FDR=0.05 based 
multiple comparisons correction (n=3 independent biological replicates). 
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In addition to the above transcriptional and protein perturbations of STING signaling, we 

uncover a central role for STING in the facilitation of HRD and transcriptional BRCAness. 

Drug treatment with inhibition of STING, results in rescue of HRD in both Aza and 

combination treated samples, attaining statistical significance in the Aza treated group (Fig. 

4.6A). Additionally, we find that the application of siRNA-mediated depletion of STING 

(Fig. 4.6B) or STING-specific inhibition, are able to rescue the Aza-induced repression of 

FANCD2, although only the former is able to fully rescue combination FANCD2 

repression (Fig. 4.6C-D). In contrast, STING overexpression alone in the absence of other 

stimuli, such as DNA damage, has no effect on FANCD2 expression (Fig. Fig. 4.6E).  
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Figure 4.6 Perturbation of STING can rescue DNMTi-induced HRD. 

(A) Relative HR activity analysis of GFP+ cells by flow cytometry after six-hour transient 
transfection of I-SceI in 231:DR-GFP after six-day indicated treatment ± 10µM STINGi for all 
conditions (n=3). (B) Immunoblot confirming knockdown of STING for up to six days of non-
targeting control vs siSTING in MDA-MB-231. β-actin used as a loading control (n=2). (C) Relative 
FANCD2 expression after indicated treatment ± 10uM STINGi for all conditions (qRT-PCR, day 
six, n=3). (D) Relative FANCD2 expression after transient knockdown using siSTING for 24 hours 
followed by six-day treatment (qRT-PCR, n=3). (E) Relative FANCD2 expression after transient 
overexpression of STING normalized to empty vector control in MDA-MB-231 cells. 96-hour 
incubation (qRT-PCR, n=4). Treatment conditions: Vehicle (Mock), 500nM Aza, 10nM Tal, 500nM 
Aza + 10nM Tal. Data represent the mean ± SEM *significant p value after FDR=0.05 based 
multiple comparisons correction (where n=3, independent biological replicates and experimental 
triplicates). Figure 4.3A-D generated by Lena McLaughlin and Figure 4.3E by Dr. Michael Topper. 
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Furthermore, the knockdown of STING by siRNA markedly dampens the induction of 

inflammation responsive gene induction (Fig. 4.7A-E). These STING-associated data 

suggest that Aza and combination-induced repair gene repression with associated HRD is 

at least partially dependent on presence of competent STING signaling.  

Figure 4.7 Perturbation of STING can impair induction of inflammation gene expression 
despite DNMTi and PARPi treatment. 

Relative CCL5 (A), IL-7R (B), ISG15 (C), TNF (D), and TMEM173 (E) expression after transient 
knockdown using siSTING for 24 hours followed by six-day treatment of vehicle, 500nM Aza, 
10nM Tal, or 500nM Aza+10nM Tal (qRT-PCR, n=3). Data represent the mean ± SEM *significant 
p value over Mock after FDR=0.05 based multiple comparisons correction and #p<0.05 (n=3 
independent biological replicates and experimental triplicates).  
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Inhibiting NF-κB signaling rescues DNMTi-induced HRD 

 

STING signaling appears critical for the facilitation of the inflammation associated gene 

induction imparted by our pharmacologic paradigm. While the role of STING in cytosolic 

DNA detection is well described [253], [212], [211], the implications of this signaling node 

extends beyond this single parameter to include dsRNA detection and DNA damage 

response [220, 232], [145]. Our experimental findings shown above are most consistent 

with the multifaceted nature of STING acting to integrate distinct signaling outcomes 

depending on the context of activation. Importantly, recent reports demonstrate that STING 

signals downstream predominantly through IRF- or NF-κB- dependent mechanisms, 

depending greatly on stimulation type [220]. The latter of these two pathways seem more 

in line with pharmacologically induced signaling detected in TNBC cell lines (Chapter 3).  

Thus, to delineate downstream STING activation between canonical and non-canonical 

signaling, our initial studies of drug inhibition of NF-κB- dependent mechanisms (using an 

IKK inhibitor (IKKi) to prevent release of NF-κB)  is able to significantly rescue and drive 

Aza-induced HRD, while inhibition of canonical TBK signaling (TBKi) does not change 

Aza downregulation of HR activity (Fig. 4.8A). Furthermore, similar trends in AZA-driven 

repression of FANCD2, are reversed with NF-κB inhibition (Fig. 4.8B). Interestingly, 

although cell viability shows the expected decreased proliferation with the addition of Aza 

with increasing doses of Tal, there is no change between Mock and Aza conditions with 

the addition of IKKi+TBKi. This suggests that IKKi+TBKi can rescue Aza-induced cell 

toxicity. 
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Figure 4.8 Perturbation of NF-κB activation can rescue DNMTi induced HRD. 

(A) Relative HR activity analysis of GFP+ cells by flow cytometry after six-hour transient 
transfection of I-SceI in 231:DR-GFP after six day indicated treatment ± 2µM IKKi for all 
conditions (n=3). (B) FANCD2 expression after six-day treatment with 2μM IKKi and 5μM TBKi 
± Mock, Aza, Tal, and Combo (n=1). (C) MTS cell viability assay comparing Mock vs Aza (top) 
and Mock+1μM IKKi+5μM TBKi vs Aza+2μM IKKi+5μM TBKi (bottom) over increasing doses 
of Tal. (technical replicates n=6, biological n=1). Treatments conditions: Mock, 500nM Aza, 10nM 
Tal, 500nM Aza+10nM TAL. Studies from (A) represent the mean ± SEM *significant p value after 
FDR=0.05 based multiple comparisons correction (where n=4 independent biological replicates and 
experimental triplicates). Panel (A) was generated by Lena McLaughlin and (B) and (C) by Dr. 
Michael Topper.  
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In summary, Aza and Aza/Tal drug combination treatment upregulates PMR that is 

dependent on the presence of intact STING signaling and the activation of this 

inflammatory response, primarily driven by NF-κB-dependent mechanisms, facilitates a 

BRCAness phenotype and PARPi sensitization (Fig. 4.9).  

 

Figure 4.9 Schematic of our pathogen mimicry response leading to HRD 

Schematic of a multifaceted inflammatory response, which leads to HRD. In the proposed model for 
the combination therapy, the DNMTi induction of viral mimicry via cytosolic dsRNA combined 
with the PARPi increase of cytosolic dsDNA, converge to the activation of a DNMTi reconstituted 
STING signaling pathway. This activated response leads to a transcriptional increase IFN and 
TNFα/NF-B signaling, which facilitates the transcriptional repression of FA/HR DNA repair-
associated genes in a STING dependent manner. The overall drug induced pathogen mimicry 
response creates a BRCAness phenotype and thus enhances sensitivity to PARPi in the BRCA-
proficient setting. 
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4.4 Discussion 

 

STING signaling plays an essential role for detection of infection in a cell and is at the 

center of our drug-induced PMR paradigm. Our RNA-seq results also highlight that PARPi 

and DNMTi treatment of TNBC not only increase IFNαβ and TNFα-NF-κB gene 

expression but also transcripts of STING and genes involved in sensing of cytosolic DNA 

pathways. Our studies also uncover an underlying role for our therapy in playing an 

important role, not only in induction of IFNαβ and TNFα-NF-κB gene expression, but also 

in expression of BRCAness genes and HRD. Our studies also identified distinctions 

between monotherapy and drug combinations and subsequent effects on HRD. 

Interestingly, STING mRNA was increased across all drug conditions, but in the 

culmination of these data, only Aza drives downregulation of HR activity. However, 

treatment alone induces an increase in STING protein expression, suggesting additional 

translational regulatory mechanisms of STING mRNA or protein stabilization of STING. 

While our drug therapy paradigm did not have an effect on cGAS or TBK1 expression, 

phosphorylated and activated TBK1 was detected in the combination treatment. In line 

with other previously published work [145, 254], our studies show that PARPi treatment 

in TNBC can also induce and drive increase in cytosolic dsDNA, but does not lead to an 

increase in protein levels of STING or activated downstream target pTBK1. 

Downstream protein expression of ISG15 was also driven by Aza treatment. The induced 

expression of ISG15 poses an interesting differentiation of signaling events between 

DNMTi and PARPi. ISG15 is a post-translational modifier in the same family of ubiquitin-

like modifiers, but can also act as free ISG15 and function as a secreted cytokine [255, 
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256]. Similar to the process of ubiquitination, ISG15 is conjugated to proteins (proteins are 

“ISGylated”) through E1, E2, and E3-ligase enzymes [257]. Although ubiquitination is 

associated with regulation of protein proteasomal degradation, ISGylation potentially has 

an opposing role to ubiquitination, although specific ISG15 protein motifs are yet to be 

discovered [258]. ISG15 knockout mice have similar susceptibility to pathogen infection 

as STING knockout mice, with increased sensitivity to HSV-1 and influenza viruses [259]. 

Regarding DNA repair, there is a potential link between induction of ISG15 and reduced 

DNA repair. Nitric Oxide (NO) production is catalyzed by a family of three nitric oxide 

synthase (NOS) enzymes, endothelial NOS, neuronal NOS, and inducible NOS (iNOS) 

[260]. NO is generated during inflammatory conditions against pathogenic infection, but 

has the unintended consequence of affecting host cell DNA [260]. Activation of NO is 

associated with increased DNA damage and significantly also reduced global DNA repair 

mechanisms [261, 262]. ISG15 induces iNOS activity and enhances production of NO, 

thus DNMTi induced ISG15 could potentially be partially mediated by induction of a 

DNMTi-induced HRD [263]. 

Additionally, although cGAS protein expression remained unchanged in the presence of 

either DNMTi or PARPi, other studies have shown that nuclear translocated cGAS can 

modulate DNA repair activities [264]. Nuclear cGAS, although specific mechanisms and 

triggers are still unknown, can downregulate HR activity. Further studies in nuclear 

translocation of cGAS by DNMTi or PARPi could also provide further rationale as to why 

HRD is driven by DNMTi. 

Though the immune-induced HRD mechanisms still remain unclear, STING is still central 

to our PMR paradigm. STING abrogation by knockdown is fully able to rescue both 
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DNMTi- and combination-induced downregulation of FANCD2 expression. Importantly, 

complete transient knockdown of STING also rescues drug induced expression of several 

key IFNαβ and pro-inflammatory gene expression. Due to complications with a transient 

use of siRNA against STINGi to measure HR activity, we used STING inhibitor which 

prevents palmitoylated STING promoted activation. STINGi was able to significantly 

rescue DNMTi-induced HRD and FANCD2 expression and partially rescue with the drug 

combination and STINGi. Lack of full rescue with the drug combination treated cells with 

STINGi is likely due to the high dose required to inhibit STING activation (10μM STINGi) 

promoting off target effects. 

Following STING studies, we explored noncanonical vs canonical STING signaling in our 

therapy paradigm. Based on previous chapters, DNMTi induces activation of NF-κB 

nuclear translocation, and indeed, inhibition of NF-κB is able to drive rescue of DNMTi-

induced downregulation of HR and FANCD2 expression. Though these are initial studies, 

they highlight the downstream importance of the noncanonical STING-NF-κB driven pro-

inflammatory response. Though we have not yet differentiated the upstream activators and 

sensors of dsRNA and dsDNA (RIG-1/MDA5 vs cGAS/IFI16), we nonetheless, link a 

DNMTi-induced HRD to the activation of a STING stimulated innate immune response. 

These results suggest that activated STING-NF-κB-driven pro-inflammatory cancers may 

be studied as potential biomarkers for HRD and expand the use of PARPi for these patients 

and overall, DNMTi+PARPi combination therapy can be utilized for BRCA-proficient 

cancers. 
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Chapter 5: Discussion and Therapeutic Implications4 
 

 

Novel therapeutic strategies for TNBC are required due to their aggressive nature with high 

relapse rates and overall poor prognosis. While PARPi are FDA approved and available 

for OC and BC patients, their use is still limited for patients with BRCA1/2 mutations. We 

have previously shown that combining DNMTi and PARPi in-vitro and in-vivo, triggers 

cytotoxic tumor cell DNA damage and death with a noted increase in overall survival of 

treated mice implanted with both BRCA-deficient and wild-type BRCA-proficient human 

TNBC and AML cell lines. As expected, tumor burden was significantly decreased by Tal 

alone and further decreased in combination with Aza, in mice implanted with a BRCA-

deficient TNBC cell line. While in the BRCA-proficient setting, Aza treatment was 

necessary to sensitize these tumors to Tal treatment [91]. It is well recognized that DNMTi 

can induce global transcriptional changes, and our previous studies hinted at the 

implication of DNMTi induced BRCAness to sensitize cells to PARPi treatment [121]. 

These were confirmed in our following studies in BRCA-proficient NSCLC, where 

DNMTi induced a BRCAness phenotype and sensitized to PARPi in combination with IR 

therapy [92]. A clinical trial of AML based on these previous findings is ongoing for 

DNMTi plus PARPi. Our new insight achieved in the present study now provides even 

more compelling evidence for why the combination of a DNMTi and PARPi might be an 

efficacious therapy approach in solid cancers and serves as the underpinning for a soon-to-

 
4 McLaughlin, L.J., Stojanovic, L., Kogan, A.A., Rutherford, J.L., Choi, E.Y., Yen, R.W.C., Xia, L., 
Zou, Y., Lapidus, R.G., Baylin, S.B., Topper, M.J., Rassool, F.V. Pharmacologic Induction of Innate 
Immune Signaling Directly Drives Homologous Recombination Deficiency. Proceedings of the 
National Academy of Sciences. 2020. (in review). 
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enroll clinical trial using a DNMTi plus the PARPi, Tal, in patients with BC whose tumors 

harbor wild-type BRCA genes. 

In Chapter 2, we validated DNMTi transcriptional downregulation of DNA repair genes, 

notably, FA associated genes, and induction of HRD in a subset of BRCA proficient TNBC 

cell lines. Additionally, whole transcriptome sequencing provided additional mechanistic 

insight to DNMTi-induced HRD. Whereas both DNMTi and PARPi treatment induced 

transcriptional expression of IFN and TNFα/NF-B signaling, HRD is primarily driven 

by DNMTi. While our studies demonstrate the novel findings of an inversely linked innate 

immune signaling to DNA repair relationship, further studies are necessary to determine 

why certain aspects of a pro-inflammatory response (i.e., by DNMTi) can downregulate 

DNA repair and others (i.e., by PARPi) do not downregulate DNA repair activity. Future 

studies delineating the DNMTi and PARPi mechanistic differences will provide a broader 

insight to the evolutionary connection between inflammation and DNA repair.  

The culmination of the results presented in these chapters support an expanded view of the 

previously established model for DNMTi-induced activation of innate immune signaling, 

encompassing not only viral mimicry via the cytoplasmic dsRNA-sensing system, but also 

in the broader context of mimicking a complex cellular PMR. Moreover, DNMTi and the 

DNMTi/PARPi drug combination induce a confluence of signaling events, leading to 

TNFα/NF-B and IFN signaling, partially dependent on intact STING signaling. 

Joining these above events there is direct link to the above immune-related signaling and 

BRCAness, or HRD phenotype, which is the sine qua non for sensitizing tumor cells to the 

DNA damage effects of PARPi.  
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The role of STING signaling in our present observations is particularly intriguing and 

merits special comments. Several other studies have linked STING activation to the actions 

of PARPi and our present study expands this understanding to a new mechanistic context 

for the regulation of BRCAness gene expression in BRCA-proficient settings [146, 265, 

266]. The seminal finding is the involvement of STING in a multifaceted PMR, wherein 

each pharmacologic component provides critical aspects to potentiate related signaling. 

The resulting inflammatory signaling mediates the facilitation of HRD through 

transcriptional decreases in BRCAness genes. This noted BRCAness might act to enhance 

the same signaling mechanism, wherein the accumulation of damage might act to potentiate 

the PMR response detailed above and may underlie the enhanced response observed in 

drug combination-treated samples. 

There are several additional implications of our present findings from both a basic and 

translational perspective. First, it is interesting to speculate about the evolutionary aspects 

of our now identified connection between inflammation and the facilitation of HRD by 

transcriptional repression of BRCAness genes. The induction of HRD could operate within 

the context of the cellular death response inherent to inflammasome signaling and its role 

for cellular pathogen responses. This complex signaling process has evolved from an 

ancient mechanism to trigger death when virally- or bacterially- infected cells cannot clear 

the pathogen [267, 268]. Extrapolating this to tumorigenesis, the leading risk for cancer is 

the presence of chronic inflammation and renewing cells must learn to bypass this cell 

death response to participate in the early steps to tumorigenesis. Such a scenario might then 

be characteristic of cell populations at risk for epigenetic and genetic abnormalities, which 

can contribute to cancer initiation and progression and may be reversible by epigenetic 
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therapies [269, 270]. Re-establishing inflammatory signaling and resultant HRD might 

then be a potent approach to sensitizing such cancer cells to killing effects.  

Inflammatory signaling and subsequent induction of HRD can be extrapolated to an 

ultimate translational potential, extending the use of PARPi in cancer therapy by using 

these drugs in combination with epigenetic therapy to activate innate immune pathways. 

Importantly, the immune signaling events and creation of HRD we now have elucidated 

may provide substrate for correlative science studies in our current AML and upcoming 

BC DNMTi+PARPi clinical trials. We can now query a wide range of immune and HR 

biomarkers in pre- versus post- treatment tumor biopsies to develop signatures, which will 

help predict and monitor efficacy of our combination therapy approach.  
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Appendix 
Appendix Table S1 

Name Source Identifier Sequence 

GAPDH-forward IDT N/A GTCTCCTCTGACTTCAACAGCG 

GAPDH-reverse IDT N/A ACCACCCTGTTGCTGTAGCCAA 

DDB2-forward IDT N/A CTCCTCAATGGAGGGAACAA 

DDB2-reverse IDT N/A GTGACCACCATTCGGCTACT 

ERCC2-forward IDT N/A CCCATACTTCCTTGCTCGATAC 

ERCC2-reverse IDT N/A GACACCAGGTCTGCAATCTT 

ERCC8-forward IDT N/A GTTTCCTGGTCTCCACGTTAT 

ERCC8-reverse IDT N/A ATCCTGATGCTCTTCTCACATC 

FANCC-forward IDT N/A TGGAGGCTCTCCTCATCTGT 

FANCC-reverse IDT N/A GCATTCGATCCTTCTCAGACA 

FANCE-forward IDT N/A ATGAGAAGGAGAGACCCGAA 

FANCE-reverse IDT N/A GAAGTCAAGGAGAGGATCCG 

XPC-forward IDT N/A CCAGAGCAGGCGAAGACAAGA 

XPC-reverse IDT N/A AAGCGGGCTGGGATGATGGAC 

XRCC3-forward IDT N/A TGACGTTCCAGGAGAGCTGCTT 

XRCC3-reverse IDT N/A GATGACCACCAGGCGAGCCAT 

IFNB1-forward IDT N/A CTTGGATTCCTACAAAGAAGCAGC 

IFNB1-reverse IDT N/A TCCTCCTTCTGGAACTGCTGCA 

IFI6-forward IDT N/A CAAGGTCTAGTGACGGAGCC 

IFI6-reverse IDT N/A TTTCTTACCTGCCTCCACCC 

IFI27-forward IDT N/A ATCAGCAGTGACCAGTGTGG 

IFI27-reverse IDT N/A TGGCCACAACTCCTCCAATC 

IFI30-forward IDT N/A TGGGAGCTGGACCCTGTAAA 

IFI30-reverse IDT N/A CCTCCCTTAGATTCCCTATTTGCT 

IFI44-forward IDT N/A TGGGAGCTGGACCCTGTAAA 

IFI44-reverse IDT N/A CCTCCCTTAGATTCCCTATTTGCT 

IRF3-forward IDT N/A TCTGCCCTCAACCGCAAAGAAG 

IRF3-reverse IDT N/A TACTGCCTCCACCATTGGTGTC 

IRF7-forward IDT N/A CCACGCTATACCATCTACCTGG 

IRF7-reverse IDT N/A GCTGCTATCCAGGGAAGACACA 

ISG15-forward IDT N/A CAGCCATGGGCTGGGAC 

ISG15-reverse IDT N/A CTTCAGCTCTGACACCGACA 

OASL-forward IDT N/A TCGTGAAACATCGGCCAACT 

OASL-reverse IDT N/A ACCTGGCTTTCACATACTGCT 

GADD45α-forward IDT N/A GCCTGTGAGTGAGTGCAGAA 

GADD45α-reverse IDT N/A ATCTCTGTCGTCGTCCTCGT 

ACTB Qiagen QT00095431  
ATM Qiagen QT00061593  
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ATR Qiagen QT01844150  
BAP1 Qiagen QT00204701  
BRCA1 Qiagen QT00039305  
BRCA2 Qiagen QT00008449  
c17orf70 Qiagen QT01026207  
FANCD2 Qiagen QT01000433  
FANCF Qiagen QT00241136  
FANCG Qiagen QT00064967  
FEN1 Qiagen QT00064722  
KU70 Qiagen QT00036064  
KU80 Qiagen QT00052731  
LIG3 Qiagen QT00017115  
MDC1 Qiagen QT00063849  
PALB2 Qiagen QT00068523  
RAD50 Qiagen QT00037170  
RAD51 Qiagen QT00072688  
RAD52 Qiagen QT00098329  
XRCC4 Qiagen QT00028588  
UBE2T Qiagen QT00002303  
ATF4 Qiagen QT00997164  
CDKN1A Qiagen QT00062090  
DUSP1 Qiagen QT00036638  
EGR1 Qiagen QT00218505  
HES1 Qiagen QT00039648  
ID2 Qiagen QT00210637  
IFIT1 Qiagen QT00201012  
IFIT2 Qiagen QT00219345  
IFIT3 Qiagen QT00100030  
IL23A Qiagen QT00204078  
IL6ST Qiagen QT00091294  
IL7R Qiagen QT00053634  
JUNB Qiagen QT00201341  
KLF4 Qiagen QT00061033  
LAMB3 Qiagen QT00084658  
MXD1 Qiagen QT00082915  
NFKB2 Qiagen QT01662997  
PLK2 Qiagen QT00049406  
PPP1R15A Qiagen QT00013321  
RELB Qiagen QT00038640  
RHOB Qiagen QT00227409  
SAT1 Qiagen QT01007979  
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SERPINB8 Qiagen QT01005956  
SGK1 Qiagen QT00041293  
TNF Qiagen QT00029162  
TNFSF9 Qiagen QT00001008  
TRIB1 Qiagen QT00066262  
IRF9 Qiagen QT00001113  
CCL5 Qiagen QT00090083  
MX1 Qiagen QT00090895  
MX2 Qiagen QT00000581  
OAS1 Qiagen QT00099134  
OAS2 Qiagen QT01005256  
OAS3 Qiagen QT01005277  
ISG20 Qiagen QT00225372  
TMEM173 Qiagen QT00055440  
B2M Qiagen QT00088935  
BARD1 Qiagen QT00010556  
BLM Qiagen QT00027671  
BRIP1 Qiagen QT00086548  
c19orf19 Qiagen QT00036918  
CHK1 Qiagen QT00006734  
RBBP8 Qiagen QT00090713  
FANCA Qiagen QT00033404  
FANCB Qiagen QT01000468  
FANCI Qiagen QT01022196  
FANCL Qiagen QT00062454  
FANCM Qiagen QT00231189  
MCPH1 Qiagen QT00073395  
MRE11 Qiagen QT00037926  
NBN Qiagen QT00075775   

Non-targeting Pool Dharmacon D-001810-10-05  

FANCD2 siRNA Dharmacon 
L-016376-00-
0005  

STING siRNA Dharmacon 
L-024333-00-
0005  

TNF siRNA Dharmacon L-010546-00  
INHBA siRNA Dharmacon L-011701-00  
REL siRNA Dharmacon L-004768-00  
FOS siRNA Dharmacon L-003265-00  
AIM2 siRNA Dharmacon L-011951-00  
CHUK siRNA Dharmacon L-003473-00  
TNFRSF11A 
siRNA Dharmacon L-008093-00  
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JUN siRNA Dharmacon L-003268-00  
CEBPB siRNA Dharmacon L-006423-00  
TBK1 siRNA Dharmacon L-003788-00  
NFKB2 siRNA Dharmacon L-003918-00  
MB21D1 siRNA Dharmacon L-015607-02  
JUNB siRNA Dharmacon L-003269-00  
RELB siRNA Dharmacon L-004767-00  
MAP3K14 siRNA Dharmacon L-003580-00  
RELA siRNA Dharmacon L-003533-00  
IKBKB siRNA Dharmacon L-003503-00  
NFKB1 siRNA Dharmacon L-003520-00  
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Appendix Figure S4.1 Basal, inverse Pearson correlation between FA and TNFα/NFκB 
pathway related genes across multiple cancer types.  
Pearson correlation-based heatmaps of Fanconi Anemia pathway related genes vs. TNFα/NF-κB 
pathway related genes. Specific cancer type and dataset indicated in each plot. Clustering by one 
minus Pearson correlation, negative correlation=blue, positive correlation=red. (A) METABRIC 
data are mRNA expression (microarray) Z-scores, all other data sets are mRNA Expression Z-
scores, RSEM (Batch normalized), for (B) pancreatic ductal adenocarcinoma (C) colon 
adenocarcinoma (D) lung adenocarcinoma and (E) lung squamous cell carcinoma. Panels generated 
by Dr. Michael Topper. 
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Appendix Figure S4.2 Basal, inverse Pearson correlation between FA and INFαβ related genes 
across multiple cancer types.  
Pearson correlation-based heatmaps of Fanconi Anemia pathway related genes vs. IFNαβ pathway 
related genes. Specific cancer type and dataset indicated in each plot. Clustering by one minus 
Pearson correlation, negative correlation=blue, positive correlation=red. (A) METABRIC data are 
mRNA expression (microarray) Z-scores, all other data sets are mRNA Expression Z-scores, RSEM 
(Batch normalized), for (B) pancreatic ductal adenocarcinoma (C) colon adenocarcinoma (D) lung 
adenocarcinoma and (E) lung squamous cell carcinoma. Panels generated by Dr. Michael Topper. 
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