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Abstract

Despite initial remission, approximately 60-70% of adult and 30% of pediatric patients experience 

relapse or refractory AML. Studies so far have identified base line gene expression profiles of 

pathogenic and prognostic significance in AML, however extent of change in gene expression 

post-initiation of treatment has not been investigated. Exposure of leukemic cells to 

chemotherapeutic agents such as cytarabine, a mainstay of AML chemotherapy can trigger 

adaptive response by influencing leukemic cell transcriptome and hence development of resistance 

or refractory disease. It is however challenging to perform such a study due to lack of availability 

of specimens post-drug treatment. In this study our primary objective was to identify in vivo 

cytarabine induced changes in leukemia cell transcriptome and to evaluate their impact on clinical 

outcome. Our results highlight genes relevant to cytarabine resistance and support the concept of 

targeting cytarabine-induced genes as a means of improving response.
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Introduction

In treating AML, refractory disease remains the greatest challenge. Despite initial remission, 

approximately 60-70% of adult patients and 30% of pediatric patients will die of relapse and 

refractory AML.(1, 2) Moreover, standard chemotherapy treatment with cytarabine and 

anthracyclines cause significant adverse events including myelosuppression, high risk for 

infections, need for transfusions, mucositis, neurotoxicity, and cardiotoxicity.(3, 4) Anti-

leukemia drugs such as cytarabine act intra-cellularly by incorporation into DNA. Inefficient 

cellular uptake, reduced intracellular activation, increased degradation, or expansion of the 

dNTP pools could result in development of cellular resistance to ara-C.(5) Although 

intracellular cytarabine-triphosphate levels correlate with AML response and small increases 

in cytarabine-triphosphate result in increased AML cell-cytotoxic effect, prior attempts in 

AML patients to increase cytarabine dosing did not improve clinical outcomes.(6) Together, 

these data suggest that cytarabine resistance involves other mechanisms.

Previously, we used gene-expression array to identify diagnostic AML cell gene-expression 

signatures predictive of in vitro and in vivo response to chemotherapy.(7) This study 

demonstrated a validated method of integrating genomic-data at diagnosis with important 

pharmacologic and clinical outcomes. Based on this experience, we reasoned that examining 

gene-expression changes in AML cells after exposure to cytarabine would provide 

additional information regarding intracellular response to treatment. However efforts to 

study in vivo leukemic cell gene expression changes induced by chemotherapy has been 

relatively limited. This is primarily due to technical difficulty in obtaining samples at 

adequate time and in enough quantity to study transcriptomic changes. Our study is unique 

in this aspect as it reports in vivo cytarabine induced gene expression levels in leukemic cells 

obtained at diagnosis and 24 hr post-cytarabine infusion. Additionally, we also report gene-

expression changes corresponding to worse outcomes may explain mechanisms of refractory 

disease and may serve as potential targets for enhancing response to cytarabine

MATERIALS AND METHODS

Study population

Twenty-four de novo AML patients enrolled on AML02 trial [clinicaltrias.gov identifier 

NCT00136084] with matched specimens available at diagnosis [pre-treatment] and 24 hours 

after the start of first dose cytarabine were included in this study (6). Patients with acute 

promyelocytic leukemia or Down's syndrome were excluded. Patients were randomly 

assigned to receive induction 1 therapy consisting of high-dose [3 g/m2, days 1, 3 and 5] or 

low-dose [100 mg/m2, days 1-10] cytarabine along with daunorubicin [50mg/m2: days 2, 4 

and 6] and etoposide [days 2-6] by intravenous infusion. Subsequent therapy was adapted 

based on diagnostic risk features and induction 1 response measured as minimal residual 

disease [MRD] as assessed by flow cytometry. The details of study design and clinical 

outcome are described elsewhere (6). St. Jude Institutional Review Board approved the 

study, and informed consent was obtained from parents/guardians and consents/assents from 

the individuals themselves when appropriate.
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Specimen Collection and AML Cell Enrichment

Bone marrow was aspirated at diagnosis [pre-treatment] and 24 hours after the start of first 

dose cytarabine. Enrichment for AML cells was performed using Ficoll-Hypaque density-

gradient centrifugation, as previously described.(8) If necessary, specimens were further 

enriched to achieve > 80% blasts by immunomagnetic sorting [Miltenyi Biotech, Germany].

Gene Expression Profiling

Gene expression profiling of AML cells was performed using GeneChip® Human Genome 

U133 Plus 2.0 Array [Affymetrix, Santa Clara, CA]. Details regarding RNA isolation, 

labeling of cRNA, and scanning of Affymetrix arrays have been published previously(9).

Pharmacology Measurements

AML cells from diagnostic bone marrow specimens were treated in vitro with various 

concentrations of cytarabine [range, 0.002 – 2.5 ng/μL] followed by MTT assays to 

determine the median lethal concentration [LC50] value [previously described (7, 9).

Clinical Outcomes

Patients were classified as having low-risk AML if the AML cells harbored t[8;21], inv[16], 

or t[9;11] chromosome abnormalities. High-risk AML included those with del[7], FLT3-ITD 

mutation, t[6;9], megakaryoblastic AML, treatment-related AML, or AML arising from 

MDS. All other patients were classified as standard-risk AML. IWG AML response criteria 

were used to classify clinical responses.(10) Flow cytometry was used to measure minimal 

residual disease [MRD at day 22], as previously described.(11) MRD was defined as 1 or 

more AML cells per 1000 bone marrow mononuclear cells [i.e., ≥ 0.1%]. Overall study 

design, patient characteristics and details of endpoints are provided in Table- 1 and 

Supplementary Figure-1S shows overall study schema.

Statistical Analysis

For each subject and each probe-set, the expression-change was defined as the log-

transformed MAS5.0 normalized signal of the 24-hour sample minus that of the baseline 

sample so that a positive/negative change indicates that expression increased [decreased] 

from baseline to post-cytarabine infusion.

Arm-Stratified Wilcoxon Signed-Rank Test

An arm-stratified signed-rank test was used to identify probe-sets with significant expression 

changes for both arms, and the rank-sum test was used to identify probe-sets with expression 

changes that differed significantly between cytarabine treatment arms. The following 

statistical testing procedure was performed for each probe-set. The Wilcoxon signed-rank 

test statistic was computed from the expression changes separately for each arm. We also 

computed the expected value and variance of these statistics under the null hypothesis that 

the median expression change in the population equals zero. The final z-statistic was 

computed by subtracting the sum of the null expectations from the sum of the signed-rank 

statistics and dividing the result by the square root of the sum of the null variances. A final 

p-value was computed by comparing the final z-statistic to the standard normal distribution.
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Rank-Sum Test

For each probe-set, the rank-sum test statistic was computed to test the null hypothesis that 

the two arms had equal median expression changes. The p-value was determined by 

comparing the observed statistic to a set of statistics obtained by 10,000 random 

permutations of the assignment of the arm label to ranks of the expression change values. 

The expected value and variance of the rank-sum statistics under the null hypothesis were 

used to z-transform the rank-sum statistic.

PROMISE Analyses

PRojection-Onto-the-Most-Interesting-Statistical-Evidence [PROMISE](12) was used to 

explore the association of expression changes with LC50, MRD, and EFS. Event-free 

survival [EFS] was defined as the time elapsed from protocol enrollment to the earliest of 

disease resistance, relapse, death, development of a second malignancy, or death with times 

for subjects living and free of these treatment failures censored at last follow-up. For this 

analysis, MRD was numerically represented as 0 [no detectable disease], 1 [between 0.1% 

and 1% of cells are leukemic], or 2 [>1% of cells are leukemic]. An arm-stratified 

Spearman-rank correlation statistic was used to characterize the association of expression 

changes with LC50 and MRD. The sign of this statistic indicates the direction of association 

of the expression change with these two endpoints. The statistic of Jung, Owzar, and George 

[2005] was used to characterize the association of expression changes with the duration of 

EFS (13). A positive value of this statistic indicates that an increased expression value 

associates with longer EFS. For each probe-set, the PROMISE statistic was defined as the 

sum of the LC50 association statistic and the MRD association statistic minus the EFS 

association statistic. A positive value of the PROMISE statistic indicates a beneficial pattern 

of association in the sense that a greater expression change value associates with lower 

LC50 [greater sensitivity to cytarabine], lower MRD [less residual disease after one course], 

and a lower rate of EFS treatment failures. A negative value of the PROMISE statistic 

indicates a detrimental pattern of association in the sense that a greater expression change 

value associates with greater LC50 [greater resistance to cytarabine], greater MRD [more 

residual disease after one course], and a greater rate of EFS treatment failures. P-values were 

determined by 10,000 arm-stratified permutations of the assignment of the entire expression 

change profile to the vector of endpoint data values. For each analysis described above, the 

robust FDR method of Pounds and Cheng (14) was applied to the p-values to obtain 

estimates of the false discovery rate. These estimates are reported as q-values.

In vitro validation by si-RNA mediated knock down of selected genes

Fourteen genes identified in PR2 analysis, 5 from PR3 analysis and 5 that were significant in 

both PR2 and PR3 analysis were targeted by a rapid and high-throughput siRNA-drug 

modifier screening in THP-1 cell lines. THP-1 cells were transfected with 3 individual 

siRNAs per selected gene and was tested alongside standard transfection controls (three 

replicates experimental plates were utilized). DCK was used a positive control-Since DCK is 

rate limiting enzyme in activation of cytarabine to cytarabine monophosphate its knock 

down should increase drug resistance. Post-siRNA transfection, cells were treated with 

different concentrations of cytarabine (0μM; 0.1μM-IC10; 0.8μM-IC50; and 10μM-IC90) for 
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48 hrs followed by multi-parametric nuclear morphometry assays using automated 

microscopy to document the individual and combined phenotypic effects of siRNA gene 

silencing and cytarabine on cell growth and proliferation. The following Definiteness 

parameters were used to quantify changes in nuclear morphometry: i) Number of nuclei, 

absolute number of nuclei per image field; indication of cell proliferative activity. ii) 

Condensed nuclei index, (% condensed nuclei), the percentage of nuclei classified as having 

condensed chromatin (defined by intensity and granularity) Serves as an indication of 

apoptotic and mitotic nuclei. iii) Aberrant nuclei index, (% deformed “aberrant” nuclei), the 

percentage of nuclei classified as misshapen (defined by circularity and elliptical fit). iv) 

Large nuclei index, (% large nuclei), based on a size cut-off. V) Small nuclei index, (% 

small nuclei), based on a size cut-off. Normalization of all well means was done using 

corresponding Negative controls per cell line, time point and compound concentration. For 

controls, median and standard deviation of 3 normalized wells per plate, determination of 

CV% as an expression of intra-plate variation. Median and standard deviation of individual 

normalized wells over 3 replicate plates, determination of CV% as an expression of inter-

plate variation, which were in the acceptable range. Normalized siRNA effect on compound-

treated cells (normalized well means (IC10; IC50 or IC90)/normalized well means (buffer 

control) was determined.

Two methods were utilized to determine siRNA mediated effect: RSA ranking: The hit 

selection algorithm, RSA or “redundant siRNA activity”, uses an iterative hypergeometric 

distribution formula to calculate the statistical significance of the siRNA phenotypic readout 

and ranking for individual genes (indicated by LogP value). By considering the effect of all 

three siRNAs for a gene, and not a single high value siRNA, this algorithm is more 

sophisticated in its handling of outliers. Because it uses ranks, it does not depend on an 

underlying data distribution (e.g., Gaussian). RSA analyses using customized scripts 

(adapted from König et al.(15)) were carried out on normalized siRNA effect on compound-

treated cells for all readouts. For maximum flexibility of downstream analyses, RSA was run 

“in both directions” considering as positives either high or low values (i.e., increase or 

decrease of phenotypic effect under drug treatment vs. buffer control). Hit selection 1 (RSA 

analysis): Normalized siRNA effect on compound-treated cells was determined at all IC 

levels independently. Cut-off strategy: A simple way to arrive at a list of hits is to apply a 

cut-off threshold (2XSD of neg control) for the number of nuclei (normalized siRNA effect 

on compound-treated cells). Two out of three siRNAs per target gene should pass this 

threshold.

RESULTS

Among the patients included in this study 25% were classified as low-risk AML, 42% 

standard-risk, and 33% high-risk. MRD ≥0.1 was present in 33% of patients after the first 

cycle of cytarabine induction chemotherapy.

AML Gene Expression Changes Induced By Cytarabine

An arm-stratified signed-rank test was used to identify probe-sets with significant expression 

changes for both arms. We identified 51 genes with significant increase and 5 genes with 
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significant decrease in expression after exposure to cytarabine chemotherapy [p≤0.001, 

q=0.34; Table-2]. Table 2 gives the z-statistic, p-value, and robust FDR estimate [q-value] 

for the probe-sets with p ≤ 0.001. A positive z-statistic indicates that expression of the 

probe-set showed a significant increase during the ara-C infusion and a negative z-statistic 

indicates that expression of the probe-set showed significant decrease during the ara-C 

infusion.

Several genes hold strong potential for biological and clinical relevance. Specifically, we 

found change in expression of the DNA excision repair genes DDB2 [1.9-fold increase, 

p=0.0003,q=0.12] and ERCC1 [1.4-fold decrease, p=0.0006,q=0.34] after cytarabine. 

Components of the PI3K/Akt activation pathway, including AKTIP showed increased 

expression after cytarabine [p=0.0002,q=0.12]. STAT1 and STAT3, signal transducer and 

transcription activators involved in multiple pathways [FLT3 signaling, MAPK and Jak/Stat 

signaling pathways etc.], were increased post cytarabine treatment [p =0.0007and 0.001, 

respectively]. Among other genes of significant biological/clinical interest that were 

increased in expression by cytarabine [p<0.001] included FYN, an member of tyrosine 

kinase oncogene family, MAX-MYC associated protein is an oncoprotein, CDKN1A 

[p21CIP1], a cyclin dependent kinase inhibitor; GTPAses-GIMAP4 and GIMAP6, 

transmembrane receptors [TNFRS10B, TNFRS25, CLEC4A and CD3E] involved in 

regulating caspases, protein phosphatases [PPP2R2B and DUSP5]; transporters [ATP6V1C1 

and SLC4A1], transcription regulators [KMT2A, SIX2,TRIP4, ZKSCAN1]. Analysis by 

Ingenuity pathway analysis tool mapped these genes to Tec Kinase, JAK/Stat, ERK/MAPK, 

Prolactin and Ephrin, IL22 and CTLA4 signaling pathways [Figure 1].

Cytarabine Dose did not result in significant difference in AML Gene Expression changes

To determine whether cytarabine dose impacted changes in gene-expression, patients were 

categorized into two groups [high dose vs. low dose] according to the cytarabine dose 

received during first-induction chemotherapy. The two groups did not differ in age, sex, 

race, or molecular-translocations [Table 1]. Changes in AML cell gene-expression were not 

different between the two treatment groups, after consideration of multiple testing [q = 1.0; 

Supplementary Table-1]. This result is congruent with the AML02 clinical trial results, 

which demonstrated no significant differences in day 22 MRD levels or EFS between the 

two randomized doses of cytarabine (6).

PROMISE analysis

We then used the PROMISE statistical procedure to identify gene with expression changes 

that were associated with detrimental outcomes [higher LC50, positive MRD at day 22, and 

a longer event-free survival time period] OR beneficial outcomes [lower LC50, negative 

MRD, shorter EFS]. When analyzing for all three outcomes of interest [PR3 analysis], 65 

genes were significantly [p ≤0.001, q=0.32] associated with beneficial or detrimental 

outcome. 13/65 [20%] of the genes were associated with detrimental response and 52/65 

genes were associated with beneficial response [p<0.001, and Figure 2A]. Because LC50 

data was unavailable for some study participants [n=16], we performed PROMISE analysis 

with two clinical outcomes of interest [MRD and EFS: PR2 analysis]. In this analysis, we 

identified 32 genes as significantly associated with clinical response [p ≤0.001, q=0.72, 
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Figure 2B]. None of identified genes in this study associated with AML risk group assigned 

at diagnosis [p>0.05 for each gene]. Genes with significant association at q <0.3 are 

summarized in Table 3 and Supplementary Table 2S provides full list of genes from PR2 

and PR3 analysis. Figures 3A-D illustrates the association of the expression changes of 

selected probe-sets [identified in PR2/ PR3 analysis] with MRD and event free survival 

[EFS]. PB1, polybromo1, was the top gene in PR2 analysis with expression change 

predictive of MRD22 and EFS [PR2 p =0.000; MRD, p=0.0026, EFS p=0.0005, Figure-3A]. 

PB1 is involved in transcriptional activation and repression of genes involved in chromatin 

remodeling and acts as a negative regulator of cell proliferation. Change in TRIM33, a 

transcriptional repressor with a role in cell proliferation, was associated with a favorable 

outcome [PR3 p=0.0001, q=0.117;EFS p=0.0001;MRD p=0.0238, Figure-3B]. TRIM33 has 

been shown to mediate erythroid differentiation of hematopoietic stem/progenitor in 

response to TGFbeta(16). Similarly MLNR expression change was also predictive of clinical 

outcome, [PR2 p =0.0001, MRD p=<0.0001 and EFS p=0.02, Figure 3C]. Increased 

expression of APOBEC2, a cytidine-deaminase family member was associated with a 

beneficial pattern of association [PR3 p<0.0001, q=0;EFS p=0.01;MRD p=0.009; 

Figure-3D]. HLA-DQA1- belonging to HLA class II alpha chain paralogues was associated 

with unfavorable outcome [PR2 p=0.002,EFS p=0.04 and MRD p=0.0004]; haplotypes 

within this and other members of the HLA family have been implicated in the risk of 

developing CML and ALL(17, 18). An increase in the expression of RUNX2 [AML3], a 

member of the RUNX family, showed a beneficial association pattern [PR2 p=0.0006, 

q=0.51, MRD p=0.0008]. Fusion of the RUNX family gene RUNX1 with ETO is considered 

a low-risk feature that is associated with a better prognosis(19). Increased expression of the 

nuclear oncogene SET showed a detrimental association pattern [PR3 p=0.0007,q=0.30; 

MRD p=0.01]. Increased expression of DKK3, a tumor suppressor that inhibits WNT 

oncogenic signaling and is involved in the regulation of mortalization-related gene 

expression(20), showed a beneficial association pattern [PR2 p=0.0008, EFS; p=0.0017, 

MRD p=0.03].

In vitro validation of selected genes using siRNA mediated knockdown

After identifying inducible genes that were also associated with clinical importance, we next 

questioned whether targeting these genes could modify leukemia response to cytarabine. 

Fourteen genes identified in PR2 analysis, 5 from PR3 analysis and 5 that were significant in 

both PR2 and PR3 analysis were targeted by a rapid and high-throughput siRNA-drug 

modifier screening in THP-1 cell lines (Table-4). Each gene was targeted with 3 individual 

siRNAs and was tested alongside standard transfection controls (DCK was used a positive 

control). Post-siRNA transfection, cells were treated with different concentrations of 

cytarabine (0μM; 0.1μM-IC10; 0.8μM-IC50; and 10μM-IC90) followed by multi-parametric 

nuclear morphometry assays using automated microscopy to document the individual and 

combined phenotypic effects of siRNA gene silencing and cytarabine on cell growth and 

proliferation. siRNA mediated knockdown of CHI3L, NFKB2, APOBEC3G, REPIN1, or 

DOCK6 increased cytarabine-sensitivity; while knockdown of ADRBK1, NPAS3, 

SCARB1, TIGD6, or TNC, increased cytarabine-resistance (Table-4).
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DISCUSSION

In this study we examined cytarabine induced in vivo gene expression changes in pediatric 

AML patients. Most of the studies in literature have focused on gene expression profiling of 

the of diagnostic chemo naïve tumor specimens. The knowledge gained from gene 

expression signature identified in diagnostic specimens have opened up opportunities for 

biomarker identification as well as identification of potential targets of drug development. In 

our previous work we have used gene expression array to identify an AML cell gene 

expression signature that predicts intracellular ara-CTP concentration and clinical response 

to chemotherapy.(7) This study demonstrated a validated method of integrating genomic 

data at the time of diagnosis with important pharmacologic and clinical outcomes. Based on 

this experience, and the gene expression changes by chemotherapy, we reasoned that 

examining gene expression changes in AML cells after exposure to cytarabine would 

provide relevant information regarding intracellular response to treatment. However there is 

no study to the best of our knowledge that reports in vivo gene expression changes induced 

by cytarabine. One of the challenges to perform such a study is technical difficulty in 

obtaining clinical samples especially post treatment. One of the unique and significant 

feature of our study was availability of bone marrow samples 24hr post initiation of 

cytarabine infusion, since no other chemotherapeutic agent was yet initiated samples 

obtained at this time point reflect gene expression differences unique to cytarabine. To the 

best of our knowledge, this is the first study reporting in vivo gene-expression changes that 

occur during cytarabine treatment in pediatric AML patients.

Our analysis of gene expression changes post cytarabine treatment identified genes of 

biological interest such as components of PI3K/AKT pathway such as AKTIP, genes 

involved in DNA repair DDB2 and ERCC1. AKTIP regulates protein kinase B [PKB]/Akt 

signaling [critical for cell growth, glucose-metabolism, and apoptosis] by enhancing the 

phosphorylation of PKB regulatory sites (14). This result confirms and extends findings 

from our previous work that showed significant correlation between diagnostic AML cell 

gene expression of PIK3C3 (involved in the PI3K/PTEN/Akt/mTOR signaling cascade) and 

worse clinical outcomes.(7) Identification of genes that were mapped to Tech signaling is of 

potential interest given the fact Bruton's Tyrosine kinase (BTK), a member of Tec kinase 

family and a key regulator of B-cell Receptor (BCR) is being explored as a potential target 

in lymphoma and leukemia(21). Pharmacological screening of ibrutinib as inhibitor of BTK 

kinase has shown promising results in AML warranting clinical evaluation (22) Interestingly 

we did not observed significant impact of cytarabine dose on gene-expression change, this 

was consistent with the clinical outcome that demonstrated no significant difference between 

the two randomized doses of cytarabine.

Additionally, gene expression changes corresponding to worse outcomes may explain 

mechanisms of refractory disease and may serve as potential targets for enhancing response 

to cytarabine. PROMISE method to identify gene expression changes that are predictive of 

clinically meaningful pattern of association with multiple endpoints identified 65 genes in 

PR3 (LC50, MRD and EFS) and 32 in PR2 (MRD and EFS] analysis [p<0.001]. Some of 

the genes of potential interest as novel therapeutic agents include: PB1 (aka PBRM1, 

BAF180), PolyBromo 1 is a bromodomain protein codes for a subunit of ATP-depend 

Lamba et al. Page 8

Leuk Lymphoma. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



chromatin remodeling complex [SWI/SNF-A], cytarabine induced expression of PB1 to be 

predictive of better outcome [p<10-4]. PBRM1 mutations have been found to be frequent in 

cancer and in renal cell carcinoma approximately 40% of tumor samples have been shown to 

harbor PBRM1 mutations. Loss of PB1 expression has been associated with poor prognosis 

and studies in renal carcinoma suggest PBRM1 to be a tumor suppressor by acting as a 

targeting submit of nucleosome remodeling complex (23-25). P53 transcriptional activity 

has also been shown to be dependent on PBRM1, thereby resulting in onset of cancer with 

loss of PBRM1 (26-28). Although PBRM1 has not yet been implicated in pathology or 

prognosis of AML, our results show it as a potential target, therapeutic manipulation of 

PBRM1 is being explored in renal cell carcinoma and if successful might open up 

opportunities to modify treatment strategies in AML. Another gene belonging to bromo-

domain family is TRIM33, a transcriptional repressor with a role in cell proliferation. 

TRIM33 is a multifunctional protein implicated in TGFb signaling and hematopoietic stem 

cell [HSC] aging by regulating the balance between lymphoid and myeloid derived HSCs 

(29). In mice lacking TRIM33 premature hematopoietic aging has been implicated in 

predisposition to myeloproliferative disease as CML. TRIM33 has also been shown to act in 

PARP-dependent DNA damage response by timely removal of ACL1 from damages 

chromatin thereby facilitating DNA repair (30). Our results are in consensus with proposed 

biological functions of TRIM33 and with supporting evidence form literature opens up 

potential opportunities to develop therapeutic strategies to module DNA repair efficiency in 

tumors lacking TRIM33. Among tumor suppressors another gene of significant clinical 

value is DKK3, which inhibits WNT oncogenic signaling and is involved in the regulation 

of mortalization-related gene expression(20). Down-regulation of DKK3 via promoter 

hyper-methylation has been associated with poor prognosis in ALL(20), which is concordant 

with our finding that increased expression of DKK3 associates with beneficial outcomes. 

Thus, combining a hypomethylating agent such as decitabine with cytarabine might be a 

strategy to induce expression of DKK3.

SET, which is a target of translocation in AML and is involved in tumor metastasis, 

chromatin remodeling, apoptosis and the MAP/ERK pathway. SET also inhibits the GZMA-

activated DNase NME1, a nucleotide diphosphate kinase involved in cytarabine 

activation(31). SET antagonism has been implicated in overcoming drug-resistance in 

myeloid leukemia(32). This finding is concordant with our result that increased expression 

of SET is detrimental and suggests JAK2 inhibition as a potential therapeutic strategy for 

AML.

DIO2, belongs to family of deiodinases that is involve din thyroid metabolism, additionally 

have been implicated in maintaining balance between proliferation and differentiation. 

Recent study identified seleno-compounds that can module expression levels of DIO 

enzymes thereby allowing modulation of balance between proliferation and differentiation 

as a therapeutic strategy (33).

Overall our results for the first time report in vivo cytarabine induced gene-expression 

changes in AML, since cytarabine was the only drug that patients received at that time the 

results reflect gene expression changes specific to cytarabine. Drug induced in vivo 

expression changes can often trigger adaptive responses that can contribute to development 
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of resistance or refractory disease. Key genes [such as tumor suppressors DKK3, TRIM33, 

PBRM1, an oncogene SET, cytidine-deaminase family members APOBEC2 and 

APOBEC3G] influenced by cytarabine infusion that were also predictive of response can 

serve as potential targets for enhancing therapeutic strategies. The results highlight genes 

relevant to cytarabine resistance and support the concept of targeting genes modulated by 

cytarabine exposure as a means of improving response.

Future in depth studies will help in understanding the interplay of these genes/pathways to 

better understand mechanisms of cytarabine resistance in AML. Importantly, novel agents 

directed at these targets may serve as potential therapeutics to improve clinical outcomes. In 

summary, our results identified genes of potential biological and therapeutic significance 

that are influenced by cytarabine treatment thereby opening up opportunities for future 

research to elucidate the mechanisms underlying AML response/resistance and identify 

targets of development of novel agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Pathway analysis utilizing Ingenuity pathway analysis tool of genes demonstrating 

significant change in expression post-cytarabine infusion in AML patients. A] Top 10 

canonical pathways for genes with significant change in expression post cytarabine infusion. 

Y-axis indicates Log p value (calculated with the right-tailed Fisher's Exact Test) and Ratio 

(percentage of genes in a pathway that were also found in results). The ratio is therefore 

good for looking at which pathway has been affected the most based on the percentage of 

genes uploaded into IPA. B) The network of these 10 pathways demonstrating interactions 

between the pathways due to shared genes.
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Figure 2. 
Therapeutically beneficial and detrimental patterns of association detected by the PROMISE 

method. A) The three-endpoint PROMISE analysis (PR3) identified 65 probe sets with 

cytarabine induced changes in expression levels that showed a beneficial or detrimental 

pattern of association with in vitro LC50, MRD and EFS. B) The two-endpoint PROMISE 

analysis (PR2) identified 30 probe sets with cytarabine induced change in expression levels 

that showed beneficial or detrimental patterns of association with MRD and EFS. X-axis 

values give a log10 p-value with sign defined by the pattern (negative for detrimental and 

positive for beneficial). Each row represents a gene and each column represents a clinical 

endpoint: MRD and EFS; PR2 indicates the statistical values corresponding to the 

PROMISE analysis. Colors are assigned according to the signed log10 p-value. EFS: Event-

free survival; MRD: Minimal residual disease; PROMISE: Projection onto the Most 

Interesting Statistical Evidence.
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Figure 3. 
Association of cytarabine induced change in expression levels of A) PB1, B) TRIM33, C) 

MLNR and D) APOBEC2 with EFS and MRD (day 22) in AML patients.
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Table 1

Patient characteristics by arm.

Feature HDAC LDAC P value

Gender 0.089

Female 7 5

Male 2 10

Age 0.089

    <10 Years 2 10

>=10 Years 7 5

WBC 0.657

<50 7 9

>=50 2 6

Race 1 2 1

Black

Other 1 2

White 7 11

Cytogenetics 0.277

11q23 4 2

CBF 3 3

Normal 1 5

Other 1 5

Provisional Risk 0.666

High 2 6

Low 3 3

Standard 4 6
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