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— The genetics of relapsed pediatric acute myeloid leukemia (AML) has yet to be

comprehensively defined. Here, we present the spectrum of genomic alterations in
136 relapsed pediatric AMLs. We identified recurrent exon 13 tandem duplications (TD) in upstream
binding transcription factor (UBTF) in 9% of relapsed AML cases. UBTF-TD AMLs commonly have
normal karyotype or trisomy 8 with cooccurring WT1 mutations or FLT3-ITD but not other known
oncogenic fusions. These UBTF-TD events are stable during disease progression and are present in
the founding clone. In addition, we observed that UBTF-TD AMLs account for approximately 4% of
all de novo pediatric AMLs, are less common in adults, and are associated with poor outcomes and
MRD positivity. Expression of UBTF-TD in primary hematopoietic cells is sufficient to enhance serial
clonogenic activity and to drive a similar transcriptional program to UBTF-TD AMLs. Collectively,
these clinical, genomic, and functional data establish UBTF-TD as a new recurrent mutation in AML.

SIGNIFICANCE: We defined the spectrum of mutations in relapsed pediatric AML and identified UBTF-
TDs as a new recurrent genetic alteration. These duplications are more common in children and define
a group of AMLs with intermediate-risk cytogenetic abnormalities, FLT3-ITD and WT1 alterations, and

are associated with poor outcomes.

See related commentary by Hasserjian and Nardi, p. 173.
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UBTF Tandem Duplications in Pediatric Acute Myeloid Leukemia

INTRODUCTION

Children with acute myeloid leukemia (AML) have a long-
term survival rate that is still below 70% (1). Most children
with AML respond to initial treatment and achieve complete
remission, but many experience a relapse. Relapsed AML
is typically treated with chemotherapy or a wide variety of
novel agents, followed by allogeneic hematopoietic stem cell
transplantation (2). Unfortunately, AML after relapse is often
refractory, and many patients eventually succumb to the
relapsed disease (1-3).

Cytogenetic and molecular studies on pediatric AMLs have
led to the identification of genetic alterations that are used
to risk-stratify patients at diagnosis. For example, RUNXI-
RUNXITI and CBFB-MYHI11 are favorable-risk lesions,
whereas DEK-NUP214, CBFA2T3-GLIS2, and NUP98-NSDI
fusions are regarded as high-risk factors (4-6). The TARGET
pediatric AML study revealed that mutations in CEBPA, FLT3,
and WT1 are prognostic in pediatric AML (7) while also illu-
minating significant genetic differences between adult and
pediatric AML, including more KMT2A and NUP9Y8 fusions in
pediatric AML, along with fewer somatic mutations in NPM1I,
DNMT3A, and TET2 (7-9).

To date, most genetic studies on pediatric AML have
focused on disease at diagnosis, despite relapse serving as a
primary driver of poor outcome (8, 10). Here we performed
genetic and transcriptional profiling of 136 relapsed pediatric
AML cases to define the spectrum of alterations, and we dem-
onstrated an overrepresentation of WT'1, KMT2A, and NUP98
alterations in relapsed AML relative to the diagnosis cohort
of the TARGET study. Notably, we identified tandem dupli-
cations in exon 13 of upstream binding transcription factor
UBTF (UBTF-TD) as a recurrent alteration in pediatric AML
associated with poor prognosis that is frequently present
with FLT3-ITD and WT1 mutations but is mutually exclusive
with known subtype-defining fusion oncoproteins.

RESULTS

Comprehensive Genetic Background of Relapsed
Pediatric AML

We investigated the genomic profile of relapsed pediat-
ric AML from 136 patients (median age of 9.2) utilizing
whole-genome sequencing (WGS), whole-exome sequencing
(WES), target capture sequencing (TCS), and RNA sequenc-
ing (RNA-seq; Fig. 1A; Supplementary Fig. S1A and S1B;
Supplementary Tables S1-S7, see Methods for details).
These analyses identified gene fusions in 106 patients
(77.9%; Supplementary Figs. S2A-S2C and S3; Supplemen-
tary Tables S8-S10). The most common in-frame fusions
involved KMT2A (n = 36, 26.5%) or NUP98 (n = 18, 13.2%).
We also found rare fusions associated with poor prognosis,
including PICALM-MLLTI0 (ref. 11; n = 5, 3.7%), FUS-ERG
(ref. 125 n = 4, 2.9%), DEK-NUP214 (ref. 6; n = 4, 2.9%), and
GLIS family fusions (ref. 5; n = 3, 2.2%). Structural variants
leading to outlier high expression and allele-specific expres-
sion (ASE) of oncogenic genes were detected by cis-X (13),
most notably involving MECOM (refs. 14, 15; n = 3, 2.2%),
BCL11B (ref. 16; n =2, 1.5%), or MNX1 (ref. 17; n =1, 0.7%;
Supplementary Figs. S2A and S4A-S4C; Supplementary

Table S11). In comparison to a patient cohort at diagnosis
in the TARGET AML study (7, 18), this relapse cohort was
enriched for NUP98 rearrangements (P = 0.02) along with
fewer CBFB-MYH11 fusions (P < 0.001). We also identified
recurrent somatic mutations, including single-nucleotide
variant (SNV), insertion and deletion (Indel), tandem
duplications, copy-number alterations (CNA), and copy
neutral loss of heterozygosity (CN-LOH; Fig. 1B; Supple-
mentary Fig. S5A; Supplementary Tables S12-S14). Overall,
14.1 + 13.3 (mean *+ SD) somatic coding mutations and
CNA/CN-LOH were identified per patient with WGS data,
many of which are in cell signaling genes and transcription
factors (Supplementary Fig. SSB-S5D). Using the genomic
random interval (GRIN) model (19), we identified 39 sig-
nificantly mutated genes, including genes associated with
poor prognosis, such as WT1 (n = 33, 24.3%), FLT3 (n = 30,
22.1%), and TP53 (n = 9, 6.6%; Fig. 1B; Supplementary
Tables S12 and S15). Recurrent somatic and heterozygous
tandem duplications in UBTF (herein referred to as UBTF-
TD) were identified in nearly 9% of the relapse AML cohort.
The genome-wide mutation pattern of relapsed AML is
significantly different (P < 0.001) from the TARGET cohort
(7, 18), with more FLT3, WT1, and UBTF mutations. We also
identified 9 pathogenic or likely pathogenic germline altera-
tions from 8 patients (8/91, 8.8%), including one germline
RUNXI mutation (Supplementary Table S16).

Molecular Features of Pediatric AML and UBTF-TD
Defined by Integrated Molecular Profiling

These data suggest many gene alterations are more com-
mon in relapsed pediatric AML than at diagnosis, most not-
ably UBTF-TD (Fig. 1B; Supplementary Fig. S2A). To further
investigate these molecular alterations, we established a tran-
scriptomic extension cohort with 417 additional pediatric
AMLs from previous studies (5, 7, 10, 20-24), including 36
cases of a therapy-related AML cohort (ref. 15; Supplemen-
tary Table S17), as well as samples sequenced through our
clinical service (23, 25). We detected fusion transcripts and
somatic mutations with the same in-house pipeline and col-
lectively evaluated the mutational and expression patterns
(Supplementary Fig. S6; Supplementary Tables S18-S21).
These analyses demonstrated that UBTF-TDs are mutually
exclusive with other known subtype-defining alterations in
pediatric AML, including both the common subtypes like
NUP98r, KMT2Ar, NPM1, and CBF-AMLs (CBFB-MYH11 and
RUNXI-RUNXITTI), as well as rare subtypes like DEK-NUP214,
PICALM-MLLTI10, CBFA2T3-GLIS2, and BCL11B (Fig. 1C; Sup-
plementary Figs. S7A, S7B, S8A, and S8B).

Ata transcriptional level, UBTF-TD AMLs showed the high-
est expression of UBTF, although UBTF expression is gener-
ally high among AML cases, and are globally similar to NPM1
and NUP98-NSD1 subtypes, with expression of PRDMIG,
NKX2-3, and HOX cluster genes (Fig. 1D and E; Supplemen-
tary Figs. S7A and S9A-S9D; Supplementary Table S22).
Although HOXA cluster genes are broadly expressed across
different molecular features, HOXB5-9 expression is spe-
cific to AMLs with UBTF-TD, NPM1, NUP98r, DEK-NUP214,
and KMT2A-PTD (Fig. 1E). In addition, PRDM16, which is
required for maintenance of hematopoietic stem cells (26), is
homogenously expressed in UBTF-TD and NUP98r subtypes,
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Figure 1. Molecular landscape of relapsed pediatric acute myeloid leukemia (AML). A, The study design. Tumor samples from 136 pediatric patients
with relapsed AML were subjected to RNA-seq followed by WGS, WES, and TCS when patient samples were available. B, The ratio of patients with
recurrent somatic coding mutations in the relapsed AML cohort. The color in each bar represents the type of mutation. Asterisks denote the significance
of the difference with the TARGET cohort calculated by Fisher exact test (*, P <0.05; **, P < 0.01; ***, P < 0.001) and red asterisks denote g < 0.05 after
adjustment for multiple testing by the Benjamini-Hochberg method. C, Mutually exclusive gene alteration patterns. Each dot’s color and size denote the
ratio of patients with the gene alteration. D, t-Distributed Stochastic Neighbor Embedding (tSNE) of expression profiles of the pediatric AML cohort
(n=558) performed with the top 250 most variably expressed genes. The color of each dot denotes the molecular feature of the sample. E, An expression
heat map of representative homeobox genes in each molecular feature. The colors denote averaged log, CPM (counts per million) within each
molecular feature.

whereas the expression in NPM1I subtype is more heterogene-

ous (Supplementary Fig. S9A).

These data on a larger cohort of pediatric AML samples
further demonstrate unique cooperating mutation patterns
across all cases and within relapse cases (Supplementary

Fig. S10A-S10C). For example, UBTF-TD-positive AMLs

showed significant enrichment of WT1 and FLT3 mutations

across the entire cohort, like NPMI and NUP98r AMLs.
It has also been recognized that a subset of FLT3 or WT1-
positive pediatric AMLs lacked a known initiating event
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(e.g., DEK-NUP214, BCL11B, NUP98-NSD1; refs. 7, 20). Here
we show that many of these cases harbor TDs in exon 13 of
UBTF. For example, in the relapse cohort, 7 of the 25 FLT3-
ITD" AMLs lacked a concurrent subtype-defining lesion, and
6 of these 7 cases (85.7%) were found to have a UBTF-TD.
Likewise, all 9 of the 29 WT1* AMLs without a known driver
alteration were found to harbor a UBTF-TD. Collectively,
these data indicate that UBTF-TD is a unique genetic altera-
tion that shares transcriptional and mutational backgrounds
with NPM1 and NUP98r AMLs.

UBTF-TD in Pediatric AML

UBTF is a nucleolar protein that regulates the epigenetic
status of ribosomal DNA (rDNA) and ribosomal RNA (rRNA)
transcription (27, 28). Because UBTF mutations have rarely
been observed in myeloid malignancies (8, 10, 18, 21), the
frequency in relapsed pediatric AML (n = 12, 8.8%) is sur-
prising. These UBTF mutations all involved either in-frame
insertions on the 3’ end of exon 13 of UBTF (internal tan-
dem duplication: ITD) or in-frame duplication of exon 13
(partial tandem duplication: PTD), collectively referred to as
UBTF-TD (Fig. 2A). We validated these heterozygous UBTF-
TDs by Sanger sequencing and long-read sequencing when
patient tumor DNA was available (Fig. 2B; Supplementary
Fig. SI1A-S11E).

We noted that complex secondary indels frequently occur
alongside the duplication, which can limit the detection by
CICERO (29). To enhance our ability to detect all UBTF-TD
events, we performed an integrative screening of UBTF-TD
by CICERO, RNAIndel (30, 31), and a novel soft-clip read
approach (see Methods). This screening identified 15 addi-
tional UBTF-TDs in the extension cohort, many of which
have not been reported in previously published studies (Sup-
plementary Tables S23 and S24). These include 7 newly
identified cases from the TARGET cohort that were missed
by prior CICERO analysis because of the complex secondary
indels mentioned above and the omission of UBTF from the
required candidate gene list for ITD detection due to not
being previously recognized as an oncogene. These duplica-
tions varied in size, but all yielded in-frame insertions of exon
13 of UBTF. At the amino acid level, UBTF-TDs caused amino
acid insertions of variable sizes (15-181 amino acids), dupli-
cating a portion of high mobility group domains 4 (HMG4)
of UBTF protein, which contains short leucine-rich sequences
(Fig. 2C and D; Supplementary Table S24).

The 27 UBTF-TD AMLs (12 in the relapse AML cohort
and 15 in the extension cohort) mostly occurred in early
adolescence (median age: 12.6, range: 2.4-19.6), and 19 of
27 cases had either normal karyotype (n = 12) or trisomy 8
(n = 7; Fig. 2E; Supplementary Table S25). In patients with
documented relapse, the median time from diagnosis to
relapse was 1.1 years (Supplementary Table S26). Although
UBTF-TD frequently occurred with FLT3-ITD (44.4%) or WT1
mutations (40.7%; Fig. 2E; Supplementary Fig. S10A), muta-
tions in other signaling genes frequently observed in AMLs
such as NRAS, KRAS, and PTPN11 were also observed in cases
that lacked a FLT3-ITD, suggesting a cooperating signaling
alteration contributes to the leukemic phenotype. Across the
27 cases, the median variant allele fraction (VAF) of UBTF-TD
was 48.0% (range: 9.7%-66.7%). The three cases with a VAF

below 25% had either a paucity of other somatic variants or a
low tumor purity before sampling, and the low VAF can likely
be attributed to contamination of normal cells together with
an overall difficulty with establishing accurate VAFs from
complex indels (Supplementary Table S24). These findings
suggest that UBTF-TD is predominantly a clonal alteration.

To gain further insights into the clonal dynamics of UBTF-
TD AMLs, we studied four cases with data at multiple disease
time points. In every case, UBTF-TD was present with a high
VAF at both timepoints (Fig. 2F; Supplementary Fig. S12A
and S12B; Supplementary Table S27). In contrast, WT1I
mutations were commonly enriched in the relapse samples,
indicating that WT1 alterations are late cooperating events.
Although FLT3-ITD is imputed to cooccur with UBTF-TD
in the founding clone in some cases, UBTF-TD AMLs can
occur in the absence of FLT3-ITDs (e.g., SJAML016569 in
Supplementary Fig. S12B), showing that UBTF-TD AMLs do
not require FLT3-ITD. These cumulative data suggest that
the recurrent alterations of UBTF-TD in pediatric AML are
a subgroup-defining lesion, and we hypothesized that UBTF-
TD could drive the leukemic phenotype.

Functional Assessment of UBTF-TD

The impact of exogenous UBTF-TD expression on dif-
ferentiation and growth in primary hematopoietic cells was
assessed in cord blood CD34* cells (Fig. 3A; Supplementary
Fig. S13A-S13C). Colony-forming assays revealed that UBTFE-
TD expression promotes colony-forming activity over several
rounds of replating and yields cells with a persistent blast-like
morphology, in contrast to macrophage-like differentiation
in UBTF-wild-type and empty controls (Fig. 3B; Supplemen-
tary Fig. S14A). UBTF-TD expression also resulted in a growth
advantage over controls (Fig. 3C; Supplementary Fig. S14B-
S$14D). Furthermore, transcriptional profiling of these cell
cultures demonstrated an expression program similar to
what we observe in patients with UBTF-TD AMLs, including
expression of HOXB genes, NKX2-3, and PRDM16 (Fig. 3D-
F), implying that UBTF-TD expression is sufficient for this
phenotype. We next investigated the impact of UBTF-TD on
the known function of UBTF in regulating rDNA activity
(28). Overexpression of both UBTF-wild-type and UBTF-TD
decreased inactive rDNA sites compared with mock control
with no consistent difference between UBTF-wild-type and
UBTE-TD (Supplementary Fig. S1ISA and S15B), suggest-
ing that the duplication does not alter UBTF function on
rDNA. Finally, we interrogated the subcellular localization of
UBTF-TD in a variety of human cell lines and primary patient
samples, which showed no consistent changes in the localiza-
tion of UBTF-TD compared with wild-type (Supplementary
Fig. S16A-S16C).

Prevalence and Clinical Impact of UBTF-TD in
De Novo AML Cohorts

To investigate the prevalence of UBTF-TDs in de novo pedi-
atricand adult AML, we applied the above UBTF-TD screening
method to the available large de novo AML cohorts of TCGA
(n = 151, adult; ref. 32), BeatAML (n = 220, pediatric and
adulg; ref. 33), and AAML1031 (» = 1,035, pediatric; ref. 34).
We identified UBTF-TDs in 4.3% (45/1,035) of the pediatric
AAMLI1031 cohort (Fig. 4A; Supplementary Tables S28-S30),
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Figure 2. UBTF-TDs in pediatric AML. A, Exons 11-15 of UBTF gene and the location of UBTF-TDs (n = 12) identified in the relapse AML cohort. B, The
results of validation of UBTF-TDs in the relapsed AML cohort by polymerase chain reaction (PCR) and Sanger sequencing. Blue bars denote duplicated
sequences. C, lllustrative schema of UBTF protein and amino acid sequences within the HMG domain 4 of both UBTF-wild-type and UBTF-TDs. A part

of UBTF-TDs encoded on exon 13 of UBTF genes is shown in comparison with UBTF-wild-type of human and other vertebrates. Amino acid sequences
highlighted in red denote leucine-rich sequences duplicated in all UBTF-TDs. D, Comparisons of amino acid sequences of UBTF-wild-type and UBTF-TD

at the likely insertion site in helix 2 of HMB box 4 for observed UBTF-TDs. E, Mutational landscape of UBTF-TD AML. F, Clonal dynamics of WTI muta-
tions in UBTF-TD AMLs. Comparison of variant allele frequency between diagnosis (x-axis) and relapse (y-axis) tumors for cases SIAML030286 and
SJAML010730 (left). SNVs/Indels detected from SJAML030286 WGS were drawn as density clouds, and representative mutations for each subclone
were marked by crosses. Relapse-specific mutations are shown to the left. The clonal evolution scheme for the patients imputed from bulk WGS data
(SJAML030286) or RNA-seq and TCS (SJAMLQO10730; right).
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Figure 3. Invitro modeling of UBTF-TD. A, Experimental design of in vitro modeling of UBTF-TD in cord blood (CB) CD34+ cells. B, The effects of
UBTF-wild-type and UBTF-TD overexpression in colony-forming potential of cord blood CD34* cells. Boxplots of logged colony count from technical replicates
(Empty vector: n=7, UBTF-wild-type: n=12, UBTF-TD: n=12) from five independent experiments are shown. A box represents quartiles, and whiskers
represents max and minimal values. Statistical significances were calculated by ANOVA test followed by pairwise comparisons and adjustment with
Tukey method (left). Wright-Giemsa staining of cells derived from the second replating. Both images are at equal magnification (60x; right). C, The effects
of UBTF-wild-type and UBTF-TD overexpression on cell growth of CD34* cord blood in liquid culture. Experimental design and error bars are the same

in Fig. 3B. Statistical significances were calculated at day 49 by Student t test followed by adjustment for multiple testing by the Benjamini-Hochberg
method. D, Principal Component Analysis (PCA) of transcriptional profiles of transduced cord blood CD34+ cells at day 32 (Empty vector: n=3, UBTF-
wild-type: n=6, UBTF-TD: n=6). E, Expression of representative genes upregulated in UBTF-TD AMLs. Bars denote mean from biological triplicates from
which data for all conditions were available. Statistical significances were calculated as in Fig. 3C. F, Gene Set Enrichment Analysis (GSEA) between nHA-
UBTF-WT (n=3) and nHA-UBTF-TD (n = 3) transduced conditions using gene sets identified in patient samples (Supplementary Table S21).

and all of these cases lacked a cooccurring recurrent fusion
oncoprotein (Fig. 4B). We also confirmed frequent cooccur-
ring FLT3-ITD (30/45: 66.7%) and WTI mutations (14/45:
31.1%), as well as rare NRAS mutations in UBTF-TD AMLs,
and the enrichment in AML in adolescence (median: 14.3,
range: 6.3-27.3) with normal karyotype or trisomy 8. In con-
trast, UBTF alterations are less common (P = 0.002) in the
adult AML cohorts, occurring in only 0.9% (3/329) of patients
(Fig. 4A; Supplementary Tables S28 and S29).

The enrichment of UBTF-TDs in the relapse cohort sug-
gests an association with poor outcomes. Furthermore, all
9 patients with UBTF-TDs in the TARGET cohort (7) experi-
enced relapse, and an additional 3 patients were part of the
induction failure cohort (ref. 10; Supplementary Fig. S17;
Supplementary Table S31). To test this hypothesis, we inves-
tigated the clinical outcomes within the AAML1031 cohort.
Overall, patients with UBTF-TD have a 5-year overall survival
(OS) of 44%, which is less than patients without a UBTF-TD
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Figure 4. Prevalence and clinical outcome of UBTF-TDs in de novo AML cohorts. A, Frequencies of UBTF-TDs in published de novo AML cohorts in Sup-
plementary Table S25. Statistical significance was calculated between the total pediatric and adult cohorts by Fisher exact test. B, Cytogenetic and genetic
background of UBTF-TD cases in the AAML1031 cohort. C, Clinical outcomes of UBTF-TD cases and AML with major molecular features in the AAML1031

cohort. D, Minimal residual disease (MRD) positivity of UBTF-TD case with cooperating mutations of FLT3-ITD or WT1.E, Clinical outcomes of UBTF-TD
cases with cooperating mutations of FLT3-ITD or WTI.F, Subgroup analysis of outcomes of UBTF-TDs with or without WT1 mutations within FLT3* AMLs.
In C, E, and F, the statistical significance of variables was tested with the log-rank test. In D, the statistical significance was calculated by Pearson y? test.

(64%, P = 0.018), and tend to have lower S-year event-free
survival (30% vs. 45%, P = 0.078; Fig. 4C; Supplementary
Fig. S18A). The clinical course of UBTF-TD AML is similar
to those of NUP98r or KMT2Ar among major molecular
features (Fig. 4C). Notably, UBTF-TD was strongly associ-
ated with minimal residual disease (MRD) positivity at the
end of the first induction, independent of FLT3-ITD or WT1
status (Fig. 4D). Furthermore, the cooccurrence of FLT3-ITD
with UBTF-TD resulted in a poor clinical outcome (Fig. 4E;
Supplementary Fig. S18B). Also, UBTF-TD and WT1 demon-
strated additive impact on the clinical outcomes in the entire
cohort and within FLT3-ITD* AMLs (Fig. 4E and F; Sup-
plementary Fig. S18C). Univariate and multivariate analyses
with genetic alterations revealed that UBTF-TD, WT1, and
NUP98 fusions are independent risk factors for overall sur-
vival within FLT3-ITD* AMLs, whereas the age of the patients

had only mild impacts on the clinical outcome in univariate
analysis (Supplementary Table S32). These clinical data show
that UBTF-TD is a new risk factor for pediatric AML with a
poor prognosis and high rates of MRD positivity.

DISCUSSION

The outcome of pediatric AML has improved over the
past few decades (1) largely due to intensification of chemo-
therapy and enhancements in supportive care, rather than
new therapies guided by molecular alterations (35). This has
partly resulted from the lack of understanding of the genetic
features of childhood AML at relapse, which drives the poor
outcome in this disease (3, 35). To address this deficiency, we
comprehensively characterized 136 relapsed pediatric AMLs.
This relapsed AML cohort was enriched for KMT2A and

200 | BLOOD CANCER DISCOVERY MAY 2022

AACRJournals.org



UBTF Tandem Duplications in Pediatric Acute Myeloid Leukemia

NUP98 rearrangements and WT1 mutations compared with
de novo pediatric AML (7, 18). Notably, the third most com-
mon molecular feature in our relapsed AML cohort was tan-
dem duplications in exon 13 of UBTF. UBTF-TDs have rarely
been reported in the literature (10, 18), most recently in 3 of
2S5 cases of relapsed pediatric AML (8). Here we report for the
first time that UBTF-TDs involving exon 13 are a common
gene alteration in pediatric AML and are present only in cases
lacking known subtypes defining molecular alterations. In
addition to the recognition of UBTF-TD as a recurrent altera-
tion, this cohort of 136 relapse AMLs also identified a num-
ber of rare genetic alterations that may also be associated with
high-risk disease (e.g., structural variants involving MNXI) or
poor response to chemotherapy (e.g., SETD2 mutations).

Both FLT3-ITD and WTI mutations are among the most
common mutations in pediatric AML and typically cooccur
with NUP98-NSD1 and other fusion oncoproteins, such as DEK-
NUP214, and less commonly KMT2A rearrangements (4, 7).
However, a subset of FLT3-ITD or WTI-mutant AMLs have
previously lacked a known initiating event (7, 20), and this study
confirms that many of these cases have an exon 13 duplication in
UBTF. Our data also show that UBTF-TD is predominantly pre-
sent in the founding clone and is stable during disease progres-
sion, whereas WT1 alterations are cooperating events acquired
at later stages of the disease. Although our data also show that
FLT3-ITD is commonly present with UBTF-TID, it has been
well established that FLT3-ITD is not a stable marker during
disease progression or patient-derived xenograft (PDX) propa-
gation (36-38). Likewise, not all UBTF-TD AMLs cooccur with
FLT3 or WTI mutations, suggesting that mutations involving
the Ras pathway or other signaling pathways can contribute to
the development of UBTF-TD AML. The clonal nature of UBTF-
TDs and the mutual exclusivity with other oncogenic drivers of
pediatric AML across multiple cohorts suggests that UBTF-TDs
may represent a new subtype-defining lesion in pediatric AML.

At a transcriptional level, UBTF-TD AMLs are most similar
to NUP98-NSD1 or NPM1 subtypes, partly driven by the expres-
sion of HOX cluster genes and variable patterns of PRDM16
expression. The similarity to NUP98-NSD1 is intriguing as
they share mutational features (e.g., cooccurrence of WT'1 and
FLT3-ITD) and a refractory nature. On the other hand, NPM1-
mutant AMLs, which are enriched in adults and not associ-
ated with poor prognosis, have a more heterogenous PRDM16
expression pattern than UBTF-TD AMLs. PRDMI16 encodes
for a protein with histone methyltransferase activity (39) and
is a known regulator of hematopoietic stem cells (26). Previ-
ous studies have shown that elevated expression of PRDM16
in pediatric AMLs are associated with poor outcomes (40),
and the expression pattern of PRDM16 may account for some
of the differences in outcomes between NPM1 and UBTF-
TD AMLs. At the protein level, UBTF and NPM1 localize in
nucleoli, whereas mutant NPM1 is known to mislocalize to
the cytoplasm (41). However, our data suggest that mislocali-
zation is likely not a major consequence of UBTF-TDs, and
additional mechanistic studies are needed to understand how
UBTE-TD leads to leukemia. Importantly, our data show that
UBTF-TD expression in CD34" cells is sufficient to induce a
proliferative advantage, increased clonogenic activity, and a
similar transcriptional program to AML in vivo, demonstrat-
ing clear hematopoietic phenotypes.

By combining data from additional AML cohorts, we dem-
onstrated that UBTF-TD AMLs are uniquely associated with
adolescent age with a median age of 13.4 years of all patients
presented in this study, including those from AAML1031.
AMLs with this alteration commonly have either normal
karyotype or trisomy 8 in addition to FLT3-ITD and WTI
mutations. The initial identification of UBTF-TDs as a recur-
rent alteration in relapsed disease suggests a link to poor out-
come, and we confirmed this using data from the AAML1031
trial. Our findings show a clear association with poor out-
come (5-year OS, 44% vs. 64%, P = 0.018), which is similar to
KMT2Ar and NUP98r leukemias. Likewise, UBTF-TDs appear
to have a poor response to conventional therapy, as shown by
the high rates of MRD positivity. These biological and clini-
cal features have been commonly ascribed to FLT3-ITD and
WTI1 mutations (7); however, our data confirmed that these
can be partly attributed to UBTF-TD, showing that WT1 and
UBTF-TD are independent risk factors in FLT3-ITD-positive
AMLs with an especially dismal outcome (S-year OS, 30.0%)
in patients with WT1 and UBTF-TD alterations.

The finding that UBTF-TD is a recurrent alteration in pediat-
ric AML with prognostic significance justifies the need to ascer-
tain its mutational status in pediatric AMLs without a known
driver, especially in those with either FLT3-ITD or WTI muta-
tions, or that are MRD-positive at the end of the first induction.
Furthermore, our data also suggest that it should be regarded
as a high-risk molecular alteration in future pediatric AML tri-
als. Currently, UBTF is likely not covered by most commercially
available panels, and updated approaches are needed to ensure
accurate detection. Moreover, the fact that UBTF-TDs have
been underrecognized so far suggests that these alterations
have been frequently missed by many current bioinformatic
approaches even when the sequencing modality effectively cov-
ers UBTF. Our findings importantly imply that additional
recurrent lesions can still be detected with improved technical
and bioinformatic strategies despite the major emphasis on
genomic profiling of tumors in the past decade or more.

METHODS

Subject Cohorts and Sample Details

Tumor samples from 136 patients with relapsed AML from the St.
Jude Children’s Research Hospital tissue resource core facility were
obtained with written informed consent using a protocol approved by
the St. Jude Children’s Research Hospital institutional review board
(IRB). Studies were conducted in accordance with the International
Ethical Guidelines for Biomedical Research Involving Human Sub-
jects. These relapsed AML cases were part of multiple clinical studies,
and detailed information of these patients and clinical trials are pro-
vided in Supplementary Table S1. CD3* T cells were first depleted from
all AML samples by magnetic beads (EasySep Human CD3 Positive
Selection Kit II, 17851, StemCell Technologies). For samples with low-
tumor purity (<60%), additional enrichment was performed by flow
cytometry using a combination of mouse anti-human CD4S5 PerCP-
Cy5.5 (eBioscience, #8045-9459-120, clone:2D1, RRID:AB_1907397)
and mouse anti-human CD33 APC (eBioscience, #17-0338-42, clone:
WM-53, RRID:AB_10667747), along with negative selection of T cells
with mouse anti-human CD3 APC-Cy7 (BD Biosciences, #557832,
clone:SK7, RRID:AB_396890). Matched germline DNA was obtained
from purified T cells (» = 18), skin or bone marrow fibroblasts (n = 70),
or remission samples (» = 3). Twenty-eight samples were sequenced
through our clinical pipeline (n = 28; refs. 23, 25).
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Library Preparation and Sequencing

Patient gDNA was extracted from tumor samples using Quick-
gDNA Miniprep Kit (D3024, Zymo Research) followed by WGS as
described previously (24). Tumor RNA was extracted from tumor
samples using RNeasy Mini kit (74104, Qiagen) followed by library
preparation for RNA-seq as described previously (24). RNA from
freshly thawed cord blood CD34* cells [purchased from Lonza (cata-
log no. 2C-101)] were subjected to RNA-seq as normal controls.

Whole-Genome Sequencing Data Analysis

WGS analysis (n = 91) were performed using standard meth-
ods as described (15, 24). Briefly, DNA reads were mapped using
BWA (WGS: v0.7.15-r1140, RRID:SCR_010910) to the GRCh37-lite/
hg19 human genome assembly. Aligned files were merged, sorted,
and deduplicated using Picard tools 1.65 (broadinstitute.github.io/
picard/, RRID:SCR_006525). Single-nucleotide variant (SNV) and
Insertion and deletion (Indels) were called using Bambino (42).
Structural variations (SV) were analyzed by using CREST (43) (v1.0).
Copy-number alterations (CNA) were analyzed by using CONSERT-
ING (44). For the tumor purity inference, SNVs with at least 20x total
coverage and in the diploid region of the genome were subjected
to unsupervised clustering using R mclust package, and the tumor
purity was estimated by twice the highest cluster center value among
all cluster centers <0.5.

RNA Sequencing, Mapping, and Fusion Detection

RNA reads were mapped using our StrongARM pipeline (45).
Chimeric fusion detection was carried out using CICERO (ref. 29;
v1.7.0) and ChimeraScan (ref. 46; v0.4.5). DNA sequences of NUP98-
ZFX1 fusions were confirmed by polymerase chain reaction (PCR)
and Sanger sequencing (primers can be found in Supplementary
Table S10). Illustrative schemas of structural variants were drawn by
ProteinPaint (https://proteinpaint.stjude.org/). Tumor purity was
estimated from RNA-seq data using ESTIMATE (47) algorithm.

Somatic Mutation Calling from RNA-Seq

We applied the following approach to simultaneously account for
germline polymorphisms (without germline control) and sequencing
artifacts specific to RNA-seq, on a panel of 75 predefined genes previ-
ously reported to be significantly mutated in pediatric AML (7) and
myelodysplastic syndrome (MDS; Supplementary Table S4). Briefly,
candidate SNVs/Indels were called by Bambino (42) or RNAindel
(30, 31), annotated by VEP (48), and in turn classified for putative
pathogenicity with PeCanPie/MedalCeremony (49). Candidate vari-
ants (n = 83,765 SNVs and 44,987 Indels) with putative pathogenicity
were considered germline or artifacts if present in >5% of the cases.
Candidate variants were further filtered if the number of supporting
reads was <5 or if the variant allele fraction (VAF) was <5%. All called
variants were manually confirmed for pathogenicity. This resulted in
1,039 (627 SNVs + 412 Indel) high confidence variants.

We focused on 98 samples with both RNA-seq and target capture
sequencing (TCS) data available to investigate the accuracy of our
RNA-seq based calling method. Of these, 167 variants (93 SNVs, 74
Indels) were called from RNA-seq, and 164 variants (91 SNVs, 73
Indels) were validated by TCS (98.2%), indicating a high specificity of
our RNA-based variant calling method. Furthermore, variants in the
75 genes called by TCS were first subjected to the following filtering
criteria: present in <10% cases, RNA-seq FPKM (fragments per kilo-
base of exon per million reads mapped) 0.5 for the gene, and reads
supporting mutant allele >15 (SNV) or >25 (Indel). Of the 102 SNVs
further filtered with the same pathogenicity filtering as mentioned
above, 91 SNVs (89.2%) were called from RNA-seq. Of the 82 Indels,
69 Indels (84.1%) were called from RNA-seq. Overall, of the 184 vari-
ants called by TCS, 160 were called from RNA-seq (87%), indicating
a high sensitivity of our RNA-based variant calling method. The

lower call rate of indels from RNA-Seq is concordant with previous
observation (18) where frameshifting variants tend to have reduced
expression and therefore lower mutant alleles read counts for detec-
tion, possibly due to nonsense-mediated decay.

Validation of Somatic Variants with TCS and WES

Mutations were validated using WES (n=19) or TCS (n=98; TWIST
Biosciences) designed to cover genes frequently mutated in pediatric
AML as well as recurrent mutations found in this current study. A total
target region of 2,320,524 bp was directly covered (Supplementary
Table S7). BWA (v0.7.12) MEM algorithm was used to map the target
capture sequencing reads to the GRCh37-lite/hgl9 human genome
assembly. Variant detection was done using VarScan 2 (50) (v2.3.5,
RRID:SCR_006849) on the target capture sequencing data with the
following criteria: MAPQ 21; base quality Phred (RRID:SCR_001017)
score 220; VAF 20.001 and variant call p-value < 0.05. Among the
91 patients with WGS, TCS data were obtained for 67 patients. 176
somatic SNV/Indel calls by the DNA variant-calling pipeline from 58
patients were covered by the custom capture panel, and 173 variants
(98.3%) were validated (Supplementary Fig. S1). WES data was used
for validation in 19 patients sequenced through our clinical service
and 349 of 359 SNV/Indel calls (97.2%) were validated. For the 31
RNA-seq only cases with TCS data, 45 of 46 (97.8%) somatic SNV/
Indel calls from RNA-seq data were validated by TCS. In total, 567
of 581 (97.6%) somatic SNV/Indel calls from DNA and RNA variant-
calling pipelines were validated, indicating a high accuracy of our
pipeline including RNA-based variant calling approach.

Germline Variant Curation Methods

All nonsynonymous variants with a VAF 20.3 were comprehen-
sively reviewed and classified as pathogenic, likely pathogenic, of
uncertain significance, likely benign, or benign based on recom-
mendations from the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology (51) and the
Clinical Genome Resource (52-55) by a variant scientist. Missense
variants in well-established genes (e.g., DDX41, RUNX1, SAMDIL)
were evaluated regardless of in silico predictions. Missense variants
in all other genes were filtered on the basis of a REVEL score 20.5
and a CADD score >15. Population frequency of all variants were
evaluated on the basis of their prevalence in gnomAD (v2.1.1, RRID:
SCR_014964; ref. 56).

GRIN Analysis for Significantly Mutated Genes

For the 91 cases with WGS data, the genomic random interval
(GRIN) model (19) was used to evaluate the statistical significance
of the number of subjects with each type of lesion [fusions, CNAs
(amplifications and deletions), copy neutral loss of heterozygosity
(CN-LOH), SNV/indels, and tandem duplications] in each gene. For
each type of lesion, robust false discovery estimates were computed
from P values using Storey method (57) with Pounds and Cheng
(58) estimator of the proportion of hypothesis tests with a true null
hypothesis. In addition, P values for the number of subjects with any
one type of lesion in each gene were computed using the beta distri-
bution derived as order statistics of uniform random variables (59).
Thirty-nine genes were considered significantly mutated genes at a
FDR <0.01, of which 14 genes were involved.

Analysis of Clonal Evolution For UBTF-TD AMLs

Clonal evolution analysis was performed similar to previous study
(60, 61). Briefly, allele fractions of somatic SNVs were compared
between time points to detect subclones that are shared or specific to
diagnosis, relapse, or subsequent relapses. A representative mutation
(i.e., being known driver or being protein-coding) is used to label each
subclone. Non-representative mutations were drawn as a background
cloud to facilitate visual comparison, as done previously (60). The

202 | BLOOD CANCER DISCOVERY MAY 2022

AACRJournals.org



UBTF Tandem Duplications in Pediatric Acute Myeloid Leukemia

detected subclones were then ordered to generate schematic evolu-
tionary trees as done previously (61).

cis-X Analysis for Outlier and Allele-Specific Expression

To detect noncoding variants that lead to dysregulation of cancer
driver genes such as MECOM and BCL11B, cis-X (ref. 13; version 1.4.0)
was used to detect outlier high expression (OHE) and allele-specific
expression (ASE) with default parameters (cis-X run ... -w 10 -r 10 -f
S). OHE with outlier P < 0.05 and ASE with binominal P < 0.01 were
considered significant.

UBTF-TD Screening and Validation

Based on findings in the previous report (18) that UBTF-TDs can
be accompanied with secondary small indels that could hamper the
detection by CICERO (29), we developed a novel approach that inte-
grates following three features to comprehensively detect UBTF-TDs.

1. Detection by CICERO (v1.7.0) focusing ITD or PTD with sup-
porting reads >3 on exon 13 of UBTF gene or adjacent introns
and CICERO score >10.

2. Detection of Indels (30, 31) on exon 13 of the UBTF gene, which
were found to be recurrent in UBTF-TD cases.

3. Counting reads with 10 or more soft-clipped nucleotide se-
quences and total reads on the 3" end of exon 13 that contains
a hotspot of ITD and PTD (GRCh37-lite, chr17:42288162-
42288192; GRCh38, chr17: 44210794-44210824).

We first performed this approach on the RNA cohort followed
by manual examination of RNA-seq BAM files to validate the effi-
cacy of the method. CICERO detected 21 UBTF-TDs in the RNA
cohort with 6 UBTF-TDs undetected due to secondary alterations on
duplications. However, the combination of these methods detected
UBTF-TD:s efficiently with a sensitivity of 100% (27/27) and specific-
ity of 96.6% (508/526) when we put the threshold of soft-clipped
count ratio at 21% in total count on the hotspot (Supplementary
Table S23). To account for the possible large variance of tumor
cellularity, and by extensive evaluation of sensitivity and specific-
ity through cross-comparison with CICERO and RNAIndel as well
as manual verification, we concluded that 10% of soft-clipped read
count is a reasonable threshold for screening of external cohorts.

This screening approach was applied to de novo AML cohorts
[TCGA (32), BeatAML (33), and AAML1031 (34); Supplementary
Table S28]. For cases in the relapse cohort with enough DNA sample
(n = 4), heterozygous ITD or PTD allele was confirmed by PCR, and
DNA sequence of insertion was confirmed by Sanger sequencing
(primers are listed in Supplementary Table S10).

We also validated UBTF-TD with long-read sequencing. Briefly,
high molecular weight (HMW) DNA from cryopreserved xenograft
samples from UBTF-TD AML patient SJ015373 were extracted using
Monarch HMW DNA Extraction Kit for Cells & Blood (T3050L,
NEB). About 5 pg HMW DNA was sheared to about 20 Kb using
Covaris g-TUBE (520079, Covaris). Sheared DNA was size selected
using BluePippin (BLU0001, Sage Science) to obtain DNA fragments
that were >10 Kb. Library for sequencing was prepared following the
protocol of PacBio HiFi library Preparation using SMRTbell Express
Template Prep Kit 2.0 (100-938-900, Pacific Bioscience) and was
sequenced with 12 SMRT cells (101-531-001, SMRT Cell 1M v3
LR, Pacific Bioscience) using the Sequel system. Sequences in the
subread.bam format were converted into CCS reads using smrttools
(version 8.0) with default parameters. PacBio CCS fastq file was gen-
erated from CCS ubam files using bam2fastx (version 1.3.0; https://
github.com/pacificbiosciences/bam2fastx/). Then minimap2 (ref. 62;
version 2.18) was used to map the CCS reads to human GRCh37-lite
genome with parameters (-ax asm20). The 3 insertion sequences
are aligned using CLUSTAL Omega (ref. 63; version 1.2.4, RRID:
SCR_014964).

Gene Expression Data Summarization, Batch Correction,
and Dimension Reduction

Reads from aligned BAM files were assigned to genes and
counted using HTSeq (ref. 64; v0.11.2, RRID: SCR_005514) with the
GENCODE (RRID: SCR_014966) human release 19 gene annotation.
The gene count matrix was generated, and the Log, CPM (counts per
million) values were used for downstream analysis. For a gene to be
considered as expressed, we required that at least 5 samples (equal to
the smallest group in the RNA cohort) should have >10 read counts
per million reads sequenced. The batch effect between St. Jude and
the TARGET cases was corrected using the ComBat method avail-
able from R package SVA (ref. 65;v3.36.0). R package Limma (ref. 66;
version 3.32.10, RRID: SCR_010943) was used for differential gene
expression analysis and we set Log, CPM = -1 if it is < -1 based
on the Log, CPM data distribution. P values were adjusted by the
Benjamini-Hochberg method to calculate FDR. Genes with absolute
fold change >2 and FDR <0.05 were regarded as significantly differen-
tially expressed. Dimension reduction was done using t-Distributed
Stochastic Neighbor Embedding (tSNE; ref. 67) to visualize the clus-
tering of cases from different molecular features. Clustering visuali-
zation was done using top 250 by MAD (median absolute deviation,
sex-specific genes were excluded) and the following tSNE parameters:
perplexity = 21, max_iter = 10,000 (R version 3.4.2, package Rtsne
v0.13, RRID: SCR_016342). Dimension reduction was also performed
using UMAP (Uniform Manifold Approximation and Projection;
ref. 68) with the top 125 genes by MAD and the following UMAP
parameters: n_components = 3, n_neighbors = 6, min_dist = 0.4 and
n_epochs =500 (R version 3.6.1, UMAP version 0.2.7.0). For hierarchi-
cal clustering of homeobox genes, genes were selected from ANTP and
PRD family genes and averaged within each molecular feature. Clus-
tering and visualization were performed by R package pheatmap (ver-
sion 1.0.12, RRID: SCR_016418) with Euclidian distance and Ward.
D2 linkage. Principal Component Analysis (PCA) was performed by R
prcomp function. Gene Set Enrichment Analysis (GSEA; ref. 69) was
performed by GSEA (v4.1.0, RRID: SCR_003199) using MSigDB gene
sets c2.all (v7.4) for UBTF-TD AMLs in patients. For GSEA with trans-
duced CD34" cells, gene sets were made from differentially expressed
genes in UBTF-TD patients (Supplementary Table S22).

Construction of UBTF-TD-Expressing Vectors and
Virus Production

UBTF-wild-type and UBTF-TD c¢DNA were amplified from patient
c¢DNA using High-Capacity RNA-to-cDNA Kit (#4387406, Thermo
Fisher) and cloned into pENTR/D-TOPO Gateway entry vector
(K240020, Thermo Fisher) then transferred to Gateway-compatible
lentivirus vector (MND-mPGK-mCherry). N- and C-terminal HA and
tags were introduced by amplification during cloning. pPCDNA3.1(+)-
N-eGFP based UBTF-wild-type and UBTF-TD were synthesized in
full by Genscript. cDNA sequence, schema of the vectors, primers
used for cloning and Sanger sequence are found in Supplementary
Fig. S13 and Supplementary Table S10. The above lentivirus vec-
tors were cotransfected with packaging vectors (pHDM-G, pCAGG-
HIVgpco, and pCAG4-RTR2, provided from the St. Jude Vector
Laboratory) into 50%-60% confluent low-passage HEK293T cells
(CVCL_0063, ATCC #CRL-3216, obtained from ATCC in 2016) using
FuGene HD Transfection Reagent (E2311, Promega). Supernatant
containing lentiviral particles was harvested at 48 hours after trans-
fection and concentrated for cord blood CD34* transduction. For
MOLM-13 (CVCL_2119, DSMZ #ACC 554, obtained from DSMZ
in 2016), virus-containing supernatant was used without concentra-
tion. HEK293T cells are maintained in DMEM (#11965, Invitrogen)
supplemented with 10% FBS (S11550H, Atlanta Bio) and 100 U/mL
penicillin-streptomycin (15140122, Invitrogen), and MOLM-13
cells are maintained in RPMI1640 media (11875, Invitrogen) sup-
plemented with 10% FBS and 100 U/mL penicillin-streptomycin.
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MOLM-13 cells and HEK293T cells were validated by short tandem
repeat (STR) analysis and were generally used within 15 passages
after thawing. Mycoplasma testing was performed on cell lines, includ-
ing cord blood CD34* cells, using MycoAlert Mycoplasma Detection
Kit (#LT08-118, Lonza).

Functional Assays of Cord Blood CD34* Cells

Commercially available cord blood CD34" cells were purchased
from Lonza (catalog no. 2C-101, Lot# 18TL248959) or the Carolinas
Cord Blood Bank/Duke University. After thawing, cells were cultured
for 24 hours in StemSpan SFEM II media (#09655, STEMCELL Tech-
nologies) supplemented with penicillin-streptomycin, l-glutamine,
and recombinant human SCF, FLT-3, TPO, and IL6 (all 50 ng/
mL, HHSC6, PeproTech), UM171 (35 nmol/L, 72914, STEMCELL
Technologies), and SR-1 (1 umol/L, 72344, STEMCELL Technolo-
gies). Cells were transduced with MND-PGK-mCherry lentivirus
expressing untagged or nHA-tagged UBTF-wild-type, untagged or
nHA-tagged UBTF-TD, or mock controls at an MOI (multiplicity of
infection) of 250. Transduced mCherry* cells were enriched by flow
cytometric sorting at day 7 of transduction and plated for colony-
forming unit (CFU) assay in MethoCult H4435 (#04435, STEMCELL
Technologies) at a plating concentration of 1 x 10% cells per dish, at
1 x 10* per well for growth curve cultures on StemSpan media with
cytokines, or 2 x 10° per well for cell growth assay by IncuCyte (4647,
SARTORIUS). Colonies were counted after 10 days of growth at
37°C, harvested, and serially replated at a concentration of 1 x 10*
cells per dish. Cells in culture were counted every 7 days and growth
curve was generated. Blinding to the groups was not used.

Western Blotting

Ten micrograms of purified proteins were separated by SDS-PAGE
on a 10% Protein gel (Bio-Rad, #4561033) and transferred onto nitro-
cellulose membranes (0.2 umol/L, Bio-Rad, 1620252). Membranes
were incubated overnight at 4°C with rabbit anti-HA-tag (mAb
#3724, Cell Signaling Technology, clone: C29F4, RRID:AB_1549585,
1:1,000 dilution) or Mouse anti-B-actin (mAb #3700, Cell Signaling
Technology, clone: 8H10D10, RRID:AB_2242334, 1:2,000 dilution).
IRDye 800CW Donkey anti-Rabbit IgG (LI-COR Biosciences, #926-
32213, RRID:AB_2715510, 1:15,000) and IRDye 680RD Goat anti-
Mouse IgG (LI-COR Biosciences, #926-68070, RRID:AB_2651128,
1:15,000 dilution) were used as secondary antibody. Imaging was
performed on the Odyssey CLx Imaging System (LI-COR Biosciences,
9140, RRID:SCR_014579).

Fluorescence Microscopy

U-2 OS cells (CVCL_0042, originally purchased from ATCC (cata-
log no. HTB-9) and kindly provided by the lab of Paul Taylor at
St. Jude Children’s Research Hospital) and HEK293T cells, cultured
in DMEM supplemented with 10% FBS and 100 U/mL penicillin-
streptomycin, were transfected with expressing GFP-tagged UBTF-
WT and UBTE-TD constructs using FuGene HD Transfection
Reagent (E2311, Promega) were fixed with 4% paraformaldehyde
(43368, Alfa Aesar), permeabilized first with methanol (A412-1,
Fisher Chemical) then in 0.3% triton X-100 (X100-500 mL, Sigma)
blocked with 5% goat serum (ab7481, Abcam), and stained with Alexa
Fluor 568 Anti-Fibrillarin (ab202540, Abcam, clone: EPR10823(B)),
Alexa Fluor 647 anti-alpha tubulin (ab190573, Abcam, clone:
EP1332Y), and DAPI (564907, BD Biosciences). Coverslips were
mounted using ProLong Diamond Antifade (P36980, Invitrogen).
Images were acquired on a Nikon C2 laser scanning confocal micro-
scope using a 60X oil-objective lens controlled by NIS-Elements soft-
ware (Nikon, RRID: SCR_014329). MOLM-13 cells transduced with
lentivirus expressing cHA-tagged UBTE-WT and UBTF-TD were also
analyzed for HA, Fibrillarin, and DAPI as described above. U-2 OS
cells were used within 15 passages after thawing.

Immunohistochemistry (IHC)

Photomicrographs of bone marrow core biopsy of 4 cases with
UBTF-TDs and 2 cases with either KMT2A rearrangement or NPMIc¢
mutation using anti-UBF (sc-13125, Santa Cruz Biotechnology,
clone: F-9, RRID: AB_671403, 1:500 dilution). All images are at equal
magnification (60x).

Sequential Ribosomal RNA and DNA Fluorescent In Situ
Hybridization (FISH)

MOLM-13 cells that had been transduced with either cHA-tagged
UBTF-wild-type, cHA-tagged UBTF-TD, or an empty vector were
subjected to HA immunofluorescence staining and ribosomal RNA
FISH, followed by RNase treatment and ribosomal DNA FISH on
the same cells to visualize the location of cHA-tagged UBTF and its
relationship to ribosomal RNA and ribosomal DNA and to identify
rDNA gene clusters that are outside of the nucleolus and not being
expressed. Unfixed MOLM-13 cells were applied to glass slides by
cytocentrifugation at 300,000 cells/slide. Slides were fixed in 4%
PFA (sc-281692, Santa Cruz Biotechnology) containing 0.5% Tween
20 (P9416-50ML, Sigma-Aldrich) and 0.5% Nonidet P-40 (N6507,
Sigma-Aldrich) for 10 minutes. Following fixation, slides were stored
in 70% ethanol at —-20°C until ready to use. To remove cells from
storage, slides were first placed in room temperature PBS for 1 min-
ute followed by application of a solution composed of 1% BSA and
2X SSC [saline-sodium citrate, diluted from 20x SSC containing 3
mol/L NaCl and 300 mmol/L trisodium citrate (#5S6639-1L, Sigma-
Aldrich)]| for 10 minutes under a glass coverslip. Primary HA antibody
(11583816001, Sigma-Aldrich, clone: 12CAS, RRID: AB_514505) was
then applied in the same 1% BSA and 2X SSC solution under a cov-
erslip for 45 minutes. Slides were then washed in PBS for 5 minutes
followed by detection with an Alexa Fluor 488 labeled secondary
antibody (A-11001, Invitrogen, polyclonal, RRID: AB_2534069) for
45 minutes followed by washing in PBS for 5 minutes. After immu-
nostaining, the slides were then dehydrated in a graded ethanol series
(70%, 80%, and 100%) for 2 minutes each followed by application of
an Alexa Fluor 594 labeled fosmid clone (WI12-3042B13, BACPAC
Genomics) that was suspended in 50% formamide (4610-OP, Cal-
biochem. OmniPur Formamide, Deionized), 10% dextran (4610-OP,
Sigma-Aldrich), and 2X SSC and denatured for 5 minutes at 70°C
to detect ribosomal RNA. Following overnight hybridization of the
probe to RNA at 37°C, slides were washed in 50% formamide, 2X SSC
for 5 minutes and then mounted in Vectashield Antifade Mount-
ing Medium (H-1000-10, Vector Laboratories) with DAPL. Mounted
slides were then imaged in 3D using widefield fluorescence micros-
copy with Nikon NIS-Elements software (all imaged fields coordi-
nates were recorded). Images were captured at 0.15 umol/L plane
spacing, and subsequently subjected to 3D deconvolution. Enough
fields were imaged so that at least 200 cells could be analyzed for each
condition. Following imaging the coverslips were removed and the
slides were treated with RNase A (R4642-5SMG, Sigma-Aldrich) in 2X
SSC for 45 minutes at 37°C and then briefly rinsed in PBS. The slides
were then denatured in 70% formamide, 2X SSC at 80°C for 10 min-
utes followed by a second hybridization using the same fosmid clone
that had previously been used to identify ribosomal RNA, this time
to identify rDNA. Following overnight hybridization at 37°C, the
slides were washed in 50% formamide, 2X SSC at 37°C and imaged
for a second time using the same coordinates as the first set of images.

Statistical Analysis

For discrete values of the molecular feature and the mutation
frequency in cohorts, statistical significance was calculated by Fisher
exact test. For functional assays, statistical significance was calcu-
lated by two-tailed Student ¢ test. The sample size and statistical
methods were determined according to the SD and distribution
of the results of preliminary experiments. Adjustment of multiple
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testing was performed by the Benjamini-Hochberg method using
p-adjust function on R. For the statistical analysis of multiple rounds
of colony assays with technical and biological replicates, generalized
linear mixed effects model with Poisson distribution and the ran-
dom effect defined from nested data in each condition was applied.
A global test was first performed with ANOVA test for two nested
models with or without the condition followed by pairwise compari-
sons and adjustment with the Tukey method.

For survival data, Kaplan-Meier curves for the probability of over-
all survival (pOS), and event-free survival (pEFS) were constructed
using R package survival, IBM SPSS (20.0, RRID: SCR_019096;
AAML1031) and GraphPad Prism (9.1.0, RRID: SCR_002798;
TARGET). The significance of predictor variables was tested with
the log-rank statistic for pOS, pEFS, and Pearson y? test for mini-
mal residual disease (MRD) positivity. Summary statistics for each
group are presented in Supplementary Tables S30-S32. Events in
pEFS calculations were defined as relapse, death in remission by
any cause, and nonresponse, which was included as an event at the
date of diagnosis. For univariable and multivariate analysis, the Cox
proportional hazards model was used to obtain the estimates and
the 95% confidence interval of the relative risk for prognostic fac-
tors. Computations were performed using SAS (Statistical Analysis
System Version 9.3; SAS Institute, RRID: SCR_008567), GraphPad
Prism and R statistical environment.

Data Availability

The genomic data and expression data of the relapse AML
cohort generated in this study have been deposited in the European
Genome-Phenome Archive (EGA), which is hosted by the European
Bioinformatics Institute (EBI), under accession EGAS00001005760.
The dataset is also available through St. Jude Cloud Genomics
Platform under accession SJC-DS-1015 at https://permalinks.stjude.
cloud/permalinks/rpaml. The results published here are in whole
or part based upon data generated by the Therapeutically Applica-
ble Research to Generate Effective Treatments (TARGET) initiative,
phs000218, managed by the NCI. Data for TARGET AML (n = 159)
and TARGET AML-IF (n = 29) are available as a part of phs000218.
v24.p8 under dbGaP accession number phs000465.v21.p8. Informa-
tion about TARGET can be found at http://ocg.cancer.gov/programs/
target. Additional RNA-seq data in the extension RNA cohort were
obtained from St. Jude Cloud (n = 159), and other published stud-
ies (5, 7, 10, 15, 20-24). Expression data of normal cord blood
CD34* cells (n = 5) generated in this study as controls in the RNA
cohort are publicly available in Gene Expression Omnibus (GEO)
at GSE190269. RNA-seq data of adult AML cohort for UBTF-TD
screening were obtained from the GDC Data Portal under acces-
sion phs000178 (TCGA-LAML; ref. 32, n = 151) and phs001657
(BEATAMLI1.0-COHORT; ref. 33, n = 220). Expression data of trans-
duced cord blood CD34* cells generated in this study are publicly
available in GEO at GSE189901. Other data generated in this study
are available in the Supplementary tables or upon request to the cor-
responding author.
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