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Abstract
Acute promyelocytic leukemia (APL) is characterized by t(15;17)(q22;q21), resulting in a PML-RARA fusion that is the
master driver of APL. A few cases that cannot be identified with PML-RARA by using conventional methods (karyotype
analysis, FISH, and RT-PCR) involve abnormal promyelocytes that are fully in accordance with APL in morphology,
cytochemistry, and immunophenotype. To explore the mechanisms involved in pathogenesis and recurrence of
morphologically diagnosed APL, we performed comprehensive variant analysis by next-generation sequencing in
111 pediatric patients morphologically diagnosed as APL. Structural variant (SV) analysis in 120 DNA samples from both
diagnosis and relapse stage identified 95 samples with RARA rearrangement (including 94 with PML-RARA and one with
NPM-RARA) and two samples with KMT2A rearrangement. In the eligible 13 RNA samples without any RARA
rearrangement at diagnosis, one case each with CPSF6-RARG, NPM1-CCDC28A, and TBC1D15-RAB21 and two cases with
a TBL1XR1-RARB fusion were discovered. These uncovered fusion genes strongly suggested their contributions to
leukemogenesis as driver alternations and APL phenotype may arise by abnormalities of other members of the nuclear
receptor superfamily involved in retinoid signaling (RARB or RARG) or even by mechanisms distinct from the formation of
aberrant retinoid receptors. Single-nucleotide variant (SNV) analysis in 77 children (80 samples) with RARA rearrangement
showed recurrent alternations of primary APL in FLT3, WT1, USP9X, NRAS, and ARID1A, with a strong potential for
involvement in pathogenesis, and WT1 as the only recurrently mutated gene in relapsed APL. WT1, NPM1, NRAS, FLT3,
and NSD1 were identified as recurrently mutated in 17 primary samples without RARA rearrangement and WT1, NPM1,
TP53, and RARA as recurrently mutated in 9 relapsed samples. The survival of APL with RARA rearrangement is much
better than without RARA rearrangement. Thus, patients morphologically diagnosed as APL that cannot be identified as
having a RARA rearrangement are more reasonably classified as a subclass of AML other than APL, and individualized
treatment should be considered according to the genetic abnormalities.

Introduction

Acute promyelocytic leukemia (APL), classified as M3 in
the French–American–British system [1], is a distinct sub-
type of acute myeloid leukemia (AML) characterized by the
expansion and accumulation of leukemic cells blocked at
the promyelocytic stage of myelopoiesis [2]. It accounts for
less than 10% of childhood AML [3]. This disease is
characterized by a balanced reciprocal translocation
between chromosomes 15 and 17, leading to the oncogenic
fusion protein PML-RARA [4], which is required for a
definitive APL diagnosis [5].

The karyotype of t(15;17) can be detected with con-
ventional cytogenetic analysis in about 90% of APL cases
[6]. In APL patients without a typical t(15;17)
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translocation, cryptic PML-RARA and variant transloca-
tions involving RARA gene may be present [7]. A cryptic
PML-RARA fusion gene can be detected with reverse
transcription PCR (RT-PCR) or fluorescence in situ
hybridization (FISH) methods in most situations. For
some extremely complex translocations, in which PML-
RARA is failed to be identified by FISH or RT-PCR, next-
generation sequencing (NGS) offers advantages in dis-
tinguishing them [8]. Besides, NGS is able to help to
discover new partners of RARA. Recently, GTF2I,
IRF2BP2, OBFC2A, and TBLR1 have been uncovered as
new partners of RARA gene [9–13]. Thus, NGS has
advantages in detecting structural variants (SVs) of APL
by identifying cryptic PML-RARA or uncovering new
fusion partner genes of RARA.

A few cases of APL without RARA gene rearrangement
have been identified with abnormal promyelocytes that were
fully in accordance with APL in morphology, cytochem-
istry, and immunophenotype [6, 14–17]. The existence of
APL patients lacking RARA rearrangements suggests that
this disease may arise by alternative mechanisms distinct
from the formation of the X-RARA fusion. In this study,
NGS was used to detect SVs and single-nucleotide variants
(SNVs) of a large cohort of pediatric patients with mor-
phological features resembling APL. Patients with and
without RARA rearrangement identified by karyotype ana-
lysis, FISH, or RT-PCR were both included in this cohort.
The uncovered genetic alternations at both initial diagnosis
and relapse could help reveal the mechanisms involved in
oncogenesis and recurrence and offer an opening to
exploring alternative mechanisms distinct from the forma-
tion of the X-RARA fusion that are involved in the APL
phenotype.

Patients and methods

Patients and samples

Between January 2000 and December 2016, a total of 136
patients were morphologically diagnosed with APL in the
Department of Hematology and Oncology, Shanghai Chil-
dren’s Medical Center (SCMC) in China. Patients were
considered eligible for inclusion in the study to detect SVs
by targeted capture sequencing only if the following criteria
were satisfied: (1) Morphological features were consistent
with or evocative of FAB type M3; (2) immunophenotypic
features were consistent with M3; (3) DNA samples from
bone marrow (BM) cells at initial diagnosis or relapse were
eligible; and (4) written informed consent. On this basis,
DNA samples from 111 patients were included, containing
101 primary samples from 101 patients, 4 relapse samples
from 3 patients, and 15 matched samples from 7 patients,

making a total of 120 samples (study flowchart and sample
details, Fig. S1, Fig. S2 and Table S1). After the bioinfor-
matics analysis of the SVs, patients were divided into two
groups, one included patients with RARA rearrangement
(considered as “typical APL”) and another one included
patients without RARA rearrangement (considered as “aty-
pical APL”). Somatic mutations (SNV and small indels)
were analyzed in the two groups by targeted sequencing.
Only patients who had DNA samples at complete remission
(CR) eligible for germline control were included in the SNV
analysis. On this basis, 84 DNA samples at diagnosis from
84 patients, 4 samples at relapse from 3 patients, and 18
matched samples from 8 patients were included making a
total of 106 samples. In summary, 108 samples from initial
diagnosis, 14 samples from relapse making a total of 122
DNA samples involved in the whole DNA sequencing
study.

Clinical sample collection and genomic DNA library
preparation

BM samples from disease/remission stages were collected
from the Department of Hematology and Oncology, SCMC.
The research was approved by the Ethics Committee at
SCMC, Shanghai Jiao Tong University School of Medicine.
Genomic DNA was extracted using the QIAamp DNA
Blood Mini Kit (Qiagen, Hilden, Germany; cat. 51106)
according to the manufacturer’s instructions. The DNA
sample was quantified by Qubit dsDNA BR Assay kit (Life
Technologies, Carlsbad, CA, USA; Cat. No. Q32850), and
DNA integrity was assessed by agarose gel electrophoresis.
DNA was sheared on the Covaris M220 Focused-
ultrasonicator (Covaris Company, Woburn, MA, USA).
Fragmented DNA was repaired, ligated with Illumina
adapters, size selected, amplified, and assessed using the
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
CA, USA).

Targeted sequencing

For a targeted capture library of SV analysis, a customized
panel of biotinylated oligoprobes (MyGenostics, Baltimore,
MD, MyGenosticsGenCap Enrichment Technologies) was
designed to capture the whole gene regions of RARA and to
cover the likely break regions of partner genes of RARA,
including PML, PLZF, NuMA, NPM, STAT5b, PRKAR1a,
FIP1L1, and BCOR. For analysis of SNVs, a customized
panel of genes covered hotspot mutational regions of 1270
hematological malignancies and solid tumors that were
either previously implicated in hematological malignancies
or identified in earlier leukemia sequencing studies. The
capture experiment was conducted according to the manu-
facturer’s protocol as described [18]. The captured DNA
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library was finally amplified and sequenced on Illumina X
Ten sequencer for paired reads at 150 bp.

Bioinformatics analysis and validation based on
DNA targeted sequencing

The detection of SVs, SNVs, and small indels was per-
formed using paired-end sequence data. Paired-end reads of
150 bp were aligned to the hg19 reference genome using the
Burrows–Wheeler Aligner (BWA-0.7.10). Duplicates were
removed using picard-tools-2.17.0. Resulting bam files
were further processed according to Genome Analysis
Toolkit best practices (https://www.broadinstitute.org/gatk/
guide/bp_step.php?p=1), by performing Indel Realignment
and Base Quality Recalibration. A minimum mapping
quality of 15 was considered for variant calling. SVs were
called by speedseq (Version: 0.1.0). Somatic mutations
were called using Mutect2. CR samples that were negative
for RARA rearrangement were used as germline control.
Mutations supported by either <5 reads or those supported
by reads in only one direction were excluded. Also, variants
with variant allele frequencies <0.05 were disregarded.
Processed somatic variants were later filtered for false
positives using the varscan2 fpfilter command. Final con-
fident variants were annotated using annovar. Single-
nucleotide polymorphisms (SNPs) commonly found in the
general population were filtered out using dbSNP135, 1000
Genomes, and our in-house SNP databases, while retaining
the clinically associated variants. Genetic mutations repor-
ted in this study were validated by Sanger sequencing.

Morphologic review

After DNA targeted sequencing, 19 patients identified
without any RARA rearrangement were subjected to mor-
phologic review. Morphologic reviewers were ignorant of
the cytogenetic and molecular data; in the second step, the
reviewed data were considered in the context of the clinical
features.

RNA sequencing and bioinformatics analysis

As a complement, we performed RNA sequencing in the
available RNA samples at diagnosis of the 19 patients
without any RARA rearrangement to identify the SVs. We
also randomly selected the same number of RNA samples
from patients with RARA rearrangement for sequencing.
Total RNA was extracted with TRIzol according to standard
procedures and further purified using an RNeasy Micro Kit
(QIAGEN, GmBH, Germany) and RNase-Free DNase Set
(QIAGEN, GmBH, Germany). RNA was quantified using
the Qubit fluorometer (Thermo Fisher, Carlsbad, CA,
USA), while the quality of the RNA samples was measured

using a Bioanalyzer instrument and RNA nano chips
(Agilent, Santa Clara, CA, USA). Total RNA was then
subjected to oligo(dT) selection using the Dynabeads®
mRNA Purification Kit (Thermo Fisher) as per the manu-
facturer’s instructions. The aliquoted mRNA was then
reverse transcribed into cDNA with random hexamers using
standard techniques (Invitrogen). After limited cycle PCR,
the RNA-seq libraries were size selected (350–700 bp
fragments) in 2% agarose gel followed by purification with
the QIAquick gel extraction kit (Qiagen). The cDNA
libraries were loaded on a cBot (Illumina, Inc., San Diego,
CA) for clustering on a flow cell and then sequenced using a
Illumina X Ten sequencer for paired reads at 150 bp. Reads
were aligned with TopHat2(v 2.1.1)/BowTie2 to the refer-
ence human genome hg19/GRCh37. deFuse (v 0.6.2) and
ChimeraScan (v 0.4.5) packages were used to detect chi-
meric transcripts from RNA-seq data. To validate the sus-
pected fusion genes by Sanger sequencing, standard PCR
was performed on cDNA which was synthesized from total
RNA using RT-PCR.

Treatment regimen

In our study, APL patients with RARA rearrangement
received ATRA treatment combined with anthracycline-
based chemotherapy (CT), and ATO was added as an
important drug since 2007 (Treatment schedule and details
of APL shown in Table S2). The 18 atypical APL patients
without RARA rearrangement received induction treatment
of APL regimen except one diagnosed before 2007 treated
without ATO in induction course. Nine of them continued
the APL regimen of ATRA-ATO-CT treatment followed by
consolidation treatment and maintenance treatment with
continuous anthracycline-based CT and intermittent ATRA-
ATO. The other 9 patients switched to AML (non-M3)
treatment regimen started with the second induction course
followed by 4 consolidation courses of HDAra-C, com-
bined with etoposide and daunomycin. Intermittent ATRA
were given every 2 courses in addition (Treatment flowchart
shown in Fig. S3).

Statistical analysis

The sensitivity of NGS in identifying RARA gene rearran-
gement was compared with karyotype analysis, FISH, and
RT-PCR using the Pearson chi-square test (McNemar test).
Demographics were compared between the patients with
and without RARA rearrangement, using Pearson chi-square
test for categorical variables and t test or Mann–Whitney U-
test for continuous variables. Overall survival (OS) was
calculated from date of diagnosis to time of death from any
cause or time of last contact. Event-free survival (EFS) was
calculated from date of diagnosis to last follow-up or first
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event (failure to achieve CR, relapse, second malignancy, or
death from any cause, whichever occurred first). Relapse-
free survival (RFS) was calculated from date of CR to last
follow-up or relapse. The data were updated on December
30, 2017, as the reference date. Probabilities of OS and EFS
were estimated using the Kaplan–Meier method. The sig-
nificance of differences among the OS and EFS curves was
estimated by the log-rank test (Mantel–Cox). Computations
were performed using SPSS software version 19.0 (SPSS
Inc., Chicago, IL, USA). The cumulative incidence of
relapse (CIR) was estimated by the Kalbfleisch–Prentice
method done by the R statistical software version 3.4.4. In
this study, P < 0.05 (two-tailed) was considered to indicate
statistical significance.

Results

Identification of structural variants based on DNA
targeted sequencing

Targeted capture sequencing was used to characterize the
SVs in 120 APL samples with 108 newly diagnosed sam-
ples and 12 relapse samples (Table S1). The clinical
information and sequencing results are shown in Table S3.
We achieved a mean depth of 642× (range 192–1357×), and
an average 96% of nucleotides were covered by at least 50
reads.

DNA sequencing results showed that 94 samples were
positive for RARA rearrangement and 26 were negative.
Conventional methods (karyotype analysis, FISH, and RT-
PCR) had identified 81 positives and 21 negatives making a
total of 112 results. The final confirmation of RARA rear-
rangement were made by combining the results of NGS,
Sanger sequencing, and conventional methods (Fig. 1). 80
of 94 NGS(+) and 24 of 26 NGS(−) were in accordance
with the results of conventional methods. In the conflicting
results, 7 samples of NGS(+)/conventional methods(−)
were validated by Sanger sequencing and revealed 6 sam-
ples with PML-RARA and one with NPM-RARA; one NGS
(−)/conventional methods(+) sample was considered as a
positive one because of all positive results by conventional
methods. Eight samples lacking results from conventional
methods included 7 NGS(+) samples that were all validated
by Sanger sequencing as PML-RARA positive and one
NGS-negative sample considered to be an invalid result.
Finally, 95 positive samples and 24 negative samples yiel-
ded a total of 119 valid results in RARA rearrangement. The
sensitivities of karyotype analysis, FISH, RT-PCR, and
NGS in discerning RARA rearrangement were 75.93%,
91.30%, 88.64%, and 98.95%, respectively. NGS was more
sensitive compared with FISH, although the difference did
not reach a statistical level (P= 1.000). However, NGS was
significantly more sensitive when compared with karyotype
analysis and RT-PCR (PNGS vs karyotype= 0.002; PNGS vs RT-

PCR= 0.012) (Fig. 1c, Table S4).

Fig. 1 Results of RARA rearrangement with each detecting method.
a Topography of RARA rearrangement detected by karyotype analysis,
FISH, RT-PCR, and NGS is depicted. The final results are identified in
combination with Sanger sequencing. A total of 120 samples are
displayed as columns. b The bars depict the absolute number of

samples classified by RARA rearrangement. c The sensitivity of each
detecting method in identifying RARA rearrangement is shown, NGS is
more sensitive than the other detecting methods, when compared with
karyotype analysis and RT-PCR, the differences have reached statis-
tical levels (PNGS vs karyotype= 0.002; PNGS vs RT-PCR= 0.012)
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Characteristics of PML-RARA breakpoints

Chr15:74287058–74337349 and chr17:38465446–38513894
(Homo sapiens, hg19, GRCh37, February 2009) were geno-
mic breakpoint capturing regions of PML and RARA,
respectively. The target region size was 98.7 kbp, and Gen-
Cap probes covered 95.8% of the regions. All of the chro-
mosome17 breakpoints clustered within intron2 of RARA.
Almost all of the chromosome15 breakpoints clustered within
three regions of the PML gene: intron6 (breakpoint cluster
region 1, or bcr1 to form the long isoform), exon6 (bcr2 to
form the variant isoform), and intron3 (bcr3 to form the short
isoform), which accounts for 43.3%, 15.6%, and 34.4%,
respectively. In addition, new breakpoints in the PML gene
were discovered in six children (6.7%), including exon7 in
three children and intron5, intron7, and exon3 in another three
children, respectively (Fig. 2).

Complex variant translocations of t(15;17)

In addition to the two-way translocation of chromosomes 15
and 17, there were complex three-way and four-way
translocations in three patients including t(1;7;15;17)(q22,
q11,q22,q21), t(8;15;17)(p23,q22,q21), and t(15;16;17)
(q22,p13,q21) respectively.

Furthermore, a large deletion of chromosome17 was
discovered in one sample with PML-RARA, which formed a
RARA-ITGB4 fusion. Two samples without PML-RARA
were involved in KMT2A gene rearrangement, including t

(1;11)(q21;q23) KMT2A-MLLT11 and t(1;19)(q23;p13)
KMT2A-ELL.

Identification of structural variants based on RNA
sequencing

According to the final confirmed results with SVs, 95 sam-
ples from 92 patients had RARA rearrangement and
24 samples from 19 patients lacked RARA rearrangement.
As a complement, we performed RNA sequencing to detect
the SVs on 13 eligible RNA samples at diagnosis from
patients without RARA rearrangement and 13 random RNA
samples with RARA rearrangement at diagnosis. In the
13 samples without RARA rearrangement, we identified
three patients with CPSF6-RARG, NPM1-CCDC28A, and
TBC1D15-RAB21, fusion respectively, and two patients
both with a TBL1XR1-RARB fusion (Fig. 3). In the patient
with t(1;11)(q21;q23) identified by DNA sequencing, we
found RPRD2-KMT2A in addition to KMT2A-MLLT11.
These fusion genes in samples without RARA rearrangement
strongly suggested their contributions to leukemogenesis as
driver alternations. In the 13 RNA samples with PML-
RARA rearrangement, we also identified two samples with
KMT2A-SEPT6 and ARID1B-WASH4P, respectively.

Analysis of somatic mutations

For further analysis of somatic mutations, the eligible DNA
samples at CR stage as germline control should be taken

Fig. 2 PML-RARA breakpoint clustering regions. 93 samples were
identified with PML-RARA in 90 cases by NGS (three cases afforded
paired samples that had the same breakpoints). The breakpoint

clustering regions of the 90 cases are summarized. The X axis repre-
sents the genomic position of the PML gene, and the Y axis represents
the genomic position of the RARA gene
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into consideration, finally 80 samples from 77 APL patients
with RARA rearrangement and 26 samples from 18 atypical
APL patients without RARA rearrangement were studied by
targeted capture sequencing (Table S1). We achieved a
mean depth of 414× (range 58–666×), and an average 97%
of nucleotides were covered by at least 50 reads.

To identify significantly mutated genes, we excluded
from further analysis several genes that frequently exhibit a
high rate of variants because of large size and constitute
potential false-positives in cancer sequencing studies
(Table S5). Overall, a total of 278 non-silent point muta-
tions and indels in 128 genes were validated in 88 samples,
including 120 mutations in 63 genes observed in 63 typical
APL samples and 158 mutations in 77 genes observed in 25
atypical APL samples (Fig. S4a, detailed mutations in
samples are shown in Table S6 and S7). Gene mutations
were failed to be identified in 17 typical APL samples and
one atypical APL sample. A median of two somatic muta-
tions was observed in each sample (Fig. S4b). In both pri-
mary and relapse typical APL samples, a median of one
somatic mutation was observed; in primary and relapse
atypical APL samples, medians of two and four somatic
mutations were identified, respectively.

Analysis of somatic mutations in APL with RARA
rearrangement

Overall, 111 non-silent point mutations and indels in 60
genes were validated in the 75 primary APL samples
(details in Table S6). Recurrent mutations were observed in
14 genes, including FLT3, WT1, USP9X, NRAS, ARID1A,
and KRAS (Fig. 4a, b). The FLT3 gene was the most fre-
quently altered gene, accounting for 27% of the primary
samples (20 out of 75 primary samples), including 5 sam-
ples (7%) with FLT3-ITD, 14 (19%) with missense muta-
tions of FLT3, and one sample with a non-frameshift
deletion (1%). The missense mutations of FLT3 pre-
dominantly occurred in the tyrosine kinase domains 1 and 2
and in the juxta-membrane domain, with D835 residue most
frequently mutated (8/14 samples). In addition, mutations at
N676 (2/14 samples), Q580 (1/14 samples), N841 (2/
14 samples), and V491 (2/14 samples) were also revealed in
FLT3.

Other recurrently mutated genes included WT1 (13%),
USP9X (9%), NRAS (7%), ARID1A (4%), KMT2E (4%),
EED (4%), and KRAS (3%). Most WT1 mutations resulted
in a truncated protein (one nonsense and six frameshift

a b

c d

Fig. 3 Schematic representation of four fusion proteins identified by
RNA sequencing. a Schematic representation of NPM1, CCDC28A,
and NPM1-CCDC28A proteins. b Schematic representation of CPSF6,

RARG, and CPSF6-RARG proteins. c Schematic representation of
TBL1XR1, RARB, and TBL1XR1-RARB proteins. d Schematic repre-
sentation of TBC1D15, RAB21, and TBC1D15-RAB21 proteins
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indels out of 10 mutations). In addition, two of the three
missense substitutions were clustered in the C-terminus
region encoding Zn-finger domains. All mutations of NRAS
and KRAS were missense. All five NRAS mutations

clustered at amino-acid residue G12, whereas KRAS muta-
tions occurred at Q61 and A146. All three mutations in the
ARID1A gene were nonsense mutations that resulted in loss
of function.
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Nine mutations in six genes were validated in the five
relapse samples of four patients (one patient afforded both
first and second relapse samples). WT1 was the only gene
recurrently mutated in 4/5 samples (3/4 patients). The WT1
mutations at second relapse remained unchanged compared
with the first relapse in the patient of APL-92 who relapsed
twice. In the patient of APL-95, the WT1 mutation was
newly acquired at relapse compared with initial diagnosis.
All WT1 mutations resulted in loss of function (one non-
sense and two frameshift indels).

Analysis of somatic mutations in atypical APL
without RARA rearrangement

A total of 76 non-silent point mutations and indels in 64
genes were validated in the 15 primary atypical APL sam-
ples (details in Table S7). In the single sample in which
mutations were not detected, the fusion gene NPM1-
CCDC28A was identified, suggesting its contribution to
leukemogenesis as driver alternations in atypical APL.
Recurrent mutations were observed in five genes, including
WT1 (17.6%), NPM1 (11.8%), NRAS (11.8%), FLT3
(11.8%), and NSD1 (11.8%) (Fig. 4).

A total of 82 non-silent point mutations and indels in 48
genes were validated in the nine relapse atypical APL
samples. WT1, as the most frequently altered gene in pri-
mary samples, was also the most frequent lesion at relapse,
at 44.4%. Other genes recurrently mutated in relapse sam-
ples included NPM1 (33.3%), TP53 (33.3%), and RARA
(33.3%). Six patients of relapse afforded paired samples, in
which TP53 and RARA mutations were specifically present
at relapse, suggesting their relationship with relapse. One
sample had WT1 mutations and two samples had NPM1
mutations that were shared between two stages from diag-
nosis to relapse, indicating re-emergence of a disease sub-
clone following therapy. Another primary sample with a
WT1 mutation acquired a new mutation in WT1 at the

relapse stage. One sample with a NRAS mutation, two
samples with FLT3 mutations, and another two samples
with NSD1 mutations all lost these mutations at relapse
(Fig. 4a).

Three mutations of RARA were detected in two relapse
samples, all of which harbored mutations in the ligand-
binding domain (LBD), with previously reported R272Q in
one sample and G404fs in addition to S405P in the other.
The RARA mutations were all detected post-ATRA
treatment.

Mutational frequencies of recurrently mutated genes in
the whole 80 APL sample set were compared with the 26
atypical APL samples (Fig. 4c). The same gene mutations
shared in matched samples are not repeatedly included in
the calculation of the mutation frequency. NPM1, TP53,
NSD1, and ALK gene mutations were specifically observed
in atypical APL, in which the difference in mutational fre-
quency in NPM1 and TP53 reached statistical significance
(P < 0.05). Mutations of RARA, WT1, and NRAS occurred at
a higher frequency in atypical APL, in which the mutational
frequency of RARA reached statistical significance (P <
0.05). Mutations in USP9X, EED, ADCY2, FAM166B,
MYC, and SMARCB1 were not observed in atypical APL,
and a decreased incidence of FLT3 alternations occurred in
this cohort, although the difference did not reach statistical
significance.

Clinical features of the pediatric APL patients

The presenting clinical and laboratory data for the 77 APL
patients with RARA rearrangement (44 boys, 33 girls;
median age 8.2 years, range 1.2–15.1 years) are listed in
Table 1 (more details, Table S8). The 18 atypical APL
patients without RARA rearrangement included 14 boys and
4 girls, with a median age of 6 years (range 4 months to
13.2 years) (more details, Table S9). The atypical APL
samples were subjected to morphologic review, indicating
morphological features in accordance with M3 in the FAB
system (Fig. S5). The presenting clinical and laboratory
details of these atypical APL patients were compared with
77 APL patients (Table 1). No differences related to sex,
white blood cell count at diagnosis, or Hb level were
observed between the two groups. The age at diagnosis of
atypical APL was lower than that of APL (P= 0.004).
Conversely, the former groups showed a significantly
higher platelet and lactate dehydrogenase level than the
latter (P= 0.01 and P= 0.001, respectively).

During the ATRA induction treatment, morphologically
recognizable changes in most promyelocytes of patients
with PML-RARA could be observed. The nucleus became
larger, and fewer prominent primary granules along with the
development of secondary granules were observed in the
cytoplasm with condensation and segmentation of nuclei.

Fig. 4 Mutational profile between APL with and without RARA rear-
rangement. a Mutational topography of APL with and without RARA
rearrangement is depicted. The mutated genes validated by Sanger
sequencing are shown and color-coded for various types of mutation.
Samples are displayed as columns and arranged to emphasize mutual
exclusivity. Samples in which either no recurrent mutation was
detected in our analysis pipeline or do not harbor fusion gene besides
PML-RARA are not included in the matrix. Gene name in bold
represents recurrently mutated genes, there are 14 genes and 8 genes
recurrently mutated in APL with and without RARA rearrangement,
respectively. b Bars represent the absolute number of recurrently gene
mutations in APL samples with and without RARA rearrangement.
c Comparison of mutational frequency of genes between APL with and
without RARA rearrangement. “*” represents mutational rates of genes
mutated at significantly different frequencies (Fisher’s exact test; P <
0.05). The same gene mutations shared in matched samples are not
repeatedly included in the calculation of the mutation frequency
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An elevated population of metamyelocytes was evident,
with indented or horseshoe-shaped nuclei and reduced
nuclear/cytoplasmic ratio, although the nucleoplasm
remained immature. We designated these promyelocytes
with morphological changes as “ATRA-induced cells”. In
atypical APL patients, the percentage of ATRA-induced
cells was significantly lower than in samples with RARA
rearrangement (P= 0.0001), although the typical morpho-
logical features of M3 were presented before treatment. The
much lower percentage of “ATRA-induced cells” suggests
that without the PML-RARA fusion gene, the atypical APL
group was less sensitive or even unresponsive to ATRA. As
a result, 6/18 (33.3%) patients still had more than 5% of
immature leukemic cells after the first course of induction
with ATRA-ATO-CT indicating a resistant disease. While
only 2/77 patients (2.6%) in typical APL group had failure
of induction. So the atypical APL had significantly higher
rates of resistant diseases than typical APL (P < 0.001)
(Table 1).

Prognosis of pediatric APL patients

In APL with RARA rearrangement, four patients presented
recurrence, one relapsed during the maintenance treatment
(14 months from diagnosis), and three relapsed after treatment
(at 32, 33, and 33 months, respectively). One of the patients
died of heart disease at the remission stage (28 months from
diagnosis). With a median follow-up time of 42.6 months
(range 12.6–153.4 months), the estimated 5- and 8-year OS
was 96.1 ± 2.1%, whereas the EFS rates for the above periods
were 90.9 ± 3.9% (Fig. 5a). The CIR was 7.3%.

Overall, 12 of 18 atypical APL patients achieved mor-
phological CR after induction treatment, for an induction
failure rate of 33.3%. The median duration for achieving

CR was 37 days (27–163 days), and the whole cohort
achieved CR. With a median follow-up time of 42.2 months
(range, 10.6–170.1 months), the estimated 5-year and
8-year OS rates were 85.0 ± 10.2% and 63.8 ± 19.9%,
respectively, whereas the EFS rates for the above periods
were 57.4 ± 12.3% and 38.3 ± 17.7%, respectively (Fig. 5a).
Relapse occurred in 7 patients (38.9%) who had achieved
CR; 3 of them died after recurrence during the follow-up
time, 3 of them given up treatment and lost to follow up,
one of them continued the treatment and lost to follow up
after second relapse. One child had a secondary malignancy
70 months after chemotherapy completed and lost to follow
up. So a total of 5 patients lost to follow up after the event
happened (more details, Table S9). The CIR of atypical
APL was 42.6% which was much higher than the typical
one (P= 0.0002) (Fig. S6). The survival rates of atypical
APL were much worse than the atypical APL cases (POS <
0.001, PEFS < 0.001) (Fig. 5a).

Several fusion genes were discovered in atypical APL
that had rarely or even never been previously reported. The
patient with CPSF6-RARG, who did not experience mor-
phological CR after induction treatment with the APL
regimen (ATRA-ATO+DA), was switched to an AML
(non-M3) regimen. CR still was difficult to achieve until the
sixth course was finished (181 days from diagnosis), and
2 months after the chemotherapy completed (10 months
from diagnosis), BM aspirate showed relapse. The two
patients with TBL1XR1-RARB were both treated with the
APL regimen. One of them maintained CR during the
follow-up of 108 months from diagnosis; the other patient
had a relapse in a neck lymph node 7 months following
therapy end and experienced a second relapse in BM
15 months after re-induction. The two patients with NPM1-
CCDC28A and TBC1D15-RAB21 each were treated with
the AML regimen and maintained CR with a relapse-free
time of 53 months and 55 months, respectively. Of the two
patients with KMT2A rearrangement, one with t(11;19)
KMT2A-ELL treated with the APL regimen remained CR
with RFS of 168 months; the other one with KMT2A-
MLLT11 and RPRD2-KMT2A treated with the AML regi-
men did not achieve CR until the fourth course was finished
(131 days from diagnosis) and remained CR with a RFS of
30 months.

Nine of the 18 atypical APL patients were treated with
APL regimen, and the other 9 patients switched to an AML
(non-M3) regimen starting with the second induction course
after the first induction course of APL regimen. We com-
pared the survival rates and CIR of the two groups of
patients with different treatment regimens (Fig. 5b and
Fig. S7). Although patients treated with the APL regimen
had a worse survival (estimated 5-year and 8-year OS rates
were 83.3 ± 15.2% and 55.6 ± 24.8%, respectively; EFS
rates for the above periods were 51.9 ± 17.6% and 25.9 ±

Table 1 Clinical features of atypical APL compared with typical APL

APL without RARA
rearrangement

APL with RARA
rearrangement

P-value

Patients (n) 18 77

Age (years) 6.0 (0.4–13.0) 8.2 (1.2–15.1) 0.004

Sex

Male (n) 14 (77.8%) 44 (57.1%) 0.106

Female (n) 4 (22.2%) 33 (42.9%)

WBC (×109/
L)

10.7 (1.6–128.3) 3.9 (0.8–90.3) 0.105

Hb (g/L) 81.2 (26–120) 83.36 (47–146) 0.687

PLT (×109/L) 60 (19–309) 36 (4.1–488) 0.01

LDH (U/L) 1303 (641–8076) 756.5 (188–2119) 0.001

ATRA-
induced cells

5.8% (1.5–30.8%) 50.8% (36–90.8%) 0.0001

Induction
failure

6 (33.3%) 2 (2.6%) <0.001
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20.3%, respectively) and higher CIR (48.5%) compared to
those treated with the AML (non-M3) regimen (estimated
5-year and 8-year OS rates both 88.9 ± 10.5%; EFS rates for
these periods were both 63.5 ± 16.9%; CIR was 36.5%), the
difference was not statistically significant (PEFS= 0.469;
POS= 0.855; PCIR= 0.607).

Discussion

This study provides a comprehensive analysis of gene
alternations in pediatric APL using NGS, which represents
to our knowledge the largest mutational analysis in APL for
children. Our targeted panel for SV detection was designed
to capture the whole gene region of RARA and cover the
likely break regions of its partner genes, including PML,
PLZF, NuMA, NPM1, STAT5b, PRKAR1a, FIP1L1, and
BCOR. SV results suggested a higher sensitivity of targeted
sequencing based on our capture panel in discerning RARA
rearrangement. In addition to RARA rearrangement, we
identified two patients without RARA rearrangement, how-
ever, had a KMT2A rearrangement each, one with KMT2A-
MLLT11 and another with KMT2A-ELL.

For patients in which a RARA rearrangement could not be
identified by DNA sequencing and other methods, we per-
formed RNA sequencing as a complement. In the 13 eli-
gible RNA samples, we identified three patients with
CPSF6-RARG, NPM1-CCDC28A, and TBC1D15-RAB21
fusion, respectively, and two patients both with TBL1XR1-
RARB fusion, all fusion genes that rarely or never have been

previously reported. These fusion genes identified in
patients showing the M3 FAB subtype, however, without
RARA rearrangement strongly suggested their contributions
to leukemogenesis as driver alternations and that APL may
arise by alternative mechanisms distinct from the formation
of a PML-RARA fusion gene.

RARB and RARG are two members of the nuclear
receptor superfamily that share high homology (90%) with
RARA and are all involved in retinoid signaling. It has been
reported that artificial PML-RARB and PML-RARG fusion
both show oncogenic potential comparable to that of PML-
RARA, with the ability to block myeloid differentiation and
extend proliferative capacity, while conferring responsive-
ness to differentiation treatment with retinoid acid [19].
Two patients of AML displaying morphologic features
resembling APL bearing CPSF6-RARG have been descri-
bed recently [20]. Here, we reported a third case with
CPSF6-RARG that we morphologically diagnosed as APL.
Like the other two cases, the patient with CPSF6-RARG
showed no response to induction with ATRA and ATO.
Four cases of TBL1XR1-RARB have been discovered for the
first time recently in RARA-negative APL, and showed
oncogenic potency and partial response to retinoids [21].
Here, we also uncovered two cases of TBL1XR1-RARB.
Both were treated with the APL regimen, and the patient
carrying ATXN3 and MAP2K2 mutations experienced per-
sistent CR, but the other patient with STAG2 mutations
relapsed repeatedly. Thus, the prognosis of patients may be
affected by TBL1XR1-RARB combined with other genetic
abnormalities which needs further study with more cases.

Fig. 5 Survival curves of APL.
a Comparison of estimated
probability of EFS and OS
between APL with and without
RARA rearrangement. b
Comparison of estimated
probability of EFS and OS
between atypical APL treated
with APL regimen (solid line)
and AML regimen (dashed line)
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NPM1-CCDC28A is a novel fusion we identified in
leukemia. NPM1 is a RARA fusion partner and is presumed
to play a role in ribosomal RNA processing or transport. In
silico analyses support a contribution of CCDC28A to dis-
crete stages of murine hematopoietic development and
suggest selective enrichment of CCDC28A in the FAB M6
class of human AML [22]. A NUP98-CCDC28A fusion has
been identified in T-cell acute lymphoblastic leukemia and
AML, where it promoted the proliferative capacity and self-
renewal potential of myeloid progenitors in in vivo studies
[22]. NPM1-CCDC28A, as the only genetic alternation
identified in the case, was surmised to play a crucial role in
leukemogenesis and contribute to morphological features
resembling APL.

TBC1D15-RAB21 fusion is reported for the first time in
leukemia. The TBC1D15 gene, also known as GTPase-
activating protein RAB7, encodes a member of the Ras-like
proteins in the brain-GTPase-activating protein superfamily
and functions as an oncoprotein controlling stem cell self-
renewal through destabilization of the Numb–p53 complex.
Rab21 is a member of the Rab subfamily, which has been
identified as required for tumor-associated fibroblasts
to promote the invasion of squamous carcinoma cells.
However, no functional data on TBC1D15 and Rab21 have
been reported in leukemia. The case with this fusion also
harbored WT1, DNMT3A, and NSD1 mutations, so its
supposed function in oncogenesis remains to be
investigated.

The KMT2A gene (MLL1) on chromosome 11q23 is
disrupted in a unique group of acute leukemias. Approxi-
mately 14% of pediatric AML harbors KMT2A transloca-
tions, which commonly are found in M4, M5, M0, and
M1 subtypes [23]. AML bearing a KMT2A rearrangement
with morphological features of M3 has rarely been reported.
The two cases with KMT2A translocations mimicking APL
that we identified both involved infants under age
12 months at diagnosis. The patient with t(11;19) KMT2A-
ELL, which is found in 4.6% of MLL-rearranged pediatric
AML and is categorized as intermediate risk [24, 25], had a
favorable prognosis and maintained CR until the last fol-
low-up, with a disease-free survival of 170 months. The
other patient with t(1;11) KMT2A-MLLT11, which also is
associated with a favorable prognosis [25], experienced a
delay to CR until 131 days of treatment, but maintained CR
until the last follow-up with a disease-free survival of
30 months.

Genetic abnormalities in APL are clinically valuable for
selecting a treatment regimen and evaluating prognosis.
Thus, high-throughput sequencing should be performed
especially on APL patients whose RARA rearrangements are
failed to be identified by conventional methods (i.e., kar-
yotype analysis, FISH, RT-PCR). This is helpful to exclude
the false-negative probability of conventional methods and

to uncover new fusion genes as potential targets for
treatment.

In addition to the common X-RARA, other abnormalities
involved in retinoid signaling like RARB or RARG; or even
other SVs distinct from the formation of aberrant retinoid
receptors are able to perform as driver mutations, making
APL a heterogeneous disease.

Preliminary whole genome/exome studies have revealed
recurrently mutated genes such as FLT3, WT1, and NRAS
may cooperate with PML-RARA in oncogenesis [26–29].
Previous NGS studies identifying genetic alternations were
performed mostly in adult APL patients, and an analysis
based on a large cohort involving children has not been
reported. In our study, the topography of somatic mutations
in APL with RARA rearrangement at diagnosis is defined by
recurrent alterations of FLT3 (27%), WT1 (13%), USP9X
(9%), NRAS (7%), ARID1A (4%), KMT2E (4%), EED (4%),
and KRAS (3%). These recurrent gene mutations could
cooperate with PML-RARA in the pathogenesis of APL. We
also uncovered WT1 as the only gene recurrently mutated in
the four relapse patients, and it is thought to be related to
APL relapse. The profile of mutations was similar to the
mutational landscape depicted by Madan et al. [26], which
primarily involved adult patients.

Differences in the topography of somatic mutations
could be observed between APL with and without RARA
rearrangement. The recurrently mutated genes in the 17
primary samples of atypical APL included WT1 (17.6%),
NPM1 (17.6%), NRAS (11.8%), FLT3 (11.8%), and NSD1
(11.8%); in the 9 relapsed samples, they included WT1
(44.4%), NPM1 (33.3%), TP53 (33.3%), and RARA
(33.3%).

Recurrent TP53 and RARA mutations were specifically
present in atypical relapse samples, which suggested a
proposed relationship between the two mutated genes and
relapse of atypical APL. Previous studies have identified
that mutations clustered in the LBD of the RARA portion of
the PML-RARA fusion protein lead to a diversity of altera-
tions in binding to the ligand and to nuclear coregulators of
transcription, triggering varying degrees of inhibition of
retinoid-induced transcription [30, 31]. Without PML-RARA
fusion, however, the two cases acquired RARA mutations,
all located in the LBD region, after ATRA-based treatment.
We speculate that molecular alterations in the LBD of
RARA protein may also impair ATRA-binding capacity
and lead to relapse. However, a functional analysis is
necessary to confirm that these mutations play a role in the
underlying mechanism of clinical ATRA resistance.

The 77 patients with RARA rearrangement had a parti-
cularly favorable outcome, with 8-year EFS and OS of 90.9
± 3.9% and 96.1 ± 2.1%, respectively. Although FLT3 has
been reported as a risk factor for survival rates in other
studies [32, 33], neither FLT3-ITD nor overall FLT3
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mutations seemed to affect the prognosis of APL in our
study. Without RARA rearrangement, atypical APL may not
be sensitive to ATRA and ATO treatment, so survival was
much worse compared with the patients with RARA rear-
rangement. When evaluated the long-term outcomes of the
patients, the OS I calculated may be better than that in the
real situation because majority of relapse or resistant
patients chose to give up the treatment due to big financial
burden and increased the possibility of resistant disease, so
they were lost to follow up after the event happened. For
them lost to follow up was the end of observation instead of
death in analysis of OS. Five out of 77 typical APL patients
had events of relapse, resistant diseases or second malig-
nancy in which 3 patients given up and lost to follow up
accounting for 60%. While 5 out of 8 atypical APL patients
who had events were lost to follow up accounting for
62.5%.

In atypical APL, there are six patients (33.3%) incapable
of achieving morphological CR after the first course of
induction based on ATRA treatment, showing ATRA-
resistant. Clinical features and genetic abnormalities
between ATRA-sensitive and ATRA-resistant patients are
compared, however, no differences have reached the sta-
tistical level (Table S10). Larger amount of atypical APL
cases are required to draw a conclusion.

To underscore the significance of the PML-RARA fusion,
which may be cryptic or result from complex cytogenetic
rearrangements other than t(15;17)(q24.1;q21.2), APL with
this fusion has been renamed as APL with PML-RARA in
the updated (2016) WHO classification [34]. The cases with
morphological features resembling APL, however, that
could not be identified with RARA rearrangement, are more
reasonably classified as a subclass of AML. For example,
the case with NPM1 mutations is classified as “AML with
mutated NPM1” other than APL, and individualized treat-
ment should be considered for them according to their
genetic abnormalities.

In summary, to analyze APL-associated SVs, we per-
formed NGS on samples from children who were mor-
phologically diagnosed as APL. We identified several cases
of RARA rearrangements and other new fusions involving
RARB, RARG, and KMT2A that had not been recognized
using conventional methods. The advantages NGS had in
molecular diagnosis of APL suggested it could be applied
combining with karyotype analysis, FISH, and RT-PCR for
accurate diagnosis, especially when RARA rearrangement
cannot be identified by the conventional methods. In addi-
tion to the common X-RARA, other abnormalities involved
in retinoid signaling like RARB or RARG; or even other SVs
distinct from the formation of aberrant retinoid receptors are
able to perform as driver mutations, contributing to APL
phenotype. We also revealed recurrent alternations of FLT3,
WT1, USP9X, NRAS, and ARID1A in typical APL, which

cooperated with the PML-RARA fusion gene in oncogen-
esis. Significant differences have been observed in muta-
tional frequencies between APL with and without RARA
rearrangement suggesting APL is a heterogeneous disease.
We retrospectively analyzed treatment outcomes and
demonstrated overall excellent outcomes of typical APL,
which is much better than atypical APL. Thus, atypical APL
is more reasonably classified into subclasses of AML other
than APL, and individualized treatment should be con-
sidered for these patients according to the genetic
abnormalities involved.
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