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Abstract

As new drugs targeting MYC show clinical activity in AML, understanding MYC expression in 

AML is of critical importance. We assessed MYC protein expression by immunohistochemistry in 
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bone marrow of patients with untreated AML (n=265). Overall, 90% of patients demonstrated 

MYC overexpression and MYC-immunopositivity ≤6 % was associated with superior complete 

remission (CR) duration of 23 months vs. 12 months for MYC-immunopositivity >6 % (p=0.028). 

Among 241 patients at higher risk for relapse, including those ≥55-years of age and patients with 

intermediate- and high-risk AML, MYC-immunopositivity ≤6% conferred significantly superior 

median overall survival (OS) (24 vs.13 months; p=0.042), event-free survival (EFS) (14 vs. 6 

months; p=0.048), and relapse-free survival (RFS) (25. vs. 12 months; p=0.024). The prognostic 

impact of MYC-immunopositivity was retained on multivariate analysis of OS, EFS, and RFS. We 

conclude that MYC-immunopositivity is an important prognostic factor in patients with untreated 

AML, particularly those at higher-risk for relapse.

INTRODUCTION

MYC is among the most prevalent oncogenic transcription factors implicated in the genesis 

of many cancers. MYC deregulation stimulates proliferation and inhibits terminal 

differentiation [1]. Multiple mechanisms contribute to MYC deregulation including 

translocations, amplification, and hyperactivated MYC transcription. In hematologic 

malignancies, MYC overexpression was first recognized in Burkitt lymphoma as a result of 

translocation with IGH, or less often IGK or IGL [2]. MYC translocations subsequently 

were recognized in subsets of other lymphoma types. Aberrant MYC expression assessed by 

immunohistochemistry (IHC) is currently used for lymphoma prognostication [3].

Unlike Burkitt lymphoma, where MYC overexpression is attributed to MYC translocation, 

the cause of MYC overexpression and deregulation in myeloid neoplasms is ill-defined 

[1,4]. As a downstream target and regulator of oncogenes [1], MYC maintains tumorigenesis 

through regulation of miR-17-92, which controls chromatin regulatory and apoptosis genes 

[5]. MYC-mediated transactivation also involves a variety of epigenetic processes[6] and is 

dependent upon interactions with histone acetyltransferases[6–8]. MYC regulates histone 

methylation and controls histone acetylation[7].

The bone marrow (BM) microenvironment is also impacted by MYC-dependent 

mechanisms. Stroma-mediated protection of both leukemia cell-lines and primary cells can 

be overcome by using the MYC-inhibitor 10058-F4 [9], providing a rationale for targeting 

MYC as a treatment for both leukemia and the microenvironment. New agents under 

development may modify the course of AML by indirectly inhibiting MYC expression (e.g., 

BET inhibitors) or by blocking MYC transactivation (e.g., small molecules) [1].

Previous preclinical studies demonstrated increased expression of MYC RNA in FLT3-ITD-

transduced hematopoietic stem cells [10]. Furthermore, up-regulation of MYC mRNA was 

observed in CD34+ cells from small numbers of patients with myelodysplastic syndrome 

(MDS) with trisomy 8 [11]. However, larger clinical studies relating molecular and 

cytogenetic features to MYC protein expression in AML are lacking.

Although the myeloid leukemogenic activity of MYC was demonstrated in murine models in 

1986, the role of MYC in acute myeloid leukemia (AML) has received little attention [12–

14]. However, as new drugs targeting MYC show clinical activity in AML, understanding 
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MYC protein expression in AML is of critical importance [15]. Herein, we assessed MYC 

protein expression by immunohistochemistry (IHC) and explored its prognostic impact in a 

contemporary cohort of patients with untreated AML.

MATERIALS AND METHODS

We identified 265 untreated patients with AML referred to MD Anderson Cancer Center 

during 2007–2014. We reviewed BM morphology in all cases and sub-classified using the 

World Health Organization(WHO)-2016 classification[16–18] for all cases except for the 

following: 1) those involving CEBPA, for which WHO–2008[19] classification was used 

(since the biallelic nature of CEBPA mutations could not be determined with certainty) and 

2) RUNX1 mutations were not tested for all cases. Multicolor flow cytometry 

immunophenotypic analysis was performed [20,21]. This study was approved by the 

Institutional Review Board and conducted according to the Declaration of Helsinki.

MYC-IHC was performed on BM biopsy sections using a pre-diluted rabbit monoclonal 

antibody specific for MYC (clone Y69, Ventana Medical Systems, Tuscon, AZ, USA) as 

described previously[22]. Control BM samples obtained from 21 patients without a 

hematologic neoplasm were also assessed. Two hematopathologists independently assessed 

MYC expression manually (visually) and using computer-assisted image analysis (Aperio 

Technologies, Vista, CA, USA) [23]. Inter-observer reliability assessed with a kappa-statistic 

showed agreement between observations (p<0.001).

MYC-immunopositivity was determined as the mean percentage of blasts showing moderate 

to strong nuclear MYC expression counted in 5 high-power (400X objective) microscopic 

fields. Areas were selected based on the presence of sheets of blasts with highest MYC 

expression. MYC-immunopositivity was considered within normal range if ≤3% BM blasts 

showed nuclear staining (Figure 1A); and positive if >3% of BM blasts showed moderate to 

strong nuclear reactivity (Figure 1B) [22]. These ranges were based on assessment of control 

cases (n=20) demonstrating MYC-immunopositivity in ≤3% blasts.

Conventional cytogenetic analysis and fluorescence in situ hybridization (FISH) analysis 

was performed on BM as previously described [22,24]. Molecular analysis for NPM1, 
CEBPA and FLT3 mutations was performed by using PCR-based assays. On selected cases, 

we performed DNA copy number analysis on peripheral blood (PB) or BM, as described 

elsewhere [25]. Data were analyzed using CytoGenomics 2.9 (Agilent Technologies).

Quantitative reverse-transcriptase PCR was used to assess the levels of MYC mRNA in 

CD34+ cells sorted by flow cytometry in BM of healthy donors and AML patients as 

described elsewhere[26].

Statistical Analysis

Summary statistics were used for study population description. Chi-square (or Fisher’s exact 

test) and t-test (or Wilcoxon’s rank or Kruskal-Wallis) were used to determine differences 

between groups. Pearson’s correlation test was used to evaluate the correlation between 

MYC-immunopositivity and markers of proliferation, gene mutations and core-binding 
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factors. Survival was calculated as the months from the start of treatment to event (i.e. death) 

or last follow-up date; patients who were alive or without event at their last follow-up were 

then censored. The Kaplan-Meier product limit method [27] was used to estimate median 

survival. Cox proportional hazards regression models [28] were used to identify any 

associations with each of the variables and survival outcomes including overall survival 

(OS), event-free survival (EFS) and relapse-free survival (RFS).

A full multivariate analysis was used to model the association between survival outcomes 

and MYC, while adjusting for factors with p <0.25 at the univariate analysis and had less 

than 25 missing values. X-tile software was used to determine a clinically relevant cut-point 

for MYC-immunopositivity for each survival outcome. This software creates a two-

dimensional plot with a log-rank chi-square value at every possible cut-point of the MYC 

marker. The cut-point that provides the maximum chi-square value is then presented as the 

“optimal” cut-point [29]. Statistical analysis was performed using Stata/SE version 14.1 

statistical software (Stata Corp. LP, College Station, TX).

RESULTS

MYC protein expression varies between WHO categories and impacts remission duration

The study included 142 (54%) men and 123 (46%) women with a median age of 63 years 

(range, 22-88). Only 17 patients (6%) had trisomy 8, where MYC resides (Table 1A). 

Overall, 238 of 265 (90%) cases of AML showed MYC overexpression in BM compared 

with normal BM; the mean number of MYC-immunopositive cells was 32% (range, 0-100). 

Only 27 patients had normal MYC-immunopositivity of ≤ 3%. Both median and mean MYC 

expression varied significantly between WHO subtypes and was disease-characterizing 

(p=0.004) (Figure 1C). Among all 265 patients, MYC-immunopositivity correlated 

positively with markers of proliferation: serum LDH (p<0.001), WBC count (p=0.001), BM 

blasts (p<0.001), PB blasts (p<0.001), and FLT3-ITD (p<0.001). MYC-immunopositivity 

also correlated with the presence of mutated NPM1 (p=0.009) alone or dual NPM1+CEBPA
+ mutations (p=0.040). Fifty-two of 253 tested patients harbored FLT3-ITD mutations 

(median MYC-immunopositivity 46.9%, range, 10-100). Notably, 98% of FLT3-ITD 

mutated patients (51/52) had MYC-immunopositivity >6%.

The clinical and laboratory features, and results of MYC-immunopositivity by IHC for the 

265 patients are summarized in Table 1A. Mean MYC-immunopositivity was significantly 

higher in patients with de novo AML (n=157, 35.1%) compared to those with secondary 

AML (n=108, 27.1%) (p=0.012). For survival estimation, MYC-immunopositivity >6% was 

determined as an optimal cut-off point.

For the entire cohort of 265 patients, complete remission (CR) duration for patients with 

MYC-immunopositivity ≤6% (n=27) was significantly longer than for those with MYC-

immunopositivity >6% (n=154), (23 vs. 12 months; p=0.028). Relapse-free survival was 

marginally superior for patients with MYC-immunopositivity ≤6% compared to those with 

MYC-immunopositivity >6% (25 vs. 13 months; p=0.078). However, we found no 

statistically significant difference in OS (16 vs. 24, p=0.156) or EFS (14 vs. 8 months, 

p=0.173).
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Given the increasing complexity of mutation-based prognostication models for patients with 

AML who are older or who have intermediate-/high-risk disease, we sought to assess 

whether MYC-immunopositivity by IHC could be a rapid, cost-effective prognostication 

tool. Consequently, we focused on older patients (≥55-years) of all risk groups and on 

patients of all ages with intermediate- or high-risk AML (n=241). These patients are known 

to be at higher risk for relapse [30–34]. Patients with AML who are ≥55-years old have 

generally been considered “older” in the literature [33,35–39] and because ≥55-years is an 

established age group associated with more adverse cytogenetics and higher risk for relapse, 

that was the cutoff selected to denote “older” for this analysis [30–34]. Furthermore, many 

molecular biomarkers either lose their prognostic value or have not been assessed in this age 

group because patients ≥55-years were historically excluded from clinical trials [40–43]; 

thus, the impact of MYC-immunopositivity warrants further exploration in these patients. To 

analyze the impact of MYC-immunopositivity in patients at higher risk for relapse, we 

excluded patients <55-years with favorable-risk AML (n=24) from the original 265 patients.

MYC protein expression is prognostic in patients ≥55-years of age and in all 
patients with intermediate-risk or high-risk disease—Among patients ≥55-years-

old of all risk types and patients of all ages with intermediate- and high-risk AML (n=241), 

those with MYC-immunopositivity ≤6% (n=40) demonstrated statistically significantly 

longer median OS (p=0.042), EFS (p=0.048), RFS (p=0.024) (Figures 2A-2C) and CR 

duration [23 (n=25) vs. 10 months (n=121); p=0.007]. Cytogenetic, molecular, and clinical 

data of these patients are shown in Table 1B. In addition to MYC-immunopositivity ≤6%, 

factors on univariate analysis associated with longer OS included high-dose cytarabine 

(HiDAC)-based therapy compared to hypomethylating agents (HMA) and other regimens 

(p<0.001), Auer rods (p=0.029), and AML with inv(16) (p=0.039). No statistically 

significant advantage was observed in patients with AML with mutated NPM1. Patients with 

complex karyotypes (17 vs. 6 months (p<0.001)), prior chemotherapy (15 vs. 7 months 

(p=0.014)) and history of radiation therapy (15 vs. 7 months (p=0.026) showed inferior 

survival. On multivariate analysis, when considering age, WBC count, PB blasts, BM 

monocytes, treatment types (HiDAC, HMA, and other regimens), cytogenetic risk groups, 

Auer rods, PS>2, FLT3-ITD status, prior chemotherapy, and prior radiation therapy, MYC-

immunopositivity >6% retained prognostic significance for median OS (p=0.047) (Table 

2A), EFS (p=0.010) and RFS, (p=0.012) (Table 2A). Among patients with available 

European Leukemia Network (ELN) data (n=194) (Table 2B), the prognostic impact of 

MYC-immunopositivity >6% was retained for OS (p= 0.012), EFS (p=0.003), and RFS 

(p=0.003).

MYC ≤6 % identifies a diverse subgroup of AML patients with superior 
outcomes—Given the more favorable outcomes of older, intermediate- and high-risk 

patients with ≤6% MYC-immunopositivity (n=40), we sought to identify clinical and 

molecular features that distinguished these patients from those with MYC-immunopositivity 

>6% (Table 3). AML with MYC-immunopositivity >6% had significantly higher rates of 

proliferative features: increased BM blasts (p=0.003), increased PB blasts (p<0.001), 

increased PB monocytes (p<0.005), elevated LDH (p<0.001), and a higher frequency of 
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FLT3-ITD mutations (p=0.003). No statistically significant differences were noted in NPM1 
mutation, CEBPA mutation or karyotype between MYC-immunopositivity ≤6% or >6%.

Even in patients with adverse pathologic, molecular or cytogenetic features, MYC-

immunopositivity ≤6% conferred better outcomes, suggesting that MYC protein expression 

influenced disease biology in ways beyond the molecular/cytogenetic features. Among the 

40 patients with MYC-immunopositivity ≤6%, 19/40 (48%) had adverse-risk features 

whereas 5/40 (13%) had favorable-risk features. The remaining 16/40 (40%) were 

intermediate-risk.

Among the 201 patients with MYC-immunopositivity >6%, 41 (20%) had favorable-risk 

features, whereas 101 (50%) had adverse-risk features and 59 (29%) had intermediate-risk 

AML.

MYC-immunopositivity >6% portends a poor outcome in older patients—
Patients with AML who are ≥55-years-old have generally been considered “older”[33,35–

39] and have historically been excluded from many clinical trials [34,35]. Thus, we focused 

on AML patients ≥55 years of age, as they have higher rates of relapse[30–34], early death 

[32–34], unfavorable cytogenetics [36,44,45], and given that the clinical significance of 

commonly assessed molecular biomarkers are already well-established in younger AML 

patients [40–43], particularly <55-years-old [46]. Our patient cohort contained 194 patients 

≥55 years of age (median age 68.5 years; range, 55–88).

These older patients with MYC-immunopositivity ≤6% (n=33) had a superior median OS 

(p=0.035) (Figure 3A) and RFS (p=0.018) compared to those with MYC-immunopositivity 

>6% (n=161). This survival advantage was retained on multivariate analysis (Supplemental 

Table 1A), even when accounting for ELN groups (Supplemental Table 1B). In evaluable 

patients, the duration of CR for patients with MYC-immunopositivity ≤6% (n=19) was 

superior to that of the 100 patients with MYC-immunopositivity >6%, 25 months vs. 9 

months (p=0.002). The EFS for patients with MYC-immunopositivity ≤6% (n=33) was 

marginally superior to those with MYC-immunopositivity >6% (n=157) (p=0.076).

MYC-immunopositivity >6% portends a worse outcome in patients with 
intermediate-risk and high-risk disease—For patients of all ages (median, 66 years; 

range, 22-86 years) with intermediate- and high-risk AML (n=195), those with MYC-

immunopositivity ≤6% (n=35) had a superior median OS (23 vs. 10 months; p=0.023) 

(Figure 3B), EFS [(11 vs. 5 months; p=0.033), RFS (24 vs. 10 months; p=0.018) 

(Supplemental Table 2), and CR duration (21 vs. 9 months (n=96); p=0.003)] compared to 

patients with MYC-immunopositivity >6%. On multivariate analysis, MYC-

immunopositivity >6% retained prognostic significance for median OS (p=0.012) and RFS 

(p=0.030); the difference for EFS approached significance (p=0.066) (Supplemental Table 

2A). When accounting for ELN data (available for 153/195 patients), MYC-

immunopositivity ≤6% retained significance for median OS (p=0.015), EFS (p=0.049), and 

RFS (p=0.031) (Supplemental Table 2B).
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MYC-immuno positivity >6% portends poor outcomes in subgroups of patients undergoing 
less intense therapies, but is not predictive for patients receiving intensive HiDAC-based 
regimens

As treatment has substantial bearing on AML patient outcomes, we examined the prognostic 

impact of MYC-immunopositivity >6% in subgroups of patients ≥ 55 years of age (of all 

risk types) and patients of all ages with intermediate- and high-risk AML who were treated 

similarly: intensive HiDAC-based regimens (n=102), hypomethylator-based regimens 

(n=35), and other therapies (n=97). Patients who were considered too elderly or frail for 

HiDAC therapy were offered hypomethylator-based regimens or other therapies. Other 

therapies consisted of a diverse range of generally less intensive regimens without HiDAC, 

including mono-therapies, various combinations of investigational agents combined with 

low-intensity chemotherapy, low-intensity combination regimens (e.g., the combination of 

clofarabine, low-dose cytarabine (LDAC), and decitabine[47]), as well as “7+3” combined 

with investigational agents. Among patients on HiDAC-based regimens, there were no 

statistically significant differences in median OS (24 vs. 21 months; p=0.679), median EFS 

(20 vs. 12 months; p=0.345), or median RFS (23 vs. 14 months; p=0.603) between patients 

with MYC-immunopositivity ≤6% versus >6%. Among the patients on hypomethylator-

based regimens, those with MYC-immunopositivity ≤6% had a longer median OS (7 vs. 6 

months; p=0.032); however, patient numbers were small. There were no significant 

differences in median EFS (3 vs. 2.83 months; p=0.078) or RFS (not reached vs. 5 months; 

p=0.122). Among the 97 patients on other regimens without HiDAC, those with MYC-

immunopositivity ≤6% had marginally superior median OS (23 vs.11 months; p=0.050) and 

significantly superior EFS (14 vs. 6 months; p=0.043), and RFS (34 vs. 10 months; 

p=0.005).

The largest proportion of favorable-risk WHO groups (23/102, 23%) was in the HiDAC 

group. Fewer patients (16/97, 16%) on “other” regimens without HiDAC had favorable-risk 

AML. Among the 35 patients on hypomethylator-based regimens, 20% had favorable 

features. These findings demonstrate the potential prognostic impact of MYC-

immunopositivity in patients who are not candidates for standard HiDAC-based intensive 

chemotherapy. Thus, the impact of MYC-immunopositivity is context-dependent.

In patients with secondary AML, including therapy-related myeloid neoplasm (t-MN) cases 

and AML with myelodysplasia-related changes (AML-MRC) (n=108), patients with MYC-

immunopositivity ≤6% had longer median OS compared to those with MYC-

immunopositivity >6% (11 vs. 8 months, p=0.031). Furthermore, although the patient 

numbers are small, in t-MN patients, those with MYC-immunopositivity ≤6% (n=5) had a 

longer median OS compared to those with MYC-immunopositivity >6% (n=29) (46 vs. 5 

months, p=0.024).

To validate our findings in patients receiving the same therapy, we analyzed a subgroup of 

patients (n=36) uniformly treated on the prospective clinical trial of clofarabine, low-dose 

cytarabine (LDAC) and decitabine [47]. In this homogeneously treated group of older, 

intermediate- and high-risk AML patients, MYC-immunopositivity ≤6% (n=12) conferred 

longer OS (27 vs. 11 months; p=0.011) (Figure 3C), EFS (24 vs. 8 months; p=0.035), and 
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RFS (43 vs. 10 months; p=0.010), suggesting that on this therapy MYC-immunopositivity is 

a clinically significant prognostic factor.

MYC DNA Copy Number and mRNA Analysis

In this study, data on MYC DNA copy number, estimated by whole exome sequencing, was 

available for 54 patients. Only two patients had segmental mean copy number values high 

enough to suggest copy number gain or amplification (cut-off set at >0.5 based on previous 

studies [48,49]). No association was noted between MYC DNA copy number changes and 

MYC-immunopositivity. This observation prompted us to prospectively explore MYC 
amplification by array comparative genomic hybridization (array CGH) in 10 additional 

patients. Only 3 of these patients showed MYC amplification: two with DNA copy number 

gain manifesting as trisomy 8 and one with isochromosome 8q associated with gain of 1 

extra copy of MYC, confirmed by FISH (Supplementary Figures 1A and 1B). Median 

MYC-immunopositivity in these 3 AML patients with MYC amplification was 40% versus 

35% 7 in AML patients without gene amplification (p=0.569), although the numbers are 

small. Further, in the Cancer Genome Atlas [50], MYC DNA copy number gain data showed 

a small subset of AML patients (17/154) demonstrating MYC amplification with a 

segmental mean value >0.5, further supporting our observation that MYC amplification is 

rare in AML.

Similar to earlier reports of up-regulation of MYC mRNA in CD34+ cells from patients with 

MDS with trisomy 8 [11], our findings suggest that MYC amplification is not the only driver 

of MYC expression in AML. Hence, we analyzed MYC mRNA expression in 9 AML 

patients (selected based on a broad range of MYC-immunopositivity, 0-100%) and an 

additional 4 controls. There was significant over-expression of MYC mRNA in AML 

patients compared to controls (p=0.015) (Figure 2B). In 7 of 9 cases, elevated MYC-

immunopositivity corresponded with elevated MYC mRNA (Figure 2C).

DISCUSSION

Despite new molecular diagnostic technologies, prognostication for intermediate-risk, high-

risk, and older AML patients remains challenging and complex. These challenges are due to 

multiple biologic and technical factors including co-occurring molecular/cytogenetic 

abnormalities and varying allelic burdens. Thus, MYC-IHC represents a rapid and 

inexpensive tool that could provide clinically valuable information. Besides the association 

with FLT3-ITD, mutated NPM1, or dual NPM1+CEBPA mutations, there were no other 

significant associations between MYC-immunopositivity and other molecular abnormalities. 

However, MYC was an independent prognostic factor even when accounting for multiple 

factors including FLT3-ITD status, cytogenetic risk groups, and ELN groups (which 

incorporate cytogenetic and molecular data).

Previously, Mughal et al. used a different method (tissue microarray) to assess the impact of 

MYC protein expression in AML, but their analysis lacked molecular data and they did not 

show a significant survival impact on multivariate analysis [51]. In contrast, our dataset was 

larger, contained ample cytogenetic and molecular data, and we showed that MYC-

immunopositivity ≤6% is associated with superior remission duration when assessing the 
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entire heterogeneous group of 265 untreated AML patients, as well as superior survival in 

subgroups of older, intermediate-, and high-risk patients. MYC-immunopositivity >6% is an 

important prognostic factor for OS, EFS, RFS, and CR duration when considering older, 

intermediate-, and high-risk patients.

The finding in this study of relatively higher MYC-immunopositivity in the core-binding 

factor leukemias (Figure 1C) (although not statistically significant) are consistent with 

previous data showing elevated MYC mRNA in core binding factor AML [52]. The 

association observed in our study between higher MYC-immunopositivity and mutated 

NPM1 may be attributable to the preclinical observations; others have shown that NPM1 

dislocation into the cytoplasm allows nuclear transcription sites previously occupied by 

wild-type NPM1 to become re-occupied by BRD4, which then upregulates MYC expression 

[53].

The literature on MYC protein expression in AML is limited. This is the largest study of 

MYC expression in AML to date. Our comprehensive assessment of MYC-

immunopositivity according to WHO groups shows that MYC-immunopositivity is distinct 

and disease characterizing for each WHO category, suggesting its potential role for sub-

classification of AML. While MYC-immunopositivity was significantly prognostic for 

duration of CR when combining all categories of untreated AML patients, including all ages 

and risk-groups, higher MYC levels in certain favorable-risk AML categories (e.g. core-

binding factor and AML with NPM1) likely contribute to the context-dependent prognostic 

effect of MYC-immunopositivity on survival, potentially limiting its survival impact in the 

context of the HiDAC-based treatment group, which had higher proportions of favorable-risk 

patients. Nevertheless, higher MYC was consistently associated with poorer survival in 

older, intermediate-, and high-risk AML patients. Larger studies exploring uniformly treated 

patient populations with similar risk-status are needed to determine whether the prognostic 

impact of MYC overexpression might be treatment-specific. A limitation of this study is that 

post-treatment MYC-IHC values were not available for analysis; however, we are now 

investigating post-therapy samples as well as the potential impact of MYC-immunopositivity 

on outcome after hematopoietic stem cell transplantation.

Patients with AML who are ≥55-years-old have historically been considered “older”[33–39] 

in the AML literature. For this reason, we chose 55 years as the cutoff to denote older 

patients. However, given that 60 years and older is also commonly considered as “older” in 

AML research[54], we also examined this cutoff (n=165) and observed that MYC-

immunopositivity ≤ 6 %(n=30) was marginally prognostic for superior OS (p=0.05) and EFS 

(p=0.069), while significantly prognostic for superior CR duration (p=0.001).

It is notable that our cut-off for MYC-immunopositivity of ≤6%, just marginally above the 

normal range of MYC-immunopositivity (≤3%), was prognostic; this observation is 

consistent with pre-clinical observations that slight changes in MYC mRNA and protein 

expression substantially impact prognosis in transgenic mouse lines, where low MYC 

protein expression in hematopoietic precursors leads to myeloid leukemias and high MYC 

protein expression results in rapid onset T-cell lymphomas. OS of the mice was inversely 

related to MYC protein expression [55].
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MYC overexpression leads to deregulation of a variety of cellular functions, including 

induction of genomic instability, cell immortalization, inhibition of differentiation [1,12], 

and maintenance of pluripotency[1]–all of this can contribute to adverse outcomes in 

patients with AML. MYC also maintains leukemic proliferation through multiple 

mechanisms including regulation of target genes, favoring cell cycle progression by 

repressing cyclin dependent kinase (CDK) inhibitors and activating CDKs[1].

Furthermore, MYC is well established as a regulator of microRNAs that are critical to 

metabolism, signal transduction, and anti-apoptotic pathways[56]. Many mechanisms may 

contribute to MYC overexpression in the absence of translocations, such as DNA 

amplification, protein stabilization[1], or cytogenetic abnormalities in AML. Multiple 

leukemogenic transcription factors are generated by recurrent translocations in AML 

including RUNX-RUNX1T1 [17,57,58] and they induce MYC expression [17,57,58]. MYC 
amplification in AML has manifested as double minute chromosomes (dmins) and 

homogeneous staining regions [1]. In our previous study of 22 patients with myeloid 

neoplasms with MYC amplification manifesting as dmins, MYC-immunopositivity was 

overexpressed, but varied between 15–90%, suggesting mechanisms beyond amplification 

contribute to MYC-immunopositivity [22]. Only one previously reported patient[24] in this 

analysis had t(8;14)(q24;q32); thus the prognostic impact of this abnormality in AML could 

not be assessed. AML with t(8;14) (q24;q32) is extremely rare. In the few reports available 

in the literature, AML with t(8;14)(q24;q32) is associated with poor outcomes[24,59]. In 

two previously reported cases of AML with MYC rearrangement from our group, MYC-

immunopositivity was only marginally increased[24] and in the present study, MYC 
rearrangement was not present by FISH in 8 tested cases of normal karyotype AML with 

variable MYC-immunopositivity (0-70%), suggesting that MYC rearrangement is not a 

driver of MYC-immunopositivity in AML. This observation highlights the fact the 

regulators of MYC protein expression are quite complex and future studies are needed to 

understand these processes, particularly since targeting MYC therapeutically in AML is 

becoming increasingly possible [15].

In conclusion, MYC overexpression by IHC is a strong prognostic factor for remission 

duration in AML patients of all ages and risk types. MYC overexpression is also an 

important biomarker for survival in untreated patients ≥55 years of age (all risk groups) and 

intermediate- and high-risk AML patients of all ages, with higher MYC-immunopositivity 

conferring an inferior prognosis. MYC IHC is rapid, inexpensive, and could be easily 

adopted for standard evaluation of AML patients. Further studies are warranted to validate 

these findings and understand the drivers of MYC protein expression.

Supplementary Material
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Figure 1. 
A. Negative MYC-immunopositivity (≤3%) by immunohistochemistry (IHC) in AML 

patient.

B. Positive MYC-immunopositivity >90% of AML blasts by IHC.

C. MYC-immunopositivity by IHC by WHO categories: MYC values of 265 patients are 

plotted against WHO classification-categories. Each dot represents one patient. Position of 

each dot with respect to the X-axis identifies the WHO category to which the patient 

belongs, and its position with respect to the Y-axis gives the patient’s MYC expression. The 
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WHO categories along the X-axis are arranged in an increasing order of their mean MYC-

immunopositivity values. The “stair-step” interpolation line connects the mean MYC-

immunopositivity values of WHO categories. The interpolation line is seen to rise from a 

MYC-immunopositivity value of 6% on the far left to a MYC value of 55.8% on the far 

right. Additional relevant statics are listed above the plot along four rows. The number of 

patients (N) in each WHO category is given along the first row. The median MYC-

immunopositivity values of each category are listed along the second row. The third row 

contains the mean MYC-immunopositivity value of each WHO category; and the 

corresponding standard deviations of the means (SDOM) are listed along the fourth row.
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Figure 2. 
A. Overall survival as a function of MYC-immunopositivity for older and/or intermediate- 

and high-risk AML patients.

B. Event free survival as a function of MYC-immunopositivity for older and/or 

intermediate- and high-risk AML patients.

C. Relapse free survival as a function of MYC-immunopositivity for older and/or 

intermediate- and high-risk AML patients.
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Figure 3. 
A. Overall survival as a function of MYC-immunopositivity for older AML patients.

B. Overall survival as a function of MYC-immunopositivity for patients of all ages with 

intermediate- and high-risk AML.

C. Overall survival for older and/or intermediate- and high-risk AML patients treated on a 

protocol of clofarabine low dose cytarabine alternating with decitabine.
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Table 2

Multivariate Analysis (MVA) for overall survival (OS), event-free survival (EFS), and relapse-free survival 

(RFS) for patients with AML who are older and/or intermediate-risk and high-risk

OSa 2A. OS for Entire Cohort (n=241); MYC ≤6 (n=40); 
MYC >6% (n=201)

2B. OS accounting for ELN (n=194); MYC ≤6% (n=26); 
MYC >6% (n=168)

HR (95% CI) p-value HR (95% CI) p-value

MYC>6 vs. 
MYC ≤6 1.67(1.01-2.77) 0.047 2.25 (1.19-4.23) 0.012

EFSb EFS for Entire Cohort (n=205); MYC≤6% (n=34); MYC 
>6% (n=171)

EFS accounting for ELN (n=167); MYC ≤6% (n=22); 
MYC >6% (n=145)

HR (95% CI) p-value HR (95% CI) p-value

MYC>6 vs. 
MYC ≤6 1.81 (1.15-2.83) 0.010 2.39 (1.35-4.21) 0.003

RFSc RFS for Entire Cohort (n=139); MYC ≤6% (n=22); 
MYC >6% (n=117)

RFS accounting for ELN (n=120); MYC ≤6% (n=17); 
MYC >6% (n=103)

HR (95% CI) p-value HR (95% CI) p-value

MYC>6 vs. 
MYC ≤6 2.23 (1.19-4.17) 0.012 2.93 (1.45-5.90) 0.003

a
MVA shown for OS, accounting for age, WBC, peripheral blood blasts, bone marrow monocytes, treatment type (HMA vs. HiDAC and other vs. 

HiDAC), cytogenetic risk groups (diploid/intermediate vs. adverse; favorable vs. adverse), Auer rods, PS, FLT3-ITD, prior malignancy, prior XRT 
and prior chemotherapy. Table 2B also accounts for ELN groups.

b
MVA shown for EFS, accounting for age, WBC, bone marrow monocytes, treatment type (HMA vs. HiDAC and other vs. HiDAC), cytogenetic 

risk groups (diploid/intermediate vs. adverse; favorable vs. adverse), Auer rods, FLT3-ITD, prior XRT, and prior chemotherapy. Table 2B also 
accounts for ELN groups.

c
MVA shown for RFS, when accounting for age, WBC, treatment type (HMA vs. HiDAC and other vs. HiDAC), cytogenetic risk groups (diploid/

intermediate vs. adverse; favorable vs. adverse), Auer rods, FLT3-ITD, prior XRT, and prior chemotherapy. Table 2B also accounts for ELN groups.

HMA=Hypomethylating Agent-based Regimens; HiDAC=High-dose Cytarabine-based Regimens
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