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ABSTRACT 

Background 

Acute Myeloid Leukemia (AML) is a malignancy of myeloid precursor cells that arise from 

genomic alterations in the expression of key growth regulatory genes causing cells to 

assume an undifferentiated state and continue to proliferate. Recent efforts have focused 

on developing therapies that target specific protein products of aberrantly expressed genes. 

However, many of the identified proteins are difficult to target and thought to be 

“undrugable” because of structural challenges, protein overexpression, or mutations that 

confer resistance to therapy. A novel technology that circumvents some of these issues is 

the use of small molecules that stabilize secondary DNA structures present in the promoters 

of many potential oncogenes and modulate their transcription. 

Methods 

This study characterizes the in vitro activity of the G-quadruplex-stabilizing small 

molecule GQC-05 in AML cells. The effect of GQC-05 on three AML cell lines was 

analyzed using viability and apoptosis assays. GQC-05 has been shown to down-regulate 

MYC through G-quadruplex stabilization in Burkitt’s lymphoma cell lines. MYC 

expression was evaluated through qPCR and immunoblotting in the three AML cell lines 

following the treatment of GQC-05. In order to identify other therapeutic agents that 

potentiate the activity of GQC-05, combination drug screening was performed. The drug 

combinations were validated using in vitro cytotoxicity assays and compared to other 

commonly used chemotherapeutic agents. 
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Results 

GQC-05 treatment of KG-1a, CMK and TF-1 cells decreased cell viability and resulted in 

increased DNA damage and apoptosis. Additionally, treatment of KG-1a, CMK and TF-1 

with GQC-05 resulted in decreased expression of MYC mRNA and protein, with a more 

pronounced effect in KG-1a cells. Combination drug screening identified the Bcl-2/Bcl-

XL inhibitor Navitoclax as a compound that potentiated GQC-05 activity. Co-treatment 

with GQC-05 and Navitoclax showed a synergistic decrease in cell viability of AML cells 

as determined by Chou-Talalay analysis, and induced more DNA damage, apoptosis, and 

rapid cytotoxicity. The cytotoxicity induced by GQC-05 and Navitoclax was more potent 

than that of Navitoclax combined with either cytarabine or doxorubicin. 

Conclusion 

These results suggest that the G-quadruplex stabilizing small molecule GQC-05 induces 

down regulated MYC expression and DNA damage in AML cells. Treatment with both 

GQC-05 with a Bcl-2/Bcl-XL inhibitor Navitoclax results in increased cytotoxic activity, 

which is more pronounced than Navitoclax or GQC-05 alone, and more significant than 

Navitoclax in combination with cytarabine and doxorubicin that are currently being used 

clinically. 
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CHAPER 1: INTRODUCTION 
 
1.1 Acute Myeloid Leukemia 

1.1.1 Background 

Leukemias are a group of malignant disorders of the blood and bone marrow often 

involving uncontrolled proliferation of blood progenitor cells. Although a variety of 

subtypes of leukemia have been identified, leukemia is divided into 4 major groups: acute 

myeloid leukemia (AML), acute lymphoblastic leukemia (ALL), chronic myeloid 

leukemia (CML), and chronic lymphoblastic leukemia (CLL). The prevalence of leukemia 

differs amongst different age groups. Leukemia makes up 1% of all cancers while 

disproportionally affecting children, making up 28% of all childhood cancers [1]. 

Approximately 1000 children per year will be diagnosed with AML in the United States 

[2]. The most common types of leukemia, CLL in adults and ALL in children, have been 

well studied, and the 5-year survival rates have dramatically improved to 85% and 89% 

respectively [1]. Although great strides have been made in the treatment of leukemia, AML 

has the lowest 5-year survival rate in both adult and children [1].  

Acute myeloid leukemia is a heterogeneous neoplastic disorder characterized by 

clonal expansion of immature myeloid cells in the bone marrow or peripheral blood [3]. 

AML is the second most common type of leukemia in adults and children making up 32% 

and 20% of all leukemias respectively [1]. The World Health Organization (WHO) 

currently recognizes 21 different subtypes of AML that vary in genetic aberrations [4]. 

These genetic aberrations often lead to dysregulation of proto-oncogenes such as CREB, 

MYC, EVi-1, MN-1, SALL4, WT1 and others [5], resulting in difficult to treat tumor cells 

and poor clinical outcome [6]. Furthermore, AML is often associated with loss of function 
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mutations in tumor suppressor genes, which are negative regulators of cell growth, causing 

uncontrolled cell proliferation and dysregulation of the cell cycle [7].  

1.1.2 Current Therapy 

Treatment options for pediatric AML include high dose chemotherapy, radiation, 

stem-cell transplant, and targeted therapy. Remission induction therapy for pediatric AML 

patients will typically consist of 4-5 cycles of chemotherapy, often cytarabine, in 

combination with an anthracycline such as daunorubicin or idarubicin [8]. The duration of 

each cycle can last several days with subsequent cycles beginning 10-14 days after the 

completion of the previous cycle [9]. The harmful effects of high dose chemotherapy have 

been well documented. Aside from hair loss and fatigue, this aggressive therapy often 

causes cardiotoxicity as well as immunosuppression, causing patients to be more 

susceptible to infection. Infections due to the immunological fallout caused by aggressive 

treatment are a major contributor to morbidity and mortality in AML patients [10]. 

Targeted treatment developed with the use of genomic analysis can alleviate some of the 

major complications due to chemotherapy.  

Targeted therapy is a cancer treatment that exploits tumor biology to target specific 

genes and proteins involved in cell proliferation and survival. Genome wide analysis has 

been invaluable in the development of tumor specific therapy. This data has translated into 

the use of tyrosine kinase inhibitors, DOT1 inhibitors, monoclonal antibodies, purine 

nucleoside antimetabolites, and the hypomethylating agent, decitabine, in clinical trials for 

the treatment of pediatric AML [8]. The clinical trials for these agents provide varying 

results. There are still challenges such as resistance to therapy and no overall improvement 

in long-term survival. 
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Although the standard of care for pediatric AML has a complete remission (CR) 

rate of 90%, 40% of patients will relapse [11]. The duration of CR is an important 

prognostic factor for pediatric AML patients. CR1 is the first complete remission and CR2 

is the second complete remission, which will happen post-relapse. Patients who relapse 

within 12 months of achieving CR1 have a 5-year survival rate of 10% [12]. Great strides 

have been made in improving the clinical outcomes for pediatric AML patients, but novel 

therapies are still needed to overcome the challenges of treating this disease.   

1.2 G-quadruplexes 

1.2.1 Structure and formation 

G-quadruplexes (G4) are secondary structures in guanine-rich segments of DNA. 

It begins when negative superhelicity increases the tension in the chemical bonds in DNA 

[13]. In order to relive this tension, Hoogsteen base-pairing in single-stranded guanine-rich 

sequences form tetrads (Figure 1a) [13,14]. These tetrads will then stack on one another, 

forming a G-quadruplex structure (Figure 1b). Consequently, the pyrimidine rich 

complimentary strand will form a similar structure called the i-motif [14].  

1.2.2 G-Quadruplexes in the Genome 

Studies have shown that these 3-dimensional G4 structures are involved in many 

cellular processes such as DNA damage repair, DNA replication, transcription, translation, 

and have epigenetic implications [15]. The function of G4s with regard to gene regulation 

has been particularly interesting for cancer therapeutics since it has been found that G4 

structures are enriched in promoter regions, with over 50% of genes in the human genome 

containing one or more of these structures [16]. These 3-dimensional structures hinder the 

interactions between DNA and its transcription factors, resulting in gene down-regulation 
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(figure 1c). With over 700,000 G4 forming sequences in the human genome [17], many 

are found in promoter regions of proto-oncogenes [15].  

The G4 structure within the nuclease hypersensitivity element NHE III1 (NHE1) of 

the c-MYC promoter was the first G4 reported [18]. This is biologically relevant because 

the NHE1 region regulates c-MYC transcription, a famous proto-oncogene. Some of the 

most notable biologically relevant G4s are found within the promoters of proto-oncogenes 

VEGF, bcl-2, c-kit, PDGF-A, and HIF-1 [16]. Studies of the G4 in NHE III1 demonstrated 

that mutation of the endogenous G4 sequence or addition of a G4-stabilizing ligand altered 

transcription in vivo [18]. 

1.2.3 G-Quadruplexes as Druggable Targets 

 The ability of G4s to down-regulate genes, especially those involved in cancer, 

have made them an attractive candidate for alternative cancer therapy. The dynamic 

equilibrium between the promoter’s transcriptionally active single-stranded, double-

stranded, and G-quadruplex forms offers a unique opportunity to repress gene transcription 

by stabilizing the G-quadruplex structure. Previous studies have demonstrated the 

stabilization of G-quadruplex structures in vitro using the porphyrin molecule TMPyP4 

[19] and the ellipticine analog GQC-05 [20]. 

Designing a compound that will bind to G4s with high specificity begins with G4 

ligands that bind to these structures with high affinity [15]. These small molecules can then 

be further modified to achieve target specificity. G4 ligands interact with G-quadruplexes 

in a variety of modes such as stacking with the outer G-quartets, groove binding, loop 

binding, and combined binding [21]. G4 structures vary in the length and composition of 

loops connecting individual tetrads, the number of stacked tetrads, and the orientation of 



 16 

the DNA [22]. The enrichment of G4s in proto-oncogene promoters, and the variability in 

G4 structures, creates an opportunity for gene specific regulation and anti-tumor effects.  
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Figure 1. Structure and Model for Transcriptional Regulation of G-quadruplexes 
 
(a) Structure of a G-tetrad, showing hydrogen bonds and monovalent cation. (b) Schematic 
of an intramolecular G-quadruplex. G-tetrads are shown as blue squares, and monovalent 
cations as grey spheres. The structure shown is folded in an antiparallel conformation, with 
the strands of the G-tetrads alternately running up and down. (c) Model for transcription 
modulation via formation of a quadruplex in a promoter region. 
 
 
Huppert JL, Balasubramanian S. G-quadruplexes in promoters throughout the human 
genome [published correction appears in Nucleic Acids Res. 2007;35(6):2105]. Nucleic 
Acids Res. 2007;35(2):406-413. doi:10.1093/nar/gkl1057  
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1.3 The MYC Oncogene 

1.3.1 Implications in AML 

 AML is associated with many oncogenic drivers that pose as potential targets for 

treatment. Research has demonstrated that the down-regulation of these drivers can cause 

cell death in cancer. One of the most notorious oncogenes identified in AML is MYC. 

Aberrations of the MYC family is one of the most prolific events associated with cancer 

[23]. The MYC oncogene is a transcription factor that regulates many hallmarks of cancer 

such as cell growth, proliferation, cell-cycle, apoptosis, and cell differentiation [20]. Gene 

fusions that have been associated with AML, such as FLT3-ITD [24], AML1-ETO, 

PML/RARa, and PLZF/RARa [25], are correlated with MYC overexpression. 

Furthermore, MYC overexpression is found in patients who exhibit chemotherapy 

resistance [26] and are at higher risk for relapse [27].  

 In addition to its contribution in the previously mentioned pathways, c-Myc also 

facilitates the maturation of blood cells. MYC expression is shut off to allow myeloid 

precursors to differentiate. Expression of MYC causes myeloid progenitor cells to lose 

their ability to differentiate [28]. Thus, the overexpression of MYC in AML allows cells to 

remain undifferentiated and highly proliferative.  

1.3.2 The Uphill Battle of Targeting MYC 

 The implication of MYC in cancer has been long known, but its “drugability” 

through the use of small molecules have fallen short. Given that it has multiple functions 

in cell biology, MYC contains many protein domains that include an N-terminal 

transactivation domain, MYC box domains, a proline, a glutamic acid, a serine and 

threonine-rich domain, a nuclear localization sequence, and the carboxy-terminus basic-
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helix-loop-helix-leucine zipper [28]. Moreover, MYC homodimerizes with MAX, 

allowing for binding to E-box regulatory segments of the genome to promote proliferation. 

In-vitro studies have established that the disruption of the MYC:MAX interaction 

decreases proliferation and induces apoptosis [29]. The diversity of the MYC interactome 

creates various opportunities to reduce the oncogenic consequences of MYC regulation. 

Although a number of small molecules that target MYC protein domains, as well as MYC 

protein interactions, substantiate the value of disrupting MYC, challenges such as low 

potency in vitro, poor specificity, and inadequate bioavailability in vivo have made them 

clinically irrelevant [29]. In addition to these challenges, cells are known to develop 

resistance to protein-targeted compounds by altering target sites, rendering the compound 

obsolete. 

In order to circumvent the challenges that are experienced when targeting MYC, 

we must explore alternative treatment modalities. Down regulation of genes through G4 

stabilization occurs prior to transcription, which bypasses the need for small molecules to 

bind at the post-translational level. MYC overexpression was first recognized in Burkitt 

lymphoma as a result of a translocation and is used as a prognostic factor. [30]. The 

porphyrin molecule TMPyP4G4 has exhibited G4 stabilization within the MYC promoter 

and subsequent transcriptional repression in Burkitt lymphoma [19]. Lastly, the G4 

stabilizing drug GQC-05 has been identified in having the high thermal stabilization of 

MYC G4. Moreover, in a Burkitt’s lymphoma cell line with translocated MYC gene that 

results in the loss of the G4 sequence, GQC-05 exhibited diminished effects [31]. 
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CHAPTER 2: RESEARCH AIMS 

 Dysregulation of the MYC oncogene has been associated with poor 

prognosis in many caners including AML. Small molecules have been developed in an 

attempt to suppress the consequences of MYC up-regulation. These small molecules are 

designed to disrupt MYC protein interactions but due to the short half-life the MYC 

protein, MYC has been classified as “undruggable” [51]. G4 stabilizers work by 

repressing the transcription of genes. This circumvents the obstacle of a short protein 

half-life. GQC-05 has previously been shown to interact with the G-quadruplex in the 

NHE III region of the MYC promoter and repress its transcription in Burkitt lymphoma 

[31].  

Research Hypothesis: 

 We hypothesize that GQC-05 can induce cytotoxicity in AML cell lines. 

Furthermore, GQC-05 may be used as an alternative treatment option that may reduce the 

effects exhibited by aggressive chemotherapy.  

My aims to test this hypothesis are: 

AIM 1: Characterize the cytotoxic effects of GQC-05 on AML cell lines 

AIM 2: Identify compounds that may potentiate the effects of cytotoxicity on AML cell 

lines 

AIM 3: Compare GQC-05 combinatory effects with an equivalent combination of 

currently used chemo-agents  
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CHAPTER 3: DISCUSSION 
 
3.1 Rationale 

 AML is the product of genetic aberrations that result in poorly maturated white 

blood cells, uncontrolled cell growth, and an increase in cell survival. Pediatric AML is 

distinct from adult AML in that the genetic mutational burden is substantially lower. Not 

only are there less mutations that result in pediatric AML, there are many mutations that 

are exclusive to pediatrics [32]. Although there are few somatic mutations in AML, each 

underlying mutation causes differential expression of a variety of proto-oncogenes that 

could be used as potential targets for treatment [33]. As an oncogenic driver, MYC 

dysregulation in leukemias have been well documented. Furthermore, the depletion of 

MYC has been shown to decrease AML cell proliferation and prolong survival of mice 

transplanted with AML [33,34]. MYC has long been an attractive target due to its 

ramifications in cancer but the challenges in doing so have proven to be overwhelming.  

 G4s form as a result of negative superhelicity due to transcriptional unwinding [14]. 

The increased rate of oncogenic transcription in cancer cells makes it likely that G4 

structures are more frequently formed in cancer cells than in normal cells that are governed 

by unaltered cellular processes. This would allow G4 stabilizers like GQC-05 to have a 

more pronounced effect on cancer cells than in normal cells, thus reducing potential 

toxicity in patients. It has been previously described that GQC-05 can stabilize the G4 

structure within the MYC promoter and reduce its expression in non-Hodgkin’s lymphoma 

cells [14]. The oncogenic driving capabilities of MYC in AML made AML cells a rational 

model system to test the effects of GQC-05. 
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3.2 Selective Cytotoxicity of GQC-05 on a Subset of AML Cell Lines 

 The treatment of 14 AML cell lines, with varying degrees of MYC expression, with 

GQC-05 showed a wide range of cytotoxic activity. The varied response was to be expected 

due to the heterogeneity of the disease [3]. MYC has been characterized as a driver in AML 

but different subtypes will vary in MYC dependency. Given the wide range in IC50 values 

amongst the cell lines, 4 nM – 321 nM, we speculate that GQC-05 may be an effective 

treatment option for certain AML subtypes. Furthermore, treatment with GQC-05 on 

Peripheral Blood Mononuclear Cells (PBMCs), i.e. normal white blood cells, showed that 

the treatment was less cytotoxic in 10 of 14 AML cell lines tested (data not shown). This 

accentuates the notion that GQC-05 can be more potent in cancer cells than in non-

cancerous cells.  

 To characterize the effects of GQC-05 treatment on AML cells lines, three cell lines 

were selected for further investigation. KG-1a, CMK, and TF-1 cell lines presented with 

varying levels of MYC expression as well as varied cytotoxic response to GQC-05. The 

promyelobalstic cell line KG-1a and the erythroblast cell line TF-1 were both derived from 

adult AML patients [33,35,36]. The CMK cell line was derived from a megakaryoblastic 

pediatric leukemia patient with Down syndrome [33,37]. The KG-1a, CMK, and TF-1 cell 

lines carry the following gene fusions respectively: FGFR1OP2-FGFR1, TP53-FXR2, and 

CBFA2T3-ABHD12.  

We show that the small molecule GQC-05 can effectively down-regulate MYC in 

AML cell lines through the stabilization of the G4 secondary structure in its promoter 

region. Although decreased MYC expression was observed in all cell lines, treatment with 

GQC-05 showed more substantial knockdown of MYC mRNA and MYC protein in the 
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KG-1a cell line after 6-h treatment [33]. The cytotoxic effects of GQC-05 treatment were 

also more pronounced in the KG-1a cell line. Furthermore, GQC-05 also induced apoptosis 

and DNA damage, demonstrated by JH2AX phosphorylation, in the KG-1a cell line. This 

suggests that GQC-05 has some DNA damage capabilities. Interestingly, among the three 

cell lines, KG-1a has been identified as MYC driven as a result of constitutively activated 

FGFR1 [38]. The MYC dependency in this cell line could explain its robust response to 

GQC-05 treatment.  

Although MYC knockdown is achieved by all cell lines with GQC-05 treatment, 

the varying cytotoxic responses indicate that MYC expression may not necessarily 

correlate to the effects seen by GQC-05. This suggests that GQC-05 may have other G4 

stabilizing interactions responsible for cytotoxic effects seen in our AML cell lines. Despite 

the unique structure of G4s that are created by its folded topology, binding sites can overlap 

between G4s due to limited 3-dimensional variations. GQC-05 preferentially binds to the 

G4 structure that is found in the NHE III1 within the MYC promoter, but it has also 

demonstrated strong binding affinity for G4 structures located in the promoter regions of 

Hif-1D, hTERT, PDGF-RE, PDGF-A, and Bcl-2 [31]. The binding affinity data of GQC-

05 was generated using competition dialysis, a method used to measure the thermal 

stability of the stabilized G4 structure by GQC-05. This highly useful tool for nucleic acid 

ligand discovery measures binding affinity given that the different putative nucleic acid 

binding sites are in equal amounts. Meaning, it cannot account for physiological abundance 

of G4 structures within a cell or how that can play a role in which G4 structure GQC-05 

ends up interacting with. Presumably, if a non-MYC associated G4 structure was far more 
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abundant than the MYC associated G4, then GQC-05 may preferentially bind to the non-

MYC associated G4, given that GQC-05 interacts with this structure.  

3.3 Navitoclax Synergizes with GQC-05 Inducing Apoptosis and DNA Damage 

 Synergistic therapeutics is widely used in the treatment of cancer [39]. Drug 

synergism can reduce toxicity, delay or completely avoid drug resistance, and lower the 

incidence of relapse in patients [40]. The decreased MYC expression in AML cell lines 

after GQC-05 treatment was compelling, but the vast response with regard to cytotoxicity 

lead us on a search to identify small molecules that could potentiate the activity of GQC-

05. A combination drug-screening platform, consisting of a panel of 54 cancer drugs and 

inhibitors, was then developed and performed on the KG-1a cell line. This screening 

method identified the Bcl-2/Bcl-XL inhibitor, Navitoclax, as a potentiator of GQC-05. A 

more comprehensive analysis using the Chou-Talalay method for drug combination 

determined synergy between GQC-05 and Navitoclax in KG-1a, CMK, and TF-1 cell lines. 

Intriguingly, the combination screen identified an antagonist effect between GQC-05 and 

the BET bromodomain inhibitor (+)- JQ1. (+)- JQ1 has demonstrated an ability to reduce 

MYC expression by inhibiting BRD4, forcing MYC into its double-stranded, 

transcriptionally unfavorable form [41]. The competition between the single-stranded G4 

structure and the double-stranded conformation of DNA caused by (+)- JQ1 could serve as 

the driving force for the detected antagonism. Further experiments would need to be 

performed to elucidate a potential antagonistic mechanism. 

 Following the observed synergy between GQC-05 and Navitoclax in AML cell 

lines, our next aim was to characterize their affects with respect to cytotoxicity. Validated 

through cell viability, flow cytometry, and caspase activity, we determined that the 
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combination of GQC-05 and Navitoclax induced rapid apoptosis. In a 6hr treatment with 

600 nM GQC-05 as a monotherapy, cell lines KG-1a, CMK, and TF-1 reported apoptotic 

percentages of 10%, 19%, and 12% respectively. In the combination study, adding 100 nM 

Navitoclax increased the apoptotic percentage of KG-1a, CMK, and TF-1 to 80%, 50%, 

and 32% respectively. 6hr treatment with 100nM Navitoclax as a monotherapy was not 

sufficient to increase apoptosis in any of the cell lines, thus being a clear indication of 

synergy between the compounds. Furthermore, western blot analysis detailed a synergistic 

effect between GQC-05 and Navitoclax in the induction of DNA damage. Phosphorylation 

of JH2AX is a hallmark in the activation of the DNA damage pathway. It has been reported 

that MYC expression is required for the phosphorylation of JH2AX, and this 

phosphorylation is markedly impaired in the MYC null cell line HO15.19 [43]. This further 

substantiates the hypothesis that off target effects of GQC-05 may be responsible for the 

increased cytotoxicity observed in AML cell lines induced by synergy with Navitoclax.  

 Lastly, we sought to investigate if either MYC-suppressing agents or DNA damage- 

causing agents could induce a similar response as seen with GQC-05 and Navitoclax. 

Doxorubicin [44] and Cytarabine [45] are common anthracyclines used in the treatment of 

AML patients and have been shown to cause DNA damage. As previously mentioned, (+)-

JQ1 is capable of down-regulating MYC [41]. Interestingly, the rapid apoptosis was 

predominantly seen with the GQC-05/Navitoclax combination and mildly with the 

cytarabine/Navitoclax combination, whereas the rapid decrease in cell viability was only 

seen in the GQC-05/Navitoclax combination [33]. This is yet another indication that the 

synergistic effects of GQC-05/Navitoclax combination may not be MYC mediated and 

possesses additional mechanisms of cytotoxic activity. 
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Navitoclax is a potent inhibitor of both Bcl-2 and Bcl-XL activity [46] and has 

previously been shown to be an effective partner for cytotoxic agents including cytarabine 

in T-ALL cells [47] and solid tumor cell lines [48]. Our data suggests that the activity of 

GQC-05 in combination with Bcl-2/Bcl-XL inhibition promotes a more pronounced and 

rapid cytotoxic event in AML cells. This result is supported by a recent study using a 

combination of GQC-05 and a C-quadruplex (i-motif) binding small molecule that down-

regulates Bcl-2, showing increased activity over GQC-05 alone in diffuse large B-cell 

lymphoma [49]. Another recent study showed that GQC-05 can bind to the G-quadruplex 

structures on the pre-mRNA of Bcl-X, thus affecting RNA splicing and resulting in 

antagonism of the anti-apoptotic Bcl-XL and activation of the pro-apoptotic form Bcl-XS 

[50]. This finding would suggest that GQC-05 could reduce the expression Bcl-XL, thereby 

lowering the threshold for Bcl-XL inhibition by Navitoclax, and lead to the observed 

increase activity of the combined agents. 

3.4 Translation of G4 Stabilizers as Therapy for Cancer Patients  

 Currently, there are no FDA approved G4 stabilizers being clinically used for 

cancer treatment. Early iterations of G4 stabilizers have shown notable efficacy in-vivo but 

lack of target specificity has kept G4 stabilizers at the lab bench [51]. In 2017, the small 

molecule CX-5461 was the first G4 to be used in phase 1 clinical trials for BRACA1/2 

deficient tumors [51]. More recently, the G-quadruplex stabilizer APTO-253 showed 

promising results in phase 1 clinical trials [52]. Structurally, APTO-253 is a 2-indolyl 

imidazole (4,5-d) phenanthroline derivative which differs from the ellipticine GQC-05 

[33]. Despite structural and mechanistic differences, APTO-253 showed a similar response 
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to GQC-05 with respect to MYC down-regulation as well as the induction of apoptosis and 

DNA damage.  

 Improvements in drug development techniques have made the translation of G4s 

from the laboratory to the patient bed a real possibility. Improvements in G4 target 

specificity can provide an alternative method for targeting oncogenes that have been 

previously labeled as “undruggable” due to extremely short half-life of the protein cycle, 

like the MYC transcription factor [51]. Although GQC-05 must be studied extensively in 

order to achieve clinical relevancy, the success of other G4 stabilizing compounds in early 

phase clinical trials is encouraging for the future of G-quadruplexes in cancer therapeutics.  

3.5 Conclusions and Future Direction 

In summary, our study concludes that the G-quadruplex stabilizing compound GQC-05 has 

varied cytotoxic activity in the panel of AML cells tested [33]. Furthermore, GQC-05 

induced DNA damage and apoptosis in a subset of AML cell lines chosen for further 

review. The addition of Navitoclax with GQC-05 treatment induces rapid apoptosis and a 

more pronounced DNA damage effect than GQC-05 as a mono therapy. Decreased MYC 

expression is observed in AML cell lines as a result of GQC-05 treatment. Although, MYC 

is a driver in many cancers, it is unclear if the cytotoxic effects shown in this study are a 

result of MYC down-regulation. It is more likely that the anti-tumor activity is caused or 

supported by other binding targets of GQC-05. The mechanism behind the profound 

increase of apoptosis and DNA damage of GQC-05 when combined with Navitoclax 

requires more investigation. Understanding the mechanism of action of cancer therapeutics 

is undoubtedly essential but not a necessity for FDA approval. Translational studies 
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involving the efficacy, feasibility, and cytotoxicity on non-cancerous tissue in-vivo could 

recapitulate the effects seen in our study, thus validating our proposed therapy.  

 Although we suggest that the cytotoxic effects of GQC-05 may be independent of 

MYC down-regulation in AML cell lines, it is important to emphasize the novelty of a 

small molecule that is capable of decreasing MYC expression. Our most pronounced 

cytotoxic effects with GQC-05 as a monotherapy was in a MYC driven cell line. The 

characterization of MYC dependency on all 14 cell lines would involve a transient 

knockdown of MYC with the use of shRNA. The identification of MYC dependent cell 

lines and subsequent GQC-05 treatment could further validate the potency of GQC-05 with 

respect to MYC dysregulation. Furthermore, specific mutations responsible for the 

different subtypes of AML can be identified as potential candidates for GQC-05’s 

treatment. To further elucidate the non-MYC mediated cytotoxic effects, cell lines can be 

categorized as overexpressed MYC responders and overexpressed MYC non-responders 

to GQC-05 treatment. Given that G4s down-regulate gene transcription, RNA sequencing 

from GQC-05 treatment of these two categories can potentially identify crucial off target 

genes responsible for non-MYC mediated cytotoxic effects.  

 The combination of GQC-05 and Navitoclax showed a drastic increase in anti-

tumor effects in all three cell lines harboring unique genetic aberrations. It is crucial to 

conclude that the combination is non-cytotoxic in non-cancerous cells. Chou-Talalay 

analysis of the proposed combinatory treatment on normal leukocytes should be evaluated.  

 Lastly, it is valuable to characterize to combination effects of GQC-05 and 

Navitoclax. The heterogeneity of AML produces vast genetic alterations that result in a 

myriad of transcriptional dysregulation. Although the combination of Navitoclax, a BCL-
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2/BCL-XL inhibitor, with the MYC repressing compound (+)- JQ1 was unable reproduce 

the results demonstrated by the GQC-05/Navitoclax combination, this does not eliminate 

a potential synergistic mechanism involving down-regulation of MYC and BCL-2/BCL-

XL in concert. It would be interesting to investigate the effects of Venetoclax in 

combination with GQC-05. Venetoclax is a BCL-2 inhibitor that is FDA approved for use 

in the treatment of CLL. Venetoclax is reported to exclusively inhibit BCL-2, thus lacking 

the BCL-XL target of Navitoclax. The ability for Venetoclax to phenocopy the effects of 

Navitoclax in a subset of AML cell lines could indicate that the mechanism of action is 

supported through BCL-2 down-regulation. Again, further analysis would need to be 

performed to validate such response. 

 Our study outlines the potential for G4 stabilization in the treatment of AML. The 

repression of MYC transcription caused by GQC-05 treatment serves as a valuable therapy 

option for MYC-driven cancers. Furthermore, the cytotoxicity observed in AML cell lines 

caused by the synergistic effects of GQC-05 and Navitoclax cannot be understated. A 

comprehensive mechanistic investigation of this combination may reveal novel targets that 

can be exploited for the treatment of AML.  
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Abstract

Background: Acute Myeloid Leukemia (AML) is a malignancy of myeloid precursor cells that arise from genomic
alterations in the expression of key growth regulatory genes causing cells to assume an undifferentiated state and
continue to proliferate. Recent efforts have focused on developing therapies that target specific protein products of
aberrantly expressed genes. However, many of the identified proteins are difficult to target and thought to be
“undrugable” because of structural challenges, protein overexpression, or mutations that confer resistance to therapy. A
novel technology that circumvents some of these issues is the use of small molecules that stabilize secondary DNA
structures present in the promoters of many potential oncogenes and modulate their transcription.

Methods: This study characterizes the in vitro activity of the G-quadruplex-stabilizing small molecule GQC-05 in AML
cells. The effect of GQC-05 on three AML cell lines was analyzed using viability and apoptosis assays. GQC-05 has been
shown to down-regulate MYC through G-quadruplex stabilization in Burkitt’s lymphoma cell lines. MYC expression was
evaluated through qPCR and immunoblotting in the three AML cell lines following the treatment of GQC-05. In order
to identify other therapeutic agents that potentiate the activity of GQC-05, combination drug screening was
performed. The drug combinations were validated using in vitro cytotoxicity assays and compared to other commonly
used chemotherapeutic agents.

Results: GQC-05 treatment of KG-1a, CMK and TF-1 cells decreased cell viability and resulted in increased DNA damage
and apoptosis. Additionally, treatment of KG-1a, CMK and TF-1 with GQC-05 resulted in decreased expression of MYC
mRNA and protein, with a more pronounced effect in KG-1a cells. Combination drug screening identified the Bcl-2/Bcl-
XL inhibitor Navitoclax as a compound that potentiated GQC-05 activity. Co-treatment with GQC-05 and Navitoclax
showed a synergistic decrease in cell viability of AML cells as determined by Chou-Talalay analysis, and induced more
DNA damage, apoptosis, and rapid cytotoxicity. The cytotoxicity induced by GQC-05 and Navitoclax was more potent
than that of Navitoclax combined with either cytarabine or doxorubicin.

Conclusion: These results suggest that the G-quadruplex stabilizing small molecule GQC-05 induces down regulated
MYC expression and DNA damage in AML cells. Treatment with both GQC-05 with a Bcl-2/Bcl-XL inhibitor Navitoclax
results in increased cytotoxic activity, which is more pronounced than Navitoclax or GQC-05 alone, and more
significant than Navitoclax in combination with cytarabine and doxorubicin that are currently being used clinically.
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Background
Acute Myeloid Leukemia (AML) is a malignancy of
poorly differentiated myeloid precursor cells that prolif-
erate robustly, leading to abnormal hematopoiesis and
eventually to bone marrow failure [1]. Genomic analysis
has demonstrated that AML is composed of a heteroge-
neous population of malignant cells with numerous gen-
etic complexities [2, 3]. These genetic aberrations often
lead to dysregulation of proto-oncogenes such as CREB,
MYC, EVi-1, MN-1 [4, 5], resulting in difficult to treat
tumor cells and poor clinical outcome [6].
G-quadruplexes (G4) are secondary four-stranded hel-

ical structures of DNA comprised of guanine-rich nu-
cleic acids that are enriched in the promoter regions of
many genes. G4 are involved in many cellular processes
including DNA replication, gene expression, telomere
maintenance and apoptosis [7, 8]. Many genomic se-
quences contain areas of guanine rich regions that have
the ability to self-associate to form G4, which are more
thermodynamically stable than double stranded DNA [8].
It has been estimated that nearly 50% of human genes
contain G4 s near their promotor regions, and are more
frequently found near the promoters of oncogenes or
regulatory genes than near housekeeping genes [9]. Since
a dynamic equilibrium occurs between the promoter’s
transcriptionally active single stranded, double stranded,
and G-quadruplex forms, there exists the opportunity to
repress gene transcription by stabilizing the G-quadruplex
structure. Stabilization of G-quadruplex structures have
been described previously in vitro using the porphyrin
molecule TMPyP4 [10] and the ellipticine analog GQC-05
[11]. One of the first reports that G4 s near promotor re-
gions can effect gene expression arose from studies of the
c-MYC oncogene, demonstrating that mutation of the en-
dogenous G4 sequence or addition of a G4-stabilizing lig-
and altered transcription in vivo [10].
MYC regulates many hallmarks of cancer such as cell

growth, proliferation, cell-cycle, apoptosis, and cell dif-
ferentiation, making it a potent oncogene when dysregu-
lated [12] and an attractive, but as yet, “undruggable”
therapeutic target [13]. The compound GQC-05 was
shown to stabilize the G-quadruplex in the MYC pro-
moter – among other growth regulatory genes - and also
repress its transcription in Burkitt’s lymphoma [11].
In this present study, we sought to determine the ef-

fects GQC-05 on the expression of MYC and other
genes, and to characterize the cellular consequences of
AML cells exposed to GQC-05. We found a varied cyto-
toxic activity of GQC-05 in AML cells and we sought to
characterize the mechanism of cell death induced by
GQC-05. Furthermore, we completed a drug screen to
identify potentiators of GQC-05 activity and demon-
strated a novel synergy when GQC-05 was combined
with the Bcl-2/Bcl-XL inhibitor Navitoclax. These studies

also demonstrate that GQC-05 can inhibit MYC expres-
sion as previously seen in Burkitt’s lymphoma [12].
GQC-05 also induces DNA damage response and in-
duced cytotoxic activity that was increased by the
addition of Navitoclax, thereby increasing its potential as
therapeutic anti-cancer agent.

Methods
Cell culture
All cell lines were authenticated using Short Tandem Re-
peat (STR) analysis by the University of Arizona genomics
core. The CMY [14], CMK [15], and CMS [16] cell lines
were a generous gift from Dr. Jeffrey W. Taub, Wayne
State University. The KG-1a cell line was grown in IMDM
media (Corning) supplemented with 20% Fetal Bovine
Serum (FBS; Atlas Biologicals), 1% L-Glutamine (Caisson
Labs), and 1% penicillin/streptomycin (Gibco). The UT-
7epo cells were grown in similar IMDM media that was
supplemented with 1 U/mL recombinant erythropoietin
(rhEPO; R&D Systems). The Molm-13, Kasumi-1, CMY,
NB4, TF-1, M-07e, CMK, HEL, THP-1, U937, AML-193,
and CMS cells were grown in RPMI 1640 (Corning) with
10% FBS and 1% penicillin/streptomycin and L-glutamine.
The RPMI growth media for TF-1 and M-07e was supple-
mented with 10 ng/mL granulocyte macrophage colony-
stimulating factor (GMCSF; R&D systems), and the media
for AML-193 contained 2 ng/mL GMCSF as well as 5 !g/
mL Insulin Transferrin Selenium A (ITS; Gibco). PBMCs
were isolated from whole blood by density centrifugation
using Ficoll (GE Life Sciences) and grown in RPMI (10%
FBS) supplemented with 10 ng/mL IL-2 (R&D Systems).
All cells were grown at 37 °C with 5% CO2. For 6 well
plate assays, cells were plated at 1,500,000 cells/well (KG-
1a and TF-1) or 1,000,000 cells/well (CMK). Cells were
allowed to grow overnight before treatment.

Antibodies, primers, and compounds
Primary antibodies for MYC (Rabbit mAb #5605), Bcl-2
(Rabbit mAb #2870, Mouse mAb #15071), phospho-
histone H2A.X (Ser139) (Rabbit Ab #2577) and PARP
(Rabbit mAb #9532) were purchased from Cell Signaling
Technology. The GAPDH (Mouse mAb sc-166,545) pri-
mary antibody was purchased from Santa Cruz Biotech-
nology. Secondary Rabbit and Mouse antibodies used for
chemi-luminescence were obtained from Jackson Immu-
noresearch. Secondary antibodies IRDye® 800CW GAR
and IRDye® 680RD GAM used for near infrared western
blot detection were obtained from LI-COR Biosciences.
Gene specific qPCR primers for MYC (Forward: 5!-

GCCCACCACCAGCAGCGACTC-3!, Reverse: 5!-
GCACCTCTTGAGGACCAGTGG-3!), YWHAZ (Fwd:
5!-AGAGAAAGCCTGCTCTCTTGC-3!, Rvs: 5!-
AGGAGTGGGTGTCGCTGTTG-3!) were obtained
from Life Technologies.
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The G-quadruplex stabilizing compound GQC-05 was
synthesized as previously described [11] at the School of
Pharmacy, University of Arizona. The small molecules
Navitoclax, (+)-JQ1, doxorubicin and cytarabine were
obtained from Selleckchem (Houston, TX).

Drug dose response viability assays
To determine the cytotoxic effects of compounds, AML
cells (2000 cells/well) were plated into 384-well plates.
At 24 h, cells were treated with various drug doses in
quadruplicate wells for 72 h. Drug treatments consisted
of 1:2 or 1:3 serial dilutions. After 72 h of treatment, Cell
Titer-Glo® (Promega) was added to the cells, and lumi-
nescence was read using the PerkinElmer EnVision Mul-
tilabel Plate Reader. Samples were normalized to
untreated controls and dose response curves and IC50
values were determined using GraphPad Prism. Drug
synergy was determined using CompuSyn software
(ComboSyn, Inc) for Chou-Talalay analysis [17].

Western blots
Cells were plated at 2000,000 cells/well in 6 well plates
and allowed to grow for 6 or 24 h after treatment.
Treated cells were washed in PBS and lysed using RIPA
lysis buffer (Thermo Fisher) supplemented with 1x Halt
Protease & Phosphatase inhibitor cocktail (Thermo
Fisher). Gel electrophoresis was performed on 15 or 10-
well 1.5 mm NuPAGE 4–12% Bis-Tris gels (Thermo
Fisher). Samples were then transferred to Invitrolon
PVDF transfer membranes (Invitrogen) and blocked
overnight at 4 °C or 1 h at room temperature in blocking
buffer consisting of 1x TBS (Quality Biological) with
0.1% Tween® 20 (Thermo Fisher) and 5% dehydrated
milk. Primary antibodies were used at concentrations of
1:1000 except the GAPDH control, which was 1:5000.
The secondary antibody concentration used was at a 1:
20,000 dilution. Blots were imaged after treatment with
SuperSignal West Pico Chemiluminescent substrate
(Thermo Fisher) using the ChemiDoc™ Imaging System
(Bio-Rad). Bands were quantified using the Image Lab™
software (Bio-Rad). Figure 1b samples were prepared as
described above and imaged using near infrared western
blot detection. Blots were prepared as described above
and probed with near infrared secondary antibodies
IRDye® 800CW GAR and IRDye® 680RD GAM (LI-
COR). Blots were imaged using LI-COR Odyssey FC and
quantified using Empiria Studio™ Software (LI-COR).

qRT-PCR
Cells were plated at a concentration of 2000,000 cells/well in
6 well plates and treated for 6 h. Total RNA was isolated
from treated cells using the Qiagen RNeasy® Plus Mini Kit as
per manufacturer instructions. RNA samples (1!g) were re-
verse transcribed using the iScript Select cDNA synthesis kit

(Bio-Rad). qRT-PCR reactions were prepared in triplicate
using iQ SYBR GreenSupermix (Bio-Rad) and were per-
formed using a CFX96 Real-Time qPCR Detection System
(Bio-Rad). Analysis of fold change gene expression was per-
formed on Excel (Microsoft) spreadsheets using the Com-
parative CT method [15, 18].

Drug library screening
KG-1a cells were plated into three 384-well plates at a
concentration of 2000 cells per well using MultiFlo FX
dispenser (BioTek). At 24 h, cells were treated with 53
compounds using five doses ranging from 1 nM to
10 !M in 10-fold increments. Compounds were added to
plates from a drug screening master plate dispensed with
the Acoustic Transfer System (ATS) (Biosero). Immedi-
ately following drug screen compound addition, DMSO
control or GQC-05 was added to give an assay concen-
tration of 0 nM (DMSO), 100 nM or 300 nM using the
ATS. After 72 h of treatment, Cell Titer-Glo® (Promega)
was added to the cells and luminescence was read using
the EnVision Multilabel Plate Reader (PerkinElmer).
Samples were normalized to DMSO controls. Dose re-
sponse curves and Area Under the Curve (AUC) values
were determined using GraphPad Prism. Combination
effects were analyzed using AUC of dose response
curves and compared to DMSO controls.

Combination drug treatment
Cells were plated in 384-well plates at a concentration of
2000 cells per well using a 12-channel automated pipette
(Rainin). At 24 h, drug is added in quadruplicated wells.
AML cells were treated with a matrix of concentrations
of GQC-05 ranging from 20 to 600 nM and Navitoclax
ranging from 2 nM – 2 !M for 72 h. After 72 h of treat-
ment, cell viability was assessed using Cell Titer-Glo®
(Promega) and luminescence was read using the EnVi-
sion Multilabel Plate Reader (PerkinElmer). Samples
were normalized to no treatment controls. Dose re-
sponse curves and IC50 values were determined using
GraphPad Prism.

Luminescence-based caspase 3/7 activity analysis
Cells were plated in 6-well plates as described above. Al-
iquots (4 ! 25 !l) were taken for apoptosis assays and
transferred in quadruplicate to 384 well plates. Caspase-
Glo® 3/7 (Promega) was used for the apoptosis assay to
determine the activity of caspases 3 and 7, two enzymes
used by cells during apoptosis. Caspase-Glo® 3/7 con-
tains a substrate that, when cleaved by caspase 3 or 7,
produces ATP. A thermostable luciferase ATPase also
present in the solution emits luminescence proportional
to the amount of ATP in the sample. Luminescence was
measured using the EnVision Multilabel Plate Reader
(PerkinElmer).
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Flow cytometry
Cells were plated and treated in 6 well plates as described
above. After 24 h of treatment, 500,000 cell aliquots of each
sample were taken, including 4 aliquots of the 10 !M Etopo-
side positive control and 1 aliquot of each other treatment.
Cells were washed twice with cell staining buffer (1% FBS in
PBS), and then resuspended in 95 !L 1X Annexin V binding
buffer (ThermoFisher) containing Vybrant® Cell Cycle Ruby
dye (ThermoFisher) and Brilliant Violet-421™-Annexin V
(BioLegend) as per manufacture’s instruction. For combin-
ation studies, cells were stained with 1X Annexin V binding
buffer (Invitrogen) with 5 !M Sytox® Red dead cell stain (Life
Technologies) and Annexin V Alexa Flour™488 conjugate (1:
20 dilution) (ThermoFisher). Instrument controls included
Sytox® only, Annexin V only, or unstained sample. Samples
were then incubated in the dark at room temperature for 15
min and diluted 1:10 in PBS prior to analysis. Flow cytomet-
ric analysis was performed at the University of Arizona
Translational Flow Cytometry Laboratory on a FACSCanto
flow cytometry system (BD Biosciences) or Guava® easyCyte™
flow cytometer (Millipore). Acquired data was analyzed using
FlowJo analysis software.

RealTime-Glo™ Annexin V apoptosis necrosis assay
(Promega)
Cells were added to a 384 well plate at a concentration
of 2500 cells per well, as per manufacturer recommenda-
tion and incubated for 18 h at 37 °C with 5% CO2. Two
hours prior to drug addition, 2X RTG detection reagent
was added to all wells. At 24 h, drug was added in quad-
ruplicate wells. Cells were treated with DMSO, GQC-05,
Navitoclax, or GQC-05 in combination with Navitoclax.
Fluorescence and luminescence were read using the En-
Vision Multilabel Plate Reader (PerkinElmer) at 1-h in-
crements up to 6 h and another read at 24 h. Samples
were normalized to untreated controls. Dose response
curves were generated using GraphPad Prism.

Results
GQC-05 induces apoptosis in AML cells
AML cell lines KG-1a, CMK, and TF-1 were treated
with GQC-05 for 24 h and analyzed for induction of cas-
pase 3/7 as an indication of apoptosis. Caspase 3/7 activ-
ity was induced in KG-1a cells treated with 600 nM and
1 !M GQC-05 and in CMK and TF-1 cells treated with

Fig. 1 GQC-05 induces apoptosis and DNA damage in KG1a cells but not CMK or TF-1 cells. The AML cell lines KG-1a, CMK and TF-1 were treated
with vehicle (DMSO), 100 nM, 300 nM, 600 nM, or 1000 nM GQC-05 for 24 h. a Treated cells were assayed for Caspase 3/7 activity, normalized to
DMSO treated cells and shown as mean fold change +/! S.D. * P < 0.002,** P < 0.0002 for quadruplicate samples of three biological replicates. b
Apoptosis analysis using flow cytometry for Annexin V binding and nuclear (Vybrant Ruby) staining on AML cells treated with vehicle (DMSO) or
1000 nM GQC-05
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1 !M GQC-05 (Fig. 2a). Increased annexin V staining in
was also induced by treatment with GQC-05 with the
greatest increase in KG-1a cells (Fig. 2b), suggesting that
KG-1a cells are more sensitive to the effects of GQC-05.

GQC-05 exposure decreased MYC mRNA in AML cells
We evaluated the activity of GQC-05 on cell viability of
a panel of AML cells and determined the relative EC50
values, noting the variability in sensitivity to GQC-05 as
well as the sensitivity to cytarabine, as a positive control
(Table 1). Cellular response to GQC-05 varied among
lines with EC50 values ranging from 4 nM to 400 nM.
We selected lines KG-1a, CMK and TF-1 for further
studies due to their high expression of MYC and varied
response to GQC-05. We found that GQC-05 treatment
decreased expression of MYC mRNA in the AML cell
lines, as well as decrease in MYC protein at 6 h. (Fig. 1).

Identification of Navitoclax as a potential cytotoxic agent
in combination with GQC-05
We next performed a small molecule combination screen
using a panel of 54 cancer drugs and inhibitors to identify
potential combination partners that potentiate GQC-05 ac-
tivity in KG-1a cells. (Additional file 1: Table S1). Cell viabil-
ity was assessed and activity of the small molecules was
determined by calculating the Area Under the Curve (AUC)
for each small molecule in combination with either a high or

low dose of GQC-05 and compared to vehicle treated
(Fig. 3a–b, Additional file 1: Table S1). In combination with
300 nM GQC-05, the AUC of the Bcl-2/Bcl-XL inhibitor
Navitoclax was significantly lower compared to vehicle
treated (Fig. 3c) indicating potentiation of GQC-05 activity.

GQC-05 acts synergistically with Navitoclax in AML cells
In order to evaluate the combination of GQC-05 with
Navitoclax, drug synergy studies were performed on the
AML cell lines KG-1a, CMK and TF-1. Dose response
curves of Navitoclax indicated a shift in the EC50 when
co-treated with GQC-05 compared to vehicle for all three
AML cell lines (Fig. 4a). Synergy was assessed using
Chou-Talalay analysis [17] and was seen across several
combinatorial doses of GQC-05 and Navitoclax (Fig. 4b).

The combination of GQC-05 and Navitoclax can rapidly
induce apoptosis and potentiates cytotoxicity in AML cell
lines
Given that the combination of GQC-05 and Navitoclax
was synergistic, we analyzed the activity of the drug
combination on apoptosis. Co-treatment of AML cells
with GQC-05 and 100 nM Navitoclax for 6 h showed a
decrease in viability at higher GQC-05 doses (Fig. 5a)
and marked increase in caspase 3/7 activity (Fig. 5b) and
Annexin V staining (Fig. 5c) when compared to treat-
ment with GQC-05 alone. Kinetic studies of Annexin V

Fig. 2 The G-quadruplex stabilizer GQC-05 induces rapid downregulation of MYC in AML cells. The AML cell lines KG-1a, CMK and TF-1 were
treated with vehicle (DMSO), 100 nM, 300 nM 600 nM or 1 !M GQC-05 for 6 h. a qRT-PCR analysis for MYC expression in vehicle (DMSO) or GQC-
05 treated AML cells. Data normalized to YWHAZ as +/! mean and is representative of three biological replicates. * P < 0.01, ** P < 0.002, *** P <
0.0002 for triplicate samples. b Western immunoblotting analysis of MYC expression in whole cell lysates from DMSO or GQC-05 treated AML
cells. Band intensity ratios were calculated foe MYC relative to the loading control GAPDH
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binding indicated that apoptosis occurs more rapidly
and at lower doses in KG-1a cells than CMK or TF-1
cells (Fig. 5d) consistent with the observation that KG-
1a cells are more sensitive to GQC-05. Similarly, the
combination of GQC-05 and Navitoclax for 6 h induced
an increase in PARP cleavage and an increase in "H2AX
in KG-1a, CMK and TF-1 cells indicating potentiation of
DNA damage in the AML cell lines (Fig. 5e).

Comparison of the combination of Navitoclax with GQC-
05 to other cytotoxic chemotherapeutic agents and
inhibitors
In order to evaluate the uniqueness in response of KG-1a
cells to the combination of GQC-05 and Navitoclax, we
compared the activity of the combination of Navitoclax in
combination with the cytotoxic agents doxorubicin and
cytarabine, as well as the BET inhibitor (+)-JQ1, a bromo-
domain inhibitor which is also known to downregulate
MYC and MYC-dependent target genes (34). Cells were
co-treated with twice the IC90 doses doxorubicin, cytara-
bine, (+)-JQ1, or GQC-05 combined with vehicle or 100
nM Navitoclax for 6 h. A decrease in viability was ob-
served with the GQC-05 combination (Fig. 6a) as well as a
more pronounced increase in caspase 3/7 activity (Fig. 6b)
when compared to the combination of either doxorubicin,
cytarabine or (+)-JQ1 and Navitoclax.

Discussion
Selective cytotoxicity of GQC-05 on a subset of AML cell
lines
One strategy to reduce expression of oncogenes is to ex-
ploit an available small molecule that binds to and stabi-
lizes the G4 structure on the promoter leading to the
downregulation of protein expression [19]. The potential
for gene specificity using this approach stems from the
variable structure of G-quadruplexes. Each structure is an-
chored by stacked guanine tetrads, but composition and
length of the loops, number of tetrads, and orientation of

Table 1 EC50 Values of AML Cells Treated with GQC-05 or
Cytarabine
Cell Line GQC-05 (nM) Cytarabine (nM)

Molm-13 4 ± 0.9 4 ± 0.9

M-07e 70 ± 29 24 ± 4.4

U937 213 ± 109 27 ± 2.9

HEL 203 ± 90 34 ± 4.3

Kasumi-1 44 ± 14 60 ± 57

NB4 113 ± 17 65 ± 34.8

CMK 157 ± 26 75 ± 5

TF-1 128 ± 40 103 ± 26

KG-1a 89 ± 30 157 ± 31

CMS 220 ± 48 247 ± 162

AML-193 321 ± 52 414 ± 30

CMY 104 ± 14 1588 ± 353

THP-1 194 ± 76 4224 ± 564

UT-7epo 76 ± 32 6821 ± 3880

Fig. 3 Combination drug screen identifies Navitoclax as a potential sensitizer to GQC-05. The AML cell line KG-1a was treated with a library of 53
cancer drugs or inhibitors at doses ranging from 1 nM – 10 !M and either vehicle (DMSO), 100 nM GQC-05 or 300 nM GQC-05. Cells were assayed
for cell number after 72 h of treatment and normalized to untreated cells. Dose response curves were determined for each drug library
compound and Area Under the Curve (AUC) was calculated from two biological replicate screens and plotted for (a) DMSO vs 100 nM GQC-05 or
(b) DMSO vs 300 nM GQC-05. c AUC values for cells treated with the combination of Navitoclax and either DMSO, 100 nM GQC-05 or
300 nM GQC-05
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the strands can vary [20]. Small molecule inhibitors can be
designed to preferentially bind specific structures. Given
that G-quadruplexes form as a result of superhelical stress
on DNA brought on by transcriptional unwinding [21]
and oncogenes are transcribed at a higher rate in cancer
cells, we hypothesized that there would be a higher pres-
ence of the G-quadruplex targets in cancer cells than in
normal cells. This could reduce the effect of G-
quadruplex targeted therapies on normal cells and poten-
tially reduce toxicity in a clinical setting.
AML is the product of genetic alterations that cause dys-

regulation in the maturation of white blood cells, cell prolif-
eration, cell survival, and apoptosis. Some of the most
common mutations that result in AML are products of the
following gene fusions: FLT3-ITD [22], AML1-ETO, PML/
RARa, and PLZF/RARa [23]. Each underlying mutation of
AML causes differential expression of many proto-

oncogenes that could be used as potential targets (citation).
Many AML mutations are correlated with increased ex-
pression of the proto-oncogene MYC making it an attract-
ive therapeutic target in AML [12, 13, 24]. Furthermore,
depletion of MYC has been shown to decrease AML cell
proliferation and prolong survival of mice transplanted with
AML [24]. Elevated MYC expression in AML patients is
correlated with poorer prognosis.
The small molecule GQC-05 has previously been

described as having G4 binding properties with a
preference for the (NHE)III G-quadruplex on the
MYC promoter sequence and demonstrated decreased
MYC gene expression in non-Hodgkin’s lymphoma
cells [11]. Given that GQC-05 induced MYC de-
creased expression and apoptosis in lymphoma cells,
we investigated whether it would have similar anti-
proliferative activity on AML cells.

Fig. 4 The G-quadruplex stabilizer GQC-05 is synergistic with Navitoclax in AML cell lines. The AML cell lines were treated with GQC-05 ranging
from 20 to 280 nM for KG-1a and 100–600 nM for CMK and TF-1, in combination with Navitoclax ranging from 2 nM – 2 !M. Cells were assayed
for cell number after 72 h of treatment and normalized to untreated cells. a Dose response curves for Navitoclax for each cell line in combination
with no GQC-05, or approximate EC50 or EC25 doses. Doses in the shaded area were analyzed for synergy using Chou-Talalay analysis. b Chou-
Talalay plots for each cell line treated with the combination of GQC-05 and Navitoclax where the Log10 of combination index (CI) is plotted
against the fraction inhibited (Fa). Log10 CI < ! 0.10 is synergistic; Log10 (CI) " ! 0.10 and < 0.08 is additive, and Log10 CI" 0.08 is antagonistic
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Fig. 5 (See legend on next page.)
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Treatment of 14 AML cell lines with GQC-05 showed a
wide range of cytotoxic activity (Table 1) and MYC ex-
pression. Three cell lines KG-1a, CMK and TF-1 were se-
lected for further analysis based on their varied sensitivity
to GQC-05 and expression of MYC. The promyelobalstic
cell line KG-1a and the erythroblast cell line TF-1 were
both derived from adult AML patients [25, 26]. The CMK
cell line was derived from a megakaryoblastic pediatric
leukemia patient with Down syndrome [15]. The KG-1a
cell line was the most sensitive of these three lines to the
cytotoxic effects of GQC-05 (Table 1). Treatment with
GQC-05 showed more substantial knockdown of MYC
mRNA and MYC protein in the KG-1a cell lines after 6-h
treatment compared to CMK and TF-1 cells (Fig. 2).

GQC-05 also induced apoptosis after 24 h of exposure in
KG-1a cells, which was not as notable in CMK and TF-1
cells (Fig. 1a). Moreover, GQC-05 induced H2AX phos-
phorylation in KG-1a cells indicating that DNA damage
could also be induced by GQC-05 treatment. These data
suggest that reduction of MYC expression and the cyto-
toxic effects of GQC-05 can vary across AML cell lines
and that MYC expression may not necessarily correlate to
GQC-05 activity as there are likely promoters with which
GQC-05 interacts in addition to MYC. Furthermore, ac-
tivity of GQC-05 involves both apoptosis and DNA dam-
age in this cellular context.
Recently, a G-quadruplex stabilizer APTO-253 was de-

scribed that down regulated MYC expression and also

(See figure on previous page.)
Fig. 5 The combination of GQC-05 and Navitoclax induces rapid apoptosis, DNA damage, and potentiates cytotoxicity in AML cell lines. The AML
cell lines KG-1a, CMK and TF-1 were treated with vehicle (DMSO) 100, 300, 600 and 1000 nM GQC-05 ranging in combination with either vehicle
(DMSO) or 100 nM Navitoclax for 6 h. a-b Treated cells were assayed for (a) cell number and (b) Caspase 3/7 activity after 6 h of each treatment,
normalized to vehicle treated cells and plotted as plotted as mean +/! SD. * P < 0.005, ** P < 0.0001 for quadruplicate samples of three biological
replicates. c Kinetic analysis of Annexin V binding upon treatment of AML cells with GQC-05 and either vehicle (DMSO) or 100 nM Navitoclax.
Graphs are representative of two biological replicates using triplicate wells, normalized to Time 0 and plotted as mean +/! SD. d Dual color flow
cytometric analysis using Alexafluor 488-Annexin V and SytoxRed staining of treated cells. e Western immunoblotting of whole cell lysates from
KG-1a, CMK, and TF-1 cells analyzed for expression of cleaved PARP and "H2AX. GADPH is shown as a loading control. Band intensities for
cleaved PARP and "H2AX were calculated and normalized to GAPDH and vehicle controls

Fig. 6 Navitoclax potentiates apoptosis and cytotoxicity greater in combination with GQC-05 than with doxorubicin, cytarabine, or (+)-JQ1. The
AML cell lines KG-1a was treated with vehicle (DMSO), 3 !M (+)-JQ1, 3 !M Cytarabine (Cyt), 2 !M Doxorubicin (Dox) or 600 nM GQC-05 in
combination with either vehicle (DMSO) or 100 nM Navitoclax for 6 h. a-b Treated cells were assayed for (a) cell number and (b) Caspase 3/7
activity after 6 h and normalized to vehicle treated cells. Quadruplicate wells were measured for each experiment and the graph of three
biological replicate was plotted as mean +/! SD. * P < 0.0001
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induced DNA damage in AML cells [27], similar to what
was observed by GQC-05. APTO-253, which is presently
in clinical studies, was also described as inducing p21
and promoting cell cycle arrest. Although there are simi-
larities in the activity of these two G-quadruplex binding
small molecules, structurally APTO-253 is a 2-indolyl
imidazole (4,5-d) phenanthroline derivative, which dif-
fers from the ellipticine GQC-05.
We sought to identify small molecules that could po-

tentiate the activity of GQC-05, and performed combin-
ation drug screening using a cohort of inhibitors and
identified the Bcl-2/Bcl-XL inhibitor Navitoclax as a po-
tentiator of GQC-05 (Fig. 3). Further analysis showed
that combinations of Navitoclax and GQC-05 were syn-
ergistic (Fig. 4) and rapidly induced apoptosis and DNA
damage (Fig. 5). We next aimed to determine if other
agents that caused either DNA damage or decreased
MYC expression could induce the rapid apoptosis and
decreased cell viability when combined with Navitoclax
similar to that with GQC-05. Both doxorubicin [28] and
cytarabine [29] have been previously shown to induce
damage DNA [28, 29], while the BET inhibitor (+)-JQ1
can down-regulate MYC expression [30]. Interestingly,
the rapid apoptosis was predominantly seen with the
GQC-05/Navitoclax combination and mildly with the
cytarabine/Navitoclax combination compared to Navito-
clax combinations with either doxorubicin or the BET
inhibitor (+)-JQ1. The rapid decrease in cell viability was
seen with only the GQC-05/Navitoclax combination,
thus indicating that GQC-05 may possess additional
mechanisms of cytotoxic activity. GQC-05 has previously
shown to have binding activity to other G-quadruplex
sites such as Bcl-2, HIF-1#, hTERT, PDGF-A, PDGF-R$,
and potentially others [11]. The lack of cytotoxicity and
apoptosis in the (+)-JQ1/Navitoclax combination further
demonstrates that the synergistic effects of GQC-05/
Navitoclax combination may not be MYC mediated.
Navitoclax is a potent inhibitor of both Bcl-2 and Bcl-

XL activity [31] and has previously been shown to be an
effective partner for cytotoxic agents including cytara-
bine in T-ALL cells [32] and solid tumor cell lines [33].
Our data suggests that the activity of GQC-05 in com-
bination with Bcl-2/Bcl-XL inhibition promotes a more
pronounced and rapid cytotoxic event in AML cells.
This result is supported by a recent study using a com-
bination of GQC-05 and a C-quadruplex (i-motif) bind-
ing small molecule that down-regulated Bcl-2 showed
increased activity over GQC-05 alone in diffuse large B-
cell lymphoma [34]. Another recent study showed that
GQC-05 can bind to the G-quadruplex structures on the
pre-mRNA of Bcl-X thus affecting RNA splicing result-
ing in antagonism of the anti-apoptotic Bcl-XL and acti-
vation of the pro-apoptotic form Bcl-XS [35]. This
finding would suggest that GQC-05 could reduce the

expression Bcl-XL thereby lowering the threshold for
Bcl-XL inhibition by Navitoclax, and lead to the observed
increase activity of the combined agents.
GQC-05 illustrated a marked increase in DNA damage

and apoptosis in AML cell lines. Though, direct
stabilization of the MYC NHEIII G-quadruplex by
GQC-05 would lead to decreased MYC expression it’s
also likely that GQC-05 may bind other G-quadruplex
structures or DNA motifs, potentially leading to add-
itional DNA damage.

Conclusions
In summary, our results suggest that the G-quadruplex
stabilizing compound GQC-05 has varied activity in the
panel of AML cells tested. GQC-05 induced DNA damage
and apoptosis, both of which are enhanced by with the
addition of the Bcl-2/Bcl-XL inhibitor Navitoclax. The
combination effect with GQC-05 and Navitoclax is more
rapid and pronounced than the combination effects of
GQC-05 and other chemotherapeutic agents that are cur-
rently being used to treat AML patients. GQC-05 down
regulates MYC at the mRNA and protein level, though
the pronounced combinatory effects are most likely medi-
ated through other binding sites. These additional proper-
ties would need to be further characterized to better
understand the mechanism of GQC-05 and possibly simi-
lar compounds that can stabilize G-quadruplexes.
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