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Abstract 

 

Title of Dissertation: Activating STING-dependent immune signaling in AML 

Aksinija A. Kogan, Doctor of Philosophy, 2021 

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

 

DNA methyltransferase inhibitors (DNMTis) are an epigenetic therapy for acute 

myeloid leukemia (AML) patients unfit for or unlikely to respond to intensive 

chemotherapy. DNMTis transcriptionally activate hypermethylated genes, and have been 

shown to activate endogenous retroviruses (ERVs) in a viral mimicry-inducing process 

that drives interferon (IFN) signaling. We previously reported that poly (ADP-ribose) 

polymerase inhibitors (PARPis) combine with DNMTis to induce an immune response that 

is mechanistically linked to reduction of DNA double-strand break repair activity in solid 

tumors. Here, we extend these mechanistic findings by showing that DNMTi+PARPi 

combination treatment induces a STING-dependent immune response to drive homologous 

recombination deficiency (HRD) in models of AML. Furthermore, we demonstrate for the 

first time that DNMTi-mediated ERV reactivation is significantly increased in TP53 

mutant AML, and that such activation is the main driver of STING-dependent IFN 

signaling in this AML subtype. This is of particular importance given the poor 



 

prognosis associated with TP53 mutant AML and the potential relevance to other cancers 

with TP53 mutations. In contrast, AMLs with wild-type (WT) TP53 require both 

DNMTi+PARPis, rather than DNMTis alone, for activation of STING-dependent 

IFN/inflammatory signaling. Finally, we show that the induction of HRD by 

DNMTi+PARPi combination treatment is STING-dependent in both TP53 mutant and WT 

AMLs. These findings significantly increase our understanding of the mechanisms that 

underlie DNMTi+PARPi combination treatment efficacy, and suggest increased efficacy 

in patients with TP53 mutations. 
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CHAPTER 1: Introduction 

 

1.1 Acute Myeloid Leukemia  

Leukemia is a cancer that occurs in blood stem cells that produce the various types of blood 

cells1. There are several types of leukemia, which are classified based on the lineage of blood cell 

affected (myeloid vs lymphoid) (Figure 1.1; green highlight), as well as the degree of 

differentiation and the speed of disease progression (chronic vs acute) (Figure 1.1; yellow 

highlight)2. Chronic leukemias progress slowly, with the majority of the leukemia cells made up 

of relatively mature, but abnormal, cells3. Chronic leukemias are further subdivided into two 

subgroups based on the lineage of the leukemia-initiating cell: Chronic myeloid leukemia (CML) 

occurs in primitive myeloid cells that normally develop into granulocytes.1 The hallmark of CML 

is the t(9;22) translocation, also known as “Philadelphia chromosome,” which creates the fusion 

gene BCR-ABL1.1 Chronic lymphocytic leukemia (CLL) is a leukemia that occurs in cells of 

lymphoid lineage, and results in abnormal accumulation of mature B-lymphocytes.4 Acute 

leukemias, on the other hand, are characterized by an abnormal increase of immature white blood 

cells, or “blasts,” in the bone marrow5,6. In contrast to chronic leukemias, acute leukemias progress 

rapidly, and are fatal if not treated effectively immediately after diagnosis7. Similar to chronic 

leukemias, acute leukemias can be categorized into two subtypes based on the lineage of the cell 

initiating the leukemia: Acute lymphoblastic leukemia (ALL) is an aggressive leukemia that occurs 

in immature lymphoid cells that give rise to B- or T-lymphocytes8, while  acute myeloid leukemia 

(AML) is a bone marrow-based malignancy characterized by accumulation and proliferation of 
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abnormal immature blood cells of the myeloid lineage, known as myeloblasts.9 Given that AML 

is the focus of this dissertation, it is described in greater detail below.  

 

Figure 1.1: Blood cell development. A blood stem cell goes through several steps to become a 

red blood cell, platelet, or white blood cell. Created with BioRender.com. 

 



 3 

There are also mixed phenotype acute leukemias (MPALs) which, as the name implies, 

represent a subtype with blasts with surface markers of both lymphoid and myeloid lineages10. 

MPALs are often aggressive and predominantly occur in pediatric patients10.  

AML is diagnosed by an overabundance of myeloid blasts in the bone marrow or the 

peripheral blood that account for 20% or more of total nucleated cells11,12. AML is the common 

form of acute leukemia in adults, accounting for approximately 80% of cases13. AML most 

frequently arises de novo, although some patients develop secondary AML from either progression 

of an antecedent myeloid malignancy or cytotoxic therapy used to treat prior cancers or non-

malignant diseases14,15. It is a cytogenetically and molecularly heterogeneous disease, and these 

alterations have prognostic importance, that will be discussed below16.  

1.1.1 Classification  

The two main systems used to classify AML are the French-American-British (FAB) 

classification and the World Health Organization (WHO) classification. The FAB 

classification divides AML into nine subtypes, based on the type of myeloid cell from which 

the AML arises, and the degree of differentiation14,17-19. These subtypes are designated M0 

through M7, and are summarized in Table 1.118. Subtypes M0 through M5 are initiated in 

immature white blood cells; M6 occurs in immature forms of red blood cells; and M7 occurs 

in cells that produce platelets20.  
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Table 1.1: The FAB classification of AML  

Subtype Morphological description 

M0 Undifferentiated acute myeloblastic leukemia 

M1 Acute myeloblastic leukemia with minimal maturation 

M2 Acute myeloblastic leukemia with maturation 

M3 Acute promyelocytic leukemia (APL) 

M4 Acute myelomonocytic leukemia 

M4EO Acute myelomonoytic leukemia with bone marrow eosinophilia 

M5 Acute monocytic leukemia 

M6 Acute erythroid leukemia 

M7 Acute megakaryoblastic leukemia 

 

A more recent AML classification is the World Health Organization (WHO) 

classification, which mainly classifies AML based on genetic abnormalities, myelodysplasia-

related changes, therapy-related AML, and other AMLs that do not fall in the aforementioned 

categories21-23. A summary of the WHO classification of AML is found in Table 1.221,23. 
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Table 1.2: The WHO classification of AML  

Subtype Morphological description 

AML with recurrent 

genetic abnormalities 

AML with t(8;21)(q22q22.1); RUNX1-RUNX1T1 

AML with inv(16)(p13.1q22) or 

t(16;16)(p13.1;q22);CBFB-MYH11 

APL with t(15;17)(q22;q21), (PML/RAR) and variants 

AML with t(9;11)(p21.3;q23.3); KMT2A-MLLT3 

AML with t(6;9)(p23;q34.1); DEK-NUP214 

AML with inv(3)(q21.3q26.2) or 

t(3;3)(q21.3;q26.2); GATA2, MECOM 

AML (megakaryoblastic) with 

t(1;22)(p13.3;q13.1); RBM15-MKL1 

AML with mutated NPM1 

AML with biallelic mutation of CEBPA 

AML with 

multilineage dysplasia 

Following MDS or MDS/MPD 

Without antecedent MDS or MDS/MPD, 

but with dysplasia in at least 50% of cells in 2 or more 

myeloid lineages 

AML and MDS, 

therapy-related 

Alkylating agent/radiation-related type 

Topoisomerase II inhibitor-related type 

(some may be lymphoid) 

Others 

AML,  

not otherwise specified 

AML, minimally differentiated 

AML, without maturation 

AML, with maturation 

Acute myelomonocytic leukemia 

Acute monoblastic/acute monocytic leukemia 

Acute erythroid leukemia 

(erythroid/myeloid and pure erythroleukemia) 

Acute megakaryoblastic leukemia 

Acute basophilic leukemia 

Acute panmyelosis with myelofibrosis 

Myeloid sarcoma 

Myeloid proliferations 

associated with Down 

syndrome 

Transient abnormal myelopoiesis (TAM) associated with 

Down syndrome 

Myeloid leukemia associated with Down syndrome 
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1.1.2 Genetic abnormalities 

One of the hallmarks of AML is the degree of heterogeneity with respect to cytogenetic 

abnormalities. Additionally, over 50% of newly diagnosed cases of AML also exhibit 

molecular aberrations24. As mentioned above, cytogenetic and molecular changes are of 

greatest importance in determining prognosis, including likelihood of relapse and overall 

survival (OS), in AML patients9 and cytogenetic and molecular data are increasingly being 

used to inform clinical care of patients24. The European LeukemiaNet (ELN) has developed a 

classification based on genetic abnormalities that includes three risk stratification groups: 

favorable, intermediate and adverse. The favorable risk group includes translocations such as 

those that result in the AML-ETO fusion protein, inversion of chromosome 16, and mutations 

in NPM1 and CEBPA. The intermediate risk group typically includes patients presenting with 

normal karyotype, and those with cytogenetic abnormalities that have not been classified as 

either favorable or adverse. The adverse risk group is the largest of the three risk stratification 

groups and includes various chromosomal aberrations such as translocations, inversion and 

monosomy and complex karyotypes (three or more unrelated chromosomal abnormalities), as 

well as various mutations in genes such as FLT3, RUNX1 and TP53 (Table 1.3)25. 
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Table 1.3: AML classification based on cytogenetics and molecular markers 

Abnormality  Risk 

t(8;21)(q22;q22.1); AML-ETO (RUNX1-RUNX1T1) 

Favorable 
inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11 

NPM1 mutation  

CEBPA mutation  

t(9;11)(p21.3;q23.3); MLLT3-KMT2A 

Intermediate Normal karyotype  

Cytogenetic abnormalities not classified as favorable or adverse 

t(6;9)(p23;q34.1); DEK-NUP214 

Adverse 

t(v;11q23.3); KMT2A rearrangement 

t(9;22)(q34.1;q11.2); BCR-ABL1 

inv(3)(q21.3q26.2) or  

t(3;3)(q21.3;q26.2); GATA2, MECOM(EVI1) 

−5 or del(5q); −7; −17/abn(17p) 

Monosomy 5  

Monosomy 7  

Complex karyotype  

FLT3-ITD 

RUNX1 mutation  

ASXL-1 mutation 

TP53 mutation  

 

Genetic abnormalities in AML can be divided into two main groups: 1. Chromosomal 

translocations that most often result in loss-of-function of transcription factors that are required 

for normal hematopoietic development, known as master regulators26. 2. Activating 

translocations that result in overexpression of partner genes, conferring a proliferative 

advantage to hematopoietic progenitors27. The two genetic alterations cooperate to cause an 

acute leukemia phenotype characterized by proliferation and impaired differentiation9,26. 
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1.1.2.1 Translocations in master regulator genes  

A common translocation observed in AML is t(8;21), resulting in the AML1-ETO 

fusion protein28. AML1, also known as RUNX1, is a transcription factor involved in 

regulating hematopoietic differentiation; when it is fused with ETO, ETO causes 

transcriptional repression at target sites of AML128,29. Nevertheless, AML with t(8;21) has 

a favorable prognosis, as it responds well to therapy30. Another common subtype of AML 

with favorable prognosis is AML with inversion in chromosome 16 [inv(16)], which results 

in the expression of the CBFβ-MYH11 fusion protein, and disrupts the interaction of CBFβ 

with AML1, leading to similar consequences as in the case of AML1-ETO9. MLL 

rearrangements, which are less frequent, result from translocations involving chromosome 

11 (11q23), resulting in more than 30 MLL fusion genes31-34. The most common MLL 

fusion gene in AML is MLL-AF9 resulting from t(9;11) translocation34,35. Some MLL 

rearrangements in acute leukemias occur secondary to topoisomerase II therapy and are 

often associated with poor prognosis33,36. Other chromosomal abnormalities that are 

present in AML include deletions in chromosomes 5 and 7, inversion of chromosome 3 

[inv(3q)], trisomy 8 and complex karyotype37. 

1.1.2.2 Mutations in partner genes 

Despite the fact that over 700 chromosomal abnormalities have been identified in 

AML, nearly 50% of AML patients have normal karyotypes (NK) while still exhibiting 

variable responses to chemotherapy9,38. This variation in treatment response can be 

explained by the presence of recurrent mutations that influence the response to therapy9. 

Similar to chromosomal abnormalities, these gene mutations can serve as prognostic 

factors. For example, AMLs with mutations in the NPM1 and CEBPA genes have a 
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favorable outcome, while mutations in DNMT3A, IDH1/2, TET2, FLT3, and TP53 genes 

are associated with an unfavorable outcome24.  DNMT3A mutations result in 

hypomethylation of genes involved in hematopoiesis, and the aberrant chromatin 

remodeling results in anthracycline therapy resistance39. IDH1/2 and TET2 mutations are 

linked, as IDH1/2 catalyze the conversion of isocitrate in the Krebs cycle to α-ketoglutarate 

(α-KG), which is essential for TET2 activity40. Mutations in IDH1/2 result in the 

production of 2-hydroxyglutarate,  leading to impairment of TET2 function and abnormal 

DNA methylation41,42. Mutations in FLT3 occur in about 30% of AML patients43 and 

include internal tandem duplications (ITD) in the juxtamembrane domain of FLT3, known 

as FLT3/ITD, as well as mutations in the tyrosine kinase domain (TKD), referred to as 

FLT3/TKD mutations44,45. Given that my thesis explores the effect of TP53 mutations on 

immune responses in AML, the role of TP53 mutations in AML is expanded on below. 

1.1.2.3 Role of TP53 mutations in AML 

TP53 is one of the most frequently mutated genes in human malignancies15,46. 

Unlike in many other cancers, TP53 alterations comprise a small percentage of 

abnormalities in AML46. While mutations in TP53 are observed in only 5–10% of AML 

cases, they are highly associated with poor prognosis and poor long-term survival (Figure 

1.2)47,48. In fact, median overall survival (OS) is significantly reduced in patients with TP53 

mutations compared with wild-type (WT)48,49.  
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Figure 1.2: Overall survival of patients with TP53 alteration. In the left panel, OS was 

analyzed in AML patients with (gray line) and without (red line) TP53 alteration. In the 

right panel, the OS was analyzed in patients with TP53 mutation only (TP53mut only, 

continuous gray line), with TP53 deletion only (TP53del only; dotted gray line) in patients 

that showed alterations in both alleles (TP53mut +del, broken gray line) and in patients 

without aberrations in TP53 (TP53wt; red line). Figure adapted from Stengel et. al, 201748. 

 

While in some studies TP53 deletions have less dismal outcomes in terms of OS48, 

it has not yet been elucidated whether outcomes vary across distinct types 

of TP53 mutations (non-sense, missense, deletions, insertions, slice site mutations)50. In 

fact, numerous studies have shown no differences in terms of OS between AML patients 

with TP53 missense mutations and truncating aberrations15,51-53. Recently, a 

synthetic TP53 mutation dataset was created to calculate the functional impact of DNA-

binding domain (DBD) TP53 alterations in human cells in culture and in vivo54. Unlike for 

other tumor suppressor genes, the majority of p53 mutations are missense mutations 



 11 

occurring in the DBD (Figure 1.3)54-56. These mutations lead to the loss of its tumor 

suppressive activity and may lead to gain of novel oncogenic functions57.  

 

 

Figure 1.3: Mapping of 168 TP53 mutations in 141 CK-AMLs. Hemizygous mutations 

are indicated in the bottom panel, heterozygous, and/or homozygous mutations are marked 

in the top panel. Exons 4 to 10 are drawn to relative scale; missense mutations (green), 

nonsense mutations (red), and insertion/deletion mutations (blue) are shown at their 

approximate location along the exons. Bold represents homozygous mutations, and blue 

italics, frameshift mutations leading to a premature stop codon. Figure from Rucker et. al, 

201258. 
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1.1.3 Epigenetic dysregulation1  

While cytogenetic and genetic alterations play key roles in AML biology and prognosis 

(as discussed above), epigenetic changes that induce heritable changes without changing the 

DNA sequence59-61 also contribute to the pathogenesis of AML60,62. The two main mechanisms 

of epigenetic regulation in the cell are DNA methylation and post-translational histone 

modification (Figure 1.4)63. Additionally, there is growing evidence that microRNAs are 

another dimension to epigenetic control of hematopoiesis and leukemogenesis contributing to 

the epigenetic landscape59-61. 

 

 
1 Kogan AA, Lapidus RG, Baer MR, Rassool FV. Exploiting epigenetically mediated changes: Acute myeloid 

leukemia, leukemia stem cells and the bone marrow microenvironment. Adv Cancer Res. 2019;141:213-253. 

doi: 10.1016/bs.acr.2018.12.005. Epub 2019 Jan 21. PMID: 30691684. 
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Figure 1.4: Fundamental mechanisms of epigenetic regulation. (1) DNA methylation by 

the addition of a methyl group (A) to cytosine (B) at CpG sites. (2) Histone modifications via 

the binding of enzymes and proteins (C) to histone tails (D). (3) RNA based mechanisms 

modulate gene expression via non-coding RNA (E). Created with BioRender.com.  

 

1.1.3.1 DNA Methylation 

Cytosines in the CpG motif are methylated by enzymes called DNA 

methyltransferases (DNMTs). DNMT1 is the most abundant DNMT in mammalian cells 

and is considered to be the key maintenance methyltransferase in mammals. In contrast, 

DNMT3a and DNMT3b are responsible for de novo DNA methylation patterns, which are 

then copied to daughter cells during S-phase by DNMT159. Control of gene expression is 

derived through methylation of cytosine residues in areas high in CpG density, termed CpG 
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islands(Figure 1.4)64,65. While non-CpG island methylation is reversible, methylation of 

CpG islands persists through mitosis and is only physiologically reversible in the embryo. 

In normal cells, methylation of CpG sites is consistent; genes that are highly expressed 

generally have hypomethylated CpG islands, while genes whose CpG islands are 

hypermethylated usually are not expressed66. DNA methylation alterations are a common 

feature in hematological malignancies. Hypermethylation of cytosines in CpG islands is 

directly associated with silencing of tumor suppressor genes67,68. While the focus of DNA 

methylation research, particularly as it relates to cancer, has been CpG island promoter 

methylation, leukemogenesis has been associated with both hypo- and hypermethylation 

of CpG islands at different loci as well as global methylation changes, although the 

pathological mechanisms remain unclear63,67. 

1.1.3.2 Histone modifications 

The amino-terminal tails of histones are subjected to a variety of post-translational 

modifications (Figure 1.4)69. These modifications are reversible to accommodate cellular 

requirements for gene expression60. Histone methyltransferases (HMTs) are responsible 

for methylation of histones, while acetylation is catalyzed by histone acetyltransferases 

(HATs) and deacetylation by histone deacetylases (HDACs)69. The complex interplay 

between HMTs, DNMTs, HATs and HDACs in epigenetic pathways contributes to 

aberrant gene expression in cancer cells69. Despite lack of specificity, targeting histone 

modifications has been clinically successful. For example, the HDAC inhibitor (HDACi) 

valproic acid induces differentiation of leukemic blasts and decreases tumor growth in 

vivo70. The development of therapeutics that target specific histone-modifying enzymes 

will potentially increase their therapeutic success while decreasing side effects due to the 
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lack of specificity. On the other hand, targeting individual histone-modifying enzymes may 

decrease clinical efficacy due to compensation by other histone-modifying enzymes, 

potentially leading to resistance. Designing personalized cocktails of inhibitors based on 

an individual’s tumor epigenetic profile may help overcome the potential problems of 

compensation and resistance.  

1.1.3.3 MicroRNAs in epigenetic regulation 

MicroRNAs (miRNAs) are a family of small, non-coding RNAs that regulate gene 

expression and play an important role in hematopoietic cell fate71,72. They can regulate 

multiple target genes, and modulate the expression of oncogenes as well as tumor 

suppressors72. There is growing evidence that microRNAs provide another dimension to 

epigenetic control of hematopoiesis and leukemogenesis61. miRNAs are interesting 

therapeutic targets because one miRNA can alter several pathways, and restoring the 

function of a misregulated miRNA may be more effective than identifying different 

misregulated pathways and proteins and targeting them separately59. However more 

research is needed to better understand miRNA profiles in healthy and diseased tissues in 

order to develop better therapeutic strategies.  

1.1.4 Immune signaling in AML  

AML cells have genetically and epigenetically dysregulated genes, which can be 

recognized as foreign antigens and targeted by the immune system73,74. The immune system is 

regulated by an essential balance between inhibitory and stimulatory immune-checkpoints (ICs) 

which determine the antigen-specific immune responses75. However, similar to solid tumors, 

AML cells can activate immune evasion mechanisms to escape from host immune responses 

in order to avoid immune-mediated elimination76-78. These regulatory mechanisms include 
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expression of negative costimulatory ligands, such as programed death-ligand 1 (PD-L1), 

cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), and galectin 9 (Gal-9) on AML cells, 

as well as stimulating the expansion of regulatory T cells (Tregs) and myeloid-derived 

suppressor cells (MDSCs)78,79. Furthermore, previous studies have shown that DNA 

methylation and histone modification play an important role in the dysregulation of ICs79,80. 

The interactions between ICs and their ligands lead to disruption of antigen-presenting cell 

(APC) function which, in turn, leads to the reduction of T-cell proliferation and cytokine 

release resulting in T cell apoptosis and associated increased activity of Tregs and MDSCs79. 

More recently, Zhang et al. have shown that leukemia-specific CD8+ T cells were deleted from 

the host animal with AML9. The deletional T cell tolerance in these AML-bearing hosts seemed 

to be regulated by host APCs, as administration of an agonistic anti-CD40 antibody resulted in 

increased anti-leukemia T cell immunity and prolonged survival9. Further investigation of this 

has implicated a subset of host dendritic cells (DCs), called CD8α+ DCs, in the observed T cell 

tolerance suggesting a role for innate immunity in the initiation of this process6,10. 

Type I interferon (IFN) are rapidly produced after the activation of pattern-recognition 

receptors (PRRs) as part of the antiviral innate immune response and its role in anti-tumor 

immunity has been well chracterized11,12. Type I IFN signaling is critical to the generation of 

T cell responses that lead to tumor elimination13,14. Woo et. al showed that cytosolic DNA from 

dying tumor cells may induce type I IFN production through the activation of a cytosolic DNA-

sensing receptor called stimulator of interferon genes (STING)15. Subsequent studies have 

expanded on this and shown that upregulation of endogenous retroviral transcripts (ERVs) and 

sensing of cytoplasmic double-stranded RNA (dsRNA) can also lead to STING-mediated type 

I IFN signaling16,17. Upon its activation, STING translocates from the endoplasmatic reticulum 
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(ER) to the Golgi, where it recruits tank binding kinase 1 (TBK1), resulting in its 

phosphorylation and activation of the transcription factor interferon regulatory factor-3 (IRF-

3) which then translocates to the nucleus to activate transcription of type I IFN6,18. Studies by 

Curran et al. in C1498 AML-bearing mice have shown that administration of STING agonists 

results in expansion of functional leukemia antigen-specific T cells and improved survival18. 

Studies in solid tumors have shown that other agents, such as DNA methyltransferase 

inhibitors (DNMTis), can induce a similar effect centered on  potentiation of STING-

mediated interferon IFN signaling17,19. These data suggest that the STING pathway may be an 

effective target for the treatment of AML which will be explored throughout this body of work.  

1.2 Treating AML 

While standard chemotherapy for AML has not changed significantly since the 1970s, 

progress is now being made in the development of targeted therapies84-86. Research efforts in the 

last decade have expanded our knowledge at cytogenetic and molecular levels and has enabled the 

development of targeted therapies based on AML subtype86. In the last five years alone, numerous 

agents have been approved for different indications in AML, including the BCL-2 inhibitor 

venetoclax, FLT-3 inhibitors, and IDH inhibitors86. The heterogeneity of AML makes its 

management complicated and underscores the need for optimal targeted therapies to achieve better 

outcomes85,86.   

1.2.1 Current Therapy  

Treatment of AML currently consists of two phases: 1) induction chemotherapy, and 

2) post-remission therapy87. Patients are initially treated with a combination chemotherapy 

regimen commonly referred to as 7+387,88. This conventional induction chemotherapy consists 

of the nucleoside analog cytarabine (Ara-C) administered by intravenous infusion for 7 days, 
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combined with an anthracycline (commonly daunorubicin or idarubicin) administered by bolus 

intravenous injection daily for 3 days88-90. Cytarabine, or cytosine arabinoside, is incorporated 

into DNA during replication as a cytosine, then is converted to cytosine arabinoside 

triphosphate, leading to inhibition of DNA synthesis91. Daunorubicin is a member of the 

topoisomerase II inhibitor family that intercalates into DNA and stabilizes topoisomerase II-

DNA complexes, leading to impaired DNA replication92. Idarubicin is a daunorubicin 

alternative that was introduced in the 1980s93. These anthracyclines are critical components of 

chemotherapy regimens used to treat AML88. Induction chemotherapy aims to induce complete 

remission (CR) by causing cytotoxicity in AML cells. CR is achieved in 60-80% of adults less 

than 60 years, but only 40-60% of adults over 60 years of age9,87. When patients do not respond 

to the standard regimen, salvage chemotherapy regimens are administered, or patients are 

enrolled in clinical trials of novel agents94. When patients achieve CR, a second phase of 

treatment, post- remission therapy, is highly important in preventing relapse95.  

Standard post-remission strategies include consolidation chemotherapy consisting of 

high-dose cytarabine (HiDAC) or hematopoietic stem cell transplantation (HSCT)87. The 

genetic risk profile of patients and the risk of transplant-related morbidity and mortality 

determine which post-remission treatment strategy will be recommended96. AML patients 60 

years and younger with favorable genetic risk typically receive 4 cycles of HiDAC as 

consolidation chemotherapy95,97. Patients with adverse genetic risk typically undergo HSCT98. 

For adults with intermediate genetic risk, however, both HiDAC and HSCT are acceptable 

options99. DNA demethylating agents are frequently used instead of intensive chemotherapy 

to treat older patients with comorbidities, poor performance status and/or adverse genetic 

risk100. This older and more unfit patient population may also be recommended to participate 
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in clinical trials of investigational therapies, when available101. Given both the incidence of 

refractory disease and the high relapse rate in AML, research on novel agents and treatment 

combinations is ongoing to improve treatment outcome and prolong OS102. 

1.2.2 Targeting DNA methylation2 

As discussed above, hypermethylation of promoters of CpG-island-containing DNA 

regions lead to transcriptional silencing of tumor suppressor genes (TSGs) in cancers and 

leukemias, and DNA methyltransferase inhibitors (DNMTis) have been developed that can 

reverse these effects103. 5-Azacytidine (AZA) is a nucleoside analog that incorporates into 

RNA and is subsequently transcribed into DNA. 5-Aza-2- deoxycytidine (decitabine; DAC) is 

the deoxy derivative of AZA?? and is incorporated directly into DNA100. AZA and DAC 

sequester and inhibit methylation enzymes after their incorporation into RNA and DNA, 

respectively (Figure 1.5)104. Both AZA and DAC are approved by the United States Food and 

Drug Administration (FDA) to treat high-risk MDS patients. Successful clinical results have 

also been reported in AML100,105,106, so both drugs are also commonly used to treat AML.  

 

 
2 Kogan AA, Lapidus RG, Baer MR, Rassool FV. Exploiting epigenetically mediated changes: Acute myeloid 

leukemia, leukemia stem cells and the bone marrow microenvironment. Adv Cancer Res. 2019;141:213-253. 

doi: 10.1016/bs.acr.2018.12.005. Epub 2019 Jan 21. PMID: 30691684. 
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Figure 1.5: DNA methylation and inhibition. (A) DNMTs promote methylation of CpG-

island containing promoters and subsequent gene silencing. (B) DNMTis prevent methylation 

from occurring resulting in gene transcription reactivation. Figure modified from Gravina et 

al. (2010)107. Created with BioRender.com.  

 

While these drugs used at high concentrations produce direct DNA damage and 

cytotoxicity, these effects are not the primary mechanisms responsible for clinical efficacy in 

patients with MDS or AML. The Baylin group reported that transient exposure of cultured and 

primary leukemia and epithelial tumor cells to epigenetic drugs at nanomolar concentrations 

can reprogram multiple cancer pathways in the Hanahan and Weinberg “cancer wheel”108 

(Figure 1.6).  
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Figure 1.6: Pathway analysis of changes in gene expression following DNMTi treatment. 

Microarray analyses post DNMTi treatment show stable changes in the expression of multiple 

genes, also known as transcriptional reprogramming, in cancer pathways defined by Weinberg 

and Hanahan. Figure modified from Tsai, et al. (2012)104. Created with BioRender.com.  

 

Low doses of these epigenetic drugs can lead to re-sensitization of cancer cells to 

cytotoxic chemotherapy, and combination treatments with epigenetic plus traditional drugs 

may be a promising approach109,110. Since cytotoxic chemotherapy kills cells by activating pro-

apoptotic genes, and DNA methylation of these pro-apoptotic genes can block cell death from 

occurring, reactivation of epigenetically silenced apoptotic genes by DNMTis can increase the 

efficacy of chemotherapy110. For example, APAF1 is silenced in metastatic melanoma cells 
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and treatment with AZA restores APAF1 expression and chemosensitivity111. Conversely, 

methylation-induced silencing of DNA repair genes can be detrimental by leading to 

microsatellite instability, or even beneficial by preventing the repair of genes targeted by 

chemotherapy, causing cells to undergo apoptosis rather than repair112.  

Continued work is aimed at understanding how DNMTis function, and at identifying 

biomarkers of response. Overall, it is possible that effective therapy may require agents that 

target other aspects of the epigenome, and that synergize more effectively with a variety of 

combination treatments. For example, there are ongoing studies testing combinations of 

hypomethylating agents and biological agents such as retinoic acid, and promising results have 

also been described for the combination of DAC with IL-2 in melanoma. Reversal of DNA 

methylation using DNMTis can also overcome chemoresistance induced by gene silencing, 

and suggests additional combination options59,106. 

Despite the clinical successes achieved with DNA methylation inhibitors, there is still 

much room for improvement. Currently available DNA methylation inhibitors block DNA 

methylation at the enzymatic level, leading to global DNA methylation inhibition. This is 

therapeutically beneficial as tumor suppressor genes are hypermethylated in cancer, but global 

hypomethylation may lead to activation of oncogenes and/or increased genomic instability106. 

Furthermore, DNA methylation inhibitors act during S-phase of the cell cycle, and thus they 

preferentially affect dividing cells. This is advantageous when treating cancers that grow 

rapidly, but may be less clinically useful in treating cancers that are not characterized by rapid 

cell cycling106. Additionally, upon DNMTi withdrawal, DNA methylation returns to pre-

treatment levels, resulting in a need for continuous DNMT inhibition59,113. Thus, while DNA 

methylation inhibitors are clinically successful, their lack of specificity, cell cycle dependency 
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and need for continuous administration leave room for the development of other targeted 

therapies or novel combination therapies66. Since my thesis work focuses on a novel 

combination of DNMTis and poly ADP-ribose polymerase inhibitors (PARPis) in AML, the 

next section discusses PARPis. 

1.3 PARP inhibitors  

Poly(ADP-ribose) polymerase 1 (PARP1) is a nuclear protein that plays a key role in DNA 

single-strand break (SSB) repair through poly-(ADP-ribosyl)ation, or PARylation, of itself, 

histones and other target proteins114,115. PARPs have been classically linked to base excision repair 

(BER, single-strand break repair), by binding to the site of damage and recruiting DNA repair 

machinery116. However, it has also been shown to be involved in nucleotide excision repair (NER, 

repair of bulky DNA adducts) and there is increasing evidence for its role in double-strand break 

(DSB) repair, including alternative non-homologous end-joining (ALT NHEJ)117,118. Though 

essential for maintaining genome integrity, PARP1 over-activity has been linked to several types 

of cancers, leading to the development of PARP1 inhibitors (PARPis)115,116.  

The mechanism of action of the majority of early PARPis was via catalytic inhibition of 

PARP by blocking its PARylation activity115,119. More recently, another mechanism of PARP 

inhibition was revealed. The primary cytotoxic effects of a new generation of PARPis have been 

correlated with trapping of cytotoxic PARP1-DNA complexes at sites of SSBs and DSBs (Figure 

1.7)120,121. The potent PARPi talazoparib (Tal), which mainly exerts its cytotoxic effects through 

trapping PARP in DNA, is used in our studies in the next chapters. Importantly, the trapped 

PARP1-DNA complexes lead to stalling and collapsed replication forks, which require additional 

mechanisms to repair122,123.  
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Figure 1.7: Mechanism of PARP inhibition. PARPis act via two major mechanisms: either by 

inhibiting the catalytic function (1) or by affecting the DNA binding of PARP thereby trapping 

and creating PARP-DNA complexes (2). Figure modified from Murai et al. (2012)119. Created 

with BioRender.com. 

 

One of the first studies to highlight the promising potential of PARPis in cancer was work 

by Bryant et al, demonstrating synthetic lethality of PARPis in breast cancer with homologous 

recombination deficiency (HRD) (Figure 1.8)124. In normal conditions, during DNA damage, 

PARP1 recognizes SSBs and initiates BER repair to properly repair the damage125. Use of PARPi 

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

but this can be repaired by HR in an error prone free manner123. In contrast, 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 lethality122.  
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Figure 1.8: Schematic for synthetic lethality. (A) When DNA is damaged, SSBR is initiated 

and mediated by PARP. (B) PARPis prevent SSBR which results in accumulation of DSBs. (B.i) 

Normal cells can repair DSBs through HR-mediated repair leading to cell survival. (B.ii) Cancer 

cells with mutated BRCA1/2 have defects in HR and are unable to repair the accumulated DSBs 

leading to cell death. Created with BioRender.com.  

 

PARPis prevent SSB repair, increase DSBs, and depend on HR to mediate repair. Thus 

when used in cancers with BRCA1/2 mutations, PARPis led to cell death through synthetic 

lethality123. The basis of synthetic lethality is understanding the molecular underpinnings of cancer 

and using drug targets that would be lethal for cancer cells but leave normal cells unharmed126. 

Numerous studies have investigated other potential mutations in cancer that would sensitize cancer 

cells to PARPi therapy123,127-129. Recent studies have shown that disruptions of expression and/or 

function of other HR-related pathway components, such as disruption of Fanconi anemia (FA) and 
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ATM genes, referred to as BRCAness genes, can lead to HRD, and can therefore predict sensitivity 

to PARPis128,129. However, PARPis have failed to show long-term clinical benefit for patients with 

intact BRCAness genes, underscoring the necessity of developing new strategies to maximize the 

efficacy of these inhibitors.  
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1.4 Rationale and Aims  

AML accounts for 80% of adult acute leukemia, with only a 25% 5-year survival rate130. 

Diverse cytogenetic and molecular abnormalities predict treatment outcomes, enable treatment 

stratification, and, increasingly, provide therapeutic targets131. DNMTis are effective in treating 

AML in patients who are unfit for, or unlikely to respond to, intensive chemotherapy, with 

responses even in AMLs with unfavorable karyotypes or mutations in TP5385,132. However, 

DNMTi responses are not durable133,134, and novel therapy combinations are needed. 

Studies in solid tumors have shown that DNMTis induce an immune signature centered 

on potentiation of interferon (IFN) signaling that is facilitated in part by upregulation of 

endogenous retroviral transcripts (ERVs) and sensing of cytoplasmic double-stranded RNA 

(dsRNA)81,82. This phenomenon, termed DNMTi-induced “viral mimicry”, stimulates production 

of cytokines and attraction of activated CD8+ T lymphocytes to tumor sites, accompanied by 

antitumor responses82,83.  

Poly ADP-ribose polymerase inhibitors (PARPis) induce synthetic lethal cell death in 

BRCA-mutant and homologous recombination-deficient (HRD) breast and ovarian cancer (BC 

and OC)123,135. In our published work in BRCA wild-type (WT) BC and OC, we showed that 

DNMTi and PARPi combination treatment upregulates both cytosolic dsRNA and dsDNA in a 

“pathogen mimicry” response (PMR), leading to broad innate immune and inflammasome-like 

signaling, driven in part by stimulator of interferon signaling (STING), unexpectedly directly 

generating decreased DNA DSB repair and HRD129. This study will explore this signaling 

paradigm in AML. Our overall hypothesis is that activating STING increases IFN signaling and 

induces HRD, leading to anti-leukemia innate immune responses in AML. Furthermore, as 

discussed in subsequent chapters, given the role that TP53 plays in maintaining silencing of repeat 
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sequence elements in the genome, including ERVs, we aim to study the impact of TP53 mutations 

on the DNMTi+PARPi combination treatment-mediated immune response. The following specific 

aims were investigated to elucidate this mechanism:    

Specific Aim 1: Determine the role of STING in induction of IFN signaling and HRD by 

DNMTi+PARPi combination treatment in TP53 mutant versus WT AML.   

Specific Aim 2: Test the role of STING signaling and TP53 abrogation in DNMTi+PARPi 

combination treatment-driven anti-leukemia responses in immune-competent mice.  

Specific Aim 3: Explore immune and HR-related changes in patients treated with 

DNMTi+PARPi combination in a phase 1 clinical trial.  

Overall, our findings significantly increase our understanding of the mechanisms that 

underlie DNMTi+PARPi combination treatment efficacy and suggest differential use of these 

therapies based on TP53 status to induce potential immune activation of STING in AML and other 

cancers. 
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CHAPTER 2: Activating STING-dependent immune signaling in AML3 

 

2.1. Introduction  

As discussed in the Introduction (Chapter 1), AML is a genetically heterogeneous disease 

characterized by malignant clonal proliferation of immature myeloid cells in the bone marrow63,136. 

AML has diverse cytogenetic and molecular abnormalities that predict treatment outcomes, enable 

treatment stratification, and, increasingly, provide therapeutic targets137. TP53 alteration or loss 

is one of the most powerful predictors of poor outcome in AML58,138,139, suggesting the need for 

alternative therapies. Herein, we present data with translational significance for AML involving a 

lesser investigated role of p53 as a guardian of the genome for prevention of unwanted 

transcription of repeat sequences140. Furthermore, our data link this role with a similar, long-

recognized guardian role for the process of DNA methylation in DNA141. 

DNMTis are approved for treatment of MDS and are also used for treatment of AML in 

patients unfit for intensive chemotherapy142-145. These epigenetic agents are primarily thought to 

exert their efficacy by reversing gene expression changes that are associated with DNA 

methylation abnormalities commonly found in AML106,146,147. In preclinical studies, TP53-

deficient neoplastic fibroblasts treated with DNMTis showed increased apoptosis compared to 

 
3 Kogan, AA, Topper, MJ, McLaughlin, LJ, Creed, TM, Eberly, CL, Kingsbury, TJ, Baer, 

MR, Kessler, MD, Baylin, SB, Rassool, FV. (2021). Activating STING-dependent immune 

signaling in acute myeloid leukemia. Manuscript in prep.  
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cells with WT TP53148,149.  These findings link to clinical data demonstrating that AML patients 

with TP53 mutations had robust responses to DNMTi treatment150. In contrast, in other studies 

there was no significant association between TP53 mutations and response to treatment with 

DNMTis24,132. Although DNMTis are widely used for the treatment of AML, and patients achieve 

remission, remissions are not durable and efficacy is less than was hoped given the strength of 

preclinical data147. Fennell et. al. describe a number of possibilities for why this may be the case, 

including the fact that AML has historically never been cured by single-agent therapy147. Therefore, 

in order to increase efficacy, researchers have pursued drug treatments that can synergize with the 

favorable epigenetic reprogramming induced by DNMTis.  

We have been exploring the combinatorial approach of adding PARPis to DNMTis121. 

PARPis are approved for use in the clinic to treat BRCA-deficient or HR-deficient BC and 

OC122,124,135. PARPis inhibit repair of SSBs and DSBs both by inhibiting PARylation and by 

trapping PARP1/2 in DNA119. BRCA mutations render cells deficient in HR, and therefore 

potentially lethal DSBs formed during replication in PARP-inhibited cells cannot be repaired, 

leading to subsequent cell death by synthetic lethality119,121,128,151,152. We reported that combining 

PARPi with DNMTi increased PARP trapping and produced synergistic cytotoxicity in AML and 

triple-negative BC (TNBC) cells34. Extending these anti-tumor effects to non-small cell lung 

cancer (NSCLC), we also showed that DNMTis downregulate a subset of DNA damage response 

genes, inducing HRD, which mimics the BRCA-mutant phenotype and sensitizes cells to PARPis 

(Figure 2.1)128. Similar findings were also demonstrated in our recent study in TNBC and OC129.  
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Figure 2.1: Model for DNMTi+PARPi mechanism of action. With PARPi alone, these protein-

DNA adducts can be repaired through HR during replication (top). When PARPi is combined with 

DNMTi there is increased persistent PARP1 and DNMT1 binding in the DNA. With the additional 

DNMTi priming of the epigenome resulting in inhibition of HR-mediated repair (red box), these 

protein-DNA adducts cannot be repaired, thus the DSBs persist (including the addition of IR in 

NSCLC) and promote cell death (bottom). Figure modified from Muvarak et al. (2016)121. 

 

DNMTis have also been shown to transcriptionally reprogram immune signaling, with 

significant relevance to immune therapy strategies seeking to exploit immunological 

modulation104,153-155. This reprogramming includes induction of an IFN response via 

transcriptional activation of ERV genes81. These ERV genes form RNA and DNA intermediates 

by reverse transcription, which in turn drive immune signaling through the STING gene and other 

cytoplasmic dsRNA sensors81,156-158. DNA damage induced by PARPi has been reported to activate 
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STING signaling159,160, via cytosolic double-stranded DNA (dsDNA)161. In our recent study in 

TNBC and OC, we reported a broadened response with DNMTi+PARPi combination treatment, 

termed PMR, encompassing activation of STING-dependent IFN signaling leading to 

downregulation of HR, thus generating an HRD phenotype in BRCA-proficient cells129. 

Herein, in studies of leukemia models, we define new mechanistic insights linking the role 

of TP53 to STING-dependent IFN signaling responses in AML. Specifically, we examine ERV 

gene expression levels in cells treated with DNMTis. Interestingly, we identify differential ERV 

gene transcriptional responses between TP53 WT and mutant models and stratify our mechanistic 

experiments on the basis of TP53 mutation status.  The rationale for this stratification is built on 

previous reports that TP53 plays a significant role in the maintenance of epigenetic silencing162,163. 

Mutations in TP53, including those with loss of function and dominant negative function, relieve 

this transcriptional repression163. Since cytosolic dsDNA is known to drive STING signaling164, 

and PARPis are known to increase cytosolic dsDNA165, we also determine how PARPi treatment 

affects cytosolic dsDNA fragment formation and subsequent STING signaling. After 

characterizing how DNMTi+PARPi treatment alters STING-mediated immune signaling and 

HRD induction, and whether any such changes differ with respect to TP53 mutation status, we 

finally determine whether these effects are STING-dependent. Thus, in this chapter of the thesis, 

we bring a new synthesis of events for STING activation and IFN signaling with DNMTis and 

PARPis that is dependent on TP53 mutation status. This work is translationally relevant to AML 

and may be extrapolated to other cancers.  
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2.2. Results  

2.2.1. DNMTi treatment increases ERV gene expression in TP53 mutant AML  

In solid tumor models, DNMTis were previously shown to activate STING-mediated 

IFN signaling through transcriptional activation of ERVs 81,82,129. We used qPCR analysis to 

test the depth of this response in DNMTi-treated AML cell lines (DAC, 10nM, 72h). Given 

that TP53 has been shown to suppress transcription and to play a direct role in epigenetic 

silencing150,162,166, we also hypothesized that TP53 mutant AML cell lines would be more 

susceptible to DNMTi induction of viral mimicry via ERV transcriptional increase. We tested 

this hypothesis in TP53 mutant (Kasumi-1, KG-1a, and U937) and WT (MOLM-14, OCI-

AML2 and OCI-AML3) AML cell lines (Table 2.1).  

Table 2.1: TP53 mutation status in AML cells lines 

Cell line TP53 status Location cDNA protein 

MOLM-14 WT 

    

OCI/AML2 WT 

    

OCI/AML3 WT 

    

Kasumi-1 MUT - Hom exon 7 DBD c.743G>A p.R248Q  

KG-1 MUT - Hom exon 7 DBD c.673G>A p.V225I  

U-937 MJT - Hom intron 5 DBD c.559+1G>A p.? 

 

TP53 mutant AML cell lines exhibited a 2- to 8-fold increase (p<0.005) in ERV gene 

expression following DNMTi treatment, whereas TP53 WT AML cell lines showed no 

increases (Figure 2.2 A, Figure S2.1A; P<0.01). To test whether these ERV-activating effects 

are directly mediated by TP53, we used the TP53 inhibitor pifithrin (50 uM, 72h), which 

specifically inhibits transactivation of p53-responsive genes167. TP53 WT MOLM-14 AML 

cells cultured with pifithrin as a single agent demonstrated significant increases in 4/13 ERVs 

https://p53.iarc.fr/TP53GeneVariations.aspx?mutant=R248Q
https://p53.iarc.fr/TP53GeneVariations.aspx?mutant=V225I
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tested (Figure 2.2B; P<0.05). This effect was dependent on the presence of WT TP53, as 

treatment of the TP53 mutant cell line Kasumi-1 with pifithrin resulted in no change in ERV 

expression (Figure S2.1B). Given our interest in DNMTi treatment in combination with 

PARPi121,129, we tested whether PARP inhibition with talazoparib (Tal, 5nM, 72 h) could 

similarly drive ERV activation. PARPi alone resulted in no significant changes in ERV gene 

expression in WT or mutant TP53 AML cells (Fig S2.1C-H), and DNMTi+PARPi drug 

combination treatment had similar effects on ERV gene expression as DNMTi treatment alone 

(Fig S2.1C-H).  

 

 

Figure 2.2: DNMTi treatment increases ERV gene expression in TP53 mutant AML. (A) 

Relative RNA expression for a subset of ERV genes after mock or 10 nM DAC treatment in 

MOLM-14, OCI-AML2, OCI-AML3, Kasumi-1, KG-1a, and U937 cell lines (72hrs, n = 3). 

(B) Relative RNA expression for a subset of ERV genes after mock or 10 nM DAC treatment 

± 50 uM pifithrin in MOLM-14 cells (72hrs, n = 3). 
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2.2.2. PARPi drives cytoplasmic dsDNA increases in AML 

Given these TP53-specific ERV findings, as well as previous reports that PARPi 

increases cytosolic dsDNA and drives STING signaling129,160, we compared the impact of 

PARPi on cytosolic dsDNA expression in TP53 WT and mutant cell lines. Interestingly, we 

first found that levels of cytosolic dsDNA are increased in TP53 WT MOLM-14 cells 

compared with TP53 mutant Kasumi-1 cells (Figure 2.3A). Moreover, there was a distinct 

correlation between TP53 mutation status and PARP1 protein expression levels, which are 

significantly lower in TP53 WT,  compared with TP53 mutant, cell lines  (Figure 2.3B; P < 

0.05). Importantly, these differences in PARP1 levels between  TP53WT vs mutant AML seem 

to be universal for AML, as we observed them in primary samples from the Cancer Genome 

Atlas database (TCGA)168 (Figure 2.3C; P=0.002). Treatment of AML cell lines with the 

PARPi Tal at a low concentration (5nM) caused reductions in PARP1 protein levels only in 

TP53 WT cell lines, and not in mutant TP53 cells, which is consistent with these cell lines 

having lower levels of PARP1 at baseline (Figure 2.3B, Figure S2.2A-F). Increasing Tal 

concentrations (10-20nM) in TP53 mutant Kasumi-1 cells, with a high baseline level of PARP1 

protein, led to a decrease in PARP1, consistent with a concentration-dependent PARPi effect 

on PARP1 (Figure 2.3D). Furthermore, increasing the Tal concentration led to a concordant 

increase in cytoplasmic dsDNA in TP53 mutant Kasumi-1 cells similar to levels seen using 

lower concentrations of Tal concentrations in WT TP53 cells (Figure 2.3A).  
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Figure 2.3: PARPi drives cytoplasmic dsDNA increases in AML. (A) Representative 

immunofluorescence images for dsDNA (left) and quantified (right) in MOLM-14 and 

Kasumi-1 cells after mock, or 5 nM, 10nM, and 20nM Tal treatment (72hrs, n = 3). (B) 

Immunoblot for PARP1 in TP53 WT (MOLM-14, OCI/AML2, and OCI/AML3) and TP53 

mutant (Kasumi-1, KG-1a, and U937) cell lines at baseline with β-actin used as a loading 
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control (n = 3).  (C) Violin plots for PARP1 mRNA expression in TCGA AML samples 

grouped by TP53 status. All data are presented as mean ± SEM with statistical significance 

derived from two-tailed unpaired Student’s t test (or ANOVA), or Wilcoxon signed-rank 

test.  (D) Immunoblot for PARP1 after mock, or 5 nM, 10nM, and 20nM Tal treatment in 

MOLM-14, and Kasumi-1 cell lines with β-actin used as a loading control (72hrs, n = 3). 

 

2.2.3. STING activity is increased in TP53 mutant AML 

We found that the status of STING expression basally, and with our drug treatments, 

is crucial to the increases in ERV expression and cytoplasmic dsDNA observed above.  In a 

recent study we showed that DNMTi+PARPi treatment increases STING expression in TNBC 

and OC129. To evaluate whether this mechanism explains DNMTi+PARPi efficacy in AML121, 

we first characterized basal STING expression in primary AML TCGA samples and in AML 

cell lines.  Indeed, AML samples with WT TP53 from TCGA have significantly higher levels 

of STING than samples with TP53 mutations (Figure 2.4A; P=0.00021). Western blot analysis 

of STING protein levels in AML cell lines is consistent with these data, with TP53 WT cell 

lines showing higher baseline protein levels than TP53 mutant cell lines (Figure 2.4B).  
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Figure 2.4: STING expression is lower in TP53 mutant AML at baseline. (A) Violin plots 

for STING mRNA expression in TCGA AML samples grouped by TP53 status. (B) 

Immunoblot for STING in TP53 WT (MOLM-14, OCI/AML2, and OCI/AML3) and TP53 

mutant (Kasumi-1, KG-1a, and U937) cell lines at baseline with vinculin used as a loading 

control (n = 3). 

 

We then evaluated whether STING protein levels increase more significantly in TP53 

mutant cell lines after DNMTi+PARPi combination treatment, as compared to WT. 

Surprisingly, we found that STING protein levels did not change after DNMTi, PARPi, or 

combination treatment in any of the cell lines tested (Figure 2.5A,B, Figure S2.3A-D). We 

therefore considered whether STING protein activation (via phosphorylation) may vary with 

TP53 mutation status. Indeed, while basal STING expression is lower in TP53 mutants, STING 

phosphorylation, and therefore its activity, is approximately 2-fold increased at baseline in 
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TP53 mutant Kasumi-1 cells (Figure 2.5B,D) compared to TP53 WT MOLM-14 cells (Figure 

2.5A,C). Furthermore, in TP53 mutant cells, phospho-STING protein levels increase following 

DNMTi treatment, but increase even further with DNMTi+PARPi combination treatment 

(Figure 2.5B,D Figure S2.3,C,D,G,H). In contrast, in TP53 WT AML cells phospho-STING 

levels are not altered by single-agent DNMTi or PARPi treatment, but increase with the drug 

combination (Figure 2.5A,C Figure S2.3A,B,E,F). These results suggest that TP53 mutants not 

only have increased baseline STING activation, but also have the capacity to further increase 

STING activity compared with WT TP53 AML cells, though WT increases with the 

DNMTi+PARPi combination.   
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Figure 2.5: STING activity is increased in TP53 mutant AML. (A-B) Immunoblot for 

pSTING and STING in MOLM-14 (A) and Kasumi-1 (B) cells after mock, 10 nM DAC, 5 nM 

Tal, or DAC/Tal combination: 10 nM DAC + 5 nM Tal treatment with vinculin used as a 

loading control, quantified values below each respective protein (72hrs, n = 3). (C-D) 

Quantification of proportion of pSTING in MOLM-14 (C) and Kasumi-1 (D) cells after mock, 

10 nM DAC, 5 nM Tal, or DAC/Tal combination: 10 nM DAC + 5 nM Tal treatment (72hrs, 

n = 3). All data are presented as mean ± SEM with statistical significance derived from two-

tailed unpaired Student’s t test (or ANOVA), or Wilcoxon signed-rank test.   

 

DNMTi treatment increases IFN signaling in TP53 mutant AML 

Given this increased STING activity in AML, and our previous reports that 

DNMTi+PARPi combination treatment induced STING and IFN signaling in TNBC and 

OC129, we next examined whether DNMTi and/or PARPi combination treatment also drives 
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IFN signaling in AML. Hallmark and KEGG (Kyoto Encyclopedia of Genes and Genomes) 

pathway analysis of genome-wide expression data from MOLM-14 cells with WT TP53 

supported the transcriptional activation of multiple immune response pathways by 

DNMTi+PARPi combination treatment, whereas single-agent DAC or Tal treatment showed 

a markedly less robust response (Figure 2.6A). To validate these data, we performed qPCR 

analysis on a panel of immune genes that were selected based on our genome-wide expression 

data and previous data from our laboratory129 (Figure 2.6B). In MOLM-14 cells, DNMTi 

treatment alone led to modest increases in expression in only 3 of the 24 immune genes tested 

(Figure S2.4A; P<0.05). In contrast, DNMTi+PARPi combination treatment significantly 

increased expression of 13 of these tested genes (Figure S2.4A; P<0.01). Investigation of two 

additional TP53 WT AML cell lines (OCI-AML2 and OCI-AML3) revealed similar gene 

expression changes (Figure S2.4B, C). The pattern of IFN gene expression is quite different in 

TP53 mutant Kasumi-1 cells, as DNMTi treatment alone drives pronounced increases in 

expression of IFN genes (P<0.05 in 7/24 genes) (Figure 2.6B, Fig S2.4D) and DNMTi+PARPi 

combination treatment increases the magnitude of IFN-related gene expression ever further. 

Investigation of additional mutant TP53 AML cell lines (KG-1a and U937) revealed a similar 

pattern of IFN gene expression differences (Figure S2.4E-F). Importantly, these results were 

replicated in AML primary samples (Table S2.1, Figure 2.6C,D, Figure S2.4G-L). 
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Figure 2.6: DNMTi treatment increases IFN signaling in TP53 mutant AML. (A) 

Normalized enrichment scores for MOLM-14 after 10 nM DAC, 5 nM Tal, or DAC/Tal 

combination: 10 nM DAC + 5 nM Tal treatment, cDNA microarray data. Blue: downregulated, 

red: upregulated Hallmark and KEGG pathways Log2 fold change relative to mock (72hrs, n 

= 3). (B) Relative RNA expression for a subset of immune genes after mock, 10 nM DAC, 5 

nM Tal, or DAC/Tal combination: 10 nM DAC + 5 nM Tal treatment in MOLM-14 and 

Kasumi-1 cell lines (72hrs, n = 3). (C-D) Relative RNA expression for a subset of immune 

genes after mock, 10 nM DAC, 5 nM Tal, or DAC/Tal combination: 10 nM DAC + 5 nM Tal 

treatment in TP53 WT (C) and mutant (D) primary samples (72hrs, n = 3). All data are 

presented as mean ± SEM with statistical significance derived from two-tailed unpaired 

Student’s t test (or ANOVA).   
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DNMTi treatment drives decreases in HR in TP53 mutant AML   

In our previous studies we have shown that DNMTi+PARPi combination treatment 

leads to increased DNA damage and reduced HR capacity121,128, and we most recently 

connected this HRD to immune signaling in solid tumors129. To examine the connection 

between immune signaling and HR in AML, we used the STRING database and computational 

tool169 to perform network analysis for known protein interactions between targets of interest. 

This analysis revealed TP53 as a new potential basal central node intersection for genes in the 

IFN pathway and DNA damage genes including  HR-related factors (Figure 2.7A, Fig S2.5A). 

In support of this predicted protein network interaction, treatment of  TP53 WT MOLM-14 

cells with IFNβ or TNFα/IL-1β showed increases in downstream IFN gene expression levels,  

decreases in  DNA repair gene expression and downregulation of HR activity as measured via 

an in vitro plasmid reporter assay128,129 (Figure S2.7B,D). Furthermore, IFNβ (Figure 2.7B) 

and TNFα/IL1-β (Figure S2.5C) treatment each decreased HR activity. In further validation of 

the predicted direct relationship between IFN signaling and HR activity, treatment of MOLM-

14 AML cells with the JAK inhibitor ruxolitinib (Rux), which inhibits IFN pathway 

signaling170, rescues HR activity (Figure 2.7B).   
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Figure 2.7: Immune and DNA repair pathways are linked. (A) STRING protein–protein 

interaction map of homologous recombination and IFN genes of interest. See Fig. S5A for an 

expanded version (B) Relative HR activity analysis 24h after 5 μM ruxolitinib, 100 ng/mL 

IFNβ, or 5 μM ruxolitinib + 100 ng/mL IFNβ treatment in MOLM-14 cells (n = 3).  

 

Given the above central role of TP53 in the interactions between IFN and DNA repair, 

we hypothesized that the expression and activity of HR-related genes following DNMTi and/or 

PARPi treatment would differ between TP53 WT and mutant AML cell lines. Indeed, while 

DNMTi or PARPi treatment alone had no significant effect on HR gene expression in TP53 

WT MOLM-14 cells, DNMTi treatment alone resulted in a decrease in expression of HR-

related genes (Figure 2.8A; P<0.0001)  in TP53 mutant Kasumi cells, and the DNMTi+PARPi 

combination treatment further decreased expression of these genes (Figure 2.8A; P<0.001, 

Figure S2.6A,D). Importantly, study of additional AML cell lines (Figure S2.6B,C,E,F) and 

primary samples with WT (N=4) and mutant (N=2, Table S2.1) TP53 treated with DNMTi, 

PARPi, and DNMTi+PARPi combination revealed similar HR gene expression patterns 

(Figure 2.8C,D, Fig S2.6G-L). 
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Figure 2.8: DNMTi treatment drives decreases in HR in TP53 mutant AML. (A) Relative 

RNA expression for a subset of HR genes after mock, 10 nM DAC, 5 nM Tal, or DAC/Tal 

combination: 10 nM DAC + 5 nM Tal treatment in MOLM-14 and Kasumi-1 cell lines (72hrs, 

n = 3).  (B) Relative HR activity analysis in MOLM-14 and Kasumi-1 cell lines after mock, 10 

nM DAC, 5 nM Tal, or DAC/Tal combination: 10 nM DAC + 5 nM Tal treatment (72hrs, n = 

3).  (C-D) Relative RNA expression for a subset of HR genes after mock, 10 nM DAC, 5 nM 

Tal, or DAC/Tal combination: 10 nM DAC + 5 nM Tal treatment in TP53 WT (C) and mutant 

(D) primary samples (72hrs, n = 3). All data are presented as mean ± SEM with statistical 

significance derived from two-tailed unpaired Student’s t test (or ANOVA).   
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STING inhibition abrogates IFN signaling and rescues HR activity in TP53 WT and TP53 

mutant AML  

We next found that a direct connection between IFN signaling and HR activity in AML 

cells treated with DNMTi and/or PARPi is STING-dependent. We used H-151, which is a 

highly potent and covalent antagonistic inhibitor of STING171. The increases in IFN gene 

expression seen with DNMTi+PARPi combination treatment in TP53 WT MOLM-14 cells 

were significantly decreased with the addition of H-151 (Figure 2.9A; 500nM, P<0.001, Figure 

S2.7A). Similarly, in TP53 mutant Kasumi-1 cells, H-151 treatment significantly decreased 

the altered IFN gene expression seen in cells treated with either DNMTi (P<0.05) or 

DNMTi+PARPi combination (P<0.0001) (Figure 2.9A, Figure S2.7B). With respect to effects 

of STING inhibition on HR gene expression in WT TP53 MOLM14 cells, H-151 treatment 

rescued the decreased expression of HR genes that is driven by DNMTi+PARPi combination 

treatment (Figure 2.9B, Figure S2.7C, D; P<0.001). Notably, H-151 co-treatment also resulted 

in robust rescue of HR gene expression in TP53 mutant Kasumi-1 cells treated with DNMTi 

or with DNMTi+PARPi (Figure 2.9B; P<0.0001, Figure S2.7D). H-151 also rescued the 

DNMTi+PARPi combination treatment-induced reduction in HR activity in WT TP53 

MOLM-14 cells (Figure 2.9C; P<0.001) as well as in TP53 mutant Kasumi-1 cells (Figure 

2.9D; P<0.0001), further supporting the mechanistic role of STING in HRD induction.  
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Figure 2.9: STING inhibition abrogates IFN signaling and rescues HR activity in TP53 

WT and TP53 mutant AML. (A) Relative RNA expression for a subset of immune genes 

after mock, 10 nM DAC, 5 nM Tal, or DAC/Tal combination: 10 nM DAC + 5 nM Tal 

treatment ± 500 nM STINGi for all conditions in MOLM-14 and Kasumi-1 cell lines (72hrs, 

n = 3). (B) Relative RNA expression for a subset of HR genes after mock, 10 nM DAC, 5 nM 

Tal, or DAC/Tal combination: 10 nM DAC + 5 nM Tal treatment ± 500 nM STINGi for all 

conditions in MOLM-14 and Kasumi-1 cell lines (72hrs, n = 3). (C-D) Relative HR activity 

analysis of MOLM-14 (C) and Kasumi-1 (D) cells after 72hr treatment with mock, 10 nM 

DAC, 5 nM Tal, or DAC/Tal combination: 10 nM DAC + 5 nM Tal ±500 nM STINGi for all 

conditions (n = 3). 
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2.3. Discussion   

In this mechanistic study, we show for the first time that DNMTis drive activation of ERVs 

and STING-dependent IFN signaling in AML in a TP53-dependent fashion. Notably, enhanced 

ERV activation is linked to presence of mutant versus WT TP53 in AML cell lines and patient 

samples. A similar pattern was seen for IFN signaling, which is consistent with previous studies 

that have shown STING activation via ERV transcript-generated dsRNA81,172. Our findings 

provide new and translationally relevant insights into the importance of the presence of widespread 

TP53 binding sites near genomic repeat elements and a suggested guardian role in the genome for 

promoting the silencing of such elements173. The findings bring a therapy paradigm into 

juxtaposition with previous suggestions that mutation or abrogation of TP53 in cancer cells may 

impact how DNMTis transcriptionally relieve the silencing of repeat elements present in normal 

somatic cells163,173-175.  Our direct link between TP53 and DNMTis demonstrates why TP53 mutant 

AML cells may be significantly more sensitive, and poised to be immunologically reactive to, 

DNMTi treatment. This has potential implications for the treatment of AML, and suggests 

approaches for strategically activating immune signaling in TP53 mutant AML, where TP53 

alteration or loss is one of the most powerful predictors of poor treatment outcomes58,138,139 

(schematic model, Fig 2.10).  
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Figure 2.10: Schematic of a multifaceted immune response leading to HRD in AML. 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 

STING signaling. This activated response leads to transcriptional increase in IFNβ and TNFα/NF-

κB signaling, which facilitates the transcriptional repression of HR genes and leads to anti-

leukemia effects.  

 

In addition to relevance of data to DNMTi’s, our present findings have implications for 

PARPis for inducing synthetic lethality in BRCA-wild-type TNBC and OC cells135,176. This 

paradigm is also dependent upon activation of IFN signaling by increasing cytosolic dsDNA 

levels129,165,177.  Our data further reveal that production of cytosolic dsDNA by PARPi treatment 

is observed in TP53 WT AML cells, but this mechanism is minimally operative for immune 
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signaling in TP53 mutant AML cells. One possible explanation for this is that we find that PARP1 

levels are significantly increased in TP53 mutant samples, and so higher PARPi concentrations are 

required to disrupt PARP1 activity. Indeed, others have reported elevated PARP1 levels in many 

therapy-resistant cancers, which is understood to reflect increased selective pressure toward DNA 

repair activity and genomic instability116,178-180. All of these findings suggest that PARP expression 

levels may be useful as a biomarker of both PARPi efficacy and potential response to immune 

therapies.  

The role of STING activation in our findings bears special mention as a critical factor for 

activating anti-cancer immune responses not only in AML, but in cancer in general. Notably, 

STING expression is reduced in many tumors, and researchers are actively pursuing ways of 

driving STING-dependent immune signaling181-184. After recently reporting that DNMTi treatment 

in TNBC and OC can transcriptionally activate STING129, we now show that AML cells with TP53 

mutations have higher STING activity at baseline, with even further increases following DNMTi 

treatment. Moreover, STING activity in TP53 WT AML models increases only after 

DNMTi+PARPi combination therapy, but even these increases are more modest than those seen 

in AML cells with TP53 mutations. Therefore, while induction of IFN signaling and HRD in both 

TP53 mutant and WT cells is STING-dependent, TP53 mutant AMLs seem to be particularly 

amenable to STING activation via epigenetic reprograming, and may be good candidates for other 

novel STING pathway activation strategies.   

Overall, our work has implications for therapy strategies reliant on activating innate 

immune pathways. For example, AMLs with TP53 mutations may define a group of patients in 

whom DNMTis can be used to activate immune signaling to prime for combination with immune 

checkpoint therapy. DNMTi treatment has also been shown to increase the expression of immune 
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checkpoint molecules such as PD-L1 and CTLA-4, which may present additional synergistic 

potential133,185-187. In fact, recent reports describe encouraging preliminary results in which 

DNMTi+anti-CTLA-4 combination therapy leads to decreased tumor burden and improved 

survival in melanoma and OC mouse models81,187,188. Additional clinical and preclinical research 

will increase our understanding of immune responses in TP53 mutant AML, and will further enable 

increasingly effective combination treatments. Given the current limitations with regard to 

predicting immuno-oncological treatment response, our findings hold particular promise in their 

identification of a specific molecular subset with sensitivity to immune-modulatory treatment85. 

Finally, our findings, as revealed in our present studies of TCGA samples, may extend to other 

cancers with TP53 mutations, and may support the use of epigenetic treatments in a wider range 

of malignancies.   

2.4. Methods   

2.4.1 Cell lines and primary samples  

Human AML cell lines KASUMI-1 and KG-1a (both harboring TP53 mutations) were 

cultured in RPMI1640 + L-Glutamine and 20% Fetal Bovine Serum; U937 (TP53 mutant) 

and MOLM14 (TP53 WT) were cultured in RPMI1640 + L-Glutamine supplemented with 10% 

FBS; OCI/AML2 and OCI/AML3 (both TP53 WT) were cultured in α-MEM + L-Glutamine 

and 20% Fetal Bovine Serum. All cell lines were cultured and maintained in 37oC incubators 

with 5% CO2 and passaged every 3- 5 days.  

Primary AML patient samples were obtained with informed consent on a protocol 

approved by the institutional review board of the University of Maryland School of Medicine 

(IRB H25314). Mononuclear cells (MNCs) from AML primary samples were isolated by 

density centrifugation over Ficoll-Paque (Sigma-Aldrich) and were cultured in IMDM with 
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20% FBS, without cytokine supplementation. MNCs were cultured in 37oC incubators with 

5% CO2.  

2.4.2 Drug reagents and treatments in vitro  

The DNTMi decitabine (DAC, Sigma-Aldrich) was prepared as a stock solution of 10 

mM in DMSO, aliquoted, and stored at -80 ̊C for single use. Cell lines were treated daily with 

10nM DAC. The PARPi talazoparib (Tal, Pfizer) was prepared as a stock solution of 50 mM 

in DMSO, aliquoted and stored at -80oC. Tal was further diluted to 5 mM in  1μL single-

usealiquots in DMSO and stored at -80 ̊C. Cell lines were treated with 5 nM Tal every 72 

hours. For combination treatments, cells were treated with the combination of 10 nM DAC 

and 5 nM Tal on day 1 and new DAC at the appropriate concentration for a final concentration 

of 10nM was added to cells on days 2 and 3. Cells were harvested after 72 hours.  

The TP53 inhibitor Pifithrin-α (PFT, Selleckchem) was prepared as a stock solution 

of 50 mM in DMSO and stored at -20 ̊C in single-use aliquots. Cells were treated with 50 uM 

PFT on day 1 of the 72 hr treatment cycle. Interferon-β (IFNβ, PeproTech) was prepared as a 

stock solution of 1 mg/mL in water and aliquoted and stored at -20 ̊C for single use. Cells 

were treated with IFNβ at a final concentration of 100ng/mL on day 1 of the 72 hr treatment 

cycle. The JAK/STAT inhibitor ruxolitinib (Rux, Invivogen) was prepared as a stock solution 

of 10 mM in DMSO and stored at -20 ̊C in single-use aliquots. Cells were treated with 2 uM 

Rux on day 1 of the 72 hr treatment cycle. Tumor necrosis factor α (TNFα, PeproTech) was 

prepared as a stock solution of 200ng/μL in water and stored at -20 C̊. Cells were treated with 

50 ng/mL TNFα on day 1 of the 72 hr treatment cycle. Interleukin 1- β (IL1- β, PeproTech) 

was prepared as a stock solution of 40 ng/μL in water and stored at -20 C̊. Cells were treated 

with 1 ng/mL IL1- β on day 1 of the 72 hr treatment cycle. The STING inhibitor H-151 
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(Invivogen), was prepared as a stock solution of 150 mM in DMSO and stored at -20 ̊C in 

single-use aliquots. Cells were treated with 500 nM H-151 on day 1 of the 72 hr treatment 

cycle. 

2.4.3 RNA extraction and quantitative PCR 

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

(Macherey-Nagel) according to manufacturer protocol. cDNA was synthesized by converting 

1-2ug of RNA using the 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 supplemental materials and methods.  

2.4.4 Immunofluorescence staining  

AML cells were cytospun onto glass slides for 5 min at 200 rpm in PBS in a Shandon 

Cytospin 4. Cells were fixed for 10 min in 4% paraformaldehyde, washed 3 times in DPBS, 

permeabilized for 10 min in permeabilization solution (50 mM NaCl, 3 mM MgCl2, 10 mM 

HEPES, 200 mM Sucrose and 0.5% Triton X-100 in PBS 1X), washed 3 times in DPBS + 1% 

BSA, then blocked overnight in 10% FBS. After incubation with mouse monoclonal anti-

double stranded DNA antibody (1:100, Millipore)  for 1 hr at 37oC, cells were washed and 

incubated with Dylight 594-anti-mouse and/or Dylight 488-anti mouse antibody (1:200, KPL, 

Inc.) for 1 hr at 37oC. After washing, slides were 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).  
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2.4.5 TCGA analysis 

To evaluate STING gene expression values (labeled ”TMEM173” in processed 

TCGA legacy data) between samples with and without TP53 mutations, we used the 

TCGAbioinks R package189 to leverage transcriptomics data from The Cancer Genome 

Atlas168. Using samples from the 'TCGA-LAML’ TCGA leukemia cohort, we quantified and 

compared normalized expression values from legacy data (i.e. hg19) derived from RNA-seq 

experiments. For this comparative analysis, we defined 16 samples as TP53 mutation carriers 

(Table S2) using TP53 mutation carrier status data from Vadakekolathu et al.190. We used The 

Wilcoxon Rank Sum Test as implemented in the stat_compare_means function of the ggpubr 

package to evaluate the statistical significance of log-transformed STING gene expression 

distributional differences. 

2.4.6 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. Protein was quantified using Pierce BCA 

assay (Thermo scientific). Whole cell extracts (20μg) in NuPAGE LDS Sample Buffer with 

10% β-mercaptoethanol were boiled for ten minutes and loaded onto 4-20% SDS-PAGE gels 

(Bio-Rad laboratories), transferred to polyvinylidene difluoride membranes (PVDF, GE Life 

Sciences) and blocked in TBST-5% bovine serum albumin (BSA) for 1hr at room temperature. 

Primary antibodies were applied overnight at 4 ̊C. Blots were washed 3 times in Tris Buffered 

Saline-0.1% Tween 20 (TBST) and secondary antibodies were added for 1 hr at room 
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temperature, followed by 3 additional washes. Blots were developed using a Hi/Lo Digital-

ECL Western blot detection kit and Kwik Quant Imager in the 1:10 ratios. Band densitometry 

was quantified using ImageJ software (NIH). Antibodies used were PARP1 rabbit monoclonal 

(1:1000, Cell Signaling), anti-β-actin mouse monoclonal (1:10000), pSTING (TMEM173) 

rabbit monoclonal (1:1000, Cell Signaling), STING (TMEM173) rabbit monoclonal (1:1000, 

Cell Signaling), and vinculin rabbit monoclonal (1:1000, Cell Signaling).  

2.4.7 Microarray sample preparation and analysis  

Total RNA was isolated using the NucleoSpin RNA extraction kit. RNA was 

quantified with NanoDrop ND-1000, followed by quality assessment with 2100 Bioanalyzer 

(Agilent Technologies). Sample amplification and labeling procedures were carried out using 

the Quick RNA Amplification and Labeling Kit (Agilent Technologies) with minor 

modifications. Briefly, 400 ng total RNA was reverse-transcribed into cDNA by MMLV-RT 

using oligo dT primers (System Bioscience). The cDNA was then used as a template for in 

vitro transcription in the presence of T7 RNA polymerase and cyanine-labeled CTP (Perkin 

Elmer). The labeled cRNA was purified using the RNeasy mini kit (Qiagen). RNA spike-in 

controls (Agilent Technologies) were added to RNA samples before amplification and 

labeling according to the manufacturer’s protocol. Agilent human GE 4x 44K v2 microarrays 

containing 41,000 unique probes targeting 27,958 Entrez gene RNAs were used. 825ng of 

each cyanine-labeled sample was used for hybridization at 65oC for 17 hours in a 

hybridization oven with rotation. After hybridization, microarrays were washed and dried 

according to the Agilent microarray processing protocol in a walk-in ozone-controlled 

enclosure. Microarrays were scanned using an Agilent G2505C Scanner controlled by Agilent 

Scan Control 7.0 software. Data were extracted with Agilent Feature Extraction 9.5.3.1 
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software. The R/Bioconductor package limma was then used to process expression data files. 

Within- and between-array normalizations were performed using the loess and aquantile 

methods, respectively. The normexp option was used for background correction. Raw files 

were read in using the read.maimages function. Log2-fold change in transcription for drug-

treated conditions over mock-treated was obtained for each sample at the day 3 time point 

studied.  

2.4.8 STRING protein-protein interaction map  

Homologous recombination and Interferon Alpha Response/TNFα via NF-κB genes 

of interest were used as input for exploratory analysis using string-db (https://string-db.org), 

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 all genes used 

for RT-qPCR analysis. Interaction scores are assigned based on probabilities derived from 

various evidence channels and normalized for random associations as described in von Mering 

et al. (2005)191.  

2.4.9 HR repair analysis  

Nuclear extracts were prepared using the Cell Lytic NuCLEAR Extraction Kit (Sigma- 

Aldrich). Nuclear extracts were dialysed for two hours using the Plus One Mini Dialysis Kit 

1kDa (GE Healthcare) in dialysis solution (20 mM HEPES pH9, 100 mM KCl, 0.2 mM EDTA, 

20% glycerol. 0.5 mM DTT, 0.1 mM PMSF). Protein content was quantified by Nanodrop 

and diluted to 0.5 μg/μl in DNase/RNase-free water. Diluted nuclear extracts were incubated 

with 5 μl each of dl-1 and dl-2 plasmid (Homologous Recombination Assay Kit, Norgen 

https://string-db.org/
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Biotek) in reaction buffer for 2 hours at 30 ̊C. Plasmid DNA was recovered with the QIAamp 

DNA mini kit (Qiagen), and the relative quantity of recombined product was determined by 

quantitative real-time PCR CFX384 Real Time System (BioRad) using PCR primers spanning 

the repair site, normalized against amplification of a distant site (primers supplied by Norgen 

Biotek).   

2.4.10 Statistical analysis  

Unless otherwise defined, all data are presented as mean ± SEM. Statistical analysis 

for biological assays and mouse studies was performed using Graphpad Prism software to 

calculate 2-tailed unpaired t test or 1-way or 2-way ANOVA, as appropriate.  

2.4.11 Data Availability 

Raw and processed data files related to gene expression microarray will  be made 

available through the Gene Expression Omnibus (GEO) database repository with the 

publication of the associated manuscript.   
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CHAPTER 3: Anti-tumor effects of DNMTi+PARPi combination therapy in immune-

competent AML mouse models 

 

3.1. Introduction 

As discussed in the preceding chapters, AML has diverse cytogenetic and molecular 

abnormalities that predict treatment outcomes, enable treatment stratification, and, increasingly, 

provide therapeutic targets137. While DNMTis are used to treat AML patients unfit for intensive 

chemotherapy, responses are not durable. This suggests the need for novel DNMTi therapy 

combinations. Our in vitro results in AML cell lines and primary cells presented in Chapter 2 show 

that DNMTis in combination with PARPis induce an IFN/inflammasome response that is dependent 

on STING and is mechanistically linked to generation of HRD. Differences in signaling were noted 

in TP53 mutant vs WT AMLs. IFN/inflammatory signaling is mainly mediated by 

the transcriptional activation of ERVs by DNMTi treatment. In contrast, in AMLs with WT TP53, 

DNMTis require combination with PARPis for activation of STING-dependent IFN/inflammatory 

signaling. Nevertheless, in both TP53 mutant and WT AMLs, induction of signaling leading to 

HRD is STING-dependent. These results led to validation studies in AML mouse models treated 

with DNMTi and PARPis.  

Our previous studies in AML mouse xenografts treated with the drug combination showed 

significantly decreased leukemia burden, as measured by photon intensity (Figure 3.1A,B), and 

increased survival (0.1 mg/kg dose of talazoparib paired with 0.5 mg/kg of AZA (Figure 3.1C)121. 

The dosing regimen was well tolerated, as measured by mouse weights over the course of the study 

(Figure 3.2D). However, these mouse models lacked immune systems. Therefore, in this chapter 
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we validate efficacy of this drug combination in immune-competent AML mouse models and study 

alterations in expression of key cytokines and IFNs in the leukemia microenvironment.  

 

Figure 3.1: MOLM14-Luc mouse model. (A) Bioluminescence measurements of photon 

intensity showing leukemia burden for duration of the experiment. Measurements represent mean 

± SEM. (B) Graph of photon intensity with time post drug treatment up to 61 days and euthanasia. 

Measurements represent mean ± SD (C) Graph of % survival with time post therapy. (D) % body 

weight change vs time. Measurements represent mean ± SEM. In all of the above, error bars 

represent the SEM. Figure from Muvarak et. al (2016)121.  

 

Several studies examining immune function in AML patients192 and mouse models193 have 

reported defects in T cell function, as well as an immunosuppressive phenotype. Importantly, it 

has been well established that tumor-associated immune suppression can lead to impaired anti-
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tumor responses and ultimately poor outcomes. Similarly, Zhou and colleagues recently 

characterized a unique population of exhausted T cells (CD8+Tim3+PD-1+) in mice with 

advanced AML193. Work has also implicated antigen-presenting cells (APCs), producers of type I 

IFN, in generating a unique T cell tolerant state in AML-bearing animals194, suggesting that the 

host type I IFN response through STING may not be activated in this disease195, and that 

therapeutic strategies that enhance immune function could be effective in AML (Figure 3.2).  

 

 

Figure 3.2: Induction of type I IFN and other inflammatory cytokines through STING 

pathway activation results in potent leukemia-specific immunity, culminating in prolonged 

survival of mice with AML. Figure modified from Curran et al. (2012)195. Created with 

BioRender.com. 
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As discussed in earlier chapters, DNMTis have been shown to induce genome-wide 

transcriptional changes resulting in a sustained  anti-tumor memory response and inhibition of 

tumor cell growth and stem-like cancer properties104,156. They also upregulate and enrich 

immunomodulatory pathways in multiple cancer types and reverse tumor-mediated immune 

evasion. DNMTis can induce an IFNαβ response, reestablish antigenicity, and activate and recruit 

CD8+ T effector cells to the tumor microenvironment196,197. Induction of these immune events is 

modulated by upregulation of dsRNA from ERVs81,82. These DNMTi-induced ERVs are 

associated with a cytosolic dsRNA antiviral response that is potentiated by the activation of PRRs, 

which in turn initiate an innate immune response198. The link between inflammation and DNA 

damage has been extensively studied, although the exact effects of inflammation on DNA repair 

still remain largely unknown. In this chapter, we will use the immune-competent orthotopic murine 

AML model C1498199,200 to corroborate the established model for induction of innate immune 

signaling and provide an additional layer to the positive feedback loop between inflammation and 

DNA damage which can then be exploited for cancer therapy.  

3.2. Results  

3.2.1. STING inhibition abrogates IFN/inflammasome signaling in TP53 WT and TP53 

mutant AML cells 

Given the STING-mediated immune response that we observed in our in vitro studies 

(described in Chapter 2), we wanted to confirm that IFN/inflammasome signaling with DAC-

Tal treatment is STING-dependent in these murine cells as well. In order to study this effect 

more directly, we developed STING knock-out (KO) cells using CRISPR/CAS9 technology 

(Figure S3.1). We were successful in creating bulk KO with nearly complete abrogation of 

STING protein levels and a danger sequencing KO score of 90. We then treated our parental 
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C1498 cell line with either DNMTi, PARPi or the combinations thereof ± the addition of the 

STINGi described in Chapter 2, and our STING KO cells with DNMTi, PARPi or combination. 

Our studies confirm that both STINGi treatment and STING knock-out (KO) similarly 

abrogate induction of IFN/inflammasome gene expression changes by the drug combination 

(Figure 3.3A, Figure S3.2A). Furthermore, HR gene expression, downregulated by our 

combination treatment, is restored by STING inhibition via exogenous treatment as well as by 

CRISPR KO (Figure 3.3B, Figure S3.2B). 

 

  

Figure 3.3: STING inhibition abrogates IFN/inflammasome signaling in C1498 cells. (A-B) 

Relative expression of immune (A) and HR (B) genes after CRISPR KO of STING, or co-treatment 

with 500nM STINGi in C1498 cells treated with vehicle, 10 nM DAC, 5 nM Tal, or DAC/Tal 

combination: 10 nM DAC + 5 nM Tal ±500 nM STINGi for all conditions (72hrs, n = 3). All data 

are presented as mean ± SEM with statistical significance derived from two-tailed unpaired 

Student’s t test (or ANOVA).  
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3.2.2. DNMTi+PARPi combination therapy results in anti-leukemia responses in an 

immune-competent AML mouse model 

To test the extent to which treatment with DNMTi+PARPi drives an anti-leukemia 

immune response, we used the above-described imune-competent murine AML model 

C1498L199,200. To enable imaging of this cell line and measurement of leukemia burden in 

C57B16 mice, we performed lentiviral transduction of the luciferase gene, creating C1498L-

luc cells. Thereafter, 1x106 C1498L-luc cells were injected intraveneously into C57Bl6 mice. 

Three days post injection, mice were imaged and sorted into 4 groups so that mean tumor 

burdens were similar. Given that DAC or AZA combined with the PARPi TAL gave similar 

in vivo results121, and AZA had been optimized in in vivo mouse models104, we used AZA in 

this set of experiments. Dosing was started on the day of sorting, and groups of treated mice 

were as follows: vehicle, DNMTi (0.3 mg/kg AZA, PARPi 0.3mg/kg Tal), and 

DNMTi+PARPi, dosed for 5 days with 2 days rest. Disease burden was monitored by 

longitudinal luminescence imaging. Mice were observed daily and weighed 5 days/week and 

were euthanized immediately when they became moribund. AZA-Tal was well tolerated, as 

shown by mouse body weights throughout the study (Figure 3.4D). Leukemia burden was 

lower in the AZA/Tal drug combination-treated mice, compared with other treatment groups 

(Figure 3.4A,B). AZA-Tal combination treatment also prolonged survival compared with other 

treatment groups (Figure 3.4C; P<0.05).  
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Figure 3.4: DNMTi+PARPi combination therapy results in anti-leukemia responses in an 

immune-competent AML mouse model. (A) Bioluminescence measurements (mean ± SEM) of 

photon intensity showing relative leukemia burden. (B) Graph of photon intensity with time post 

drug treatment up to 22 days. (C) Graph of % survival with time post therapy. (D) % body weight 

change vs time. (E) Graph of spleen weight in different treatment groups post euthanasia. In all of 

the above, error bars represent the SEM.  
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3.2.3. DNMTi+PARPi combination therapy enhances immune responses in tumor-

bearing mice.  

To confirm our finding of increased expression of IFN/inflammasome genes following 

DNMTi+PARPi combination treatment in vitro, we next determined whether C1498 mice 

treated with the drug combination showed increased immune responses in vivo. First, serum 

prepared from blood extracted from the mice after 14 days of study treatment was analyzed for 

cytokine expression using flow cytometry. Mice from the combination drug-treated group 

showed increases in cytokines, including, IL-1α, IL-10, IFN-γ, TNFα, MCP-1 and GM-CSF, 

compared with single-agent treatments (Figure 3.5A)193.  In contrast, other cytokines tested 

showed no significant differences (Figure S3.3). Second, the combination-treatment group 

showed increases in expression of STING, IRF3 and IRF7, compared with either AZA or Tal 

treatment groups (Figure 3.45). Interestingly, IFNβ expression was driven by the PARPi 

treatment, while increases in IRF3 and IRF7 were DNMTi-mediated.  
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Figure 3.5: DNMTi+PARPi combination therapy enhances immune responses in tumor-

bearing mice. (A) Cytokine expression measured via flow cytometry using serum extracted from 

mice after 14 days of treatment. (B) Relative expression of immune genes in spleen samples from 

mice treated with Aza, Tal, or the combination.  

 

3.3. Discussion   

Immunotherapy has revolutionized treatment for many cancers, but in AML the ability to 

predict the groups of patients and the types of AML that may respond to immune targeting remains 

limited. In this study, we show that IFN/inflammasome signaling is driven by DNMTi in 

combination with PARPi therapy in vivo. We have previously shown that low doses of DNMTis 
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can transcriptionally activate epigenetically silenced repeat elements, including ERVs, resulting 

in a cytoplasmic dsRNA response, known as viral mimicry, leading to IFN signaling 81,156,157.   

How IFN type I immune signaling leads to anticancer changes in the tumor 

microenvironment is not well understood in hematologic malignancies, including AML201-203. Our 

results show that DNMTi+PARPi combination treatment of immune-competent AML mice can 

significantly increase release of cytokines, including IFNγ, that may contribute to anti-leukemia 

immune responses. Previous studies have shown that conventional T cells could be activated to 

release IFNγ in the presence of AML cells, leading to anti-leukemic effects204,205. Another cytokine 

upregulated by the combination therapy is GM-CSF, which can promote differentiation of AML 

cells206-208. IL-1α is also upregulated by the drug combination and has been shown to increase anti-

tumor immunity in AML204,209. Future study of how these drugs functionally activate T-cell and 

macrophage responses in vivo will expand our knowledge of their effects on the tumor 

microenvironment in AML.  

STING activation is critical for activating anti-cancer immune responses in solid tumors, 

but less is known about its role in hematologic malignancies, including AML177,183,184. Notably, 

STING expression is low in many tumors, compared to normal tissues, and research on activation 

of STING-dependent immune signaling is actively being pursued181-184. Accordingly, we recently 

reported that DNMTi treatment of TNBC and OC can transcriptionally activate STING129. TANK-

binding kinase-1 (TBK1) phosphorylates STING and leads to the recruitment of interferon 

regulatory factor-3 (IRF3)210,211. This leads to IRF3 phosphorylation,  dimerization,  and 

translocation into the nucleus, where it induces transcription of genes encoding various cytokines, 

interferons, and chemokines211. TBK1 is also known to contribute to  NF-κB activation via 

phosphorylation of Iκβα, providing a synergistic response against invading pathogens211,212. In 
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concordance with this, we report increased expression levels of TBK1, IRF3, and IRF7, an 

interferon regulatory factory that is involved in innate immune response to DNA and RNA 

viruses213, in mouse spleens post DNMTi+PARPi combination treatment. Therefore, our data 

suggest that AMLs may be particularly poised for STING activation using novel STING activation 

strategies.  

3.4. Methods 

3.4. 1 Cell culture  

The murine cell line C1498 was cultured in DMEM+ L-Glutamine supplemented with 

10% Fetal Bovine Serum (FBS). Cells were cultured and maintained in 37 ̊C incubators with 

5% CO2 and passaged every 3- 5 days.  

3.4. 2 CRISPR-engineered cell lines 

STING sgRNA targeting exon 3 was expressed from lentiCRISPR v2 (Addgene 

plasmid #52961 (http://n2t.net/addgene:52961)) to generate C-1489 STING KO cells. 

Targeting crRNA (CAGTAGTCCAAGTTCGTGCG) was designed using the BROAD GPP 

Web portal (https://portals.broadinstitute.org/gpp/public/), synthesized by Integrated DNA 

Technologies (IDT), and cloned into plentiCRISPRvsPuromycin BsmB1 site. Non-targeting 

vs STING-targeting lentiviruses were transduced into C-1489 cells using Kolliphor (1ng/ml). 

After 72hrs cells were pelleted and rinsed to remove Kolliphor prior to resuspension in medium 

supplemented with 5 μg/mL puromycin for 5days to select for transduced cells. Following 

selection and cell expansion, PCR amplification of the gDNA encompassing the targeted 

domain followed by amplicon sequencing (Genewiz) and ICE Analysis (Synthego) revealed 

90% KO.  
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3.4. 3 Drug reagents and treatments in vitro  

The DNTMi decitabine (DAC, Sigma-Aldrich) was prepared as a stock solution of 10 

mM in DMSO, aliquoted, and stored at -80 ̊C for single use. Cell lines were treated daily with 

10 nM DAC. The PARPi talazoparib (Tal, Pfizer) was prepared as a stock solution of 50 mM 

in DMSO, aliquoted and stored at -80 ̊C. Tal was further diluted to 5 mM in DMSO in single-

use 1μL aliquots and stored at -80 ̊C. Cell lines were treated with 5 nM Tal every 72 hours. For 

combination treatments, cells were treated with the combination of 10 nM DAC and 5 nM Tal 

on day 1 and new DAC was added to of cells on days 2 and 3 at the appropriate concentration 

for a final concentration of 10 nM. Cells were harvested after 72 hours.  

The TP53 inhibitor pifithrin-α (PFT, Selleckchem) was prepared in DMSO as a stock 

solution of 50 mM and stored at -20 ̊C in single-use aliquots. Cells were treated with 50 uM 

PFT on day 1 of the 72 hr treatment. STING inhibitor H-151 (Invivogen) was prepared as a 

stock solution of 150 mM in DMSO and stored at -20 ̊C in single-use aliquots. Cells were 

treated with 500 nM H-151 on day 1 of the 72 hr treatment. 

3.4. 4 Immune-competent mouse model 

C57BL/6 female mice (6–8 weeks old) from Envigo (Frederick, MD) were housed 

under pathogen-free conditions in the University of Maryland Baltimore (UMB) AAALAC-

accredited facility. All experiments with these mice were conducted in compliance with PHS 

guidelines for animal research and approved by UMB IACUC. Exponentially growing C1498-

luciferase-expressing murine AML cells (1x105) were injected into tail veins. Mice were 

arbitrarily sorted into 4 groups of 10 mice on day 3 after injection, prior to treatment initiation.  

Mice were observed daily, weighed 5 days per week, and imaged once per week beginning on 

day 10. Mice were bled on days 14 and 28 for serum isolation.  
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Mice were treated with 0.3 mg/kg AZA, 0.1 mg/kg Tal, the combination of both, or 

vehicle.  AZA was prepared as a stock solution of 0.03 mg/ml, aliquoted, and stored at -80 C̊ 

for single use. Tal was prepared weekly at 0.03 mg/mL in 10% DMAc, 6% Solutol, and 84% 

PBS and stored at 4 ̊C in the dark. AZA was administered by subcutaneous injection daily and 

Tal was administered by oral gavage 5 days per week for the duration of the study. The 

endpoints of the study were disease burden by imaging and survival. Spleens were harvested 

when mice were euthanized.   

3.4. 5 LEGENDplex immunoassay 

Serum was isolated from mouse blood collected at day 14 and stored at -20. LegendPlex 

mouse cytokine panel 2 (Biologend) was used per manufacturers instruction to look at changes 

in cytokine levels with treatment. Briefly, Matrix C, and diluted standards were added to the 

standard wells of a 96 well plate. Assay Buffer and 25ul of diluted serum sample were added 

to the sample wells. Mixed beads and detection antibodies were added to all plates, and plate 

was incubated while covered on a shaker for 2 hr at room temperature. SA-PE was added and 

plate was incubated for another 30min. Plate was then centrifuged and supernatant removed. 

Samples were washed once using 1X wash buffer and then resuspended in wash buffer to be 

read on flow cytometer. BD Canto was used to read the samples and set up performed 

according to the user manual.  

3.4. 6 RNA extraction and quantitative PCR 

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

(Macherey-Nagel) according to manufacturer protocol. cDNA was synthesized by converting 

1-2 ug of RNA using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems). 

Quantitative real time PCR was performed using Power Sybr Green PCR Master Mix (Applied 
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Biosystems) in a CFX384 Touch Real-Time PCR system (BioRad). The sequences of primers 

used are listed in Supplementary Materials and Methods.  

3.4. 7 Protein extraction and immunoblotting   

Cell pellets harvested at the indicated time points 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. Proteins were quantified using Pierce BCA assay (Thermo 

Scientific). Whole cell extracts (20μg) in NuPAGE LDS Sample Buffer with 10% β-

mercaptoethanol were boiled for ten minutes and loaded onto 4-20% SDS-PAGE gels (Bio-

Rad Laboratories), transferred to polyvinylidene difluoride membranes (PVDF, GE Life 

Sciences) and blocked in TBST-5% bovine serum albumin (BSA) for 1hr at room temperature. 

Primary antibodies were applied overnight at 4 ̊C. Blots were washed 3 times in Tris Buffered 

Saline-0.1% Tween 20 (TBST) and secondary antibodies were added for 1 hr at room 

temperature followed by 3 additional washes. Blots were developed using a Hi/Lo Digital-ECL 

Western blot Detection kit and Kwik Quant Imager at 1:10 ratios. Band densitometry was 

quantified using ImageJ software (NIH). GAPDH mouse monoclonal (1:10000) and STING 

(TMEM173) rabbit monoclonal (1:1000, Cell Signaling) antibodies were used.  

3.4. 8 Statistical analysis  

Unless otherwise stated, all data are presented as mean ± SEM. Statistical analysis for 

biological assays and mouse studies was performed using GraphPad Prism software to 

calculate 2-tailed unpaired t test or 1-way or 2-way ANOVA as appropriate.  
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CHAPTER 4: Phase 1 clinical trial of DNMTi+PARPi combination therapy in adult 

patients with relapsed/refractory AML4 

 

4.1. Introduction   

The standard therapeutic approaches for AML for the last 50 years has been combination 

cytotoxic chemotherapy including the nucleoside analogue cytarabine and an anthracycline, 

usually daunorubicin or idarubicin214,215. Post-remission therapy generally consists of high-dose 

cytarabine or HSCT95. While   roughly 70% of adults under age 60 years achieve CR and survival 

has improved in younger adults overall, less than 40% of patients with prognostically unfavorable 

AML cell karyotypes or molecular abnormalities (discussed in Chapter 1) or with advanced age or 

significant comorbidities216 achieve CR and long-term survival is less than 10%217,218. New 

therapies are needed for patients in groups with poor responses to cytotoxic chemotherapy and for 

those resistant to, or relapsing after, initial therapy. These patients are currently often treated with 

DNMTis.  

Decitabine, or 5-aza-2'-deoxycytidine, is a DNMTi that becomes incorporated into 

replicating DNA as an altered cytosine base and covalently binds DNMTs, creating a cytotoxic 

DNMT-DNA complex, while simultaneously triggering the degradation of soluble DNMT’s219. 

Decitabine has also been found to induce cellular differentiation at low concentrations by reversing 

DNA methylation-induced gene silencing220. Decitabine was FDA-approved for treatment of MDS 

 
4 Baer MR, Kogan AA, Bentzen SM, Saum G, Lapidus RG, Emadi A, Duong VH, O’Connell 

CL, Rassool FV. Phase 1 study of combination therapy with the DNA methyltransferase 

inhibitor decitabine and the poly ADP ribose polymerase inhibitor talazoparib in adult patients 

with relapsed/refractory acute myeloid leukemia. Manuscript in prep.  
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and the regimen in use is 20 mg/m2 intravenously (IV) daily for five days every 4 weeks145,221. 

Decitabine is well tolerated and has also shown efficacy in AML, and therefore is also currently 

in widespread use to treat AML in patients who are previously untreated and “unfit” for 

chemotherapy or who have refractory or relapsed AML with low likelihood of response to 

intensive chemotherapy222-227. The CR rate for previously untreated AML patients who receive the 

5-day decitabine regimen is in the range of 25% with median survival in the range of 7 months222-

224. Decitabine has also been used in a 10-day regimen for AML, with a higher response rate and 

longer duration in some reports225-229. To improve responses, combinations of DNMTis and novel 

agents are being tested in clinical trials214. 

While PARP inhibitors have been mainly applied toward creating synthetic lethality in 

homologous recombination-deficient tumors, primarily breast and ovarian cancer patients with 

BRCA mutations, combinations with DNMTis are being explored in sporadic cancers. Using in 

vitro and in vivo models of BRCA-proficient AML and TNBC, we have shown that DNMTis in 

combination with the PARPi talazoparib increase PARP trapping and anti-tumor activity121. 

Extending these anti-tumor effects to NSCLC, we also showed that DNMTis downregulate a 

subset of DNA damage response (DDR) genes that induce homologous recombination deficiency 

(HRD), which mimics the BRCA-mutant phenotype and sensitizes cells to PARPis128. Similar 

findings were also demonstrated in our recent study in TNBC and OC230. These preclinical studies 

suggested that combining talazoparib with a DNMTi may be an attractive therapeutic strategy in 

AML. 

Talazoparib has been evaluated in clinical trials in solid tumors. A phase 1 clinical trial of 

talazoparib in patients with solid tumors demonstrated good tolerability and established a dose of 

1 mg orally (PO) daily as the recommended phase 2 dose231. Talazoparib was subsequently 
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approved at this dose for germline BRCA-mutated, HER2-negative locally advanced or metastatic 

breast cancer based on the EMBRACA phase 3 clinical trial232. The only previously completed 

clinical trial of talazoparib in hematologic malignancies was a phase 1 trial testing doses of 0.1 to 

2 mg daily and showing limited activity as a single agent233,234. While no responses were seen,  

stable disease was reported in 13 of 25 patients with AML/MDS234. Given limited single-agent 

activity, other clinical trials focus on combining PARPis with other AML therapy. Veliparib has 

been evaluated in two combinatorial regimens in AML patients. The first involves combination 

therapy with temozolomide, and the second with topotecan and carboplatin235,236.  

We designed and implemented a phase 1 clinical trial combining decitabine and talazoparib 

in relapsed and refractory AML, with correlative laboratory studies. The objectives were to 

determine the recommended phase 2 doses of decitabine and talazoparib in combination, to test 

for response to therapy, to explore pharmacodynamic effects, and to explore cytogenetic and 

molecular predictors of response. 

4.2. Results  

4.2.1. Patients 

A total of 25 patients with relapsed or refractory AML were enrolled on the study 

(Table 4.1). Median age was 70 years (range, 37 to 89 years). Fifteen were male and ten were 

female. Karyotypes were complex in 7 of 24 patients, and two had t(3;3). TP53 mutations were 

present in 5 of 22 patients with molecular studies, and ASXL1 mutations in 5 others. AML 

was relapsed in 14 patients and refractory in 11. Importantly, 22 of 25 patients had been 

previously treated with decitabine or azacitidine; median number of courses received by these 

22 patients was 8 (range, 2-40). Thirteen had been previously treated with decitabine; median 

number of courses was 3 (range, 2-32). 
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4.2.2. Dose escalation  

Decitabine and talazoparib doses were successfully escalated from Cohort 1 to Cohort 

7, using the 3+3 design (Table 4.2). The standard algorithm of the 3+3 design was applied. The 

‘outer layer’ of this nested dose escalation trial escalated the dose of the two drugs by 

sequentially going through dose levels 1-7 (corresponding to cohort nomenclature in the Table). 

If the provisional MTD for decitabine in combination with talazoparib had been dose level 1 

or 2, one or the other of the ‘inner layers’ of the trial would have been activated. For instance, 

if the provisional MTD had corresponded to level 2, the dose of decitabine would have been 

fixed at 15 mg/m2 and the dose of talazoparib would have been escalated through steps 2a-c, 

again using the algorithm of the 3+3 design. If the tolerance had not been exceeded at level 2c, 

then the RP2D of decitabine would have been 15 mg/m2 combined with a dose of talazoparib 

of 1.0 mg. The MTD had not been reached at dose level 6, so the RP2D of decitabine was 20 

mg/m2 combined with a dose of talazoparib of 1.0 mg daily for 28 days. Since Cohort 6, with 

20 mg/m2 decitabine daily for 5 days and talazoparib 1 mg daily for 28 days, was completed 

without dose-limiting toxicity, cohort 7, consisting of decitabine 20 mg/m2 daily for 10 days 

and talazoparib 1 mg daily for 28 days, was added. 
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Table 4.2: Dose escalation schedule 

 Talazoparib po x 28 days 

 

0.25 mg 0.50 mg 0.75 mg 1.0 mg 

 

 

 

Decitabine 

IV X 5 days 

10 mg/m2 1 1a 1b 1c 

 

15 mg/m2 2 2a 2b 2c 

 

20 mg/m2  3 4 5 6 

 

Decitabine 

IV X 10 days 

20 mg/m2    7 

 

 

In Cohort 4, Patient 2 died of sepsis, and the cohort was expanded, although death was 

attributed to AML, rather than to treatment. Patient 6 also died of sepsis, attributed to AML, 

and a seventh patient was added. All other cohorts included only three patients. The final dose 

level was decitabine 10 mg/m2 IV daily for 10 days and talazoparib 1 mg orally daily for 28 

days.  

There were no non-hematologic toxicities. Hematologic toxicities could not be assessed in 

the presence of persistent AML.  

4.2.3. Treatment responses  

Responses can be defined as complete remission (CR), CR with incomplete count 

recovery (CRi), hematologic improvement (HI), not determined (ND), and no response (NR). 

Responses to decitabine-talazoparib treatment included CRi in one patient in Cohort 5 and one 

in Cohort 7, who received 3 and 6 cycles, respectively, and HI in two patients in Cohort 2 and 

one in Cohort 3, who received 6, 7 and 5 cycles of treatment, respectively. The Cohort 7 patient 

who achieved CRi and the Cohort 3 patient who achieved HI were two of the three patients in 
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the study who were DNMTi-naïve. One patient in Cohort 3 did not meet criteria for response, 

but had stable disease and received 17 cycles of treatment. A swimmer plot for all patients is 

shown in Figure 4.1.  

 

Figure 4.1 Swimmer plot for survival for patients on trial. Left to right: patient mutation 

status, patient ID, survival (in months), bars color coded by cohort, blue line is the current 

average survival time for AML patients, and responses at end of each bar (see key on right for 

description of symbols).  

 

The two patients in Cohorts 5 and 7 who achieved CRi received 3 and 6 cycles of 

treatment, respectively. The patient in Cohort 5 achieved CRi after 3 cycles, but had repeated 

infections while pancytopenic and opted to stop treatment. The patient in Cohort 7 achieved 

CRi after 2 cycles. He relapsed after completing 6 cycles. 
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4.2.3.1. Molecular features related to treatment response  

As part of standard care, the DNA from AML cells from each patient is sequenced for 

common mutations found in AML (Figure 4.1). To identify mutations that correlated with 

patient responses, we analyzed the network of gene mutations stratified by patient response, 

using igraph. Analysis of gene mutation profiles was performed in patients with at least two 

total mutated genes (Fig 4.2). NRAS, KRAS, TET2, NPM1 and DNMT3 mutated gene pairs 

were found to be enriched among complete responders. In contrast, SRSF2, RUNX1, FLT3-

ITD and IDH2 mutated gene pairs showed enrichment among HI responders.  

Given our data showing that AML cell lines and primary cells with TP53 mutations 

have increased immune signaling with decitabine-talazoparib treatment (Chapter 2), it is of 

interest that patient 015, with a mutation in TP53, had the longest survival.  
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Figure 4.2: Network of gene mutations stratified by patient response. All genes identified 

with at least one mutation in any patient are shown along the outer ring of the network. Lines 

then connect all mutation pairs within each patient, and are colored according response: 

complete response (red), Hi response (blue), or no response (yellow). 

 

To identify differential gene expression that characterized decitabine-talazoparib 

treatment, RNA sequencing (RNA-seq) was performed on clinical trial samples collected prior 

to treatment begin on cycle 1 day 1 and at the end of cycle 1. 24 bone marrow and 36 whole 
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blood RNAseq library samples were processed by the Van Andel Institute (VAI) Genomics 

Core using the STAR-EdgeR analysis pipeline. These processed data were evaluated for 

differential expression and pathway analyses. We performed Gene Set Enrichment Analysis 

(GSEA) using the Molecular Signatures Database (MSigDB) Hallmark gene sets, canonical 

pathways in Kyoto Encyclopedia of Genes and Genomes (KEGG), and oncogenic signatures 

(C6). Using an fdr-based padj == 0.1, we see an overall predominance of pathways showing 

significant negative enrichment as opposed to positive enrichment (Figure S4.1). Hallmark 

pathways analysis shows enrichment for genes that are downregulated in myc and DNA repair-

related pathways in post-treatment samples, compared with pretreatment samples (Figure 4.3).  

 

 

Figure 4.3: Enrichment score plots of key affected pathways. HALLMARK pathway 

analysis of RNA-seq data reveals negative enrichment for myc and DNA repair -related 

pathways . For each plot: Y axis: Enrichment score, X axis: Ranked gene list.  
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Within the oncogenic pathways analysis, the BRCA1- and ATM-related gene sets show genes 

upregulated upon knockdown of either of the two genes (Figure S4.2). These pathways were 

positively enriched within the GSEA analysis. This post-treatment enrichment is of particular 

interest given the involvement of ATM with STING signaling. This is consistent with findings 

in our in vitro studies in AML cell lines and primary samples detailed in previous studies121 

and in Chapter 2 of this thesis. Other significant changes observed in the oncogenic pathway 

analysis included JAK- and IL-2-related gene sets. This was of particular interest to us given 

the immune signaling that we reported in our in vitro studies in Chapter 2.  

4.2.4. Pharmacodynamic effects 

We previously reported that treatment of AML cell lines and primary patient samples 

with the decitabine/talazoparib drug combination in vitro leads to HRD that may underlie 

sensitization to PARPis.  HR activity was measured in PBMNCs from a total of 12 patients in 

Cohorts 1, 3, 4 5, 6 and 7 on Days 1, 5 and 8 (Figure 4.4), using the extrachromosomal assay 

that we described in Chapter 2. Pre-treatment (Day 1) HR activity was variable. A clear 

progressive decrease in HR activity from Day 1 to Day 5 to Day 8 was seen in cells of Patient 

034 and Patient 042, both of whom achieved CRi, and also in cells of Patient 013 in Cohort 3, 

who did not respond to treatment, but not in cells of 7 other patients, one of whom achieved 

HI and 6 of whom did not respond to treatment.  
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Figure 4.4: Combination treatment generates HRD in patients that show clinical response. 

Relative HR activity measured by in vitro plasmid based homologous recombination activity 

assay in patient samples before treatment begin, and on day 5 and day 8 and normalized to HR 

activity in normal BMMCs.  

 

The HR repair factor RAD51 forms foci in response to DNA damage and RAD51 foci 

are an established surrogate marker for measuring HR activity in mammalian cells237. We 

measured changes in RAD51 and H2AX foci in PBMCs of 14 patients using immunostaining 

for RAD51, as we previously reported121. While baseline levels of RAD51 varied between 
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patient samples measured on Day 1, a decrease in RAD51 foci was seen in most patient 

samples post treatment (Day 5 and Day 8) (Figure 4.5A).  

DSBs are an important measure of cytotoxic DNA damage in the cell and levels of 

H2AX foci, measured by immunostaining, are an established marker for DSBs238,239. We 

quantitated H2AX foci in PBMCs from AML patients pretreatment at on Days 5 and Day 8 

post treatment, as previously reported121. While levels of H2AX foci varied in Day1 

pretreatment samples, an increase in H2AX foci with treatment was seen in most, but not all, 

patients studied (Figure 4.5B). Patients 034 and 043, who achieved CRi, exhibited increases in 

the number of H2AX foci post treatment. 
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Figure 4.5: Combination treatment downregulates Rad51 foci formation. PBMCs were 

stained for Rad51 to look at HR initiation and γH2AX to study the extent of DNA damage 

before treatment begin, and on day 5 and day 8. (A) Quantification of IF staining for Rad51 

foci. (B) Quantification of IF staining for γH2AX foci. Data represent the mean ± SEM 

*p<0.05 (n=3). 
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As our preclinical data showing increased immune signaling with DAC-TAL treatment 

(Chapter 2), we examined immune gene expression levels in patient samples after 8 days of 

treatment, normalized to the pre-treatment sample collected on Day 1 (Figure 4.6). Samples 

from earlier cohorts (1 and 3) had little to no change in immune gene expression. While 

immune gene expression changes were variable within and across patient samples in later 

cohorts, modest increases in immune gene expression were observed in samples from patients 

with no response to therapy. In contrast, IFI44 was exclusively increased more than 4-fold in 

the cells of Patient #034 who achieved a CRi.  

 

 

Figure 4.6 Immune gene upregulation in clinical trial patient samples. Relative RNA 

expression for a subset of IFNαβ pathway genes after 8 days of treatment in 4 patients from 4 

different Cohorts (Patient 005 from Cohort 1, Patient 013 from Cohort 3, Patient 029 from 

Cohort 4, and Patient 034 from Cohort 5).  
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Given the important role STING plays in the response to therapy described in Chapter 

2, we decided to evaluate STING gene expression changes in clinical trial patient samples 

collected pre-treatment and at the end of cycle 1 (Figure 4. 7). Ten of the 25 patients had 

samples collected at these time points and these were processed for RNAseq analysis. 

Interestingly, STING expression decreased significantly post-treatment in patients 034 and 042, 

who achieved CRi, and Patient 012, who demonstrated clinical HI. Patients who did not 

respond to treatment showed no changes in STING expression.  
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Figure 4.7: STING expression pre- vs post-treatment grouped by response. STING gene 

expression colored according response: complete response (red), Hi response (blue), or no 

response (black). Lines connect pre- and post- treatment sample pairs for each patient.  

 

4.3. Discussion  

This study is the first to investigate the combination of a DNMTi with a PARPi in AML in 

the clinical setting, based on preclinical studies121. Overall, both decitabine and talazoparib were 

well tolerated and doses were successfully escalated from Cohort 1 to Cohort 7. Given that MTD 
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had not been reached at dose level 6, and additional cohort was added and the recommended dose 

of the regimen was decitabine, 20 mg/m2 daily for 10 days and talazoparib, 1 mg daily for 28 days. 

Clinical activity of the decitabine/talazoparib combination was seen in 5 of the 25 patients 

treated on thecinical trial. Importantly, 22 of 25 patients had been previously treated with 

decitabine or azacitidine, including 13 who had previously received decitabine treatment. Two out 

of the 3 patients who were DNMTI-naïve showed clinical responses; the Cohort 3 patient achieved 

HI while the Cohort 7 patient achieved CRi. There is a high likelihood that the patients who had 

received prior DNMTi treatment were DNMTi-resistant. This suggests that this regimen warrants 

further clinical investigation in DNMTi-naïve patients. Additionally, given our preclinical data 

showng that the decitabine/talazoparib combination may be particularly effective in AML patients 

with TP53 mutations (Chapter 2), and  that Patient 015, who had prolonged survival on treatment, 

had a TP53 mutation, clinical investigation of patients with TP53 mutations would potentially 

personalize this therapy. 

Baseline HR activity as well as RAD51 and γH2AX foci were variable. While HR activity 

only decreased in 3 out of 14 patient samples examined, two of them were from patients who 

achieved CRi, and RAD51 foci decreased in nearly all patients on Days  5 and 8 of treatment. 

Increases in DNA damage, measured by γH2AX foci formation, were observed in 10 of the 14 

patient samples tested and increases in foci formation tracked with dose escalation. Further studies 

are needed to define the potential role of these parameters as predictors of response.  

RNA-seq of the patient samples revealed changes in key DNA repair and immune pathway 

genes post-treatment and correlate with our preclinical data. Whole exome sequencing analysis 

was also performed on these trial samples and future directions include pairing these data with the 

RNAseq data to better capture the full molecular picture for what may define objective response 
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and survival outcomes in these patients. Furthermore, decreases in STING expression levels were 

observed in RNA-seq samples of patients who had clinical responses. This was surprising, as we 

had seen increases in STING activity post combination treatment in in vitro and in vivo AML 

models.  One explanation may be the initial effects of the decitabine/talazoparib combination 

treatment on the percentage of blasts in the peripheral blood and bone marrow, where initial 

responses to the treatment can drastically diminish the blast counts12,240. Thus, measurement of 

STING levels on Day 5 or 8 of  treatment may in fact measure STING levels in normal cells rather 

than AML cells. Indeed, TCGA analysis using the Gene Expression Profiling Interactive Analysis 

(GEPIA) web interface showed that STING expression is notably elevated in AML cells, 

compared to normal blood cells, as well as other cancers and normal tissues (Figure 4.8). This is 

additional evidence that our STING expression data may reflect levels in normal cells, rather than 

AML cells. Thus, given this information, and given reports that percentages of peripheral blood 

blasts are generally drastically decreased in AML patients responding to DNMTi therapy12,240, we 

hypothesize that the decrease in STING expression observed in the RNA-seq samples correlates 

with treatment response because the amount of blast cells would be significantly lower in 

responders, essentially measuring STING expression in normal cells. Deconvolution studies of our 

pre- and post-treatment samples are underway to investigate this.    
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Figure 4.8: STING expression is notably elevated in AML. STING gene expression from 

TCGA samples of multiple cancers (red) and their normal tissue (black) counterparts. Figure 

produced using the GEPIA web interface. http://gepia.cancer-pku.cn/index.html  

 

 STING agonists are currently being tested alone or in combination with a range of other 

therapeutic agents in clinical trials to elicit immunostimulatory effects in various solid tumors241. 

Notably, there are as yet no clinical trials of STING agonists in AML. Therefore, activating STING 

via agonists or decitabine/talazoparib treatment could be an attractive mechanism to activate IFN 

signaling and generate anti-leukemia immune responses195. Alternatively, decitabine in 

combination with STING agonists should activate ERVs to further drive these anti-leukemia 

responses.  

Interferon induced protein 44 (IFI44) gene expression was found to be significantly 

increased in post-treatment cells of one patient who achieved CRi. Interferon inducible proteins 

(IFIs) have been reported to play a significant role in the immune response to autoimmune 

disease242, but its roles in cancers are unclear. In head and neck cancers, IFI44 is positively 

correlated with the infiltration of CD4+ cells and macrophages as well as neutrophils243. In AML, 

http://gepia.cancer-pku.cn/index.html
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compared to normal blood, expression of IFI44 in pan-cancer TCGA data is significantly elevated 

(Figure 4.9). Taken together, these data suggest that IFI44 is abnormally expressed in samples 

from AML patient who achieved CRi post decitabine/talazoparib treatment. These data may 

indicate the potential impact of IFI44 on immune infiltration in the leukemia microenvironment. 

Expansion of the IFI panel in patient samples should identify additional IFIs that correlate with 

response. Studies in AML immune-competent mice should determine the functional significance 

of these findings. 

 

 

Figure 4.9: IFI44 expression is notably elevated in AML. IFI44 gene expression from TCGA 

samples of multiple cancers (red) and their normal tissue (black) counterparts. Figure produced 

using the GEPIA web interface. http://gepia.cancer-pku.cn/index.html  

 

4.4. Methods   

4.4.1. Patient population 

Eligible patients were age ≥18 years with AML diagnosed based on 2008 WHO 

criteria244, occurring de novo or following a prior hematologic disorder, including MDS, 

CMML or Philadelphia chromosome-negative myeloproliferative neoplasm, and/or therapy-

http://gepia.cancer-pku.cn/index.html
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related, relapsed after, or refractory to, first-line therapy, with or without subsequent additional 

therapy, and currently considered unfit for, or unlikely to respond to, cytotoxic chemotherapy. 

Prior autologous stem cell transplantation (SCT) was allowed if patients were  4 weeks from 

stem cell infusion, and prior allogeneic SCT was allowed if patients were  60 days from stem 

cell infusion, had no evidence of graft versus host disease (GVHD) > Grade 1, and were  2 

weeks off all immunosuppressive therapy. Previous cytotoxic chemotherapy had to have been 

completed at least 3 weeks and radiotherapy at least 2 weeks prior to Day 1 of study treatment 

and all adverse events recovered to < Grade 1. Prior DNMTi therapy for AML or for a prior 

hematologic disorder was allowed, with last dose at least 3 weeks prior to Day 1 of study 

treatment. Other requirements included ECOG performance status ≤2, 

AST(SGOT)/ALT(SGPT) ≤2.5 × institutional upper limit of normal (ULN), total bilirubin 

below ULN unless thought due to hemolysis or to Gilbert’s syndrome, and serum creatinine 

below ULN or creatinine clearance ≥60 mL/min. Exclusion criteria included acute 

promyelocytic leukemia, known central nervous system leukemia, uncontrolled intercurrent 

illness or infection, known HIV infection and prior talazoparib treatment. Hyperleukocytosis 

with >50,000 blasts/μl was an exclusion; hydroxyurea was permitted for blast count control, 

but had to be stopped at least 24 hours prior to starting study treatment. Patients were 

withdrawn from the study if > 50,000 blasts/μl occurred or recurred >14 days after starting 

study treatment. 

4.4.2. Pre-treatment studies 

Bone marrow (BM) aspirate and biopsy were performed within 14 days prior to start 

of protocol therapy, with cytogenetic analysis performed in 24 of 25 patients and analysis of 

myeloid mutations in 22 patients as standard-of-care studies.  
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4.4.3. Treatment 

Decitabine was given in the established regimen of IV daily dosing for 5 or 10 days 

every 28 days. Talazoparib was initiated orally daily on a continuous basis, beginning on Day 

1 of Cycle 1. On days when both decitabine and talazoparib were given, decitabine was gven 

after talazoparib. Talazoparib was administered regardless of food intake.  

Treatment continued on an ongoing basis until disease progression, intercurrent illness 

preventing further administration of treatment, unacceptable adverse event(s) or patient or 

physician decision to stop treatment.  

4.4.4. Dose escalation 

The dose escalation schema for both drugs is shown in Table 1; the dose combinations 

tested are in bold. Doses were escalated based on tolerability using a 3+3 design. Dose 

escalation decision rules are shown in Table 2.  Once the maximum tolerated dose (MTD) for 

decitabine combined with 0.25 mg talazoparib was established, the dose of talazoparib was 

escalated with the dose of decitabine kept fixed at the provisional MTD dose. There is no 

further stepping up or down of the drugs in the combination. Finally, talazoparib was tested 

with 10-day decitabine at MTD doses. 

4.4.5. Toxicity evaluation 

Dose-limiting toxicities were evaluated in Cycle 1. Toxicities were evaluated according 

to Version 4.0 of the NCI Common Terminology Criteria for Adverse Events (CTCAE). Dose-

limiting toxicity consisted of any of the following adverse events with an attribution of 

possible, probable, or definitely related to the study therapy: 1) Any grade 4 treatment-related 

non-hematologic toxicity, except for infection, fever, neutropenic fever or bleeding, which are 

expected in this patient population; 2) Any grade 3 treatment-related non-hematologic toxicity 
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that does not resolve to ≤ grade 2 within 48 hours, except for infection, fever, neutropenic fever 

or bleeding, which are expected in this patient population; or 3)  Myelosuppression was 

considered a dose-limiting toxicity if ANC <0.5 x 109/L and platelets <20 x 109/L 

(untransfused) persist on day 43, with bone marrow cellularity of  5% and no evidence of 

leukemia in the bone marrow. 

The study was monitored by the UGCCC Data and Safety Monitoring and Quality 

Assurance Committee.  

4.4.6. Response assessment 

Response definitions were according to the revised International Working Group (IWG) 

response criteria for AML245.  

BM aspirate and biopsy were performed on day 25-29 of cycle 1, and on day 25-29 of 

each subsequent treatment cycle unless circulating blasts persisted in the peripheral blood (PB), 

until documentation of CR or CRi. Bone marrow aspirate and biopsy were also performed as 

needed to evaluate lack of count recovery (neutrophils <1000/μL and/or platelets <50,000/μ) 

by day 43 in the absence of blood blasts. 

Duration of response was measured from the time criteria for CR or CRi were met until 

the first date that recurrent or progressive disease was objectively documented. Progression-

free survival (PFS) was defined as the time between study entry and the first date that recurrent 

or progressive disease was objectively documented, or date of death from any cause. Overall 

survival was measured from the time of enrollment to the time of death. 

4.4.7. Management of hematologic toxicity 

Timing of cycle initiation and dose levels of decitabine and talazoparib starting with 

Cycle 2 were guided by neutrophil/platelet counts after the prior cycle and PB and/or BM blast 
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percentage. Table 2 shows dose modifications and delays based on Day 28 or later PB counts 

starting with Cycle 2.  

The treating physician could also delay study drug treatment (decitabine and 

talazoparib) on Day 29 of any cycle regardless of neutrophil/platelet counts and/or leukemic 

blasts if deemed in the patient’s best interest. Treatment was then resumed when it was deemed 

in the patient’s best interest to do so. Reasons for delaying and for restarting were documented 

in the medical record.  

4.4.8. Sample processing  

PB samples were obtained for pharmacodynamic studies during Cycle 1 on Day1 

before treatment, then Day 5, one hour after completion of decitabine administration, Day 8, 

any time, and Day 29, before next treatment. For patients receiving 10-day decitabine, 

sampling was on Day 1 before treatment, and Days 5, 8 and 10, one hour after completion of 

decitabine administration. BM samples were collected at screening and on Day 29 of Cycle 1, 

before treatment.  

Mononuclear cells (MNC) were isolated from AML samples by density centrifugation 

over Ficoll Hypaque (Sigma). Differential cell counts were performed after Wright-Giemsa 

staining and recorded. MNCs were centrifuged at 1500 rpm for 5 minutes and cell pellets were 

flash-frozen in liquid nitrogen for RT-PCR, western blotting and PARP trapping analyses. 

MNCs were also viably frozen in IMDM (Invitrogen) with 10% FBS and 5% DMSO for 

immunofluorescence assays.  

4.4.9. RNA extraction and quantitative PCR 

Total RNA was isolated using the NucleoSpin RNA Plus kit (Macherey-Nagel) 

according to manufacturer protocol. cDNA was synthesized by converting 1-2ug of RNA using 
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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 

Supplementary Materials and Methods.  

4.4.10. Immunofluorescence Staining  

Viably frozen AML MNCs were thawed and cytospun onto glass slides for 5 min at 

200 rpm in PBS on a Shandon Cytospin 4. Cells were fixed for 10 min in 4% paraformaldehyde, 

washed 3 times in DPBS, permeabilized for 10 min in permeabilization solution (50 mM NaCl, 

3 mM MgCl2, 10 mM HEPES, 200 mM Sucrose and 0.5% Triton X-100 in PBS 1X), washed 

3 times in DPBS + 1% BSA,  then blocked overnight in 10% FBS. After incubation with mouse 

monoclonal anti-H2A.x (1:100, Upstate) or rabbit polyclonal anti-RAD51 (1:100, Santa Cruz 

Biotechnologies, Dallas, TX) or isotype controls for one hour at 370C in DPBS-BSA, cells 

were washed and then incubated with Dylight 594-anti-mouse or  Dylight 488-anti-rabbit 

(1:200, KPL, Gaithersburg, MD) antibodies for one hour at 370C prior to counterstaining with 

4’,6 diamidino-2-phenylindole, dihydrochloride (DAPI, 0.3 µg/ml, Promega, Madison, WI) in 

mounting medium (Vectashield, Vector Laboratories, Burlingame, CA).  

Images were examined and acquired using a Nikon Eclipse 80i fluorescence 

microscope (100×/1.4 oil, Melville, NY). For quantitation of foci, images from at least 50 

cells/slide were captured using a CCD camera and the imaging software NIS Elements (BR 

3.00, Nikon). γH2AX and RAD51 foci contained within these imaged cells were counted and 

the data were expressed as numbers of foci per cell. Immunostaining was compared on MNCs 

from AML PB samples obtained on Day 1 pre-treatment and on Day 5 following treatment. 

Results were reported as mean number of foci/cell in each sample. The Student’s t-test was 
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used to determine differences between pre-treatment and post-treatment samples in individual 

participants. p ≤ 0.05 was considered significant.  

4.4.11. HR repair analysis  

Nuclear extracts were prepared using the Cell Lytic NuCLEAR Extraction Kit (Sigma-

Aldrich). Nuclear extracts were dialysed for two hours using the Plus One Mini Dialysis Kit 

1kDa (GE Healthcare) in dialysis solution (20 mM HEPES pH9, 100 mM KCl, 0.2 mM EDTA, 

20% glycerol. 0.5 mM DTT, 0.1 mM PMSF). Protein content was quantified by Nanodrop and 

diluted to 0.5 μg/μl in DNase/RNase-free water. Diluted nuclear extracts were incubated with 

5 μl each of dl-1 and dl-2 plasmid (Homologous Recombination Assay Kit, Norgen Biotek) in 

reaction buffer for 2 hours at 30 ̊C. Plasmid DNA was recovered with the QIAamp DNA mini 

kit (Qiagen), and the relative quantity of recombined product was determined with the 

quantitative real-time PCR CFX384 Real Time System (BioRad) using PCR primers spanning 

the repair site, normalized against amplification of a distant site (primers supplied by Norgen 

Biotek). PCR product band density of treatment samples (C1D5 and C1D8) was estimated 

relative to that of C1D1 samples (pretreatment) using Bio-Rad’s Quantity One Software. Log 

transformed fold changes were compared between groups. Samples were normalized to C1D1 

(set at 1) and expressed as fold change in HR activity. 

4.4.12. Construction and sequencing of directional total RNA-seq libraries 

Libraries were prepared by the Van Andel Genomics Core from 500 ng of total RNA 

using the KAPA RNA HyperPrep Kit with RiboseErase (v1.16) (Kapa Biosystems, 

Wilmington, MA USA) following manufacturer instructions. RNA was sheared to 300-400 bp. 

Prior to PCR amplification, cDNA fragments were ligated to IDT for Illumina TruSeq UD 

Indexed adapters (Illumina Inc, San Diego CA, USA). Quality and quantity of the finished 
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libraries were assessed using a combination of Agilent DNA High Sensitivity chip (Agilent 

Technologies, Inc.), QuantiFluor® dsDNA System (Promega Corp., Madison, WI, USA), and 

Kapa Illumina Library Quantification qPCR assays (Kapa Biosystems). Individually indexed 

libraries were pooled and 100 bp paired end sequencing was performed on an Illumina 

NovaSeq6000 sequencer using an S4, 200 bp sequencing kit (Illumina Inc., San Diego, CA, 

USA) to an average depth of 40-50M reads per sample. Base calling was done by Illumina 

RTA3 and output of NCS was demultiplexed and converted to FastQ format with Illumina 

Bcl2fastq v1.9.0. 

4.4.13. Statistical analysis  

Unless otherwise defined, all data are presented as mean ± SEM. Statistical analysis 

for biological assays and mouse studies was performed using Graphpad Prism software to 

calculate 2-tailed unpaired t test or 1-way or 2-way ANOVA as appropriate.  

4.4.14. Data availability 

Raw and processed data files related to RNA-seq will be made available through the 

GEO database repository during publication of the manuscript.   
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CHAPTER 5: Perspectives and Future Directions 

 

While DNMTis are commonly used for patients who are unfit for the intensive 

chemotherapy and as a second-line treatment for relapsed/refractory AML, responses are not 

durable, and novel treatments are needed to improve patient outcomes. We have previously shown 

that combining DNMTi and PARPi in vitro and in vivo triggers cytotoxic tumor cell DNA damage 

and cell death121. We subsequently reported that DNMTis induce a BRCAness phenotype in 

BRCA-proficient NSCLC and sensitize to PARPi in combination with IR therapy128. We next 

reported that the DNMTi+PARPi combination induces a broad IFN/inflammasome activation that 

is mechanistically linked to HRD in TNBC and OC cells129. We show here that in AML 

DNMTi+PARPi combination treatment induces an IFN/inflammasome response leading to HRD 

that is unique to, and dependent on, TP53 status (Chapter 2).  Moreover, we validated this immune 

signaling response with DNMTi+PARPi treatment in an immune competent model of AML 

(Chapter 3). Finally, based on our preclinical findings in AML, we developed a Phase 1 clinical 

trial to test tolerability of DNMTi plus PARPi therapy for relapsed/refractory AML (Chapter 4). 

Thus, findings from our lab now provide compelling evidence for why the combination of a 

DNMTi and PARPi might be an efficacious therapeutic approach to activating anti-tumor immune 

signaling in AML.  

Previous reports have shown that low doses of DNMTis can transcriptionally activate 

epigenetically silenced repeat elements, including ERVs, resulting in a cytoplasmic dsRNA 

response known as viral mimicry, leading to IFN signaling81,156,157.  Here we found that mutation 

or abrogation of tumor suppressor TP53 plays an important role in how DNMTis may activate 
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transcription of these silenced repeat elements. WT TP53 binds repeat elements and maintains 

silencing of repeat elements in the genome163,173-175. In contrast, abrogation of TP53 can relieve 

this genome guardianship, allowing for DNMTi activation of these repeat elements163. We show 

that TP53 mutant AML cells are significantly more sensitive to transcriptional activation of ERVs 

by DNMTi treatment, leading to strong activation of IFN signaling. This concept may be 

predicated on our finding that TP53 mutant AMLs have lower ERV basal levels. Greve et. al 

recently showed that DNMTi treatment results in de-repression of ERV3-1 and global reactivation 

of transposable elements246. Further studies are necessary to understand how TP53 mutation status 

affects the DNMTi treatment-induced hypomethylation and reactivation of ERVs.  

While PARPis are known to induce synthetic lethality in BRCA-mutant TNBC and OC 

cells135,176, they can also increase cytosolic dsDNA that activates IFN signaling129,165,177. We show 

here that in AML with TP53 mutation DNMTi treatment alone can potently drive 

IFN/inflammasome signaling that is mechanistically linked to the induction of a BRCAness 

phenotype. In contrast, PARPi treatment alone contributes minimally to immune signaling or HRD 

in these cells, possibly due to the fact that increased PARP1 levels are seen in many therapy-

resistant cancers, connoting increased DNA repair and genomic instability116,178-180. Accordingly, 

we found that PARP1 levels are significantly elevated in TP53 mutant AMLs,  which are known 

to have increases in genomic instability, suggesting TP53 mutations as an important biomarker to 

be considered in PARPi therapy response, and PARP expression levels in activation of immune 

responses with cancer therapy. Other mutations such as those in TET2 and DNMT3A have recently 

been shown to predict sensitivity to PARPis247 and could be useful biomarkers for patient treatment 

stratification. Furthermore, due to their effects on immune stimulation, particularly as it relates to 

the activation of the STING pathway248, PARPis could be advantageous in reducing genomic 
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instability, which is particularly associated with TP53 mutations in AML. Further studies are 

necessary to elucidate how PARPis affect genomic instability in TP53 mutant AML. 

STING activation is critical for activating anti-cancer immune responses in solid tumors,  

but less is known about its role in hematologic malignancies, including AML177,183,184. Notably, 

STING expression is low in many tumors, compared to normal tissues, and research to activate 

STING-dependent immune signaling is actively being pursued181-184. Several studies have linked 

STING activation to the actions of PARPi and studies from our lab expand this understanding to 

a new mechanistic context for the regulation of “BRCAness” in BRCA-proficient settings129,249-

251. Accordingly, we recently also reported that DNMTi treatment of TNBC and OC can 

transcriptionally activate STING129. We now show that compared with WT TP53, AML cells with 

TP53 mutations have higher STING activity at baseline and following DNMTi treatment. 

Moreover, WT AML cells require DNMTi to be combined PARPi drugs to increase STING 

activity, but this activity does not reach levels seen in TP53 mutants. Therefore, while induction 

of IFN/inflammasome signaling and HRD in both TP53 mutant and WT cells is STING-dependent, 

TP53 mutant AMLs appear particularly poised for STING activation using novel STING 

activation strategies.  In fact, STING agonists are now being tested in clinical trials for various 

solid tumors , alone or in combination with a range of other therapeutic regimens, to elicit 

immunostimulatory effects241. However, given that there currently are no clinical trials of STING 

agonists in AML, activating STING via agonists or DNMTi+PARPi treatment could be an 

attractive approach to activating interferon signaling and generating anti-leukemia immune 

responses.  

While immunotherapy has revolutionized cancer treatment, progress in the application of 

immunotherapy in AML has been slower compared with solid tumors252,253. Only gemtuzumab 
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ozogamicin, an anti-CD33 antibody-drug conjugate, has currently been approved as targeted 

therapy for CD33-positive AML patients254. Trials of other immune therapies, including those 

based on PD-1 or CTLA-4 inhibition, have yielded modest clinical efficacy255, underscoring the 

need to enhance these therapies with other agents. DNMTi treatment has also been shown to 

increase expression of the immune checkpoint PDL1133,185,186. Therefore, x TP53 mutations may 

define a group of AML patients in whom DNMTis can be used to activate immune signaling and 

to prime for combination with immune checkpoint therapy currently in the clinic. In fact, recent 

reports suggest encouraging early results for combining PD-1/PD-L1 checkpoint inhibitors or anti-

CTLA4 with DNMTis in clinical trials134,187,256. Final results from these trials should increase our 

understanding of immune responses in TP53 mutant AML and other genetically distinct AML 

groups treated with DNMTis. Given the immune enhancing effects of our combination treatment, 

future considerations should include evaluating how DNMTi+PARPi combination treatment may 

enhance response to checkpoint inhibition.  

TP53 is a key tumor suppressor whose main function is to preserve genetic integrity by 

preventing proliferation of damaged cells, a function that has led to its famous title of “guardian 

of the genome”257,258. It is mutated in more than half of all human cancers, making it the most 

frequently mutated gene in cancer and an interesting therapeutic target50,258,259. TP53-targeting 

therapeutic strategies revolve around attempts to restore its WT conformation and transcriptional 

activity, targeting it for degradation, and inducing synthetic lethality258,260,261. Small molecule 

compounds, synthetic small peptides, CRISPR/Cas9-mediated genome editing, small interference 

RNAs (RNAi) as well as immunotherapies have been explored in attempts to achieve this 

therapeutic goal, but all of these approaches have various intrinsic problems that warrant further 

investigation and optimization before clinical application can be considered258. Our results, 
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described in this body of work, show that TP53 mutant AMLs appear particularly poised for 

activation of IFN/inflammasome signaling, and that this activation can be achieved using 

DNMTi+PARPi combination treatment. This forms a basis for further combinatorial approaches 

in the treatment of AML, and may also be applicable to other cancers with TP53 mutations, 

potentially personalizing this therapy. 
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Appemdix 

 

Appendix Table S2.1: Cytogenetic and molecular features AML primary samples treated 

with DNMTi+PARPi in vitro 

 

Sample 

# 

Age Sex WBC % 

blood 

blasts 

% 

marrow 

blasts 

Karyotype  Category  Mutations TP53 

Status 

156 41 F 376.8 92 N/A 46,XX Normal/ 

Interm 

FLT3-ITD 

FLT3 TKD 

NPM1 

IDH1 

WT 

161 59 M 96.3 5 30 47,XY,+8 Interm SRSF2 

SETBP1 

TET2 x 2 

EZH2 

WT 

171 64 F 23.7 47 N/A 44-

45,XX,add(1)(p36.1),

-5, add(12)(p13), 

der(14)t(1;14)(p22;p1

3),-16,-17,-22, +1-

3mar 

Complex TP53 84% 

TET2 

IDH1 

Mutant 

184 51 

 

M 80 86 85 46,XY,t(2;14)(q23;q3

2) 

Interm FLT3-ITD 

RNX1 x 2 

SF3B1 

WT 

190 67 M 190.6 63 N/A 46,XY,add(11)(p11.2

),add(17)(p11.2) 

Interm SRSF2 

RUNX1 

TET2 

WT 

457 69 F 1.2 0 44 46,XX,-

2[15],der(5)t(?2;?;5)(

q23;?;q15)[15], 

del(7)(q21)[14],add(9

)(p23)[12],  

del(17)(p11.2)[15],-

20[4],+1-2mar 

Complex TP53 42.8% 

 

Mutant 
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Appendix Table S2.2: Primers used for qRT-PCR 

 

Name Source Identifier Sequence 

actin Qiagen QT00095431 
 

GAPDH IDT  (f) 5'-GTCTCCTCTGACTTCAACAGCG-3' 

GAPDH IDT  (r) 5'-ACCACCCTGTTGCTGTAGCCAA-3' 

ERV9 IDT  (f) 5'-TCTTGGAGTCCTCACTCAAACTC-3' 

ERV9 IDT  (r) 5'-ACTGCTGCAACTACCCTTAAACA-3' 

ERV-K1 IDT  (f)  5'-ATCCTATGGCACCACCTAGTA-3' 

ERV-K1 IDT  (r) 5'-GCCTCAGTATCTCCTTCCTTTC-3' 

ERVV2 IDT  (f) 5'-CTTCTTTCTGAGCTCCTGTCTC-3' 

ERVV2 IDT  (r) 5'-GTCCTCTGGTTCTTGGTCTTC-3' 

ERVMER34-1 IDT  (f) 5'-CCATGGAAGCTCAAGGTCTATC-3' 

ERVMER34-1 IDT  (r) 5'-GAAGGGTCCACTGCCATTT-3' 

ERVW1 IDT  (f) 5'-CAAGTCCCTTCCCTCTAATTCC-3' 

ERVW1 IDT  (r) 5'-TCCACTCCAGCCACTTTAAC-3' 

ERV-FRD 1 IDT  (f) 5'-AGCCAGCTCTCAAAGGAAATAG-3' 

ERV-FRD 1 IDT  (r) 5'-GAAGGACTACGGCTGCTAAAG-3' 

ERVW2 IDT  (f) 5'-CCACTGTCTGTTGGACTTACTT-3' 

ERVW2 IDT  (r) 5'-TGGGAGATTGCTTCCTTTACTT-3' 

ERV-H1 IDT  (f) 5'-GCCCATTCTCTCTCTCCATATC-3' 

ERV-H1 IDT  (r) 5'-CCTGACATTCCTGCCTTCTTA-3' 

ERVFXA34 IDT  (f) 5'-CAGGAAACTAACTTTCAGCCAGA-3' 

ERVFXA34 IDT  (r) 5'-TAAAGAGGGCATGGAGTAATTGA-3' 

ERV-Fc1 IDT  (f) 5'-TACACCCTTACTCCCGTCTT-3' 

ERV-Fc1 IDT  (r) 5'-GCCTAACATTCCGACCTCATAC-3' 

ERV-Fc2 IDT  (f) 5'-CTGGAAGCTACACACTCCATAC-3' 

ERV-Fc2 IDT  (r) 5'-TGCCAAGAGGTGGGTTATTC-3' 

ERV-Fb1 IDT  (f) 5'-ATATCCCTCACCACGATCCTAATA-3' 

ERV-Fb1 IDT  (r) 5'-CCCTCTGTAGTGCAAAGACTGATA-3' 

ERV-K8 IDT  (f) 5'-CCCATCAATCCACCAAGTCTTA-3' 

ERV-K8 IDT  (r) 5'-CCTATTTCTTCGGACCTGTTCTT-3' 

ERV-K10 IDT  (f) 5'-GTCCCAAGTGTTTCAGGGAATA-3' 

ERV-K10 IDT  (r) 5'-GAAGCAGAGAGACTGCTTGTATAG-3' 

ATM Qiagen QT00061593  

ATR Qiagen QT01844150  

BRCA1 Qiagen QT00039305  

BRCA2 Qiagen QT00008449  

Appendix Table S2.2 continued 
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BRIP1/FANCJ Qiagen QT00086548  

c17orf70 Qiagen QT01026207  

c19orf19 Qiagen QT00036918  

CHK1 Qiagen QT00006734  

CtIP Qiagen QT00090713  

FANCA Qiagen QT00033404  

FANCB Qiagen QT000468  

FANCC IDT  (f) 5'-TGGAGGCTCTCCTCATCTGT 

FANCC IDT  (r) 5'-GCATTCGATCCTTCTCAGACA 

FANCD2 Qiagen QT01000433 Hs_FANCD2_VA.1_SG QT01000433 

FANCE IDT  (f) 5′-ATGAGAAGGAGAGACCCGAA-3′  

FANCE IDT  (r) 5′-GAAGTCAAGGAGAGGATCCG-3′ 

FANCF Qiagen QT00241136 Hs_FANCF_1_SG QT00241136 

FANCG Qiagen QT00064967 Hs_FANCG_1_SG QT00064967 

FANCI Qiagen QT000468 Hs_FANCI_1_SG QT000468 

FANCL Qiagen QT00062454 Hs_FANCL_1_SG QT00062454 

FANCM Qiagen QT00231189 Hs_FANCM_1_SG QT00231189 

MRE11 Qiagen QT00037926 Hs_MRE11A_1_SG QT00037926 

PALB2 Qiagen QT00068523 Hs_PALB2_1_SG QT00068523 

RAD50 Qiagen QT00037170 Hs_RAD50_1_SG QT00037170 

RAD51 Qiagen QT00072688 Hs_RAD51_1_SG QT00072688 

RAD52 Qiagen QT00098329 Hs_RAD52_1_SG QT00098329 

RPA Qiagen QT00071645 Hs_RPAIN_1_SG QT00071645 

53BP1 Qiagen QT00050785  

ATF3 Qiagen QT00997164  

B2M Qiagen QT00088935 HS_B2M_1_SG QT00088935 

CCL5 Qiagen QT00090083 HS_CCL5_1_SG QT00090083 

EGR1 Qiagen QT00218505  

GADD45A IDT  (f) 5'-GCCTGTGAGTGAGTGCAGAA-3' 

GADD45A IDT  (r) 5'-ATCTCTGTCGTCGTCCTCGT-3' 

HES1 Qiagen QT00039648  

ID2 Qiagen QT00210637  

IFI27 IDT  (f) 5'-ATCAGCAGTGACCAGTGTGG-3' 

IFI27 IDT  (r) 5'-TGGCCACAACTCCTCCAATC-3' 

IFI30 IDT  (f) 5'-TGGGAGCTGGACCCTGTAAA-3' 

IFI30 IDT  (r) 5'-CCTCCCTTAGATTCCCTATTTGCT-3' 

IFI44 IDT  (f) 5'-TGGGAGCTGGACCCTGTAAA-3' 

IFI44 IDT  (r) 5'-CCTCCCTTAGATTCCCTATTTGCT-3' 

IFI6 IDT  (f) 5'-CAAGGTCTAGTGACGGAGCC-3' 

Appendix Table S2.2 continued 

 

https://www.qiagen.com/us/shop/pcr/real-time-pcr-enzymes-and-kits/two-step-qrt-pcr/quantitect-primer-assays/?catno=QT01026207
https://www.qiagen.com/us/shop/pcr/real-time-pcr-enzymes-and-kits/two-step-qrt-pcr/quantitect-primer-assays/?catno=QT01026207
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Appendix Table S2.3: TCGA TP53 mutated AML samples identified using Vadakekolathu 

et al 2020 

Mutated Samples  

TCGA-AB-2943-03 

TCGA-AB-2935-03 

TCGA-AB-2813-03 

TCGA-AB-2938-03 

TCGA-AB-2908-03 

TCGA-AB-2885-03 

TCGA-AB-2829-03 

TCGA-AB-2904-03 

TCGA-AB-2952-03 

TCGA-AB-2941-03 

TCGA-AB-2878-03 

TCGA-AB-2820-03 

TCGA-AB-2860-03 

TCGA-AB-2838-03 

TCGA-AB-2868-03 

TCGA-AB-2857-03 

 

IFI6 IDT  (r) 5'-TTTCTTACCTGCCTCCACCC-3' 

IFNb1 IDT  (f) 5'-CTTGGATTCCTACAAAGAAGCAGC-3' 

IFNb1 IDT  (r) 5'-TCCTCCTTCTGGAACTGCTGCA-3' 

IL23A Qiagen QT00204078  

IL7R Qiagen QT00053634  

IRF3 IDT  (f) 5'-TCTGCCCTCAACCGCAAAGAAG-3' 

IRF3 IDT  (r) 5'-TACTGCCTCCACCATTGGTGTC-3' 

IRF7 IDT  (f) 5'-CCACGCTATACCATCTACCTGG-3' 

IRF7 IDT  (r) 5'-GCTGCTATCCAGGGAAGACACA-3' 

IRF9 Qiagen QT00001113  

ISG15 IDT  (f) 5'-CAGCCATGGGCTGGGAC-3' 

ISG15 IDT  (r) 5'-CTTCAGCTCTGACACCGACA-3' 

OASL IDT  (f) 5'-TCGTGAAACATCGGCCAACT-3' 

OASL IDT  (r) 5'-ACCTGGCTTTCACATACTGCT-3' 

RHOB Qiagen QT00227409  

SERPINB8 Qiagen QT01005956  

TRIB1 Qiagen QT00066262  

TMEM173 Qiagen QT00055440  

TNF Qiagen QT00029162  
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Appendix Figure S2.1: DNMTi treatment increases ERV gene expression in TP53 mutant 

AML. (A) Relative RNA expression for a subset of ERV genes after mock or 10 nM DAC 

treatment in MOLM-14, OCI-AML2, OCI-AML3, Kasumi-1, KG-1a, and U937 cell lines (72hrs, 

n = 3). (B) Relative RNA expression for a subset of ERV genes after mock or 10 nM DAC 

treatment ± 50 uM pifithrin in MOLM-14 cells (72hrs, n = 3). (C-H) Relative RNA expression for 

a subset of ERV genes after mock, 10 nM DAC, 5 nM Tal, or DAC/Tal combination: 10 nM DAC 

+ 5 nM Tal treatment in MOLM-14 (C), OCI-AML2 (D), OCI-AML3 (E), Kasumi-1 (F), KG-1a 

(G), and U937 (H) cell lines (72hrs, n = 3).  
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Appendix Figure S2.2: PARP1 protein levels decrease after DNMTi+PARPi combination 

treatment. (A-F) Immunoblot for PARP1 after mock, 10 nM DAC, 5 nM Tal, or DAC/Tal 

combination: 10 nM DAC + 5 nM Tal treatment in MOLM-14 (A), OCI-AML2 (B), OCI-AML3 

(C), Kasumi-1 (D), KG-1a (E), and U937 (F) cell lines with β-actin used as a loading control (72hrs, 

n = 3).   
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Appendix Figure S2.3: STING activity is increased in TP53 mutant AML after 

DNMTi+PARPi combination treatment. (A-B) Immunoblot for pSTING and STING in TP53 

WT OCI/AML2 (A) and OCI/AML3 (B) cells after mock, 10 nM DAC, 5 nM Tal, or DAC/Tal 

combination: 10 nM DAC + 5 nM Tal treatment with vinculin used as a loading control, 

quantified values below each respective protein (72hrs, n = 3). (C-D) Quantification of 

proportion of pSTING in TP53 WT OCI/AML2 (C) and OCI/AML3 (D) cells after mock, 10 nM 

DAC, 5 nM Tal, or DAC/Tal combination: 10 nM DAC + 5 nM Tal treatment (72hrs, n = 3). (E-

F) Immunoblot for pSTING and STING in TP53 mutant KG-1a (E) and U937 (F) cells after 

mock, 10 nM DAC, 5 nM Tal, or DAC/Tal combination: 10 nM DAC + 5 nM Tal treatment with 

vinculin used as a loading control, quantified values below each respective protein (72hrs, n = 3). 

(G-H) Quantification of proportion of pSTING in TP53 mutant KG-1a (G) and U937 (H) cells 

after mock, 10 nM DAC, 5 nM Tal, or DAC/Tal combination: 10 nM DAC + 5 nM Tal treatment 

(72hrs, n = 3).  All data are presented as mean ± SEM with statistical significance derived from 

two-tailed unpaired Student’s t test (or ANOVA),  
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Appendix Figure S2.4: DNMTi treatment increases IFN signaling in TP53 mutant AML. 

(A-L) Relative RNA expression for a subset of Immune genes after mock, 10 nM DAC, 5 nM 

Tal, or DAC/Tal combination: 10 nM DAC + 5 nM Tal treatment in TP53 WT MOLM-14 (A), 

OCI-AML2 (B), and OCI-AML3 (C) cell lines, TP53 mutant Kasumi-1 (D), KG-1a (E), and 

U937 (F) cell lines and TP53 WT (G-J) and mutant (K-L) primary samples (72hrs, n = 3). All 

data are presented as mean ± SEM with statistical significance derived from two-tailed unpaired 

Student’s t test (or ANOVA).   
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Appendix Figure S2.5: Immune and DNA repair pathways are linked. (A) STRING protein–

protein interaction map of homologous recombination and IFN genes of interest. See Fig. S5A for 

an expanded version (B) Relative RNA expression for a subset of immune and HR genes 24hrs 

after 100 ng/mL IFNβ treatment in in MOLM-14 cells (n = 3). (C) Relative HR activity analysis 

24h after 50 ng/mL TNFα, 1 ng/mL IL1- β , or 50 ng/mL TNFα + 1 ng/mL IL1- β treatment in in 

MOLM-14 cells (n = 3). (D) Relative RNA expression for a subset of immune and HR genes 24hrs 

after 50 ng/mL TNFα treatment in in MOLM-14 cells (n = 3). All data are presented as mean ± 

SEM with statistical significance derived from two-tailed unpaired Student’s t test (or ANOVA).   
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Appendix Figure S2.6: DNMTi treatment decreases HR gene expression levels in TP53 

mutant AML. (A-L) Relative RNA expression for a subset of HR genes after mock, 10 nM DAC, 

5 nM Tal, or DAC/Tal combination: 10 nM DAC + 5 nM Tal treatment in TP53 WT MOLM-14 

(A), OCI-AML2 (B), and OCI-AML3 (C) cell lines, TP53 mutant Kasumi-1 (D), KG-1a (E), and 

U937 (F) cell lines and TP53 WT (G-J) and mutant (K-L) primary samples (72hrs, n = 3). All data 

are presented as mean ± SEM with statistical significance derived from two-tailed unpaired 

Student’s t test (or ANOVA).   
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Appendix Figure S2.7: STING inhibition abrogates IFN signaling and rescues HR activity. 

(A-B) Relative RNA expression for a subset of immune genes after mock, 10 nM DAC, 5 nM Tal, 

or DAC/Tal combination: 10 nM DAC + 5 nM Tal treatment ± 500 nM STINGi for all conditions 

in MOLM-14 (A) and Kasumi-1 (B) cell lines (72hrs, n = 3). (C-D) Relative RNA expression for 

a subset of HR genes after mock, 10 nM DAC, 5 nM Tal, or DAC/Tal combination: 10 nM DAC 

+ 5 nM Tal treatment ± 500 nM STINGi for all conditions in MOLM-14 (C) and Kasumi-1 (D) 

cell lines (72hrs, n = 3).  
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Appendix Figure S3.1: Confirmation of STING CRISPR-Cas9 KO.  KO confirmation was 

performed by (A) western blot analysis and by (B) sanger sequencing through Genewiz, and 

analysis using the Synthego online platform.  
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Figure S3.2: STING inhibition abrogates IFN signaling. (A-B) Relative expression of immune 

(A) and HR (B) genes after CRISPR KO of STING, or co-treatment with 500nM STINGi in C1498 

cells treated with vehicle, 10 nM DAC, 5 nM Tal, or DAC/Tal combination: 10 nM DAC + 5 nM 

Tal ±500 nM STINGi for all conditions (72hrs, n = 3). All data are presented as mean ± SEM with 

statistical significance derived from two-tailed unpaired Student’s t test (or ANOVA).  
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Appendix Figure S3.3: DNMTi and PARPi combination therapy enhances immune signaling 

in serum of tumor-bearing mice. Cytokine expression measured via flow cytometry using serum 

extracted from mice after 14 days of treatment.  
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Appendix Figure S4.1: Hallmark pathway analysis of clinical trial samples. GSEA using the 

MSigDB Hallmark gene sets showed particularly negative enrichment for myc and DNA repair 

related pathways. FDR-based padj == 0.1.  
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Appendix Figure S4.2: Oncogenic pathway analysis of clinical trial samples.  GSEA using the 

MSigDB oncogenic signatures (C6) showed positive enrichment for pathways associated with 

knockdown of BRCA1 and ATM related gene sets. FDR-based padj == 0.1.  
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