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Abstract

We designed ROS-activated cytotoxic agents (RACs) that are active against AML cancer cells. In 

this study, the mechanism of action and synergistic effects against cells coexpressing the AML 

oncogenes MLL-AF9 fusion and FLT3-ITD were investigated. One RAC (RAC1) had an IC50 

value of 1.8 ± 0.3 µM, with ninefold greater selectivity for transformed cells compared to 

untransformed cells. Treatment induced DNA strand breaks, apoptosis, and cell cycle arrest. 

Proteomics and transcriptomics revealed enhanced expression of the pentose phosphate pathway, 

DNA repair, and pathways common to cell stress. Western blotting confirmed repair by 

homologous recombination. Importantly, RAC1 treatment was synergistic in combination with 

multiple pathway-targeting therapies in AML cells but less so in untransformed cells. Together, 

these results demonstrate that RAC1 can selectively target poor prognosis AML and that it does so 

by creating DNA double-strand breaks that require homologous recombination.
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Introduction

Agents that alter or modify DNA play a central role as anticancer agents.[1] The 

development of these agents has taken a back seat to the development of kinase inhibitors 
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and antibody therapies due to their exquisite selectivity. For example, the success of 

targeting chronic myelogenous leukemia harboring the unique fusion protein made by a 

t(9;22)(q34;q11) translocation with imatinib (Gleevec) is well known.[2] Interestingly, 

despite decades of effort, agents that modify, bind, or limit DNA metabolism still hold a 

coveted position in the treatment of cancers. In acute myeloid leukemia (AML), the standard 

of care remains daunorubicin, a DNA intercalator, and cytosine arabinoside, a DNA 

metabolism inhibitor. The reason for the success of DNA alteration is simple. In principle, 

the formation of a single or few alterations or inhibitory events within the three billion base 

pair genome can be sufficient to cause cancer cell apoptosis due to lack of repair, which 

represents a reaction yield of 10−8.[3, 4] Recently, the development of DNA-altering agents 

has been extended to conjugation with cell-targeting antibodies, as in the case of the CD33-

targeted antibody in gemtuzumab ozogamicin.[5] We used an alternative and complementary 

approach based on selective activation by reactive oxygen species (ROS) to design next-

generation smart DNA modifiers, termed ROS-activated cytotoxic agents (RACs).[6, 7] In 

this manuscript, we investigate the role and mechanism of DNA repair in treated cells to 

better understand the DNA modifying action of these novel RAC agents (Figure 1).

Selective activation of a DNA-modifying agent is a means to access the benefits of DNA 

damage while enhancing agent selectivity. This is a common, yet underappreciated, strategy 

in many natural products. Classically, the natural product mitomycin C is selectively 

activated by reduction into a potent DNA crosslinking agent within cancer cells.[8] More 

recently, the diazo-containing class of natural products, including lomaiviticins and 

kinamycins, were found to damage DNA in a free-radical- mediated activation process.[9] 

Our designs take advantage of elevated ROS in select cancers. Not every cancer has elevated 

ROS, but for those that do, ROS activation represents a powerful means to activate a DNA 

modifying agent. Current data shows that AML is a cancer with elevated ROS.[10, 11] For 

example, AML cells have high levels of NADPH oxidases that generate superoxide ROS to 

enhance growth.[12, 13] Excessive ROS production is associated with transformation by 

FLT3 upon internal tandem duplication of the receptor.[14, 15] Furthermore, the activity of 

several AML-associated tyrosine kinases and transcription factors, including Stat5, PI3-

kinase, and Src, is altered by ROS.[16–18]

The compound under investigation, RAC1, has interesting chemical reactivity that led us to 

further investigate its mechanism of action (Figure 1, bottom). First, oxidation leads to a 

potent electrophile that a DNA arylamine (guanine, cytosine, adenine) can attack by 1,2-

addition, followed by Michael addition and elimination to yield an unusual hydroxy-

benzethenoguanine adduct. Based on this chemical mechanism, it is unlikely to be a DNA 

crosslinker, but nevertheless elicits a 50% loss in cell viability at 700 nM in AML cells. DNA 

repair is a complex process mediated by multiple different mechanisms. For DNA 

modifying agents, induction of double-strand breaks is a sought-after mechanism, as 

formation of such lesions are highly cytotoxic. In this manuscript, we examine the 

mechanism of cellular cytotoxicity of RACs against AML cells and explore the likely 

mechanism of DNA repair.
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Results and Discussion

A RAC agent shows selective toxicity against a common type of AML

To test the efficacy of the RAC agent, we used primary human CD34+ blood stem cells that 

were transformed with the MLLAF9 fusion protein and internal tandem duplication of FLT3 

(MLL-AF9 ITD). This transformation represents a good model for poor prognosis AML.[19] 

RAC1 showed highly selective cytotoxicity against this transformed cell line with an IC50 

value of 1.8 ± 0.3 µM, whereas normal CD34+ blood cells showed an IC50 of 16.1 ± 0.5 µM 

(Figure 2A). We next investigated key markers of oxidative stress between the AML cells 

and untransformed cells. We first investigated the levels of the key antioxidant protein 

catalase in these two cell lines. The protein concentration of catalase was chosen for 

interrogation as data mining in HemaExplorer, a new curated database of mRNA expression 

in AML and normal cells,[20] showed a strong reduction in catalase mRNA expression in 

AML cells from patients (p < 0.0001; Figure 2B), with a median reduction of 29 %. Cells 

were grown to modest density, protein was extracted, and relative expression of catalase to 

β-actin was quantified (Figure 2C). It was found that untransformed cells had an expression 

of 1.0 ± 0.07, whereas the AML cells had a statistically significant decrease to 0.68 ± 0.09 

(p < 0.04). A key question was to determine if poor prognosis AML displayed excessive 

ROS. Basal ROS level measurement by DCF assay revealed a 2.1-fold higher (p < 0.0001) 

levels of ROS in AML cells compared to untransformed cells (Figure 2D). Next, we 

investigated if ROS led to mutagenic DNA lesions by quantifying 8-oxo-7,8-dihydro-2’-

deoxyguanosine by ELISA (Figure 2E). In agreement with our hypothesis, the data showed 

that untransformed cells had a relative 8-oxo-7,8-dihydro-2’-deoxyguanosine concentration 

of 1.0 ± 0.03, whereas the AML cells had a concentration of 1.71 ± 0.04 (p < 0.006). Not 

only did transformation lower the level of antioxidants, but it also enhanced DNA oxidation. 

Thus, poor prognosis AML is a viable target for RAC1 due to its elevated ROS status.

Treatment causes DNA strand breaks and apoptosis

Apoptosis is the expected outcome for a reactive cytotoxic agent like RAC1. To determine 

whether cell death by RAC1 was due to the induction of apoptosis, annexin V/PI staining 

was assessed. Unstressed cells, treated with vehicle for 48 h, showed 13.9 ± 0.9 percent of 

the cells in apoptosis. As a positive control, AML cells were irradiated in the UVB region 

(280–315 nm). Irradiation increased the percent apoptosis to 43.2 ± 0.5 (p < 0.001). 

Treatment with RAC1 led to an 1.2-fold increase in the percent of apoptosis (17.0 ± 0.3 %; 

p < 0.03) at 24 h and 2.2-fold (30.8 ± 1.5%; p < 0.001) at 48 h (Figure 3A).

Importantly, we showed direct evidence of cellular DNA damage. DNA damage and repair 

strand breaks induced by RAC1 were assessed by single cell gel electrophoresis (comet 

assay). AML cells were treated with RAC1 (2 µM) for 4 h and, as a positive control, cells 

were irradiated in the UVB region (280–315 nm; Figure 3B). Untreated cells had 10.0 ± 

0.5% DNA in the tail. Irradiation resulted in an increase to 27.5 ± 1.9% DNA in the tail (p < 

0.0001). Treatment with RAC1 led to an increase to 19.5 ± 0.6% DNA in the tail, indicating 

a twofold increase over untreated cells (p < 0.0001). Together, we conclude that upon failure 

to repair the DNA damage induced by RAC1, cells undergo death by apoptosis.

Thowfeik et al. Page 3

Chembiochem. Author manuscript; available in PMC 2016 February 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To investigate cell cycle perturbations by RAC1, flow cytometry analysis with a BrdU cell 

cycle assay was performed. The data are shown in Figure 3C. Unstressed cells, treated with 

vehicle for 24 h, showed 38.7 ± 0.3, 54.7 ± 1.6, and 6.5 ± 0.2% cells in the G0/G1, S, and 

G2M phases, respectively. Addition of RAC1, followed by 12h of incubation, led to 27.2 ± 

3.1, 70.0 ± 4.6, and 2.8 ± 0.9% of cells in the G0/G1, S, and G2M phases, respectively, with 

the change in S phase increasing more than 15% (p < 0.001) and a large loss in the AML 

cells in the G2M phase. Similar analysis after 24 h showed 27.0 ± 2.2, 71.0 ± 3.3, and 1.9 ± 

1.2% of cells in the G0/G1, S, and G2M phases, respectively, over 24 h. This further 

confirmed that cells were arrested in the S phase (p < 0.001) and could not reach the G2M 

phase. Thus, AML cells tried to synthesize damaged DNA (Figure 2C) but failed, leading to 

strand breaks and apoptosis (Figure 3A and B). These data left important questions 

regarding the DNA repair mechanism.

High-throughput methods to elucidate cellular responses

In order to assess the mechanism of action of RAC1 in an unbiased manner, a quantitative 

proteomics approach was used. As the data in Figure 3 showed elevated damage to genomic 

DNA as a consequence of RAC1, the proteomics analysis was targeted to isolated nuclei. 

This has the added advantage of enriching DNA damage response proteins that are generally 

low in concentration and/or are activated by post-translational modification, thereby 

providing the best opportunity to detect differences in these proteins between controls and 

treatments. The Supporting Information (Figure S1, Table S1) shows that nuclear isolation 

enriched the nuclear marker, lamin A, by ninefold. We chose the 24 h time point for analysis 

as expression changes, rather than post-translational modification, occurred on this time-

scale. Interestingly, because of these criteria, we were able to elucidate key protein pathway 

changes.

Nuclear proteins extracted from AML cells after treatment with RAC1 or vehicle control 

were separated by 2D gel electrophoresis from pI 3–10 and in the 10–300 kD range. Image 

analysis revealed that 12 proteins (p < 0.05) changed in concentration in response to 

treatment, with ten proteins increasing and two decreasing. Figure S2 shows the example of 

the 2D gel image and an example of a protein spot that increased in concentration after 

RAC1 treatment (circled). Of the twelve differentially expressed proteins, eleven were 

successfully identified by MALDI-TOF/TOF and MS/MS analysis. The characteristics of all 

identified proteins, including protein name, NCBI accession number, fold change and 

ANOVA p value, are all summarized in Table 1.

Significantly regulated proteins can be categorized into two groups: proteins involved in 

DNA damage repair, and proteins involved in cancer cell survival mechanisms/ROS 

homeostasis. Among the proteins that increased upon treatment, transitional endoplasmic 

reticulum ATPase (VCP/p97) showed the highest fold change of 3.4 (p < 0.003). The protein 

VCP/p97 activates the nuclear factor-kB signaling pathway and has recently been under 

intense study.[21–25] Functionally, VCP/p97 remodels multimeric protein complexes that 

have multiple ubiquitins, like nucleosome core particles, to initiate DNA repair. VCP/p97 is 

essential for double-strand break repair in an RNF8- and ubiquitin-dependent manner, where 

it facilitates the recruitment of BRCA1 and the tumor suppressor 53BP1 to DNA lesions. 

Thowfeik et al. Page 4

Chembiochem. Author manuscript; available in PMC 2016 February 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



VCP/97 has also been associated with repair by both nonhomologous end joining and 

homologous recombination.[26, 27] This is interesting, given that RAC1 is not a crosslinking 

agent.

Next, expression of HSP90B1, HSP90, and HSP90 α2 increased upon treatment by 2.1-fold 

(p < 0.007), 1.9-fold (p < 0.002), and 1.9-fold (p < 0.002), respectively. A recent SILAC 

experiment revealed their essential role in DNA damage response.[28] Laminin-binding 

proteins appear to act as adaptors for the chromatin organization, gene expression, 

epigenetic regulation and modulation of signaling pathways; therefore, it was not surprising 

that LGALS3 expression increased threefold, due to the large amount of stress cells undergo 

upon treatment with RAC1.[29] Additionally, VIM increased by 2.2-fold (p < 0.02). This 

protein functions to fortify nuclei structure to maintain survival. Within this set of proteins, 

we noted the key connection between double-strand break repair, especially BRCA1-

mediated repair, that we will further evaluate directly, as many DNA repair proteins are 

modulated by post-transcriptional modification.

The next two proteins described are involved in stress response, and potentially ROS 

reduction, as a means for survival. IRF8 is a key tumor suppressor protein and regulates the 

expression of BAX and FAS.[30] An increase of 1.7-fold (p > 0.009) in TALDO1 

(transaldolase) expression could be beneficial for cells in two ways. Transaldolase has a 

well-known role in the pentose phosphate pathway.[31] Upregulation of this pathway seems 

to be a critical response, as the pentose phosphate pathway synthesizes ribose precursors for 

DNA synthesis, which would be of obvious benefit in combating the DNA damage function 

of RAC1. The pentose phosphate pathway is known to be activated upstream by 

phosphorylation of ATM, a critical DNA repair protein. It is possible that TALDO1 could 

also lead to increased glycolysis and NADPH production instead of ROS-generating 

oxidative phosphorylation.[32] NADPH is a coenzyme for glutathione reductase needed to 

convert oxidized glutathione (GSSG) to its reduced form (GSH). We have potentially 

identified an important cellular adaption mechanism that can act as a survival response for 

AML cancer cells by lowering the activation of RAC1 and synthesizing more precursors for 

DNA repair/synthesis.[31] From the proteomics data, we obtained two critical responses: 

increased double-strand break repair and movement towards pentose phosphate metabolism 

to make ribose.

Transcriptomics of differentially expressed mRNAs upon treatment

RNA-Seq was carried out to characterize the expression of mRNAs upon treatment with 

RAC1. Three treated and three control mRNAs were validated for integrity by using an 

Agilent Bioanalyzer 2100. Sequencing results showed that more than 1000 genes were 

differentially expressed with p < 0.01 (Figure S3). These genes were analyzed by using the 

ToppGene Suite[33] in order to identify the pathways implicated by the differentially 

expressed genes. The biological pathways associated with treatment-induced mRNA 

production changes are summarized in Table 2.

The pathways involved in upregulated mRNAs are described. Out of 1300 genes, 133 (p ≤ 

10–29) were involved in the defense response pathway. Also, there were significantly 

increased transcript levels for genes participating in immune response (126/1416, p ≤ 10–
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28), wound response (101/1255, p ≤ 10–18), regulation of immune system processes 

(96/1212, p ≤ 10–17), and innate immune response (79/883, p ≤ 10–17). For example, 

CREB3L3, CYGB, and AQP1 were only expressed upon treatment. These genes are part of 

stress responses, and CYGB is well-known to protect cells exposed to oxidative damage.[34] 

This implies the involvement of classic ROS/cell damage stress responses upon treatment, as 

immune responses and wound healing involve ROS and cell growth, respectively. 

Interestingly, pathways involving nucleosome assembly (16/143, p ≤ 10–13), chromatin 

assembly or disassembly (16/182, p ≤ 10–12), nucleosome organization (16/166, p ≤ 10–

12), and protein–DNA complex assembly (16/180, p ≤ 10–12) were enriched among 

downregulated genes, implicating cell cycle arrest as a result of agent treatment as well as 

the activation of cellular apoptosis as a result of failure of damage repair. Further 

investigation of expression changes of individual genes involved in the DNA damage repair 

pathway was carried out. Interestingly, several poly(ADP-ribose) polymerase (PARP) genes 

were upregulated. These enzymes are responsible PARP polymerization at DNA damage 

sites. The identified genes were PARP3, PARP9, PARP10, PARP12, and PARP14 and were 

upregulated by 2.1-, 2.4-, 2.0-, 3.7-, and 1.6-fold, respectively, following RAC1 treatment. 

Though the biological functions of most PARP enzymes are still unknown, a recent study 

showed that PARP3 has a functional role in DNA repair.[35] It was also reported that 

PARP12 has a functional role in stress response.[36] Additionally expression of damage-

specific DNA binding protein 2 (DDB2) was upregulated twofold. mRNA levels of a major 

non-homologous end joining (NHEJ) pathway protein, XRCC4, were downregulated 0.5-

fold, which aligned with our proteomics analysis that showed BRCA1-mediated responses, 

which are part of a homologous recombination pathway. CDKN1A (p21) expression was 

upregulated sevenfold, again implicating cell cycle arrest in response to RAC1. Further, our 

transcriptomics data showed the upregulation of LGALS3 and VIM and the downregulation 

of IFR-8, supporting our proteomics data and showing a robust connection between the two 

techniques. Transcriptomics also showed an increased expression of pentose phosphate 

pathway enzyme ATP:D-ribose 5-phosphotransferase. Together, this data correlates with the 

proteomics data and supports further investigation into DNA damage response.

Western blotting to identify double-strand break repair mechanism

Proteomic analysis revealed that VCP increased upon treatment. However, this ATPase has 

many roles and can eject any polyubiquitylated protein substrate. Thus, we wanted to ensure 

its increase could potentially be involved in DNA repair and chromatin remodeling 

functions. Western blotting after treatment of AML cells showed an elevation in VCP 

concentration of 1.37 ± 0.03-fold (p < 0.002) within the nucleus, but increased expression 

was not observed in the cytoplasm (p < 0.07; Figure 4A). Thus, increased VCP activity 

might be localized to the nucleus in response to DNA damage, necessitating DNA repair and 

chromatin remodeling.

Double-strand break repair is a complex pathway involving mainly homologous 

recombination (HR) and NHEJ.[37] Following the detection of a double-strand break, histone 

protein H2AX is phosphorylated to form γ-H2AX. This phosphorylation is one of the most 

common signals for double-strand break repair and signals to initiate the repair of double-

strand breaks. The fate of the double-strand break repair pathway will be decided by the 

Thowfeik et al. Page 6

Chembiochem. Author manuscript; available in PMC 2016 February 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



enrichment of key proteins, ku70/ku80 and phospho-BRCA1, at the damage sites. Ku80 

repair is characteristic of NHEJ, whereas BRCA1 is characteristic of HR.[38]

In this study, western blot analysis was carried out to quantify the key proteins in the 

double-strand break repair pathway in response to treatment with RAC1. The nuclear 

proteins were extracted after 24 h of treatment with RAC1 in AML cells and from mock-

treated cells. Figure 4B shows that the phosphorylated H2AX variant, γ-H2AX, increased 

1.9 ± 0.2-fold (p < 0.02) upon RAC1 treatment compared to vehicle treatment (Figure 4B). 

We have also found that treatment of untransformed cells did not show a significant increase 

(Figure S4). Next, we evaluated the phosphorylation status of ATM. This protein not only 

regulates DNA repair through phosphorylation but is also an obvious link between stress and 

shunting glycolysis to produce ribose precursors. Western blotting showed an increase of 1.3 

± 0.1-fold (p < 0.04) in phosphorylation of ATM compared to mock-treated cells (Figure 

4C). Upon treatment, phosphorylation of ATR significantly increased by 3.1 ± 1.1-fold (p < 

0.03; Figure 4D) Thus, it is clear that DNA double-strand break repair was initiated.

To differentiate HR from NHEJ, we chose to investigate the key proteins BRCA1 and ku80. 

A clear differentiation can be observed by investigating phosphorylation of BRCA1 and the 

concentration of Ku80 for HR and NHEJ, respectively. BRCA1 is a promiscuous protein 

with well-known interactions with RAD51 and other proteins within HR. Furthermore, the 

activation/ phosphorylation of BRCA1 occurs through the auto-phosphorylated ATM after 

sensing the damaged DNA.[39] The role of Ku80 in NHEJ is well-characterized.[40] The Ku 

complex can bind to the broken end of DNA with high affinity in a sequence-independent 

manner, and at the break site, it can interact with several factors and enzymes to allow end 

joining.[41] BRCA1 phosphorylation was enhanced 1.9 ± 0.2-fold (p < 0.05) upon treatment 

with RAC1 (Figure 4E). In contrast, treatment with RAC1 did not change Ku80 levels 

within the nucleus, as we observed a concentration change of 0.93 ± 0.08 and a p value of 

0.53 (Figure 4F). We conclude that HR, and not NHEJ, is the preferred DNA double-strand 

repair mechanism following treatment with RAC1.

Synergy with on-pathway compounds

Proteomics, transcriptomics, and western blotting indicated phospho-ATM-dependent HR 

DNA repair as a key response/ survival mechanism of AML cells upon treatment with 

RAC1. Importantly, phospho-ATM regulates the identified pentose phosphate pathway and 

DNA double-strand break repair.[42] The standard of care agents also target the DNA repair 

pathway, as daunorubicin will cause DNA double-strand breaks and should require 

phospho-ATM, whereas cytarabine (AraC) is a multi-modal agent but is thought to 

principally act by limiting the synthesis of nucleotides needed for DNA synthesis. We 

therefore expect to see synergy with RAC1 in combination with specific inhibitors affecting 

these pathways in AML cells.

Several inhibitors were examined for synergy. KU-55933 was selected, as it is a known 

inhibitor for ATM that limits phosphorylation.[43] VE-821, a potent and selective ATP-

competitive inhibitor of ATR, was also examined.[44] In addition, we analyzed the DNA-

damaging agents doxorubicin and AraC. The first step in synergy measurements is to 

elucidate the IC50 values so that dose effects can be quantified. As such, the IC50 values for 
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KU-55933, VE-821, doxorubicin, and AraC were 40 µM, 10 µM, 500 ± 5 nM, and 1.4 ± 0.2 µM, 

respectively, in AML cells. Cells were then treated at doses to elicit ~50% viability with 

each of these agents, including RAC1 (Figure 5A). The combinational indexes (CIs) were 

calculated by using CompuSyn software.[45] As shown in Figure 5A, the combination of 

RAC1 and KU-55933 resulted in significant growth inhibition and showed a synergistic 

effect (CI < 1) with a CI value of 0.67. Doxorubicin and AraC showed dramatic synergy, 

with CI values of 0.18 and 0.01, respectively. VE-821 showed a strong synergistic effect, 

with a CI value of 0.3. Synergistic effects were also investigated in normal CD34+ cells with 

the same inhibitors. In normal cells, KU-55933 and doxorubicin showed synergy, with CI 

values of 0.7 and 0.8, respectively. AraC showed a strong synergy, with a CI value of 0.18, 

and VE-821 showed synergy as well, with a CI value of 0.4. Please note that viability in the 

combination is almost completely lost, indicating very apparent synergy. These data strongly 

show that the synergistic effects of RAC1 with KU-55933, VE-821, and the standard of care 

compounds doxorubicin and AraC are specific to transformed AML cells and not their 

CD34+ counterparts. Thus, these experiments open possibilities for combinatorial therapy 

with RAC1.

Conclusion

Targeting increased ROS in cancer by using ROS-activated agents is a promising new 

approach that is gaining attention.[46, 47] In this study, we report induction of HR as a 

predominate mechanism of DNA repair upon treatment with RAC1. Proteomics and 

transcriptomics were used to generate leads regarding the mechanism of action. 

Interestingly, proteomics of the nuclear fraction led to direct evidence not only of HR but 

also of activation of the pentose phosphate pathway, which synthesizes ribose for DNA 

synthesis after repair, consistent with the proposed mechanism. These pathways were further 

validated by synergy studies. Cells were almost completely eliminated when inhibitors, 

added at doses that individually had suboptimal effects alone, were combined with RAC1 
(Figure 5). Importantly, these effects were specific to cells transformed with MLL-AF9 and 

FLT3-ITD, as untransformed counterparts showed reduced synergy in all cases.

In this manuscript, several important liabilities for poor prognosis AML were observed that 

we will highlight. Importantly, expression of the oncogenes MLL-AF9 and FLT3-ITD in 

these cells resulted in enhanced DNA oxidation and reduced antioxidant enzyme levels, 

which likely leads to a higher mutation rate and potentially more ROS signaling. We show 

that RACs exploit this key liability for selective anti-AML activity. Collectively, these data 

highlight that RAC1 is able to reach the nucleus, activate through ROS, and cause lethal 

DNA double-strand breaks. These cells entered arrest in the S phase of the replication cycle, 

indicating that DNA synthesis was attempted but could not be completed. Comparing this 

interesting feature of RAC1 to literature examples shows that this type of genotoxic arrest 

does occur in some cases, with ATR, ATM, and BRCA1 being implicated in the biological 

mechanism.[48] This is interesting, as most of a cell’s ROS will be in the mitochondria, 

endoplasmic reticulum, and cytosol. Despite this, modification of DNA occurred as shown 

through induction of strand breaks and double-strand repair activation. Taken together with 

our last publication,[7] we infer that the formation of adducts at dG, dC, and dA, along with 

a bulky hydroxy-benzethenoguanine adduct (Figure 1), is enough of a challenge to these 
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cells that the lesion is difficult to repair and requires double-strand break repair during 

synthesis. This was validated by quantitative proteomics, which gave a strong indication of 

the mechanism, along with RNA-Seq results. In addition, the proteomics data showed that 

TALDO1 was increased in response to RAC1. This change shows how quickly these AML 

cells can shift metabolism to generate the ribose-phosphate precursors needed for DNA 

synthesis after repair (within 24 h). The synergy studies, predicated on the findings from our 

proteomic and transcriptomic analyses, demonstrated strong cooperativity of RAC1 with 

standard of care compounds for AML. This study paves the way for in vivo efficacy 

experiments, while at the same time showing that the design of other ROS-activated agents 

to limit metabolic shifts in cancer cell metabolism could be a promising approach.

Experimental Section

Cell culture and cytotoxicity

Human umbilical cord blood (UCB) and transformed AML cells were cultured in IMDM 

supplemented with 20% FBS.[49] UCB required SCF, IL-3, IL-6, Flt-3L, and TPO growth 

factors at 10 ngmL−1. Cytotoxicity analysis was carried out as previously described.[6] All R 

values were greater than 0.98, and standard errors of the three biological replicates were less 

than 20%. Unless otherwise stated, all RAC1 incubations occurred at 2 µM for 24 h.

Western blot analysis

AML cells were grown to a density of 1 × 106 cells mL−1. Samples were treated with RAC1 
for 24 h. Nuclear protein was extracted by using NE-PER (Thermo Scientific), according to 

the manufacturer’s protocol. Protein (10 µg per well) was separated by denaturing PAGE 

and transferred onto nitrocellulose membrane by using an Invitrogen iBlot instrument, 

according to the manufacturer’s instructions. All western blot data are expressed as relative 

to actin. Images were analyzed by using a LI-COR imager according to standard methods. 

All fluorescently labeled antibodies were from LI-COR. Assays for catalase were performed 

with whole cell lysates.

Diacetate fluorescence (DCF) assay

Cells in active growth phase were pelleted and dissolved in 1 × HBSS to a final 

concentration of 5 × 105 cells mL−1. Cells (100 µL) were added to each well in a 96-well 

plate and incubated at 37 °C and 5% CO2 for 30 min. HBSS (1 ×, 100 µL) was used as a 

blank. Then 2’,7’-dichlorofluorescein diacetate (DCFH-DA; 100 µL of 20µM solution) in 1 × 

HBSS was added to each well. The fluorescence increase was measured (λex= 485 nm; 

λem=535 nm) with a microplate reader after 30 min incubation at 37°C and 5% CO2. Care 

was taken to control extended light exposure, as DCF can undergo light-induced oxidation. 

Data are reported as the mean ± standard deviation of eight replicates. An unpaired t-test 

was performed to determine significance.

8-Oxo-7,8-dihydro-2’-deoxyguanosine ELISA assay

Genomic DNA from UCB and AML cells was isolated by using a genomic DNA 

purification kit (Promega), according to the manufacturer’s instructions. The concentration 

of DNA in each DNA extract was quantified by using agarose gel electrophoresis. DNA was 
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digested as described previously.[50] After digestion, enzymes were removed by 

centrifugation, and the supernatant was used for 8-oxo-7,8-dihydro-2’-deoxyguanosine 

quantification by using an Oxiselect oxidative DNA damage ELISA kit (Cell Biolabs), 

according to the manufacturer’s instructions.

Apoptosis assay

Cells were plated and treated with RAC1 (2 µM) or irradiated with 200 mJ cm−2 UVB. After 

the desired post-treatment time, cells were harvested and stained with APC-Annexin (BD 

Pharmingen) and propidium iodide (Sigma Chemical). Samples were analyzed by flow 

cytometry immediately after staining on BD LSR, and the data were analyzed by 

CELLQuest software.

Single cell electrophoresis assay (comet assay)

Single-cell electrophoresis was performed as previously described by Song and 

colleagues.[51] Briefly, cells were grown to a density of 1 × 106 cells mL−1 and were treated 

with RAC1 (2 µM) for 4 h. As a positive control, cells were treated with 105 mJ cm−2 UVB 

and incubated for 4 h. Cells were embedded in 1 % low-melting-point agarose gel and 

electrophoresed. The extension of each tail moment, defined as the product of DNA in the 

tail and the mean distance of its migration, was analyzed with a computerized image 

analysis system (TriTek CometScore Freeware). The tail moment values obtained from a 

minimum of 50 randomly selected cells from each slide were expressed as the mean value ± 

SEM, and data were analyzed by ANOVA (p ≤ 0.05).

Cell cycle assay

Cells were plated and treated with RAC1 (2 µM). After the desired post-treatment time, cells 

were harvested and fixed according to the manufacturer’s protocol. BrdU uptake was 

measured by FACS (FITC BrdU Flow kit, BD Biosciences).

Proteomics

Nuclear extracts (150 µg) from three control samples (control) and three experimental 

samples (treatment) in NE-PER buffer were sonicated with a probe to shear any residual 

DNA. Buffer exchange was then performed on the samples with four cycles of GE destreak 

rehydration buffer (100 µL, GE Healthcare Life Sciences), followed by centrifugation using 

an Amicon Ultra 3 kDa centrifugal filter (EMD Millipore). The samples were then loaded in 

the first dimension on GE 18 cm 3–10NL IPG strips (GE Healthcare Life Sciences) for a 

total of 57.5 kVh. Reduction and alkylation were performed with DTT and iodoacetamide as 

previously described.[52] The strips were run in the second dimension (12.5% SDS PAGE) 

at 5 W per gel for 30 min, then at 17 W per gel until the dye front reached the end of the gel. 

After fixing and silver staining, 16 bit tiff images were obtained. The images were analyzed 

by Nonlinear Dynamics Progenesis Same Spots software (Durham, NC). The gels were 

grouped into control versus treatment, and automatic spot outlines were manually edited. 

The software calculates fold change, ANOVA p value, q value, and power for each spot, 

based on all gels in the experiment. Spots were picked on the basis of having a fold change 

greater than 1.3, an ANOVA p < 0.05, and consistency within a group (power > 0.8).
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The spots determined to be significantly different between groups were excised from the gel 

and digested with trypsin (Promega), followed by extraction, desalting, and identification by 

MALDI TOF-TOF on an ABSCIEX 4800 operated in reflector positive mode as previously 

described. Twenty-two proteins were identified by searching the resultant peptide MS/MS 

sequencing data of the top 20 peptides against the NCBInr Homo sapiens database by using 

Mascot software (Matrix Science). Variable modifications of carbamidomethyl cysteine, 

deamidated asparagine, or glutamine, and oxidation of methionine with a maximum of two 

missed cleavages were used. The peptide mass tolerance was set to 125 ppm and the 

fragment mass tolerance to 0.8 Da. A minimum of two confident peptides was required for 

each protein identification reported.

RNA-Seq analysis

After 24 h of treatment, RNA was collected by using a total RNA isolation kit (Qiagen). 

After normalization to 50 ng µL−1, samples were submitted to the University of Cincinnati 

(UC) Transcriptomics core. At the core facility, samples were analyzed for degradation by 

using a Bioanalyzer 1200. After validating the integrity, samples were converted to cDNA 

by using a PrepX mRNA Library kit (WaferGen), an Apollo 324 NGS automatic library 

prep system, and Superscript III reverse transcriptase (Lifetech, Grand Island, NY). 

Amplified cDNA was quantified by using a Kapa Library Quantification kit 

(Kapabiosystem, Woburn, MA) following standard methods, and sequence reads were 

aligned to the genome by using the standard Illumina sequence analysis pipeline, which was 

analyzed by the UC Statistical Genomics and Systems Biology Core to yield fold change 

and ANOVA scores. Next, mRNAs with significant changes (> twofold and p < 0.01) were 

clustered into pathways by using ToppGene.[33]

Combination studies

Response curves, combinational indices, and dose reduction indices were generated for all 

treatments and time points by using CompuSyn software (Paramus, NJ), according to the 

manufacturer’s instructions; s = dosed as listed. Conditions were the same as for cytotoxicity 

assays.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Mechanism of ROS-activated cytotoxic agents (RACs). AML is thought to be addicted to 

elevated levels of ROS; thus, we designed new agents that are activated by ROS and 

selective to AML. In this manuscript we examine the cellular mechanism of one such agent. 

Bottom shows known chemical reaction that RAC1 undergoes.
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Figure 2. 
Selective activity of RAC1. A) RAC1 displayed highly selective activity against an AML 

cell line expressing both MLL-AF9 and FLT3-ITD. Viability of AML cells (black) and 

untransformed blood stem cells (gray) is shown. B) Extracted data from HemeExplorer[20] 

indicating that patient AML samples have reduced catalase antioxidant mRNA. C) 

Transformation with MLL-AF9 and FLT3-ITD leads to more oxidative stress, as measured 

by a reduction in the antioxidant enzyme catalase by western blot analysis. D) Basal ROS 

levels in AML and untransformed cells as measured by DCF assay. E) An increase in 8-
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oxo-7,8-dihydro-2’-deoxyguanosine, as measured by ELISA. Results are presented as means 

± SEM from biological triplicates.
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Figure 3. 
Treatment leads to apoptosis and DNA damage. A) Left: Representative flow cytometer 

plot. Right: Assessment of percent apoptosis upon treatment with RAC1 in AML. B) Left: 

Representative images of AML cells after treatment with RAC1 and single cell 

electrophoresis. Right: Quantification of strand breaks upon treatment with RAC1. C) Left: 

Representative cell cycle analysis plot. Right: Assessment of percent of cells in each cell 

cycle phase upon treatment with RAC1 in AML. Results are presented as means ± SEM 

from biological triplicates.
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Figure 4. 
RAC1 induced activation of DNA double-strand repair, likely through homologous 

recombination. A) Western blot of VCP in the nucleus (left) and in the cytoplasm (right) of 

AML cells treated with RAC1 (2 µM) for 24 h. B) Western blot analysis for γ-H2AX in 

AML cells. C) Phosphorylated ATM, D) phosphorylated ATR, E) phosphorylated BRCA1, 

and F) Ku80 in AML cells treated with RAC1 for 24 h. Results are presented as means ± 

SEM from biological triplicates.
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Figure 5. 
Synergy studies of on-pathway inhibitors with RAC1. A) AML cells B) Normal CD34+ 

cells. Cell viability was measured by MTT assay after 48 h of treatment and compared to 

IC50 values of single agent treatment for quantification. CI values (grey, above) were 

calculated by using CompuSyn software. Results are presented as means ± SEM from 

biological triplicates.
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Table 1

Nuclear proteins with altered expression.

Protein Accession no Fold change ANOVA P Role

VCP/p97 gil6005942 3.4 0.002 essential DSBR factor

LGALS3 gil34234 3 0.007 adhesion and growth

CPSF2 gil34101288 2.8 0.003 pre m-RNA processing

RPLP0 gil4506667 2.4 0.001 structural constituent of ribosome

VIM gil62414289 2.2 0.013 nucleus stability

HSP90B1 gil15010550 2.1 0.006 chaperone/protein folding

HSP90 gil306891 1.9 0.001 chaperone/stabilizes PolB

HSP90 α2 gil61656603 1.9 0.001 as above

TALDO1 gil5803187 1.7 0.009 PPP metabolism: ribose-phosphate

HMG-1 gil478813 −7.4 0.002 unknown

IRF8 gil4504567 −1.7 0.0001 apoptosis through Bax/Fas
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Table 2

Biological pathways (fold change > 2; p < 0.01) from ToppGene analysis.

ID Name p value Genes from
input/

annotation

Upregulated

GO:0006952 response 6.517 × 10−30 133/1515

GO:0006955 immune response 8.569 × 10−29 126/1416

GO:0009611 response to wounding 1.142 × 10−19 101/1255

GO:0002682 regulation of immune system process 3.197 × 10−18 96/1212

GO:0045087 innate immune response 4.817 × 10−18 79/883

Downregulated

GO:0006334 nucleosome assembly 2.078 × 10−14 16/143

GO:0031497 chromatin assembly 9.157 × 10−14 16/157

GO:0034728 nucleosome organization 2.201 × 10−13 16/166

GO:0065004 protein–DNA complex assembly 7.786 × 10−13 16/180
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