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Abstract

The prognosis of pediatric acute myeloid leukemia (AML) has improved via stratifica-
tion therapy. However, relapse or death occurs in 30%-40% of cases. Novel genetic
factors for pediatric AML need to be elucidated to improve prognosis. We detected
recurrent internal tandem duplication in upstream binding transcription factor (UBTF-
ITD) in 1.2% (6/503) of Japanese pediatric patients with de novo AML. No UBTF-ITD
was detected in 175 adult patients with AML or in 65 cell lines that included 15 AML,
39 acute lymphoblastic leukemia, five chronic myeloid leukemia, and six neuroblastoma
cell lines. All UBTF-ITDs were found in exon 13 and shared a duplicated region. UBTF-
ITD was more frequently detected in patients with trisomy 8, FLT3-ITD, WT1 mutation,
and/or high PRDM16 expression (trisomy 8, 3/6; FLT3-ITD, 5/6; WT1 mutation, 2/6;
and high PRDM16 expression, 6/6). Gene expression patterns of patients with UBTF-
ITD were similar to those of patients with NUP98::NSD1 or FUS::ERG. Survival analysis

Genes Chromosomes Cancer. 2022;1-8.
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1 | INTRODUCTION

The prognosis of pediatric acute myeloid leukemia (AML) has
improved owing to stratification therapy using cytogenetic aberra-
tions and therapeutic response.> However, there are still poor progno-
sis cases for which the detailed molecular background remains
unknown. Thus, further investigation is needed to identify novel prog-
nostic factors in pediatric AML.

While FLT3-ITD has been identified as an important prognostic
factor in pediatric and adult AML, evidence has also shown that FLT3-
ITD alone does not determine the prognosis, which has been found to
depend on other coexisting genetic factors.>™* Our previous RNA
sequencing analysis of 139 pediatric AML found that 37 of 47 patients
with FLT3-ITD had some type of fusion gene, but no other factors
were identified in the remaining 10 patients.” Focusing on these
10 patients with FLT3-ITD without any fusion genes, we performed a
custom panel sequencing on 131 pediatric AML and identified recur-
rent internal tandem duplication in upstream binding transcription fac-
tor (UBTF-ITD) in 3 of 10 patients with FLT3-ITD without any fusion
genes. UBTF encodes a member of the HMG-box DNA-binding pro-
tein family and plays a critical role in ribosomal RNA transcription. We
further analyzed UBTF-ITD in an expanded cohort comprising pediat-
ric AML, adult AML, and leukemia and neuroblastoma cell lines by
Sanger sequencing and investigated the correlation between UBTF-
ITD and other cytogenetic aberrations, gene expressions, clinical fea-

tures, and prognosis.

2 | MATERIALS AND METHODS

21 | Patients

This study enrolled patients with de novo AML who participated in
the Japanese AML-99 trial conducted by the Japanese Childhood
AML Cooperative Study from January 2000 to December 2002, as
well as the AML-05 trial conducted by the Japanese Pediatric Leuke-
mia/Lymphoma Study Group (JPLSG) from November 2006 to
December 2010.57 The AML-05 trial is registered with the UMIN
Clinical Trials Registry (UMIN-CTR, http://www.umin.ac.jp/ctr/index.
htm, number UMINOO0000511). A total of 503 patients with leukemic
samples were included in this study. There were 134 patients from a

of the AML-05 cohort revealed that patients with UBTF-ITD had worse outcomes than
those without UBTF-ITD (3-year event-free survival, 20% vs. 55%; 3-year overall sur-
vival, 40% vs. 74%). Moreover, among the 27 patients with trisomy 8, all three patients
with UBTF -ITD had a poor prognosis resulting in early events (relapse or non-complete
remission) within 1 year. Our findings suggest that UBTF-ITD may be a novel and sig-

nificant prognostic factor for pediatric patients with AML.

AML, FLT3-ITD, pediatric, PRDM16, trisomy 8, UBTF-ITD

total of 280 in the AML-99 trial and 369 from a total of 443 patients
in the AML-05 trial. The clinical characteristics of the patients and a
comparison between available and unavailable samples in each study
are described in Tables S1-S3. Patients diagnosed with acute promye-
locytic leukemia, Down syndrome-associated AML, and secondary
AML were excluded from these studies. Details pertaining to the diag-
nosis, treatment, and risk stratification have been previously
reported.>” The treatment protocols and procedures for data and
sample collection were approved by the institutional review boards of
each participating institution; written informed consent was obtained
from all patients or their parents/guardians. These studies were con-
ducted in accordance with the Declaration of Helsinki and approved
by the institutional review board of the Gunma Children's Medical
Center and the ethical review board of the JPLSG. Furthermore,

175 adult patients with AML were enrolled as a control cohort.

2.2 | Celllines

The following 65 cell lines were analyzed: 15 AML, 39 acute lympho-
blastic leukemia, five chronic myeloid leukemia, and six neuroblastoma
cell lines. Detailed information regarding the cell lines is presented in
Table S4.

2.3 | Custom panel sequencing

Custom panel sequencing was performed in 131 of 369 patients in
the AML-05 study. This panel contained 343 genes that have been
previously reported as driver or targetable genes in hematological
malignancies or solid tumors, including UBTF, which was reported in
integrated analysis in erythroleukemia.® All coding exons were cap-
tured using the SureSelect custom kit (Agilent Technologies, Santa

Clara, CA) and sequenced using the Hiseq 2500.

24 | Sanger sequencing for UBTF-ITD

Analysis of UBTF-ITD was performed via polymerase chain reaction
(PCR) followed by Sanger sequencing. Sanger sequencing was per-
formed to detect UBTF-ITD in 369 patients from the AML-05 study,
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157 patients from the AML-99 study, 175 adult patients with AML,
and 67 cell lines. The following primers were used: forward primer,
5’-ACCCTCTGCACCTGGACA-3 and reverse primer, 5-TGACAG
CTTCCCGCCTTC-3'.

2.5 | Molecular characterization other than
UBTF-ITD

Various gene mutations, gene rearrangements, and gene expressions
were analyzed using Sanger sequencing and quantitative RT-PCR.
Detailed methods have been reported previously.”

2.6 | RNA sequencing

RNA sequencing was performed in 139 of the 369 patients from the
AML-05 study. The RNA-seq data are available at the European
Genome-Phenome Archive (EGAS00001003701). Detailed patient
characteristics and methods are presented in Table S6 and in our pre-

vious report.®

2.7 | Statistical methods

The EZR software (version 1.35; Saitama Medical Center, Jichi Medi-
cal University, Saitama, Japan) was used for all analyze.X® Detailed
methods are described in Supplementary Methods. Inter-group differ-
ences in clinical characteristics were analyzed using Fisher's exact and
Mann-Whitney U tests. The Kaplan-Meier method and log-rank test
were used to estimate the survival rate. Overall survival (OS) was
defined as the time from diagnosis to death or the last follow-up.
Event-free survival (EFS) was defined as the time from diagnosis to
the date of failure (induction failure, relapse, second malignancy, or
death) for patients who experienced treatment failure or the date of
last contact for all other patients. Hazard ratio and 95% confidence
interval were estimated using Cox regression analysis. The Kruskal-
Wallis test was used to compare gene expression levels among the
various genetic abnormalities. For all analyses, two tailed p values of

<0.05 were considered indicative of statistical significance.

3 | RESULTS

3.1 | Detection of UBTF-ITD in pediatric AML

Three patients with UBTF-ITD were detected from 131 patients via
custom panel sequencing. Thereafter, we detected additional UBTF-
ITDs in two patients from the AML-05 study and one patient from the
AML-99 study via Sanger sequencing, respectively. Thus, six of
503 (1.2%) pediatric AML cases were found to have UBTF-ITD (Table 1
and Figure 1A). In contrast, no UBTF-ITDs were detected in the
175 adult AMLs and 65 cell lines with leukemia and neuroblastoma. All

Clinical characteristics of patients with UBTF-ITD

TABLE 1

Relapse Dead

SCT

High PRDM16 expression CR

FLT3-ITD

Karyotype
46,XX[20]

FAB

WBC, x10%/pl

11
7.0

Age, year
14.9

Sex

Insertion
11 bp
10 bp

Duplicated length

40 bp

UPN

Méa

F

AML-05-21
AML-05-47

47 XY, +8[1]/ 4

46,XY[19]

M4

12.8

M

38 bp

+

47 XY,+8[20]
47 XX,+8[20]
47 XX,+8[20]

46,XX

M1

168.1
M1

87.5

74

3 bp

90 bp

AML-05-67

+

8.3

81 bp
27 bp

AML-05-275

+

M5a

MO

95.9

8.5

F

36 bp

AML-05-365

25.7

15 bp

39 bp

AML-99-154

WILEY_L_*

Abbreviations: CR, complete remission; FAB, French-American-British classification; N/A, not available; SCT, stem cell transplantation; WBC, white blood cell counts; UPN, unique patient number.
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FIGURE 1 (A) Molecular and cytogenetic aberrations in six pediatric acute myeloid leukemia (AML) with UBTF-ITD in the AML-05 and AML-

99 studies. Among the six patients with UBTF-ITD, four had trisomy 8, and the other two had a normal karyotype. Moreover, five and two of the
six patients with UBTF-ITD had concomitant FLT3-ITD or WT1 mutations, respectively. High PRDM16 expression was also detected in all patients
with UBTF-ITD. Each column displays the cytogenetic aberration pattern and clinical status of an individual sample. Light blue indicates UBTF-ITD.
Green indicates chromosomal aberrations. Yellow indicates genetic aberrations. Blue indicates gene expression. Gray indicates a clinical outcome.
Blanks indicate the absence of a chromosomal aberration, genetic alteration, or prognostic event. Light and dark purple indicate risk classification.
(B) UBTF-ITD sequences in each patient. The image shows the sequences of UBTF-ITD in exon 13. The top row of each case shows the
nucleotide sequences, whereas the bottom row shows the amino acid sequence. Duplicated regions are depicted in red characters and a yellow

marker. Commonly duplicated regions are indicated by the dotted line.

UBTF-ITDs were detected in exon 13 and had common duplicated
region (Figure 1B).

3.2 | Clinical and cytogenetic characteristics of
patients with UBTF-ITD

The landscape of patients with UBTF-ITD is described in Figure 1A.
Trisomy 8, FLT3-ITD, WT1 mutation, and high PRDM16 expression
were more frequently detected in patients with UBTF-ITD from the
AML-05 study, respectively (trisomy 8, n = 3, p = 0.003; FLT3-ITD,
n = 4, p = 0.001; WT1 mutation, n = 2, p = 0.039; high PRDM16
expression, n = 5, p = 0.001) (Table 2).

3.3 | Gene expression analysis of cases with
UBTF-ITD

Unsupervised hierarchical clustering analysis of the 139 pediatric
AML is shown in Figure 2A,B. Five clusters were generated, with each
cluster having unique characteristics related to gene alterations. Cases
with UBTF-ITD were categorized into clusters 1 and 3 (Figure 2A).
Region B consisted of HISH1Hs and HOXAs, the gene expression of
which were higher in clusters 1A and 3 (Figure 2B). In contrast, genes
belonging to region A were lower in clusters 1A and 3. Genes catego-

rized to region C differed significantly between clusters 1A and

3, including CTNNB1 and BCL3. Thereafter, we compared gene
expressions between AML with and without UBTF-ITD. The expres-
sion of UBTF, PRDM16, HOXB5, HIST1H1C, and CLU differed signifi-
cantly (Figure S1). Finally, gene expressions were compared among
representative genetic abnormalities, including NUP98::NSD1, FUS:
ERG, NPM1, biallelic CEBPA mutations, KMT2A rearrangements, or
others (Figure S2). UBTF expression tended to differ among these
seven groups (p = 0.057, Figure S2), and the expression of PRDM16,
HOXA9, HOXBS5, FLT3, CEBPA, HIST1H1C, and CLU differed signifi-
cantly among these groups. The expression levels of these genes in
cases with UBTF-ITD were similar to those in AML with NUP98::NSD1
or NPM1 mutation (Figure S2). Among them, the expression level of
CLU was higher in cases with UBTF-ITD or NUP98::NSD1 but lower in
patients with NPM1 mutation. Intriguingly, patients with UBTF-ITD
had a significantly higher PRDM16 expression level than those without
UBTF-ITD among the 64 patients with high PRDM16 expression
(p = 0.010, Figure S3).

3.4 | Survival analysis of patients with UBTF-ITD-
positive AML in the AML-05 study

Survival analysis was performed in the AML-05 study using the
Kaplan-Meier method to reveal the prognostic impact of UBTF-ITD.
Notably, patients with UBTF-ITD had significantly poorer outcomes in
terms of both EFS and OS than those without UBTF-ITD (3-year EFS,
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TABLE 2 Clinical characteristics of patients with and without
UBTF-ITD

UBTF-ITD w/o UBTF-ITD
(n=5) (n = 364)
Age median at diagnosis, 8.5(7.4-14.9) 7.8(0.0-17.9)
year (range)
Sex, Male, n (%) 2 (40) 192 (53)
WBC median, x10°/L 87.5(1.1-168.1) 20.1 (0.62-985.0)
(range)
Stem cell 4 171
transplantation, n
Relapse, n 3 129
FAB classification, n
MO 0 7
M1 2 46
M2 0 105
M4 1 55
M5 1 72
Mé 1 7
M7 0 33
Risk classification, n
Low 0 126
Intermediate 0 144
High 3 46
Non-complete 2 48
remission
Cytogenetic features, n
Normal karyotype 1 69
Trisomy 8 3 24
RUNX1-RUNX1T1 0 106
CBFB-MYH11 0 31
KMT2A- 0 55
rearrangement
WT1 mutation 2 23
FLT3-ITD 4 43
High PRDM16 5 79
expression

Abbreviations: FAB, French-American-British; WBC, white blood cell
counts.

20% vs. 55%; 3-year OS, 40% vs. 74%) (Figure 3). Further analyses
were performed, focusing on patients with trisomy 8 (n = 27). The
clinical characteristics of patients with trisomy 8 are described in
Figure 4A and Table S7. All three patients with trisomy 8 had no other
cytogenetic aberrations, such as KMT2A rearrangement or CBFB::
MYH11 (Figure 4A). Furthermore, all three patients with trisomy 8 with
UBTF-ITD had significantly worse outcomes, resulting in early events
(relapse or non-complete remission) within 1 year (Figure 4B). Patients
with trisomy 8 with NUP98::NSD1, FUS::ERG, or UBTF-ITD had an
extremely poor prognosis, whereas patients with trisomy 8 without
those had a favorable prognosis (3-year EFS, 11% vs. 64%; 3-year OS,
33% vs. 82%) (Figure 4C).

4 | DISCUSSION

UBTF-ITD was detected in 6 (1.2%) out of 503 pediatric AML cases
in this study. UBTF-ITD has recently been reported mainly in
relapsed pediatric patients with AML.*%'2 As indicated in previous
studies, all these ITDs coexisted with various insertions and deletions
in exon 13, resulting in in-frame changes.1'*? Consistent with previ-
ous reports,*112 UBTF-ITD was detected specifically in pediatric
AML in this study. Also similar to the previous report,*' UBTF-ITD
was strongly associated with trisomy 8, FLT-ITD, WT1 mutation, and
high PRDM16 expression (Table 2) in this study. Patients with UBTF-
ITD also had a significantly worse prognosis, which is consistent with
the previous report.!? Patients with FLT3-ITD were classified as
high-risk and were all indicated for stem cell transplantation in this
study.® High PRDM16 expression was reported to be associated with
poor prognosis in our previous study.'® Furthermore, we also
showed, that among patients with pediatric AML, the prognosis of
those with FLT3-ITD can be divided according to the presence or
absence of high PRDM16 expression.}* Thus, high PRDM16 expres-
sion has recently been recognized as a strong poor prognostic factor.
Considering that patients with UBTF-ITD concomitantly had these
poor prognostic factors, it was difficult to determine the significance
of UBTF-ITD alone. However, our findings suggested that UBTF-ITD
enhanced the expression of PRDM16 and contributed to the poor
prognosis given that patients with UBTF-ITD had more higher
expression of PRDM16 (Figure S3). Further analysis of UBTF-ITD
should better elucidate the mechanism by which PRDM16 expression
is enhanced in leukemic cells. Furthermore, gene expression analysis
revealed that patients with UBTF-ITD expression patterns were simi-
lar to those with NUP98::NSD1 or FUS::ERG (Figure 2A). UBTF-ITD
can be considered a novel abnormality characteristic to a similar
group with a poor prognosis, such as those with NUP98::NSD1 or
FUS::ERG. In particular, the prognosis of patients with trisomy 8 can
be clearly determined according to the presence or absence of
UBTF-ITD, NUP98:NSD1, or FUS:ERG (Figure 4C). Trisomy 8 is
sometimes detected with other cytogenetic aberrations such as
KMT2A rearrangement or CBFB::MYH11. In fact, 17 of 27 patients
with trisomy 8 harbored additional cytogenetic abnormalities. More-
over, the patients with UBTF-ITD had no other cytogenetic aberra-
tions other than trisomy 8. In a previous report, despite the high
frequency of FLT3-ITD in patients with trisomy 8 alone, no signifi-
cant difference was detected between the prognosis of patients with
trisomy 8 alone and those with trisomy 8 harboring other cytoge-
netic alterations.® On the contrary, the results of this study showed,
that among the patients with trisomy 8 alone, those with UBTF-ITD
may have a worse prognosis.

Given the small number of patients, it is difficult to determine the
clinical significance of UBTF -ITD based on the results of this study
alone. However, the results of this study are consistent with previous
studies.* Although further cases are needed to establish the clinical
significance of UBTF-ITD, it may be useful for more accurate stratifica-
tion and may contribute toward improving the prognosis of pediatric
patients with AML.
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FIGURE 2 (A) Unsupervised hierarchical clustering analysis of the 139 pediatric AML. The 139 cases were classified into five clusters. Each
cluster had the following characteristics: cluster 1A, AML with NPM1 mutation; cluster 1B, acute megakaryoblastic leukemia, and some cases with
biallelic CEBPA mutation, cluster 2, KMT2A rearrangement; cluster 3, NUP98::NSD1, UBTF-ITD, or RUNX1 mutation; cluster 4, some cases with
CEBPA biallelic mutation. (B) Distinct three regions from unsupervised hierarchical clustering analysis of the 139 pediatric AML. Region A
consisted of low-expression genes in clusters 1A and 3. Region B consisted of high-expression genes in clusters 1A and 3. Region C consisted of
genes with significantly different expression patterns between clusters 1A and C.
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FIGURE 4 (A)Molecular and cytogenetic aberrations in 27 pediatric AMLs with trisomy 8 from the AML-05 study. Each column displays the

cytogenetic aberration pattern and clinical status of an individual sample. Pink indicates trisomy 8. Light blue indicates UBTF-ITD. Green indicates
chromosomal aberrations. Yellow indicates genetic aberrations. Orange indicates gene expression. Gray indicates a clinical outcome. Blanks
indicate the absence of a chromosomal aberration, genetic alteration, or prognostic event. Light orange, pink, light purple, and dark purple indicate
risk classification. (B) Prognostic significance of UBTF-ITD in pediatric AML with trisomy 8 participated in the AML-05 study. Kaplan-Meier
curves indicate the overall and event-free survival of patients with or without UBTF-ITD in AML with trisomy 8. (C) Prognostic significance of
NUP98::NSD1, FUS::ERG, or UBTF-ITD among patients with AML with trisomy 8. Kaplan-Meier curves indicate the overall and event-free survival
of cases that are positive or negative for NUP98::NSD1, FUS::ERG, or UBTF-ITD.
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