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Abstract

Therapy-resistant disease is a major cause of death in patients with acute lympho-

blastic leukemia (ALL). Activation of the MYB oncogene is associated with ALL and

leads to uncontrolled neoplastic cell proliferation and blocked differentiation. Here,

we used RNA-seq to study the clinical significance of MYB expression and MYB alter-

native promoter (TSS2) usage in 133 pediatric ALLs. RNA-seq revealed that all cases

analyzed overexpressed MYB and demonstrated MYB TSS2 activity. qPCR analyses

confirmed the expression of the alternative MYB promoter also in seven ALL cell

lines. Notably, high MYB TSS2 activity was significantly associated with relapse

(p = 0.007). Moreover, cases with high MYB TSS2 usage showed evidence of

therapy-resistant disease with increased expression of ABC multidrug resistance

transporter genes (e.g., ABCA2, ABCB5, and ABCC10) and enzymes catalyzing drug

degradation (e.g., CYP1A2, CYP2C9, and CYP3A5). Elevated MYB TSS2 activity was

further associated with augmented KRAS signaling (p < 0.05) and decreased methyla-

tion of the conventional MYB promoter (p < 0.01). Taken together, our results sug-

gest that MYB alternative promoter usage is a novel potential prognostic biomarker

for relapse and therapy resistance in pediatric ALL.
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1 | INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most common childhood

cancer and a leading cause of cancer-related death in children.1

Although dramatic improvements in survival have been made

through multimodal risk-based therapy, current risk allocation

schemes are inadequate. For example, children that are classified

as low-risk do relapse.2 Relapse of drug-resistant disease occurs in

up to 20% of cases and most of these patients succumb to their

disease.1,3 Hence, new prognostic biomarkers that may improve

patient stratification, as well as novel treatments for relapsed/

refractory ALL, are needed.

MYB encodes a master transcriptional regulator involved in cell

proliferation and stem cell renewal.4–7 MYB is an oncogenic driver in

the majority of leukemia and is overexpressed by various molecular

mechanisms.8 In ALL, the MYB gene is activated by gene duplication,

gene fusion, or point mutation.9–12 In addition, MYB is a critical down-

stream target of KMT2A-fusions and is required for BCR::ABL1-driven
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leukemogenesis.13–15 The MYB gene and its downstream effectors are

thus potential therapeutic targets in pediatric ALL.8,16

The transcriptional regulation of MYB is complex with an alterna-

tive MYB promoter located in intron 1 that is differentially activated

between normal and leukemic cells.17,18 Expression of the alternative

MYB promoter was recently demonstrated also in primary adenoid

cystic carcinomas.19 Notably, ectopic expression of N-terminally trun-

cated forms of MYB, corresponding to alternative promoter usage,

resulted in an altered MYB downstream target gene repertoire. In this

study, we have investigated the clinical significance of MYB alterna-

tive promoter activity in a large, well-characterized cohort of 133 pedi-

atric ALLs with clinical follow-up data. To our knowledge, this is the

first study evaluating MYB alternative promoter activity in leukemia

patient samples.

2 | MATERIALS AND METHODS

2.1 | Patient material

The ALL patient cohort has previously been described in detail.20 A

summary of clinical, cytogenetic, and molecular characteristics is

shown in Table S1. The cohort includes 115 cases of pediatric B-ALL,

18 cases of pediatric T-ALL, and normal control lymphocytes isolated

from peripheral blood from five healthy Swedish donors. Clinical

follow-up data were available for all cases. The study was approved

by the regional ethics board in Uppsala, Sweden (D-No: 2013–237).

The study was done in accordance with the Helsinki Declaration.

2.2 | Cell culture

The B-ALL cell lines21–25 REH (DSMZ no. ACC-22), 697 (DSMZ no. ACC-

42), SUP-B15 (DSMZ no. ACC-389), SEM (DSMZ no. ACC-546),

NALM16 (DSMZ no. ACC-680), and T-ALL cell lines26–28 MOLT-4 (ATCC

no. CRL-1582), CCRF-CEM (ATCC no. CCL-119), P12-ICHIKAWA

(DSMZ no. ACC-34), RPMI-8402 (DSMZ no. ACC-290) were obtained

from DSMZ or ATCC. Cells were maintained in RPMI-1640 medium with

GlutaMAX, 10% or 20% FBS, and 1% penicillin–streptomycin (Thermo

Fisher Scientific, Waltham, MA) according to the instructions of the sup-

pliers. Cells were kept at 37�C and 5% CO2 in a humidified incubator.

2.3 | RNA-seq, targeted DNA sequencing, and
DNA methylation analysis

Total RNA was previously extracted from B- and T-ALLs and control

lymphocytes, and strand-specific RNA libraries were constructed,

sequenced, and aligned to the human reference genome GRCh37 as

described.20 Read counts for genes and individual MYB exons were

summarized with featureCounts.29 Counts of reads aligning to MYB

exon 1 (ENSE00002174682) and exon 2 (ENSE00002169478) were

normalized for exon length and the exon 2/exon 1 expression ratio

was used to estimate MYB alternative promoter activity. Full-length

MYB expression was determined by the number of reads assigned to

MYB exons and normalized for total reads per sample and MYB exon

lengths. Unsupervised hierarchical clustering, heatmap visualization,

and differential gene expression analysis were done with pheatmap of

R (v. 3.5.3) and DESeq2.30 Genes included in the analysis had a mini-

mum of 10 read counts in at least six samples. Genes with a log fold

change of at least 2 and an adjusted p value (Benjamini–Hochberg) of

<0.01 were considered differentially expressed. Gene set enrichment

analysis (GSEA) was done with the GSEA software (v.4.2.2)31 and

gene ontologies were analyzed with ToppGene.32 Venn diagrams

were created using BioVenn.33 Methylation data for probes located

within and proximal to the 50 part of MYB were available in a previ-

ously published data set34 for the 18/18 T-ALLs and 18/20 B-ALLs

analyzed with differential gene expression. KRAS mutation status was

available for 12/18 T-ALLs and 12/20 B-ALLs from previously

reported targeted sequencing data.35

2.4 | Quantitative real-time PCR (qPCR)

Total RNA was isolated from ALL cell lines with the RNeasy Micro Kit

(Qiagen, Hilden, Germany) and reverse transcribed with the iScript

cDNA synthesis kit (Bio-Rad, Hercules, CA). The MYB alternative pro-

moter activity in ALL cell lines was estimated by Taqman gene expres-

sion assays (Thermo Fisher Scientific) specific for MYB exons 1–2

(Hs00920554_m1) and 2–3 (Hs00920555_m1). The qPCR efficien-

cies36 of MYB exons 1–2 and MYB exons 2–3 probes were deter-

mined by serial dilution. The ratios of MYB exons 2–3 to MYB exons

1–2 expression were estimated for each sample by incorporating

qPCR efficiencies as a measure of MYB TSS2 activity. Taqman probes

forMYB (Hs00920555_m1) and UBC (Hs01871556_s1), as a reference

gene, were used to estimate the total MYB expression.

2.5 | Statistics

Mann–Whitney test, analysis of variance (ANOVA), independent sam-

ples t-test, Pearson correlation, Fisher's exact test, logrank test, and

Kaplan–Meier survival analysis were done with Prism v.9 (GraphPad

Software, San Diego, CA). Multivariate analysis using Cox regression

was performed with SPSS Statistics v.28 (IBM, Armonk, NY). Confirma-

tion of the proportional hazards assumption and linearity of Martingale

and deviance residuals was done with the survival package of R.

3 | RESULTS

3.1 | Increased MYB alternative promoter usage is
associated with relapse in pediatric ALL

Using RNA-seq, we studied MYB alternative promoter (TSS2) activity

in primary samples from 133 pediatric ALL patients by calculating the
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ratio of MYB exon 2 to exon 1 expression for each sample. The MYB

TSS2 activity showed a right-skewed distribution using kernel density

estimation (Figure 1A) with all patient samples having an exon2/

exon1 ratio higher than 7 and a median TSS2 activity of 12.96. This

implies a prominent alternative promoter usage in all cases. Compari-

son of MYB TSS2 activity against full-length MYB expression revealed

a slight but significant inverse correlation (Figure 1B), indicating differ-

ential regulation of the two MYB promoters. Next, we asked if MYB

F IGURE 1 Clinical significance of MYB TSS2 usage in pediatric acute lymphoblastic leukemia (ALL). (A) Kernel density estimation of MYB
TSS2 activity in 133 pediatric ALLs. (B) Pearson correlation of relative MYB expression and MYB TSS2 activity in 133 ALLs. (C) Kaplan–Meier
analysis of overall survival in cases grouped by median MYB TSS2 activity. (D) Estimation of the risk of relapse in ALL cases grouped by median
MYB TSS2 activity using Kaplan–Meier analysis. The hazard ratio (HR) was estimated by the logrank test. (E) Comparison of MYB TSS2 activity
between ALL patients that relapsed and did not relapse during follow-up using the Mann–Whitney test. (F) Comparison of MYB TSS2 activity
between therapy risk groups of the ALL patients using the one-way analysis of variance (ANOVA) test. SR, standard risk; IR, intermediate risk; HR,
high risk. (G) MYB expression and MYB TSS2 activity in ALL cell lines. Two-way ANOVA test was used to evaluate differences between MYB TSS2
activity and total MYB expression (*p < 0.05; **p < 0.01; ****p < 0.0001).
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TSS2 usage was associated with overall survival and/or the probability

of relapse in our patient cohort. Kaplan–Meier analyses demonstrated

that cases with equal or above median MYB TSS2 activity showed a

trend toward shorter overall survival, but the difference compared to

cases with TSS2 activity below the median was not statistically signifi-

cant (Figure 1C). In contrast, high MYB TSS2 activity was significantly

associated with relapse (p = 0.049) and cases with high TSS2 activity

showed a two-fold increased risk of recurrence (HR = 2.09, 95% CI:

1.04–4.23) (Figure 1D). MYB TSS2 activity was significantly higher in

samples from patients that later relapsed (Figure 1E) and was indepen-

dent of the therapy risk group (Figure 1F). Moreover, the magnitude

of MYB TSS2 activity was a significant factor for relapse in a multivari-

ate analysis (p = 0.007) that also included age, cytogenetic/

immunophenotypic subtype, and white blood cell count (Table 1). The

risk of relapse increased by approximately 5% per additional unit of

MYB TSS2 activity. Taken together, our results indicate that MYB

TSS2 activity may be of prognostic value in pediatric ALL. Notably,

total MYB gene expression was upregulated in all cases compared to

control lymphocytes but was neither associated with overall survival

nor relapse in our cohort (Figure S1). Using qPCR, we also assayed

MYB expression and MYB TSS2 activity in cultured ALL cells derived

from the B- and T-cell lineages (Figure 1G). IncreasedMYB TSS2 activ-

ity was found in 7/10 ALL cell lines, indicating that MYB alternative

promoter activity occurs in a significant number of cases also in vitro.

3.2 | MYB TSS2 usage is independent of
cytogenetic and immunophenotypic subtype in ALL

Since cytogenetic abnormalities and immunophenotype are important

for prognostication and treatment stratification of ALL,1 we investi-

gated MYB TSS2 activity in the previously defined subtypes20 of our

cohort (Figure 2A). There were no significant differences between

ALL subtypes in terms of MYB TSS2 usage, indicating that MYB TSS2

activity is not related to the diagnostic subtype and that it is an inde-

pendent biomarker of relapse (Table 1). Interestingly, the T-ALL cases

seemingly separated into two subgroups in terms of TSS2 activity

(Figure 2A). These subgroups became clear when assessing MYB TSS2

activity in the T-ALL cases specifically (Figure 2B). All T-ALL cases

with relapse belonged to the MYB TSS2 high group (Figure 2C), sug-

gesting an association between MYB TSS2 usage and relapse in this

ALL subtype. To investigate potential differences in clinical and

genetic parameters between T-ALL cases with high or low MYB TSS2

activity, we analyzed sex, age, white blood cell count, karyotype, the

presence of gene fusions, and mutations in the NOTCH pathway

(Figure 2D, E). These analyses revealed that abnormal karyotypes and

fusion oncogenes were less common in the MYB TSS2 high group.

3.3 | Different levels of MYB TSS2 activity are
associated with distinct gene expression profiles
in ALL

To investigate if global gene expression was associated with the

level of MYB TSS2 activity in T-ALL, we analyzed the transcrip-

tomic profiles of the 18 T-ALL cases. Unsupervised hierarchical

clustering revealed that the T-ALL cases formed two distinct clus-

ters and that one of these contained only cases with high TSS2

usage (Figure 3A, left panel). The other cluster included all cases

with low TSS2 usage as well as two cases belonging to the TSS2

high group. Notably, these two cases had the lowest TSS2 activity

of all cases in the high group, indicating that MYB TSS2 activity

above a certain threshold may be associated with specific gene

expression patterns. To study if similar patterns were present also

in B-ALL, we selected the 10 B-ALL cases with the highest MYB

TSS2 activity and the 10 cases with the lowest activity and ana-

lyzed their global gene expression profiles. Analogous to T-ALL,

the B-ALL cases formed two clusters; one with only TSS2 high

cases and one including all TSS2 low cases (Figure 3A, right panel).

As for T-ALL, two TSS2 high cases were found in the TSS2 low

cluster and these cases showed the lowest TSS2 activation in the

TSS2 high group. Taken together, our data indicate a strong associ-

ation between gene expression profiles and MYB TSS2 activity in

ALL, irrespective of immunophenotype.

TABLE 1 Multivariate analysis of the
risk of relapse in pediatric acute
lymphoblastic leukemia (ALL) (n = 133)
estimated by Cox regression.

Variable HR 95% CI for HR p value

MYB TSS2 activity 1.049 1.013–1.086 0.007

Age 0.845 0.740–0.965 0.013

White blood cell count 1.002 0.998–1.005 0.289

Cytogenetic/immunophenotypic subtype

11q23/KMT2A 1.068 0.233–4.890 0.933

t(12;21) 0.578 0.155–2.158 0.415

t(9;22) 9.368 1.957–44.851 0.005

HeH 0.554 0.205–1.493 0.243

T-ALL 1.358 0.272–6.783 0.709

B-ALL other reference reference reference

Abbreviations: CI, confidence interval; HeH, high hyperdiploidy; HR, hazard ratio.
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3.4 | ALLs with high MYB TSS2 usage show
decreased expression of conventional MYB target
genes and increased expression of genes involved in
KRAS signaling and transmembrane transport

Next, we investigated differences in MYB target gene activation

between ALLs with high and low TSS2 activity. We used GSEA to

compare the RNA-seq data with a previously published dataset of

direct MYB target genes in hematopoietic progenitor cells.37 Conven-

tional MYB target gene expression was specifically enriched in TSS2

low cases (Figure 3B), suggesting a different downstream target gene

repertoire for MYB TSS2-encoded proteins in ALL.

We then studied which other genes and pathways that were upregu-

lated in ALL cases with high MYB TSS2 usage. GSEA demonstrated that

both T-ALLs and B-ALLs with high MYB TSS2 activity showed upregula-

tion of genes involved in KRAS signaling (Figure 3C). To investigate if the

F IGURE 2 MYB TSS2 activity in acute lymphoblastic leukemia (ALL) subtypes. (A) Comparison of MYB TSS2 activity in cytogenetic and
immunophenotypic subtypes of ALL using the analysis of variance test. (B) MYB TSS2 activity in 18 T-ALL cases. (C) Comparison of the relapse
frequency for MYB TSS2 high and low groups of T-ALL. (D) Comparison of clinical parameters betweenMYB TSS2 high and low T-ALLs.
(E) Differences in genetic characteristics of MYB TSS2 high and low T-ALL cases. NOTCH pathway mutations included mutations in NOTCH1-4
and FBXW7. The Fisher's exact test or the Mann–Whitney test were used to estimate statistical differences in C–E. HeH, high hyperdiploidy.

FEHR ET AL. 601
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increased KRAS signaling in theMYB TSS2 high cases was associated with

KRAS mutations, we analyzed previously published targeted sequence

data for a subset of these cases.35 No KRASmutations were found in nei-

ther MYB TSS2 high nor low cases, suggesting that alternative

mechanisms for KRAS pathway activation are at play in MYB TSS2 high

cases. Interestingly, gene ontology analysis revealed that cases with high

MYB TSS2 usage had an increased expression of genes encoding trans-

membrane transporters (Figure 3D). In particular, increased expression of

F IGURE 3 RNA-seq analysis of global gene expression in pediatric acute lymphoblastic leukemia (ALL). (A) Hierarchical clustering and
distance matrices of RNA-seq global gene expression in MYB TSS2 high and low cases of T- and B-ALL. (B) GSEA of direct MYB target genes in
MYB TSS2 high and low cases. (C) Significantly enriched gene sets in T- and B-ALL cases with high MYB TSS2 activity using GSEA. (D) Significant
gene ontologies in T- and B-ALL cases with high MYB TSS2 activity.

602 FEHR ET AL.
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F IGURE 4 DNA methylation analysis of CpG sites proximal to and within the MYB gene. (A) Comparison of CpG methylation within and
proximal to the MYB gene in T- and B-ALL between cases with high and low MYB TSS2 activity using the Mann–Whitney test. (B) Comparison of
the relative expression of MYB exons 1 and 2 between ALL cases with high and low MYB TSS2 activity using the Mann–Whitney test. (C) Pearson
correlation of MYB exon 1 expression and methylation at chr6:135502378 (GRCh37) in ALL.

F IGURE 5 A schematic overview of positive regulators of MYB transcription. In KMT2A-rearranged leukemia, for example, KMT2A::
MLLT3, the KMT2A-fusion protein binds the core MYB promoter and activates transcription through the recruitment of several
transcriptional regulators.40 The TAL1 complex, E2F factors, and SP1 activate MYB transcription from the conventional MYB promoter in
T-ALL cells.41,42 In the current model of MYB transcription elongation control, the polyT tract in intron 1 causes RNA polymerase II stalling,

RNA (red) stem-loop formation, and attenuation of transcription elongation. MYB transcription elongation arrest is relieved by ESR1 in ER
+ breast cancer cells43 and by NF-κB factors in colon cancer cells through interaction with P-TEFb.44 Pbx1, Pbx2, Meis1, and Hoxa9 bind
the alternative MYB promoter located in intron 1 in mouse hematopoietic cells.18 In our study, we found evidence of positive regulation of
MYB exon 1 expression by methylation of the conventional promoter at chr6:135,502,378 (GRCh37). ESR1, estrogen receptor alpha; Me,
methylation; P-TEFb, positive transcription elongation factor b; RNA POL II, RNA polymerase II; TSS, transcription start site. Created with
BioRender.com.
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 10982264, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gcc.23151 by U

ppsala U
niversity K

arin B
oye, W

iley O
nline L

ibrary on [31/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://biorender.com


genes encoding ABC drug transporters (e.g. ABCA2, ABCB5, and ABCC10)

and enzymes catalyzing drug degradation (e.g. CYP1A2, CYP2C9, and

CYP3A5) were found in MYB TSS2 high cases. This may lead to an

increased risk of development of drug-resistant disease.

3.5 | Decreased methylation of the conventional
MYB promoter is seen in ALL cases with high MYB
TSS2 usage

To gain further insights into the mechanism behind differential MYB TSS2

regulation, we analyzed the methylation status of 18 CpG sites located

within the conventional MYB promoter and within the first exon and

intron in 18 B-ALL and 18 T-ALL cases (Figures 3 and 4). The CpG site

located on chromosome 6 at 135,502,378 (GRCh37) in the core MYB

promoter was markedly enriched for methylation compared with other

analyzed sites (Figure 4A). Notably, MYB TSS2 high cases of both B- and

T-ALL had significantly less methylation at this site than MYB TSS2 low

cases. To investigate a putative association between MYB regulation and

methylation, we first analyzed the expression of exon 1 and exon 2 in

MYB TSS2 high and low cases (Figure 4B). MYB exon 1 expression was

significantly lower in cases with high MYB TSS2 activity, whereas exon

2 expression was similar between the groups. Furthermore, exon

1 expression was significantly correlated with methylation at

6:135,502,378 (Figure 4C). These results suggest that the total amount of

MYB exon 2 transcripts is similar inMYB TSS2 high and low cases but that

MYB TSS2 high cases have significantly more transcripts initiated from

TSS2 and less transcripts initiated from transcription start site 1 (TSS1) in

the conventional promoter. Taken together, our results suggest that the

expression of transcripts containing MYB exon 1 may be partly regulated

by DNA methylation of a regulatory element located in the core

promoter.

4 | DISCUSSION

MYB encodes an oncogenic master transcription factor that is acti-

vated and overexpressed in the majority of human leukemias.8 Here,

we investigated the clinical significance of MYB overexpression and

alternative promoter usage in 133 pediatric ALLs. MYB was overex-

pressed in all cases and MYB TSS2 promoter activity was an indepen-

dent predictor of ALL relapse in a multivariate analysis. Interestingly,

MYB TSS2 activity was not related to the different therapy risk groups

of the pediatric ALL patients. Our findings, thus, indicate that MYB

TSS2 activity could potentially be used to pinpoint cases with a higher

risk of relapse in the standard and intermediate treatment groups.

Future prospective studies will determine whether MYB TSS2 activity

may complement current prognostic factors, such as minimal residual

disease,38 in ALL prognostication. MYB TSS2 analysis could potentially

be incorporated in clinical routine by using qPCR with MYB-specific

primers or RNA-seq. In many countries, efforts are now made at the

national level to include RNA-seq of acute leukemia in clinical

routine.39

In this study, MYB TSS2 activity was not associated with cytoge-

netic or immunophenotypic subtypes, which implies subtype-

independent mechanisms of MYB regulation in ALL. We found an

inverse correlation between MYB TSS1 and TSS2 activity and an asso-

ciation between DNA methylation of the conventional MYB promoter

and expression of transcripts containing exon 1. In the ALL cases with

lower promoter methylation, we detected an enrichment of tran-

scripts starting with exon 2 and fewer transcripts starting with exon

1. Our results suggest that the CpG site at 6:135,502,378 is, at least

partly, involved in the recruitment of factors regulating the expression

of the MYB gene. Additional studies are needed to clarify the mecha-

nisms regulating the conventional and the alternative MYB promoter

and potential crosstalk between these two in ALL. A schematic over-

view of known regulators of MYB transcription is shown in Figure 5.

Expression of truncated variants of MYB, corresponding to alter-

native promoter usage, has previously been shown to result in altered

MYB-regulated downstream gene expression.19 In our study, high

MYB TSS2 activity was associated with decreased expression of con-

ventional MYB target genes and increased expression of genes

involved in KRAS signaling and transmembrane transport. Notably,

cases with DNA sequencing data lacked KRAS mutations, suggesting

that signaling downstream of KRAS, and not the protein itself, is acti-

vated in MYB TSS2 high cases. Importantly, RAS pathway activation

has previously been linked to relapse and therapy resistance in ALL,45

and our data further support this association. We also detected

increased expression of genes encoding ABC drug transporters in

MYB TSS2 high cases. Since upregulation of these genes correlates

with therapy resistance and poor prognosis in ALL,46 this could be

another reason for the frequent relapse of cases with high MYB TSS2

activity.

A limitation of our work is the restricted number of cases for certain

ALL subtypes (Table S1). Another limitation is the lack of detailed mecha-

nistic studies of MYB TSS2 regulation. However, we show that decreased

DNA methylation was correlated with the ratio of transcripts originating

from MYB TSS1 and TSS2. High MYB TSS2 activity was more frequently

found in T-ALL cases with normal karyotype and without detectable

fusion oncogenes, further supporting a role for epigenetic mechanisms in

MYB TSS2 regulation in ALL. We also show that MYB TSS2 activity

occurs in cultured ALL cell lines, which opens up for in vitro studies of

alternative promoter regulation and drug resistance.

In summary, we present the first study of MYB expression and

MYB alternative promoter usage in primary samples of pediatric ALL.

MYB was overexpressed in all cases and MYB alternative promoter

activity was associated with an increased risk of relapse, conceivably

mediated by augmented KRAS signaling and transmembrane trans-

porter activity. Our results indicate that MYB alternative promoter

expression is a potential novel prognostic biomarker for relapse in

pediatric ALL.
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