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Key Points

• AML with RARG
rearrangement is a
novel subtype of AML
with some unique
clinical,
immunophenotypic,
and genetic
characteristics.

• AML with RARG
rearrangement is
insensitive to ATRA
and ATO and carries a
poor prognosis.
11 JULY 20
Acute myeloid leukemia (AML) with retinoic acid receptor γ (RARG) rearrangement has

clinical, morphologic, and immunophenotypic features similar to classic acute

promyelocytic leukemia. However, AML with RARG rearrangement is insensitive to alltrans

retinoic acid (ATRA) and arsenic trioxide (ATO) and carries a poor prognosis. We initiated a

global cooperative study to define the clinicopathological features, genomic and

transcriptomic landscape, and outcomes of AML with RARG rearrangements collected from

29 study groups/institutions worldwide. Thirty-four patients with AML with RARG

rearrangements were identified. Bleeding or ecchymosis was present in 18 (54.5%) patients.

Morphology diagnosed as M3 and M3v accounted for 73.5% and 26.5% of the cases,

respectively. Immunophenotyping showed the following characteristics: positive for CD33,

CD13, and MPO but negative for CD38, CD11b, CD34, and HLA-DR. Cytogenetics showed

normal karyotype in 38% and t(11;12) in 26% of patients. The partner genes of RARG were

diverse and included CPSF6, NUP98, HNRNPc, HNRNPm, PML, and NPM1. WT1- and NRAS/

KRAS-mutations were common comutations. None of the 34 patients responded to ATRA

and/or ATO. Death within 45 days from diagnosis occurred in 10 patients (~29%). At the last

follow-up, 23 patients had died, and the estimated 2-year cumulative incidence of relapse,

event-free survival, and overall survival were 68.7%, 26.7%, and 33.5%, respectively.

Unsupervised hierarchical clustering using RNA sequencing data from 201 patients with

AML showed that 81.8% of the RARG fusion samples clustered together, suggesting a new

molecular subtype. RARG rearrangement is a novel entity of AML that confers a poor

prognosis. This study is registered with the Chinese Clinical Trial Registry

(ChiCTR2200055810).
Introduction

Acute myeloid leukemia (AML) is a heterogeneous group of
hematopoietic stem cell disorders. The revised fourth edition of the
World Health Organization classification of tumors of hematopoi-
etic and lymphoid tissues defines 19 subtypes of AML.1 With the
advent of next-generation sequencing, an increasing number of
novel molecular abnormalities have been found, uncovering more
subtypes of AML.2

Recent use of RNA sequencing (RNA-seq) at diagnosis has led to an
increased identification of cases with retinoic acid receptor γ(RARG)
rearrangements. Only 1 retinoic acid receptor β(RARB) rearrange-
ment, TBL1XR1::RARB, was identified in children with acute pro-
myelocytic leukemia (APL).3,4 To date, 15 patients with
NUP98::RARG, PML::RARG, CPSF6::RARG, NPM1::RARG, and
HNRNPc::RARG fusions have been reported.3,5-17 All these patients
showed strikingly similar features to those of APL, including clinical
presentation and the leukemic cells’ cytomorphological and immu-
nophenotypical features. However, these patients showed no
response to standard treatment with all-trans retinoic acid (ATRA) and
arsenic trioxide (ATO) and had poor outcomes. The presence of
RARG but lack of RAR α(RARA) rearrangements in these patients
made their disease classification and treatment options difficult.18-21

Therefore, further studies of the classification and underlying molec-
ular pathology of and therapeutic approaches to AML with RARG
rearrangement are urgently needed.
23 • VOLUME 7, NUMBER 13
The purpose of this study is to further characterize this AML subtype
and provide information to facilitate its rapid diagnosis and effective
treatment. Accordingly, we initiated a global cooperative study to
define the clinical-biological features, transcriptomic and genomic
landscape, treatment strategies, and outcomes of 34 cases of AML
with RARG rearrangement diagnosed during the past decade, which
were collected from 29 study groups/institutions worldwide.

Methods

Study cohort

Patients were included in the study if they were confirmed to have
RARG rearrangement. Patients were identified from Chinese APL
Cooperation Group, Global APL Collaborative Research Group,
and publishing reports. We actively screened the database of
29 study groups/institutions from China, Spain, the United
Kingdom, the Republic of Korea, and the United States for cases of
AML with RARG rearrangement recorded between 2011 and
2021. Among the 34 cases included in this study, 15 have been
previously reported, and their treatments and outcomes were
updated.3,5-17 Because 1 patient enrolled in this study lacked
updated information, the denominator of proportion calculation is
33 in some instances in this article. Data of surviving patients were
updated during the study period of more than 2 years. All essential
and relevant data (including laboratory features at diagnosis, type
of treatment, response to therapy, and follow-up data) were
collected from all participating centers. Flow cytometric analysis
ACUTE MYELOID LEUKEMIA WITH RARG REARRANGEMENT 2973



was performed in each center. Our previously published data,
which included 221 consecutive patients with PML::RARA APL,
were used as controls for flow cytometry comparisons.22 Immu-
nophenotypic analysis was conducted using flow cytometry to
assess CD3, CD13, CD14, CD19, CD33, CD34, CD38, CD56,
CD64, CD117, CD11b, HLA-DR, and MPO expression. The flow
cytometry thresholds for this analysis were 20%. For cytogenetic
analysis, chromosomal karyotyping by G-banding or RHG-banding
was performed using standard techniques, and karyotypes were
described in accordance with the international system for human
cytogenetic nomenclature.23 For detection of rearrangements of
PML::RARA or RARA rearrangements, dual color fluorescence in
situ hybridization was performed on methanol/acetic acid-fixed
cells using PML/RARA and the RARA dual color break apart.

Samples from 24 patients with AML with RARG rearrangements
and 142 with typical APL were used for next-generation sequencing
(NGS) analysis. The NGS panel contains common mutant genes of
hematological malignancies, including genes associated with acti-
vated signaling pathway (FLT3-ITD, FLT3-TKD, KRAS, NRAS, and
KIT), epigenetic regulators (IDH1/2, DNMT3A, EZH2, TET2, ASXL1,
and SETD2), myeloid transcription factors (WT1, NPM1, GATA2,
CEBPA, ETV6, RUNX1, CBL, PTEN, and TP53).

RNA-seq preprocessing and mapping

RNA-seq preprocessing and mapping Hg38 RefSeq data were
downloaded from the University of California, Santa Cruz Genome
Browser. Hisat2 (version 2.0.5) and STAR (version 2.5.2b) were
then used to align raw RNA-seq sequences to the reference
genome. The preprocessing steps were mostly carried out per the
Genome Analysis Toolkit best practices pipeline.24 Arriba version
2.1.0 was used to call fusion genes.25 To ensure the functionality
and reliability of the identified fusions, we applied a strict filter in the
fusion calling process. Specifically, we removed (1) fusion break
points with less than 2 split reads or 3 spanning reads, (2) fusions
reported in the healthy population, (3) fusions appearing in the
blacklist, and (4) fusions associated with uncharacterized genes
and mitochondrial genes. Out-of-frame fusions were also removed
because their protein products are likely to lose function or to be
rapidly degraded. A transcript-level read count matrix was
generated using HTSeq-count (version 0.5.4.p3),26 based on the
Gencode annotation database27 and the BAM files generated by
HISAT2. Differentially expressed genes were identified using
DESeq2 (version 1.18.1) based on the read count matrix.
Fragments per kilobase per million values were then calculated and
log-transformed to evaluate the gene expression levels.

To compare the functional characteristics of the 3 subgroups within
the samples (ie, RARG rearrangement, PML::RARA, and non-APL
AML), gene set enrichment analysis was performed using GSEA
software (version 3.0; http://software.broadinstitute.org/gsea) with
gene ontology and Kyoto encyclopedia of genes and genomes gene
sets.28,29 The ward.D algorithm in R’s cluster method was used for
unsupervised clustering, in which the different numbers (1% to
15%) of top-ranked highly variable genes across all samples were
selected to evaluate the stability. The ComplexHeatmap R package
was applied for the visualization of all samples.30

Statistical analyses and definition of outcomes

Complete remission (CR) was defined in accordance with the
European Leukemia-Net AML guidelines.31 Induction death was
2974 ZHU et al
defined as death occurring within 45 days after the start of therapy.
Overall survival was calculated from the time of diagnosis to the
time of death, and event-free survival was calculated from the time
of diagnosis to the time of failure to enter CR, relapse, or death.

Statistical analyses were performed using SPSS software. For
categorical variables, comparisons were evaluated using the Fisher
exact test, and for continuous variables, the Mann-Whitney U test
was used. Distributions of time-to-event variables were estimated
using the Kaplan-Meier method. Univariate analysis was performed
using the Cox proportional hazard model. All reported P values
were two-sided.

This study was approved by the institutional review board of the
First Affiliated Hospital, Zhejiang University School of Medicine
(No. 037) and conducted in accordance with the principles of the
Declaration of Helsinki.

Results

Clinical features

Thirty-three patients with detailed information were included for
further analysis. Three patients were children 1, 10, and 13 years
old. At presentation, the most common symptoms were bleeding or
spontaneous ecchymosis (18 of 33 patients [54.5%]), asthenia
(8 of 33 patients [24.2%]), and fever (18 of 33 patients [54.5%]);
bleeding or spontaneous ecchymosis was more frequent symp-
toms in typical APL (P = .0114). Thirteen patients (38.2%) had
white blood cells (WBC) >10 × 109/L. Coagulopathy with fibrin-
ogen levels lower than 150 mg/dL and D-dimer levels higher than
500 μg/L occurred in 18 of 33 (54.5%) and 33 of 33 (100%)
patients, respectively. Patients with typical APL had relatively higher
hemoglobin level (P = .0170), longer prothrombin time (P = .0061)
and partial thromboplastin time (P = .0023), and higher D-dimer
level (P < .0001) than those with AML with RARG rearrangements.
The initial clinical and biological features, treatments, and out-
comes of the entire cohort having RARG rearrangements and
control APL are shown in Table 1.

Morphology

Morphological features of leukemic blasts resembled those of
blasts in typical (hypergranular) M3 in 25 (73.5%) and variant
(hypogranular) M3v in and 9 (26.5%) of the 34 patients. Both
typical and atypical APL features can be found in this cohort.
Characteristic bundles of Auer rods, existing as bundles or single
Auer rods, randomly distributed within the cytoplasm were present
in 14 cases (41.2%).

Figure 1 shows the morphological features of 8 patients included in
this series (universal patient numbers [UPNs] 10, 11, 14-17,19, and
31) and 4 patients with PML::RARA serving for comparison (from
the First Affiliated Hospital, Zhejiang University School of Medicine).
The nuclei were often kidney-shaped, bilobed, or irregularly shaped
and varied in size. Typical hypergranular promyelocytes displayed
purple cytoplasm granules or stacked bundles of filaments, which
completely obscured the nuclear-cytoplasmic margin (Figure 1;
UPNs 10, 15-16, and 31). Microgranular promyelocytes featured
cytoplasm filled with fine, dust-like granules (Figure 1; UPNs 14 and
19). Most nuclei of atypical promyelocytes were regular in shape,
with slightly coarse granules (Figure 1; UPNs 11 and 17) and
pseudo Chediak granules (Figure 1; UPN 17).
11 JULY 2023 • VOLUME 7, NUMBER 13

http://software.broadinstitute.org/gsea


Table 1. Baseline characteristics

Characteristic RARG fusions number (% or range) Typical APL number (% or range) P

No. of patients 34 100

Age (y) median (range) 42 (1-67) 37 (17-74) .7590

Male sex (%) 20 (59) 54 s (54) .2390

Clinical presentation n = 33 n = 90

Bleeding 18 (55) 70 (78) .0114

Fever 18 (55) 33 (30) .0745

Blood tests (range) n = 33 n = 94

White blood cell count (×109/L) 6.8 (0.2-139) 3.63 (0.3-102.38) .2349

Hemoglobin (×g/L) 81 (42-127) 91 (41-139) .0170

Platelet count (×109/L) 57.5 (7-204) 28 (3-184) .0004

PT (s) 14 (11.5-18.1) 15.85(10.2-27.1) .0061

APTT (s) 30.7 (19.5-43.1) 35.85 (22.1-55.4) .0023

Fibrinogen (mg/dL) 134 (40-540) 146 (40-595) .9417

D-dimer (ug/L) 7090 (571-94390) 15400 (930-182310) < .0001

Bone marrow

Morphology n = 33 n = 79

APL-like cells (range) 87 (27-100) 82 (46-97) .1204

Hypergranular (%) 25 (73.5) 71 (90) .0258

Hypogranular (%) 9 (26.5) 8 (10) .0258

Auer body (%) 14 (41) 74 (94) .0006

Cytogenetics (%)

Normal karyotype 14 (41) —

t(11;12)(p15;q13) 9 (27) —

t(12;13)(q13;q13) 1 (3) —

t(12;15)(q13;q22) 1 (3) —

t(12;19)(q13;p13.1) 1 (3) —

others karyotype 7 (21) —

Not available 1 (3) —

Partner fusion gene (%)

CPSF6 14 (41) —

NUP98 11 (32) —

HNRNPc 6 (18) —

HNRNPm 1 (3) —

PML 1 (3) —

NPM1 1 (3) —

Sanz risk stratification (%)

Nonhigh-risk 21 of 34 (62) 63 of 94 (67) .5802

high-risk 13 of 34 (38) 31 of 94 (33) .5802

APTT, partial thromboplastin time; PT, prothrombin time.
Immunophenotype

It was understood that CD33+, CD13+, CD117+, CD34–,
CD11b–, and HLA-DR– compose the immunophenotype of typical
APL via flow cytometry. In the AML with RARG rearrangements,
most leukemia blasts were CD33+ (33 of 33 patients [100%]),
CD13+ (32 of 33 patients [97%]), and CD117+ (27 of 32 patients
[84.4%]) but only a few were CD34+ (3 of 29 patients [10.3%]),
CD11b+ (2 of 28 patients [7.1%]), and HLA-DR+ (7 of 32
11 JULY 2023 • VOLUME 7, NUMBER 13
[21.9%]); all were CD38– (0 of 26 patients). Leukemia blasts in
9 of 27 patients (33.3%) expressed CD56 (Figure 1).

The observed patterns were compared with those of the
immunophenotypic profiles of 221 control cases with PML::RARA-
positive APL, which we previously reported. There was no statistically
significant difference in the expression of surface markers between
AMLwithRARG rearrangement and APL cases, except for CD38 (0%
vs98.5%;P< .0001) andCD117 (84.4%vs96.7%;P= .01; Figure 1).
ACUTE MYELOID LEUKEMIA WITH RARG REARRANGEMENT 2975
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Figure 1. Morphologic and immunophenotypic features of patients with AML with RARG rearrangement. (A) Morphologic features of 8 cases with RARG

rearrangement (top and middle) and 4 cases with PML::RARA (bottom). Most blasts had hypergranular cytoplasm (UPNs 11, 15-17, and 31 and APL-1, -2, and -4) or

hypogranular cytoplasm (UPNs 10, 14, and 19 and APL-3). Auer rods were also present in some cases (UPNs 10 and 14 and APL-1 and -2). Most blasts harbored an irregular

round, oval, or bilobed nucleus that was strongly suggestive of French-American-British classification type M3. (B) Comparison of immunophenotyping features between patients

with RARG rearrangement (X::RARG, n = 34) and those with PML::RARA (n = 221). The expression of surface markers was not different between the 2 groups, except for CD38

(0 vs 98.5%; P < .0001) and CD117 (84.4% vs 96.7%; P = .01).
Cytogenetics

Cytogenetic abnormalities were found in 19 of 33 (57.6%) patients.
Translocation involving chromosome 12q13, in which the RARG gene
is situated, occurred in 12 patients, including t(11;12)(p15;q13) in
9 of them, t(12;13)(q13;q13) in 1, t(12;15)(q13;q22) in 1, t(12;19)
2976 ZHU et al
(q13;p13.1) in 1, and other karyotype abnormalities in 7 patients
(Table 1; supplemental Table 1). Translocations of 12q13 were found
in 0 of 14 patients with CPSF6::RARG, 9 of 11 with NUP98::RARG,
2 of 6 with HNRNPc::RARG, 1 of 1 with PML::RARG, 0 of 1 with
NPM1::RARG, and 0 of 1 with HNRNPm::RARG.
11 JULY 2023 • VOLUME 7, NUMBER 13
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Molecular biology

Fourteen patients (41%) had CPSF6::RARG, 11 (32%) had
NUP98::RARG, 6 (18%) had HNRNPc::RARG, 1 had
HNRNPm::RARG, 1 had PML::RARG, and 1 had NPM1::RARG.
The detailed fusion sites in 22 patients with available RNA-seq data
are shown in supplemental Figure 2. The fusion sites of RARG
located in exon 4 and exon 1/2 accounted for 18 of 22 (81.8%)
and 4 of 22 (18.2%) patients, respectively.

NGS results of 24 patients with RARG rearrangements showed that
the concurrent mutations were WT1 (14 of 24 patients [58.3%[),
KRAS (3 of 24 patients [12.5%]), NRAS (2 of 24 patients [8.3%]),
TP53 (2 of 24 patients [8.3%]), TET2 (2 of 24 patients [8.3%]). No
FLT3-ITD or -TKD mutations were found in patients with RARG
Figure 2. The genomic and transcriptomic landscape of AML with RARG rearrange

with RARG rearrangement (left) and in 142 patients APL with PML::RARA fusion (right, f

expression pattern of RARG rearrangement (RARG). Patients with AML with PML::RARA (

Columns indicate patients with AML and rows represent gene expression levels for each pa

red or blue, respectively. (C-D) Differentially expressed gene (DEG) comparisons between

without RARG or RARA rearrangement (AML). (C) Volcano plots showing DEGs among

RARA, and RARG are highlighted. (D) The distribution of expression levels for representativ

represents gene expression level (FPKM) in log scale. Each dot corresponds to 1 sample. Th

FPKM, Fragments per kilobase per million. Myeloid TF, myeloid transcription factor.
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rearrangements, which was a significantly lower incidence of these
mutations compared with those in APL. Figure 2A shows the different
frequencies of concurrent mutations between patients with AML with
RARG rearrangements and patients with APL of Jiangsu Institute of
Hematology. The frequency of WT1 and FLT3 mutations (including
-ITD and -TKD) differed significantly between the 2 groups (58.3%
vs 19.0% [P < .001]; 0% vs 28.9% [P = .002]; and 0% vs 23.9%
[P = .007]; respectively).

To explore whether fusion genes involving RARG constitute a
unique entity of AML, unsupervised hierarchical clustering of
the gene expression profile was performed to compare RARG-
rearrangement samples (n = 22) with PML::RARA (n = 66) and
non-APL AML (n = 113) samples from the First Affiliated Hospital
Zhejiang University School of Medicine. Eighteen (81.8%) of the
22 RARG rearrangement samples clustered together, strongly
suggesting a new subtype (Figure 2B). Figure 2C-D shows the
differentially expressed genes among the 3 subtypes. In accor-
dance with the immunophenotyping, CD38 expression was
significantly downregulated in RARG rearrangement samples and
upregulated in APL and other AML samples.

Treatment and outcomes

All 16 patients who received ATRA+ATO induction therapy
(≥14 days) showed ATRA+ATO resistance, and they subse-
quently received AML-like induction therapy. The remaining
18 patients received ATRA/ATO (<14 days) together with AML-
like induction therapy. AML-like induction therapy included
cytarabine (100 mg/m2 per day for 7 days) and daunorubicin
(45-60 mg/m2 for 3 days) or idarubicin (10-12 mg/m2 for 3 days)
or homoharringtonine (2 mg/m2 per day for 7 days).

Of 33 patients evaluable for treatment response, 23 (69.7%)
experienced CR, and approximately half of these patients achieved
CR after 2 cycles of chemotherapy (supplemental Table 2). We
could not evaluate CR for 1 patient who had transferred to another
hospital because no detailed information was available. The early
death rate within 45 days was 29.4% (10 of 34 patients), and the
primary cause of death was hemorrhage (n = 6).

After achieving CR, 18 of 23 patients (78.3%) proceeded to
consolidation therapy with AML-like regimens, including high-dose
cytarabine (n = 18) or autologous hematopoietic stem cell trans-
plant (HSCT; n = 1), and 11 of the 18 patients experienced
relapse. Four patients underwent allogeneic HSCT (allo-HSCT) in
their first CR, and no relapse or death occurred during follow-up
times ranging from 3 to 12 months after HSCT. Five patients
underwent allo-HSCT in their second CR: 4 experienced relapse at
44, 12, 5, and 2 months after HSCT, and 1 patient died from
infection 1 month after HSCT.
ment. (A) The frequency of concurrent mutation genes profile identified in 24 patients

or comparison). (B) Unsupervised hierarchical clustering identified unique gene

APL) and others without RARG or RARA rearrangement are included as comparison.

tient. Genes showing overexpression or underexpression in the heatmap are shown in

patients with AML with RARG rearrangement (RARG), PML::RARA (APL) and others

the 3 subtypes. Most significant DEGs or interested genes are labeled, and CD38,

e genes shown by violin plots. The x-axis indicates the 3 subtypes, whereas the y-axis

e significance levels of difference were determined using the Wilcoxon rank-sum test.
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Figure 4. The proposed flowchart for the diagnosis and treatment of patients with AML with RARG rearrangement. FISH, fluorescence in situ hybridization; PCR,

polymerase chain reaction.
By December 2021, 10 of 33 patients were still alive, with a
median follow-up time of 14 months (range 4-131 months). The
estimated 2-year cumulative incidence of relapse, event-free sur-
vival, and overall survival were 68.7%, 26.7%, and 33.5%,
respectively (Figure 3).
Discussion

In this study, we provided multidimensional evidence that RARG
rearrangement is a nonrandom, recurrent translocation character-
izing a novel subtype of AML that is ATRA/ATO–resistant and
carries a dismal prognosis. The prevalence of RARG rearrange-
ment in patients with AML or APL is unknown at present.

Patients with RARG rearrangement harbor unique characteristics,
which include a leukemic blast morphology mimicking APL and
distinct immunophenotypic, molecular, and gene expression pro-
files. Given the unfavorable prognosis, we suggest that RARG
rearrangement screening should be included in the panel of
molecular diagnostics in AML, especially for patients with APL
morphology and those with no RARA rearrangement.

Although AML with RARG rearrangement presented with strong
clinical (bleeding and coagulant), morphologic, and immunopheno-
typic (CD13+/CD33+/CD117+/MPO+/CD34–/HLA-DR–/CD11b–)
similarities to APL, there were distinct differences. A total of 38.2%
of patients with RARG rearrangements presented with WBC
>10 × 109/L compared with ~20% to 30% of those with PML-
RARA–positive APL. Moreover, lack of CD38 expression status
served as an excellent marker to differentiate RARG rearrangement
AML (0% positive) from PML::RARA-positive APL (88% positive).
CD38 expression status was also confirmed by comparison of
the gene expression profiles from the RNA-seq data shown
in Figure 2. The RARE motif in intron 1 of the CD38 gene functions
as an enhancer to regulate CD38 expression.32 The involvement
of RARG-RXR-RARE axis in CD38 downregulation of RARG
fusions besidesPML::RARA needs to be explored in the future.

From the genetic perspective, NUP98::RARG fusion is easily
recognized as t(11;12)(p15;q13). Because the CPSF6 and RARG
loci are on chromosomes 12q15 and 12q13, respectively, this
cryptic translocation is rarely identified via regular karyotyping
analysis.19 Similarly, no fusions of HNRNPc, HNRNPm, or NPM1
with RARG could be detected via karyotyping analysis, which
renders it difficult to provide cues for fusion genes.
11 JULY 2023 • VOLUME 7, NUMBER 13
The most common fusion partners of RARG in our study were
CPSF6, NUP98, and HNRNPc, which accounted for 94% of
RARG rearrangements. The RARG breakpoint occurs in exon 1,
exon 2, or exon 4, and the key functional motifs, including DBD and
LBD, are retained in the fusion protein.18,19 Our analysis also
showed that concurrent mutations among RARG rearrangement
AML cases showed a high frequency of WT1 mutations (58.3%)
compared with those among APL cases but no FLT3 mutations.
The description of these differences between the 2 subtypes of
AML should be investigated in the future.

Our comparison of RNA-seq data between RARG-rearrangement
AML and APL or non-APL AML revealed that RARG rearrangement
clusters very similarly to APL, likely because of many shared tran-
scripts associated with a similar promyelocyte maturation arrest.
However, 18 of 22 samples (81.8%) with RARG rearrangement
clustered together, strongly suggesting a new subtype distinct
from PML::RARA APL. Our analysis of differentially expressed
genes among the 3 subtypes showed that CD38 expression was
significantly downregulated in RARG fusion samples and upregu-
lated in APL and other AML subtypes, which is consistent with the
results of immunophenotyping. This important finding will enable
physicians to differentiate RARG rearrangement AML from APL
because assessing CD38 expression via flow cytometry is fast and
easy; the result can be available within a few hours.

Most importantly, we found that all 16 patients with RARG rear-
rangement who received ATRA-ATO lasting more than 2 weeks
exhibited definitive ATRA and ATO resistance. ATRA resistance in
primary leukemia cells from patients with NUP98::RARG has also
been demonstrated in vitro,33 which is in contrast with the obser-
vation that NUP98::RARG-transformed murine primary hemato-
poietic stem/progenitor cell fusion was extremely sensitive to ATRA
treatment.34 The underlying mechanism of ATRA resistance in AML
with RARG rearrangement needs to be explored further.35

Because most cases of this novel entity of AML cannot be diag-
nosed in a timely manner and because of the shared morphological
features with APL, extended exposure to ineffective ATRA treat-
ment may render patients to be at high risk of early death. More-
over, overt coagulopathy could be further exacerbated by intensive
chemotherapy. The early death rate of AML with RARG rear-
rangement was 29% in this study, which is higher than that of
APL36; thus, recognizing this attribute may help avoid early deaths.
AML with RARG rearrangement should be treated with intensive
ACUTE MYELOID LEUKEMIA WITH RARG REARRANGEMENT 2979



combinational chemotherapy and allo-HSCT per the guidelines for
intermediate or adverse-risk AML. Furthermore, novel targeted
treatments toned to be identified for this entity in a clinical trial.

Outcomes in this AML entity can improve with an approach that
include prompt diagnosis, effective therapy, and aggressive support
to avoid catastrophic coagulopathy. The consistent expression of
CD33, which is highly active in PML::RARA APL, prompts us to
speculate that the integration of gemtuzumab ozogamicin might be
of clinical utility. Given the poor outcomes observed, consideration
of allo-HSCT in CR1 appears rational. To avoid delayed diagnosis,
multiplex quantitative polymerase chain reaction including primers
covering the 5 RARG fusions or fluorescence in situ hybridization
analysis with RARG-specific fluorescence in situ hybridization
probes from BAC clones is highly recommended. Although RNA-
seq was mostly used in our study, it is expensive, time-consuming,
and not readily used in routine clinical practice. The survival out-
comes of our series indicate that the overall behavior of this entity is
similar to poor-risk karyotype AML rather than to favorable-risk
genetic abnormalities, such as PML::RARA. We therefore pro-
posed a flowchart for timely evaluation and diagnosis (Figure 4).

Our study is limited by its small sample size, heterogeneous molec-
ular subtypes, and different treatment regimens. Nevertheless, to our
knowledge, our study represents the largest reported clinical series
of AML with RARG rearrangement in the world. Indeed, despite the
phenotypic and morphologic similarities with PML::RARA-positive
APL, these RARG rearrangement variants show important biological
diversity, which accounts for their resistance to molecularly targeted
therapies known to display high antileukemic efficacy in APL. We
hypothesize that this diversity might originate from differences in the
defining gene rearrangement event and/or a different spectrum of
cooperative mutations present in these variants. Comprehensive
whole-gene sequencing and single-cell sequencing to clarify the
molecular and genetic landscape are warranted. Moreover, we did
not compare the features of RARG rearrangement with those of
RARA variants or RARB rearrangement.4,37

In conclusion, we have presented multidimensional evidence to
characterize a novel subset of AML with RARG rearrangement
based on the largest case numbers and centers involved to date.
This attribute is distinct from that of APL, with unique clinical fea-
tures, morphology, immunotyping, cytogenetics, genomic and tran-
scriptomic landscape, treatment response, and patient outcomes.
CD38 expression detected via flow cytometry can be rapidly appli-
cable and act as a simple diagnostic marker for excluding RARG
rearrangement. Promptly initiating chemotherapy and avoiding early
death and subsequent relapse is an urgent unmet need. Prospective
clinical trials investigating combinatorial approaches of molecular
targeted therapies with current chemotherapies are warranted for
the treatment of this intractable disease.
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