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Abstract

Background—Aberrant expression of microRNA-155 (miR-155) has been implicated in acute 

myeloid leukemia (AML) and associated with clinical outcome.

Procedure—We evaluated miR-155 expression in 198 children with normal karyotype AML 

(NK-AML) enrolled in Children's Oncology Group (COG) AML trial AAML0531 and correlated 

miR-155 expression levels with disease characteristics and clinical outcome. Patients were divided 

into quartiles (Q1–Q4) based on miR-155 expression level, and disease characteristics were then 

evaluated and correlated with miR-155 expression.

Results—MiR-155 expression varied over 4-log10-fold range relative to its expression in normal 

marrow witha median expression level of 0.825 (range 0.043–25.630) for the entire study cohort. 

Increasing miR-155 expression was highly associated with the presence of FLT3/ITD mutations (P 
< 0.001) and high-risk disease (P < 0.001) and inversely associated with standard-risk (P = 0.008) 
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and low-risk disease (P = 0.041). Patients with highest miR-155 expression had a complete 

remission (CR) rate of 46% compared with 82% in low expressers (P < 0.001) with a 

correspondingly lower event-free (EFS) and overall survival (OS) (P < 0.001 and P = 0.002, 

respectively). In a multivariate model that included molecular risk factors, high miR-155 

expression remained a significant independent predictor of OS (P = 0.022) and EFS (0.019).

Conclusions—High miR-155 expression is an adverse prognostic factor in pediatric NK-AML 

patients. Specifically, high miR-155 expression not only correlates with FLT3/ITD mutation status 

and high-risk disease but it is also an independent predictor of worse EFS and OS.

Keywords
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1 Introduction

Pediatric leukemias are the most common childhood cancers in the United States affecting 

up to 4,100 children per year. Acute myeloid leukemia (AML) accounts for one fourth of 

pediatric acute leukemias, but leads to nearly half of all deaths. AML is a complex and 

heterogeneous disease without a unifying disease-causing event.1,2 Genomic alterations, 

whether translocations, copy number changes, or somatic mutations contribute to disease 

pathogenesis. Currently, initial responses to treatment as well as the presence/absence of 

specific cytogenetic abnormalities and gene mutations are used to prognosticate clinical 

outcomes and guide therapeutic interventions.3 For example, the following chromosomal 

anomalies are routinely used to define AML risk class: t(8;21)(q22;q22), inv(16)(p13.1q22), 

t(15;17)(q22;q21)/PML-RARA, 11q23/MLL rearrangements, monosomy 7 and monosomy 

5/5q deletions.4 In addition, genomic alterations including FLT3/ITD5 as well as CEBPA6 

and NPM1 mutations are also utilized as prognostic markers.7 However, as our 

understanding of AML leukemogenesis continues to evolve, there has been an effort to 

identify additional epigenetic/genetic alterations of prognostic significance that could be 

used for risk-based therapy allocation.

MicroRNAs (miRNAs or miRs) are small regulatory RNAs that control the protein 

expression of tens to hundreds of targets via mRNA degradation or translational repression.8 

Aberrant miRNA expression has been implicated in the pathogenesis of many cancers 

including AML.9–11 Altered miRNA regulation of gene expression in leukemia disrupts 

many mechanisms important for normal hematopoiesis, including cell proliferation, 

differentiation, and survival.12–15 Unique miRNA expression profiles have been 

demonstrated for specific cytogenetic subsets in AML,16–18 and altered expression of 

miR-155, in particular, has been identified as a potential prognostic factor in adult AML.19 

In this report, quantitative expression levels of miR-155 in diagnostic specimens from 198 

pediatric normal karyotype AML (NK-AML) patients are analyzed and correlated with 

clinical characteristics and outcomes.

MiR-155 is encoded by the MIR155HG gene located on chromosome band 21q21.3. 

MiR-155 expression is normally induced in hematopoietic stem cells and myeloid progenitor 

cells as part of the inflammatory response, under the control of the transcription factors NF-
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κß and AP-1.20 By targeting inflammatory inhibitors, miR-155 regulates the innate immune 

response.20–25 Overexpression of miR-155 has been reported in solid tumors like thyroid, 

breast, colon, cervical, and lung cancers as well as in chronic lymphocytic leukemia (CLL) 

and lymphomas.20,26 MiR-155 is considered an oncomiR, promoting tumorigenesis through 

modulating of target genes involved in proliferation, differentiation, and apoptosis.27

2 Methods

2.1 Patients

AAML0531 is the phase III clinical trial in which patients were randomized to conventional 

chemotherapy +/– Gemtuzumab ozogamicin (GO, Mylotarg).28 AAML0531 enrolled 1,022 

patients from August 14, 2006 to June 15, 2010, including 233 patients with NK-AML. We 

had 198 diagnostic patient specimens available for analysis, which were prospectively 

evaluated for miR-155 expression. Normal marrow was obtained from a commercial vendor 

(All Cells, Alameda, CA). The institutional review boards of all participating institutions 

approved the clinical protocol and the COG Myeloid Disease Biology Committee approved 

this research. In accordance with the Declaration of Helsinki, all patients (or guardians on 

behalf of the pediatric patients) provided written informed consent for the collection and use 

of their biospecimens for research purposes under studies approved by the British Columbia 

Cancer Agency Research Ethics Board (Vancouver, BC, Canada) and the Fred Hutchinson 

Cancer Research Center Institutional Review Board (FHCRC, Seattle, WA, USA). Clinical 

data were de-identified in compliance with Health Insurance Portability and Accountability 

Act regulations.

2.2 Methods

MiR-155 expression levels were determined by using TaqMan quantitative Reverse 

Transcription Polymerase Chain Reaction (RT-PCR) kit using commercially available 

primers and probes from Life Technologies, Carlsbad, CA (miR-155 Assay# 000480 and 

control gene RNU49 Assay# 001006). Specifically, miRNA was extracted from 

ficollenriched mononuclear diagnostic marrow specimens. Total RNA was extracted from 

thawed untreated bone marrow cells using Trizol purification method. First stand cDNA 

synthesis was performed using 100 ng of total RNA in 15 μl of final volume containing 6 μL 

of primer Pool, 10× RT buffer, 50 U/μl Multiscribe reverse transcriptase and 20 U/μl RNase 

inhibitor in a 96-well plate. Next, real-time PCR was performed using a standard TaqMan 

PCR protocol. Specifically, 20 μl PCR reactions included 1 μl of RT product, 1× Universal 

TaqMan Master Mix, 1× TaqMan probe, and 8 μl of water in a 96-well plate. All RT-PCRs 

were run in duplicate. Raw data were analyzed using StepOne software version 2.2 from 

Life Technologies. Expression levels were normalized to control gene expression (i.e., 

RNU49) and standardized to the normal marrow bone marrow using the delta - delta CT 

method. miRNA extracted from 10 independent normal bone marrow specimens were 

pooled for this analysis. The expression level of RNU49 was stable throughout all patient 

specimens. To evaluate the correlation of miRNA expression and disease characteristics, the 

patients were divided into four quartiles (Q1–Q4) based on individual miR-155 expression 

levels, where Q1 consisted of those with the lowest miR-155 expression levels and Q4 

consisted of patients with the highest miR-155 expression levels. Expression of miR-155 
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was correlated with disease characteristics, clinical response, and outcomes across these 

quartiles. All comparisons and data presented compares high (Q4) versus low (Q1–Q3) 

expressers.

2.3 Risk stratification

Low-risk patients included those with NPM1 or CEBPA mutations. Patients were classified 

as high risk if they had FLT3/ITD mutations.

2.4 Statistical methods

Clinical outcome data for COG AAML0531 were analyzed. Patients were defined as being 

in complete remission (CR) if they had 5% or fewer blasts and tri-lineage recovery after one 

course of induction chemotherapy. Overall survival (OS) was determined both from time of 

study entry or from end of course 1. Event-free survival (EFS) was defined as the time from 

study entry until death, induction failure, or relapse. The Wilcoxon rank sum test was used 

to determine the significance between differences in medians of groups. The Cox 

proportional hazards model was used to evaluate the impact of miR-155 expression level as 

a predictor of clinical outcome in the context of prognostic factors (FLT3/ITD, NPM1, 

CEBPA mutations, treatment arm, risk group, age, WBC) and molecular risk groups using 

them as covariates in both univariate and multivariate models.

3 Results

3.1 miR-155 expression correlates with high-risk AML

Among 1,022 patients enrolled on AAML0531, 233 patients had NK-AML, and 198 of 

these patients had diagnostic material available to assess miR-155 expression by quantitative 

RT-PCR. miR-155 expression varied over 4 log10 (10,000-fold change), with a median 

expression level of 0.825 (range 0.043–25.630). For purposes of clinical correlation, the 

study population was divided into four quartiles based on miR-155 expression, and 

expression levels were correlated with demographics, pretreatment laboratory findings, and 

disease characteristics across the four quartiles (Table 1). Median expression for quartiles 1–

4 was Q1: 0.309 (range 0.043–0.439), Q2: 0.575 (range 0.448– 0.824), Q3: 1.213 (range 

0.826–1.636), and Q4: 3.036 (range 1.637– 25.630) (Fig. 1A). MiR-155 expression was 

highly associated with molecular prognostic factors. FLT3/ITD, NPM1, CEBPA, and WT1 
mutations were detected in 37, 15, 24, and 11% of evaluable samples, respectively. There 

was a statistically significant increase in FLT3/ITD prevalence with increasing miR-155 

expression by quartiles (9, 24, 59, and 69% in Q1–Q4, respectively; P < 0.001; Fig. 1B), 

whereas no definitive trend in prevalence was observed for NPM1,CEPBPA, or WT1 
mutations. Patient samples were stratified into low-risk 67/198 (34%), standard-risk 83/198 

(42%), and high-risk 48/198 (24%) according to FLT3/ITD, NPM1, CEBPA, and WT1 
mutations.29 There was a direct association between miR-155 expression and prevalence of 

high-risk AML (P < 0.001; Fig. 1C). The prevalence of standard-risk disease decreased with 

each quartile (P = 0.008; Fig. 1C). There was no significant trend in prevalence by quartile 

for low-risk disease (P = 0.041; Fig. 1C).
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3.2 High miR-155 expression correlates with induction failure and worse survival in NK-
AML

Induction response rates to initial chemotherapy was correlated with miR-155 expression 

level. Patients with high miR-155 expression had induction failure rates of 54% versus 17% 

for patients with lower miR-155 expression (P < 0.001). As FLT3/ITD is overrepresented in 

high miR-155 expressing cases and FLT3/ITD is associated with higher induction failure, we 

evaluated the remission induction rate in patients without FLT3/ITD. Similar to the entire 

cohort, FLT3/ITD-negative patients with high miR-155 expression had higher induction 

failure rates as compared to patients with lower miR-155 expression, 53 versus 14%, 

respectively (P = 0.002; Fig. 2). FLT3/ITD-positive patients with lower miR-155 expression 

had an induction failure rate of 24 versus 55% for patients with high miR-155 expression (P 
= 0.008). These data demonstrate that high miR-155 expression is associated with higher 

induction failure rates regardless of FLT3/ITD mutation status.

We then evaluated the impact of miR-155 expression on survival. Initial evaluation of 

survival by quartiles demonstrated that patients with miR-155 expression in Q1–Q3 (low 

expression) had significantly better outcomes as compared with patients with the highest 

miR-155 expression (Q4) (Fig. 3A). Consequently, OS and EFS were compared for the high 

miR-155 expression (Q4) versus lower miR-155 expression (Q1–Q3). Actuarial OS at 3 

years was 51 ± 14% for patients with high miR-155 expression (Q4) as compared with 75 

± 7% for patients with lower expression (Q1–Q3, P = 0.002; Fig. 3C). Corresponding EFS 

from study entry for those with high and low miR-155 expression was 32 ± 13% versus 59 

± 8% (P < 0.001; Fig. 3D).

In order to evaluate whether miR-155 expression might be an independent prognostic factor 

in NK-AML, we performed a multivariate Cox regression analyses to evaluate the impact of 

miR-155 expression level as a predictor of clinical outcome in the context of known 

prognostic factors including FLT3/ITD, NPM1, CEBPA mutation status, age, and total white 

blood cell count (Table 2). In this multivariate model, high miR-155 expression retained 

prognostic significance for OS (HR 1.92, 95%CI 1.10–3.36, P=0.022) and EFS (HR 1.75, 

95%CI 1.10–2.80, P = 0.019).

4 Discussion

Pediatric AML accounts for one fourth of acute leukemias in children, but leads to nearly 

half of all leukemia deaths. While several molecular alterations in AML predict clinical 

outcomes, there are very few genomic alterations that are used to determine therapy. In 

normal hematopoietic cells, miR-155 plays an important role in immune cell function by 

regulating inflammation and immunological memory.30 MiRNAs control normal myeloid 

cell development and aberrant expression of miRNAs play key roles in myeloid 

malignancies.30 MiR-155 is an oncomiR that contributes to leukemogenesis.21,22 This study 

demonstrates the association of high miR-155 expression with poor response to induction 

chemotherapy and poor EFS and OS in pediatric leukemia patients.

While other investigators have explored the role of microRNA in pediatric AML, none have 

identified specific microRNA of prognostic significance that could be used to guide therapy 
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decisions. For example, Daschkey et al.31 identified clusters of miRNA that were 

differentially expressed in specific cytogenetic subtypes of pediatric AML, specifically, 

MLL rearranged and core binding factor AML. In this setting, differential miRNA 

expression was evaluated solely as a means of distinguishing between various cytogenetic 

subtypes rather than identifying miRNA expression levels of prognostic significance. Emm-

rich et al. explored the functional biology of miR-9 in pediatric patients with t(8;21) AML. 

While differential expression of miR-9 did not seem to have prognostic significance in 

children with t(8;21) AML, miR-9 expression levels were markedly reduced in t(8;21) 

patients versus children with other AML subtypes. In addition, when miR-9 was ectopically 

expressed in both AML cell lines as well as primary patient samples with t(8;21), it was 

noted that differentiation along the monocytic lineage could be induced.32 Lastly, while 

Zhang et al.33 identified specific miRNA profiles that correlated with a higher incidence of 

relapse in pediatric acute lymphoblastic leukemia (ALL), to our knowledge, similar findings 

have not been reported in pediatric AML.

We demonstrate significant variability of miR-155 expression in children with NK-AML. 

Increased miR-155 expression was directly associated with adverse molecular risk factors 

(FLT3/ITD+) and high-risk disease and inversely associated with low and standard-risk 

disease. CR rates were consistently low for patients with high miR-155 expression across the 

entire cohort, which appeared to be unrelated to the presence of FLT3/ITD mutations. We 

further showed an association between miR-155 expression and clinical outcome, and in 

multivariate analysis that included clinically relevant risk factors, we demonstrate that high 

miR-155 expression remained an independent predictor of adverse outcome after controlling 

for FLT3/ITD, NPM1, or CEBPA mutations.

Our findings in pediatric AML patients are similar to observations in adult NK-AML 

patients where miR-155 expression levels correlated with somatic mutation status and 

clinical outcome. Specifically, Faraoni et al.34 examined the expression level of miR-155 in 

48 adult patients with newly diagnosed NK-AML and noted increased miR-155 expression 

in patients with FLT3/ITD when compared when patients with wild-type FLT3. In a larger 

study of 363 newly diagnosed adult NK-AML patients, an increased prevalence of 

FLT3/ITD mutations was found in bone marrow and/or peripheral blood blasts of patients 

with high miR-155 expression.19 Similar to our findings, this study also demonstrated that 

high miR-155 expression as compared with low mir-155 expression was associated with 

shorter disease-free survival (27 vs. 55%, respectively; P < 0.01) and OS (28 vs. 57%, 

respectively; P < 0.01), which remained significant after adjustment for FLT3/ITD status. In 

addition, among patients less than 60 years of age with high mir-155 expression, the 

likelihood of achieving CR was significantly reduced when compared with patients with low 

miR-155 expression (76 vs. 90%; P = 0.03).19

While several studies have demonstrated the negative prognostic significance of high 

miR-155 expression in adults with NK-AML, our analysis is the first study to demonstrate 

that high miR-155 expression is an independent negative prognostic factor in pediatric AML 

patients.
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Despite strong correlations between increased miR-155 expression and poor outcomes, our 

mechanistic understanding of how miR-155 contributes to AML remains limited. Recently, 

signaling downstream of FLT3/ITD was shown to directly induce increased miR-155 

expression through activation of NF-KB (p65) and STAT5 transcription factors.35 Whether a 

similar pathway exists in patients with high miR-155 expression who lack FLT3/ITD 
mutations remains to be determined. HOXA9 regulates miR-155 expression in normal 

hematopoietic cells36 and HOXA9 is highly expressed in subsets of adult AML patients, 

where it contributes to leukemogenesis,37 consequently HOXA9 may also regulate high 

expression of miR-155 in leukemia cells.35,38,39 In FLT3/ITD AML cells, miR-155 targets 

the myeloid transcription factor PU.1 to influence proliferation, differentiation, and 

apoptosis of leukemic cells.35 Genes whose expression correlates with miR-155 expression 

in adult NK-AML have been identified, but their specific role in AML pathogenesis or 

whether they are directly targeted by miR-155 has not been fully determined.19 Validated 

miR-155 targets include genes that impact leukemogenesis, inflammation, and act as tumor 

suppressors.40 In myelodysplastic syndromes, miR-155 targets SH2 domain-containing 

inositol 5′-phosphatase 1 (SHIP-1), which inhibits the PI3K/AKT signaling pathway, and in 

turn regulates myeloid cell proliferation and survival.41 Intriguingly, recent observations 

suggest that while increased miR-155 expression in FLT3 ITD cases is oncogenic, increased 

miR-155 in wild-type FLT3 AML cell lines may act as a tumor suppressor to promote cell 

differentiation and apoptosis. These observations suggest the cellular context of other 

genomic alterations may influence the effects of miR-155 on leukemogenesis.42,43 In 

keeping with this observation, in murine models, miR-155 overexpression in hematopoietic 

stem cells leads to a myeloproliferative disorder that does not progress to acute leukemia, 

suggesting additional mutations are involved in AML progression.22 Nonetheless, our 

clinical data demonstrate that high miR-155 expression, regardless of mutation status in NK-

AML, correlates with poorer EFS and OS.

In conclusion, high miR-155 expression is an adverse prognostic factor in both pediatric and 

adult NK-AML patients and correlates with FLT3/ITD mutation status. High miR-155 

expression is an independent predictor of worse EFS and OS. While several miR-155 target 

genes have been identified, the functional role of miR-155 in AML pathogenesis warrants 

additional investigations as does the identification of the optimal cut-point for defining high 

miR-155 expression. The ability to target small noncoding RNAs for therapies in cancers is 

currently in preclinical development and in early clinical trials.44–46 Decreasing miR-155 

function with antogomirs may provide therapeutic benefit to certain subsets of AML, 

including FLT3/ITD-positive AML patients and high miR-155 expression.25,26

Acknowledgments

We thank the COG AML Reference Laboratory for providing diagnostic specimens. We are grateful to the patients 
and families who consented to the use of biologic specimens in these trials.

References

1. Tarlock K, Meshinchi S. Pediatric acute myeloid leukemia: Biology and therapeutic implications of 
genomic variants. Pediatr Clin North Am. 2015; 62(1):75–93. [PubMed: 25435113] 

Ramamurthy et al. Page 7

Pediatr Blood Cancer. Author manuscript; available in PMC 2017 July 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Meshinchi S, Arceci RJ. Prognostic factors and risk-based therapy in pediatric acute myeloid 
leukemia. Oncologist. 2007; 12(3):341–355. [PubMed: 17405900] 

3. de Rooij JD, Zwaan CM, van den Heuvel-Eibrink M. Pediatric AML: From biology to clinical 
management. J Clin Med. 2015; 4(1):127–149. [PubMed: 26237023] 

4. Creutzig U, Zimmermann M, Bourquin JP, et al. Favorable outcome in infants with AML after 
intensive first- and second-line treatment: An AML-BFM study group report. Leukemia. 2012; 
26(4):654–661. [PubMed: 21968880] 

5. Meshinchi S, Alonzo TA, Stirewalt DL, et al. Clinical implications of FLT3 mutations in pediatric 
AML. Blood. 2006; 108(12):3654–3661. [PubMed: 16912228] 

6. Ho PA, Alonzo TA, Gerbing RB, et al. Prevalence and prognostic implications of CEBPA mutations 
in pediatric acute myeloid leukemia (AML): A report from the Children's Oncology Group. Blood. 
2009; 113(26):6558–6566. [PubMed: 19304957] 

7. Brown P, McIntyre E, Rau R, et al. The incidence and clinical significance of nucleophosmin 
mutations in childhood AML. Blood. 2007; 110(3):979–985. [PubMed: 17440048] 

8. Ameres SL, Zamore PD. Diversifying microRNA sequence and function. Nat Rev Mol Cell Biol. 
2013; 14(8):475–488. [PubMed: 23800994] 

9. Bissels U, Bosio A, Wagner W. MicroRNAs are shaping the hematopoietic landscape. 
Haematologica. 2012; 97(2):160–167. [PubMed: 22058204] 

10. Croce CM. MicroRNA dysregulation in acute myeloid leukemia. J Clin Oncol. 2013; 31(17):2065–
2066. [PubMed: 23650415] 

11. Gregory RI, Shiekhattar R. MicroRNA biogenesis and cancer. Cancer Res. 2005; 65(9):3509–3512. 
[PubMed: 15867338] 

12. Conway O'Brien E, Prideaux S, Chevassut T. The epigenetic landscape of acute myeloid leukemia. 
Adv Hematol. 2014; 2014:103175. [PubMed: 24778653] 

13. Figueroa ME, Lugthart S, Li Y, et al. DNA methylation signatures identify biologically distinct 
subtypes in acute myeloid leukemia. Cancer Cell. 2010; 17(1):13–27. [PubMed: 20060365] 

14. Marcucci G, Mrozek K, Radmacher MD, Garzon R, Bloomfield CD. The prognostic and functional 
role of microRNAs in acute myeloid leukemia. Blood. 2011; 117(4):1121–1129. [PubMed: 
21045193] 

15. Marcucci G, Radmacher MD, Maharry K, et al. MicroRNA expression in cytogenetically normal 
acute myeloid leukemia. N Engl J Med. 2008; 358(18):1919–1928. [PubMed: 18450603] 

16. Li Z, Lu J, Sun M, et al. Distinct microRNA expression profiles in acute myeloid leukemia with 
common translocations. Proc Natl Acad Sci USA. 2008; 105(40):15535–15540. [PubMed: 
18832181] 

17. Garzon R, Volinia S, Liu CG, et al. MicroRNA signatures associated with cytogenetics and 
prognosis in acute myeloid leukemia. Blood. 2008; 111(6):3183–3189. [PubMed: 18187662] 

18. Diaz-Beya M, Brunet S, Nomdedeu J, et al. MicroRNA expression at diagnosis adds relevant 
prognostic information to molecular categorization in patients with intermediate-risk cytogenetic 
acute myeloid leukemia. Leukemia. 2014; 28(4):804–812. [PubMed: 24072101] 

19. Marcucci G, Maharry KS, Metzeler KH, et al. Clinical role of microR-NAs in cytogenetically 
normal acute myeloid leukemia: miR-155 upregulation independently identifies high-risk patients. 
J Clin Oncol. 2013; 31(17):2086–2093. [PubMed: 23650424] 

20. Tili ECC, Michaille JJ. miR-155: On the crosstalk between inflammation and cancer. Int Rev 
Immunol. 2009; 28:264–284. [PubMed: 19811312] 

21. Costinean S, Sandhu SK, Pedersen IM, et al. Src homology 2 domain-containing inositol-5-
phosphatase and CCAAT enhancer-binding protein beta are targeted by miR-155 in B cells of 
Emicro-MiR-155 transgenic mice. Blood. 2009; 114(7):1374–1382. [PubMed: 19520806] 

22. O'Connell RM, Rao DS, Chaudhuri AA, et al. Sustained expression of microRNA-155 in 
hematopoietic stem cells causes a myeloproliferative disorder. J Exp Med. 2008; 205(3):585–594. 
[PubMed: 18299402] 

23. O'Connell RMCA, Rao DS, et al. Inositol phosphatase SHIP1 is a primary target of miR-155. Proc 
Natl Acad Sci USA. 2009; 106:7113–7118. [PubMed: 19359473] 

Ramamurthy et al. Page 8

Pediatr Blood Cancer. Author manuscript; available in PMC 2017 July 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



24. O'Connell RMTK, Boldin MP, et al. MicroRNA-155 is induced during the macrophage 
inflammatory response. Proc Natl Acad Sci USA. 2007; 104:1604–1609. [PubMed: 17242365] 

25. Tili E, Michaille JJ, Wernicke D, et al. Mutator activity induced by microRNA-155 (miR-155) 
links in flammation and cancer. Proc Natl Acad Sci USA. 2011; 108(12):4908–4913. [PubMed: 
21383199] 

26. Faraoni I, Antonetti FR, Cardone J, Bonmassar E. miR-155 gene: A typical multifunctional 
microRNA. Biochim Biophys Acta. 2009; 1792(6):497–505. [PubMed: 19268705] 

27. Musilova K, Mraz M. MicroRNAs in B-cell lymphomas: How a complex biology gets more 
complex. Leukemia. 2015; 29(5):1004–1017. [PubMed: 25541152] 

28. Gamis AS, Alonzo TA, Gerbing RB, et al. Remission rates in childhood acute myeloid leukemia 
(AML) utilizing a dose-intensive induction regimen with or without gemtuzumab ozogamicin 
(GO): initial results from the Children's Oncology Group Phase III Trial, AAML0531 [abstract]. 
Blood. 2010; 116(21) Abstract 182. 

29. Pui CH, Carroll WL, Meshinchi S, Arceci RJ. Biology, risk stratification, and therapy of pediatric 
acute leukemias: An update. J Clin Oncol. 2011; 29(5):551–565. [PubMed: 21220611] 

30. Vigorito E, Kohlhaas S, Lu D, Leyland R. miR-155: An ancient regulator of the immune system. 
Immunol Rev. 2013; 253(1):146–157. [PubMed: 23550644] 

31. Daschkey S, Rottgers S, Giri A, et al. MicroRNAs distinguish cytogenetic subgroups in pediatric 
AML and contribute to complex regulatory networks in AML-relevant pathways. PLoS ONE. 
2013; 8(2):e56334. [PubMed: 23418555] 

32. Emmrich S, Katsman-Kuipers JE, Henke K, et al. miR-9 is a tumor suppressor in pediatric AML 
with t(8;21). Leukemia. 2014; 28(5):1022–1032. [PubMed: 24270738] 

33. Zhang H, Luo XQ, Zhang P, et al. MicroRNA patterns associated with clinical prognostic 
parameters and CNS relapse prediction in pediatric acute leukemia. PLoS ONE. 2009; 
4(11):e7826. [PubMed: 19915715] 

34. Faraoni I, Laterza S, Ardiri D, Ciardi C, Fazi F, Lo-Coco F. MiR-424 and miR-155 deregulated 
expression in cytogenetically normal acute myeloid leukaemia: Correlation with NPM1 and FLT3 
mutation status. J Hematol Oncol. 2012; 5:26. [PubMed: 22681934] 

35. Gerloff D, Grundler R, Wurm AA, et al. NF-kappaB/STAT5/miR-155 network targets PU.1 in 
FLT3-ITD-driven acute myeloid leukemia. Leukemia. 2015; 29(3):535–547. [PubMed: 25092144] 

36. Hu YL, Fong S, Largman C, Shen WF. HOXA9 regulates miR-155 in hematopoietic cells. Nucleic 
Acids Res. 2010; 38(16):5472–5478. [PubMed: 20444872] 

37. Li Z, Zhang Z, Li Y, et al. PBX3 is an important cofactor of HOXA9 in leukemogenesis. Blood. 
2013; 121(8):1422–1431. [PubMed: 23264595] 

38. Lawrence HJ, Rozenfeld S, Cruz C, et al. Frequent co-expression of the HOXA9 and MEIS1 
homeobox genes in human myeloid leukemias. Leukemia. 1999; 13(12):1993–1999. [PubMed: 
10602420] 

39. Dorsam ST, Ferrell CM, Dorsam GP, et al. The transcriptome of the leukemogenic homeoprotein 
HOXA9 in human hematopoietic cells. Blood. 2004; 103(5):1676–1684. [PubMed: 14604967] 

40. Neilsen PM, Noll JE, Mattiske S, et al. Mutant p53 drives invasion in breast tumors through up-
regulation of miR-155. Oncogene. 2013; 32(24):2992–3000. [PubMed: 22797073] 

41. Lee DW, Futami M, Carroll M, et al. Loss of SHIP-1 protein expression in high-risk 
myelodysplastic syndromes is associated with miR-210 and miR-155. Oncogene. 2012; 31(37):
4085–4094. [PubMed: 22249254] 

42. Palma CA, Al Sheikha D, Lim TK, et al. MicroRNA-155 as an inducer of apoptosis and cell 
differentiation in acute myeloid leukaemia. Mol Cancer. 2014; 13:79. [PubMed: 24708856] 

43. Forrest AR, Kanamori-Katayama M, Tomaru Y, et al. Induction of microRNAs, mir-155, mir-222, 
mir-424 and mir-503, promotes monocytic differentiation through combinatorial regulation. 
Leukemia. 2010; 24(2):460–466. [PubMed: 19956200] 

44. Chuang MK, Chiu YC, Chou WC, Hou HA, Chuang EY, Tien HF. A 3-microRNA scoring system 
for prognostication in de novo acute myeloid leukemia patients. Leukemia. 2014

45. Ling HFM, Calin GA. MicroRNAs and other non-coding RNAs as targets for anticancer drug 
development. Nat Rev Drug Discov. 2013; 12(11):847–865. [PubMed: 24172333] 

Ramamurthy et al. Page 9

Pediatr Blood Cancer. Author manuscript; available in PMC 2017 July 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



46. Obad S, dos Santos CO, Petri A, et al. Silencing of microRNA families by seed-targeting tiny 
LNAs. Nat Genet. 2011; 43(4):371–378. [PubMed: 21423181] 

Abbreviations

AML acute myeloid leukemia

CI Confidence Interval

CR complete remission

EFS event-free survival

FC Fold Change

HR Hazard Ratio

miRNA miR, microRNA

MLL mixed lineage leukemia

NK-AML normal karyotype acute myeloid leukemia

OS overall survival

RT-PCR Reverse Transcription Polymerase Chain Reaction

Ramamurthy et al. Page 10

Pediatr Blood Cancer. Author manuscript; available in PMC 2017 July 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Distribution of miR-155 expression levels per quartile. (A) Log-fold change. (B) Prevalence 

of mutations. (C) Disease risk group classification
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Figure 2. Induction failure rates for all patients, FLT3/ITD-positive patients and FLT3/ITD-
negative patients for those with high miR-155 expression levels (Q4) vs. low miR-155 expression 
levels (Q1–Q3)
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Figure 3. 
Association between miR-155 expression levels and long-term clinical outcomes. (A) OS 

from study entry by miR-155 expression level quartiles Q1 vs. Q2 vs. Q3 vs. Q4. (B) EFS 

from study entry by miR-155 expression level quartiles Q1 vs. Q2 vs. Q3 vs. Q4. (C) OS for 

patients with high miR-155 expression levels (Q4) vs. low miR-155 expression levels (Q1–

Q3). (D) EFS for patients with high miR-155 expression levels (Q4) vs. low miR-155 

expression levels (Q1–Q3)
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