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Abstract

Chromosomal rearrangements (CR) initiate leukemogenesis in approximately 50 % of acute 

myeloid leukemia (AML) patients; however, limited targeted therapies exist due to a lack of 

accurate molecular and genetic biomarkers of refractory mechanisms during treatment. Here, 

we investigated the pathological landscape of treatment resistance and relapse in 16 CR-AML 

patients by monitoring cytogenetic, RNAseq, and genome-wide changes among newly diagnosed, 

refractory, and relapsed AML. First, in FISH-diagnosed KMT2A (MLL gene, 11q23)/AFDN 

(AF6, 6q27)-rearrangement, RNA-sequencing identified an unknown CCDC32 (15q15.1)/CBX3 

(7p15.2) gene fusion in both newly diagnosed and relapsed samples, which is previously unknown 

in KMT2A/AFDN-rearranged AML patients. Second, the unreported CCDC32/CBX3 gene fusion 

significantly affected the expression of wild-type genes of both CCDC32 (essential for embryonic 

development) and CBX3 (an oncogene for solid tumors) during the relapse, as demonstrated 

by Quantitative PCR analyses. Third, we further confirmed the existence of triple biomarkers 

- KMT2A/AFDN (AF6, 6q27) rearrangement, the unknown CCDC32 (15q15.1)/CBX3 (7p15.2) 

gene fusion and chimeric RNA variants (treatment-resistant leukemic blasts harboring distinct 

breakpoints) in a 21-year-old male patient of rapid relapsed/refractory AML. Most intriguingly, 

in this work regarding 16 patients, patients 7 and 20 initially showed the KMT2A/AFDN 

gene fusion; upon relapse, patient 20 did not show this fusion. On the other hand, patient 7 

retained the KMT2A/AFDN fusion at diagnosis and during the relapse, only identified by PCR 

and Sanger’s Sequencing, not by cytogenetics. Interestingly, the chimeric CCDC32/CBX3 gene 

fusion persisted in the 21-year-old male patient over the diagnostic and relapse phases. Most 

intriguingly, the overexpression of CCDC32/CBX3 fusion gene in AML patient-specific MV4–

11 cells confirms the functional validation, providing experimental evidence of the biological 

impact of the CCDC32/CBX3 fusion on AML pathogenesis and treatment resistance by promoting 

cell cycle progression, a mechanism through which AML evolves to become treatment-resistant. 

All these might exhort differential resistance to treatment. Thus, we found that prognostic and 

predictive triple biomarkers - KRAS mutated, dual fusions (KMT2A/AFDN, CCDC32/CBX3), 
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and chimeric variants - might evolve with a potential oncogenic role of subclonal evolution for 

poor clinical outcomes.
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Relapse; Refractory

Introduction

Chromosomal rearrangements (CR) serve as a pivotal indicator in the pathology of acute 

myeloid leukemia (AML), the predominant form of leukemia in adults (Dohner et al., 2015; 

Kumar, 2011). Approximately half of all AML cases exhibit chromosomal abnormalities 

that give rise to fusion proteins, significantly contributing to the disease’s ontogenesis 

and its recurrence or refractory nature. Notably, rearrangements involving the gene lysine 

methyltransferase 2a (KMT2A) at 11q23 rank among the most frequent chromosomal 

abnormalities in AML, often leading to treatment resistance and relapse (Bill et al., 

2020; Issa et al., 2021). The KMT2A gene has over 80 known fusion partners, one of 

which, AFDN (AF6, 6q27), activates the oncogenic RAS pathway, further promoting AML 

progression (Winters and Bernt, 2017). The translocation t(6;11)(q27;q23), resulting in a 

KMT2A/AFDN fusion gene, is linked to poor clinical outcomes (Kantarjian, 2016; Winters 

and Bernt, 2017), thus emphasizing the urgent need for new therapeutic approaches for 

patients with KMT2A-rearranged AML, which led our efforts of searching for alternatives 

biomarkers.

Unknown gene fusions have recently emerged from pediatric leukemia studies that have 

been reported in pediatric leukemia patients (Berg et al., 2021; Berg et al., 2022; Hoffmeister 

et al., 2021). Current clinical guidelines require chromosome analysis, FISH testing, and/or 

molecular testing of known genetic abnormalities in newly diagnosed AML patients as 

part of the treatment strategy (Thol, 2022; Wheeler et al., 2018). However, these routine 

clinical tests fail to detect novel unknown translocations and mutations, leading to possibly 

missed therapeutic options for targeting AML biomarkers (Arindrarto et al., 2021). The 

advent of next-generation Sequencing (NGS), mainly through transcriptome sequencing 

(RNA-seq), has catalyzed the discovery of unknown gene fusions not identifiable through 

conventional chromosomal analyses(Li et al., 2014). Likewise, whole-genome sequencing 

(WGS) has demonstrated enhanced diagnostic accuracy over traditional cytogenetic analyses 

in discerning genomic level abnormalities in AML and myelodysplastic syndromes (MDS).

This study posits that, akin to pediatric cases, adult AML patients harbor unknown gene 

fusions that might play a crucial role in treatment resistance and disease recurrence. Such 

gene fusions might go through subclonal evolution with drug resistance and relapse as we 

previously hypothesized of subclonal cross-talk signaling transduction (Li et al., 2012) using 

our single-cell transcriptome technology(Lee and Li, 2020). Here, by integrating RNA-seq 

with PCR/Sanger DNA-sequencing beyond standard chromosome and FISH analyses, we 

aimed to map out the fusion gene landscape in newly diagnosed AML patients with KMT2A 

rearrangement and throughout their treatment courses. Our findings suggest that beyond 
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persistent oncofusion proteins, unknown fusion genes and chimeric RNA variants could 

serve as alternative survival mechanisms in relapsed or refractory AML settings.

Materials and methods

The qPCR and PCR primers list is in the supplementary data (Supplementary Table 1). 

Replicates (n = 3) were performed for all experiments.

Human specimens

Bone marrow samples of seven AML patients (Table 1) at different time points (at the time 

of initial diagnosis defined as newly diagnosed and after treatment or relapse) were obtained 

from the Loma Linda University Cancer Center Biospecimen Laboratory (LLUCCBL). All 

patients signed an informed consent. This study was approved by the Institutional Review 

Board of Loma Linda University and conducted according to the Declaration of Helsinki.

Chromosome analysis (Karyotyping)

Chromosome analysis of the bone marrow samples was performed according to the standard 

clinical laboratory protocols. All GTG-banded slides were scanned, and a total of twenty 

metaphase cells were analyzed for each case using the ASI imaging system (Applied 

Spectral Imaging, Carlsbad, CA).

Fluorescent in situ hybridization (FISH) analysis

The KMT2A (also known as MLL) gene rearrangement testing on the bone marrow samples 

was performed using the KMT2A break-apart FISH probe (OGT Inc., New York, NY). A 

KMT2A-AFDN dual color, dual fusion FISH probe was used to detect the KMT2A-AFDN 

gene fusion. A total of 200–500 interphase nuclei were analyzed.

RNA-sequencing (RNA-seq)

Human bone marrow (BM) mononuclear cells were isolated from AML patients 7 and 

20 by Ficoll-Paque™ PLUS (GE Healthcare). High-quality total RNA was isolated using 

the Qiagen RNeasy Mini Kit (Qiagen). Sequencing libraries were prepared by TruSeq 

Stranded mRNA Library Prep Kit (Illumina) and then sent to Novogene for 150 bp pairend, 

30 million reads sequencing (Novogene Corporation Inc., CA, USA). The Sequencing 

generated ~27.7 million pair-end (PE) short reads for patient 7 and ~22.1 million PE 

short reads for patient 20, and the read length was 150 bp. We separately aligned the 

short reads against the human reference genome assembly GRCh38/hg38 for each patient. 

During alignment, we used STAR v2.7.10a with the gene annotation GENCODE v41. After 

alignment, we used Arriba v2.3.0 to detect gene fusions. We also filtered gene fusions where 

two genes were from identical chromosomes and adjacent to each other according to the 

gene definition in GENCODE. After filtering, multiple candidate gene fusions were acquired 

for further analysis for patients 7 and 20. The raw data sets were deposited onto the database 

of the NCBI (The National Center for Biotechnology Information) of the NIH (the National 

Institutes of Health) with the bioproject number PRJNA1201248.
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RNA isolation and quantitative real-time polymerase chain reaction (qPCR) analysis

As previously described, BM cells from patient specimens were collected for RNA isolation 

and qPCR analysis (Xu et al., 2022b). Total RNA was isolated using the RNeasy Mini 

Kit (Qiagen) according to the manufacturer’s instructions. First-strand complementary DNA 

(cDNA) was synthesized by reverse transcriptase-polymerase chain reaction (RT-PCR) using 

the SuperScript III Reverse Transcriptase (Invitrogen, Waltham, MA, USA). The qPCR was 

performed and analyzed with an Applied Biosystems 7900HT Real-Time PCR machine. The 

primer sequences used to amplify different target regions are presented in Supplementary 

Table 1. PCR conditions were 10 min at 95◦C followed by 40 cycles of 10 s at 95◦C and 

15 s at 60◦C. A gene’s relative expression level was determined using the ΔΔCt method and 

normalized to β-actin.

Polymerase chain reaction (PCR) and Sanger DNA-sequencing

The breakpoints of t(6;11) chromosome translocation at the DNA level were detected 

through PCR followed by Sanger DNA sequencing. Genomic DNA (gDNA) was isolated 

using the QIAamp DNA Mini Kit (Qiagen) according to the manufacturer’s instructions. 

PCR was performed with an Applied Biosystems 2720 Thermal Cycler (Fisher Scientific) to 

amplify products using gDNA and cDNA as previously described (Xu et al., 2008). Primers 

were designed to span the fusion genes’ putative breakpoints using Primer3 web software 

(Untergasser et al., 2012). The sequences and locations of the primers are available in 

Fig. 2D (KMT2A::AFDN fusion), Fig. 3C (CCDC32::CBX3 fusion), and Supplementary 

Table 1. After gel electrophoresis, PCR products were purified from the agarose gel with 

the QIAquick Gel Extraction Kit (Qiagen), according to the manufacturer’s instructions. 

PCR amplicons were Sanger DNA-sequenced by MCLAB (Molecular Cloning Laboratories, 

South San Francisco, CA, USA). Sequence alignments were analyzed using BLAST (NCBI) 

and BLAT (UCSC Genome Browser).

Functional validation of the CCDC32/CBX fusion gene: generation of a new transgenic cell 
line overexpressing the CCDC32/CBX fusion gene in Vitro

The custom-built lentiviral construct of the CCDC32/CBX3 fusion gene (Fig. 9) was 

obtained from GeneCopoeia with catalog # CS-GS2239L-Lv225–01. The lentiviral 

expression construct contains CCDC32/CBX3 fusion gene and eGFP reporter, with 

promoters EF1a and IRES2, respectively. Lentiviruses were prepared as previously 

described (Xu et al., 2022b). Briefly, HEK-293T cells were cultured in complete Dulbecco’s 

modified Eagle’s medium (DMEM, Gibco, Waltham, MA, USA) containing 10 % FBS and 

100 U/mL penicillin/streptomycin. When the cells were 70–80 % confluent, the culture 

media was replenished, and a transfection solution containing envelope, packaging, and 

transfer plasmid of the CCDC32/CBX3 fusion gene was added dropwise to the cells. 

Afterward, the cells were cultured at 37 ◦C and 5 % CO2 for 48 h, filtered through a 

0.45 μm filter, and centrifuged at 4800 g at 4 ◦C for 24 h. The virus pellet was reconstituted 

in PBS containing 5 % glycerol and titrated.

A GFP empty vector (GeneCopoeia catalog#: EX-NEG-Lv225) was used as the vector 

control. The MV4–11 cells were transduced with the lentivirus of the CCDC32/CBX3 

fusion gene at a multiplicity of infection (MOI) of 5. Twenty-four hours later, the virus 
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was removed, and the culture medium was replenished. The new cell line of CCDC32/

CBX3-MV4–11 was further experimentally validated via microscopy, gene expression, and 

flow cytometry assays.

Imaging acquisition

Immunocytochemistry and imaging acquisition were performed as previously described 

(Xu et al., 2022a). Phase-bright and fluorescent images were taken using an Olympus 1 

× 71 inverted microscope and were processed using an Olympus cellSens Dimension 1.15 

Imaging Software.

Flow cytometry (FC)

Cells were harvested and examined for the expression of viability dye, cell surface 

biomarkers, and intracellular proteins by multichromatic FC, as previously described (Cao 

et al., 2020). The viability dye used in this study is Fixable Viability Dye eFluor™ 780 

(eBioscience Cat#: 65–0865–14). Briefly, for FC staining, after the staining of viability 

dye, about 1 × 104 ~ 106 cells in 100 μl FC buffer (PBS containing 1 % FBS and 0.05 

% sodium azide) were stained with desired cell surface proteins at 4 ◦C for 30 min. The 

surface-stained cells were then fixed, permeabilized using the appropriate reagents (BD 

Pharmingen Cytofix/Cytoperm buffer), and further stained with Ki67 (Biolegend catalog#: 

350504) at 4 ◦C for 2 h. Concentrations of antibodies and dyes were applied according 

to the manufacturers’ recommendations. Finally, the stained cells were detected on the BD 

FACSAria II. FC Data was analyzed using the FlowJo software (Tree Star Inc., Ashland, 

OR).

Sequences of qPCR primers (OriGene)

Human CDK1

Forward Sequence GGAAACCAGGAAGCCTAGCATC

Reverse Sequence GGATGATTCAGTGCCATTTTGCC

Human Cyclin B1 (CCNB1)

Forward Sequence GACCTGTGTCAGGCTTTCTCTG

Reverse Sequence GGTATTTTGGTCTGACTGCTTGC

Statistical analysis

Statistical analyses were performed with GraphPad software (Prism version 5, San Diego, 

CA, USA). The quantitative comparison between the two groups was analyzed using an 

unpaired t-test. All values were presented as mean ± SEM (Standard Error of the Mean). 

Results were considered statistically significant when the p-value was < 0.05.

(the novel AML fusion gene was detected n = 2 out of 16 patients screened)
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Results

We performed molecular and cytogenetic analyses of bone marrow aspirates from 16 

different adult de novo AML patients to identify candidates for the study of KMT2A-

rearranged gene fusions as a primary screening (Table 1). Two patients, 7 and 20, were 

identified to possess the chromosomal translocation t(6;11) (q27;q23) at the initial diagnosis 

of AML, which was predicted to lead to KMT2A/AFDN gene fusion (Fig. 1A). Both 

patients deceased shortly after different treatment regimens (Fig. 1B). We hypothesized 

that an unknown mechanism by which patient 7 underpinned his rapid AML progression, 

and we retrospectively integrated multiple lines of analyses, including cytogenetics, RNA 

sequencing, genomic Sequencing, and bioinformatics on the patient’s bone marrow samples 

collected at the time of diagnosis as well as relapse (Fig. 1A).

Clinical courses

Patient 7 was a 21-year-old male presenting with a white blood cell count (WBC) 

of 42,000 cells/μl and 76 % blasts (immature or undifferentiated cells found in the 

blood or bone marrow) that was consistent with a diagnosis of acute leukemia, such 

as acute myeloid leukemia (AML), manifested with t(6;11)/11q23/MLL rearrangement, 

Hypercellular marrow for age (~90 % cellularity) with foci of residual trilineage 

hematopoiesis bone marrow, aspirate/imprints/buffy-coat smears, clot sections, and trephine 

core biopsy, left posterior iliac crest, indicating his AML FISH: KMT2A (MLL) 11q23 

rearrangement (Chromosome: 46, XY,t(6,11)(q27;q23)[11]/46, XY[9]), biomarker KRAS 

mutated (unfavorable risk), MDS FISH: Normal at diagnostics of December 7, 2020. The 

status post chemotherapy regimen and subsequently minimal residual disease-negative. 

status post-HIDAC (high-dose cytarabine) chemotherapy and status post minimal residual 

disease-negative with (brother) allogeneic hematopoietic stem cell transplantation. Patient 7 

initially went into complete remission after standard chemotherapy, followed by allogeneic 

stem cell transplantation. However, the disease relapsed two years later, and he expired 

shortly thereafter.

Specifically, his chromosome analysis of the bone marrow sample at the time of 

initial diagnosis revealed an apparently balanced translocation between the long arms of 

chromosomes 6 and 11, t(6;11)(q27; q23) as the sole abnormality (Fig. 2A). Fluorescent in 

situ hybridization (FISH) was subsequently performed to examine KMT2A-rearrangement 

in interphase nuclei. Instead of two colocalized red and green (yellow) signals (indicating 

intact KMT2A gene), the KMT2A break-apart FISH probe showed the presence of 

one colocalized yellow signal and individual green and red signal patterns, suggesting 

rearrangement of the KMT2A gene (Fig. 2B). To experimentally validate whether the 

t(6;11) translocation identified in this sample led to the KMT2A::AFDN gene fusion, PCR 

with specifically designed primers was performed, followed by Sanger DNA-sequencing on 

patient 7’s cDNA (complementary DNA) and gDNA (genomic DNA) obtained at diagnosis 

(Fig. 2C & D). Analysis of these results showed that patient 7 had a chimeric chromosome 

with a breakpoint flanked by exon 9 of KMT2A and exon 2 of the AFDN gene (KMT2A 

exon 9::AFDN exon 2) (Fig. 2C & D). These data confirm that the translocation of the 

t(6;11) resulted in KMT2A/AFDN gene fusion in this bone marrow sample.
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Identification of CCDC32/CBX3 fusion previously unknown in the AML bone marrow 
sample collected at diagnosis

To explore our hypothesis that, like pediatric leukemia, unknown gene fusions might be 

present in KMT2A-rearranged adult AML, we performed transcriptome-wide surveillance 

for fusion genes using RNA sequencing (RNA-seq) (Heyer et al., 2019). The RNA-seq 

analysis detected a CCDC32/CBX3 gene fusion with breakpoints located in the exon 1 of 

CBX3 (chr7:26,201,745) and exon 2 of CCDC32 (chr 15:40, 562,869) (Fig. 3A), suggesting 

the dual gene fusion in patient 7. PCR with specifically designed primers and subsequent 

Sanger DNA-sequencing confirmed the presence of CBX3 (7p15.2)::CCDC32 (15q15.1) 

gene fusion in both cDNA (Fig. 3B & C) and gDNA (Fig. 5A). The chromosome analysis 

showed no visible structural rearrangement between chromosomes 7 and 15, consistent 

with an unknown nature of the CBX3/CCDC32 gene fusion in patient 7. Next, to examine 

whether other AML patients also possess this novel crypt CBX3/CCDC32 gene fusion, we 

acquired additional 9 AML patient samples (Patient 23–31). Indeed, we found the presence 

of CBX3 (7p15.2)::CCDC32 (15q15.1) gene fusion in the cDNA of an additional three 

female patients. The PCR screening was performed using specifically designed primers and 

patient 7 samples as the positive control. The PCR products were further confirmed by 

subsequent Sanger DNA-sequencing, showing the same breakpoint of AML patients 25, 

26, and 27 as patient 7 (Fig. 3D). Thus, we identified a novel CBX3 (7p15.2)::CCDC32 

(15q15.1) gene fusion in AML patients, which has a frequency of 25 % (4 +/16 patients) 

among our screened AML cases.

No KMT2A/AFDN gene fusion was detected in the bone marrow sample during relapse via 
cytogenetic analysis, but it was found through PCR and Sanger DNA sequencing of RNA 
samples

Patient 7 experienced disease relapse approximately two years after the initial diagnosis. 

Chromosome analysis and FISH testing were performed on the relapsed bone marrow 

sample. Our chromosomal analysis revealed a normal karyotype with no observable t(6;11) 

translocation (Fig. 4A). Additionally, FISH analysis using the KMT2A breakapart probe 

showed no evidence of KMT2A gene rearrangement (Fig. 4B). However, PCR and Sanger 

DNA sequencing of the RNA samples during the relapse confirmed the presence of the 

diagnosed KMT2A/AFDN gene fusion, with the same breakpoint flanked by KMT2A exon 

9::AFDN exon 2 (Fig. 4C). This result suggests that PCR is more sensitive in detecting 

fusion genes at the RNA level than routine cytogenetic approaches for analyzing genomic 

and structural changes.

Detection of CCDC32/CBX3 gene fusion at both cDNA and gDNA

After detecting the unknown CCDC32/CBX3 fusion gene in the bone marrow sample of 

Patient 7 at diagnosis, we examined the bone marrow sample collected at the time of 

relapse for the presence of the CCDC32/CBX3 gene fusion. Sanger sequencing experiments 

confirmed the presence of the CCDC32/CBX3 fusion gene in both cDNA and gDNA of 

the relapsed bone marrow sample, with breakpoints identical to those observed in the bone 

marrow sample at diagnosis (Fig. 5A and B). These findings suggest that the CCDC32/

CBX3 gene fusion persisted throughout the disease and was unaffected by treatment. 
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Dynamic changes in expression of KMT2A/AFDN and CCDC32/CBX3 gene fusions and 

their wild-type counterparts at diagnosis and relapse

To further characterize whether the treatment had any effect on the expression levels of 

KMT2A/AFDN and CCDC32/CBX3 gene fusions, we employed quantitative PCR (qPCR) 

to examine their expression levels in the bone marrow samples collected at diagnosis and 

relapse using the expression of their wild-type counterparts as controls. We observed a 

substantial rise of 4.7-fold in wild-type KMT2A (Fig. 6A, left panel) and a 2-fold increase 

in AFDN (Fig. 6A, middle panel) compared to the initial diagnosis and relapse, respectively. 

Nevertheless, qPCR results unveiled a striking 5-fold surge in the expression of the chimeric 

KMT2A/AFDN fusion gene during the relapse (Fig. 6A, right panel).

When we looked into how the chimeric CCDC32/CBX3 fusion altered during the relapse, 

we uncovered a distinct trend when examining the changes in CCDC32/CBX3 fusion during 

the relapse. Notably, wild-type CBX3 exhibited a notable 1.9-fold increase (Fig. 6B, left 

panel). In contrast, wild-type CCDC32 showed a marked decrease of 7.4-fold during the 

relapse compared to the initial diagnosis (Fig. 6B, middle panel). Interestingly, no significant 

difference was observed in the CCDC32/CBX3 gene fusion expression between the relapse 

and the initial diagnosis (Fig. 6B, right panel).

Upon retrospective analysis, we discovered a hidden CCDC32 (15q15.1)/CBX3 (7p15.2) 

gene fusion in patient 7, which was initially diagnosed with a KMT2A/AFDN 

rearrangement. This fusion was found in both initial and relapsed cases. Additionally, 

combining qPCR, Sanger DNA sequencing, RT-PCR, and RNA-seq assays improved the 

precision of diagnostic profiling and complemented standard cytogenetic analysis. We 

wished to validate the profiling of patient 7 in a different patient.

The clinical trajectory varies among individual patients

Clinical courses can differ significantly between patients. To validate the profiling of 

Patient 7, we examined another AML patient with a KMT2A/AFDN rearrangement. 

Patient 20, a 35-year-old woman diagnosed with AML with monocytic differentiation, 

presented with a WBC count of 17,800 cells/μL and 80 % blasts, confirmed by both 

flow cytometry and immunohistochemistry. She underwent (7 +3) induction chemotherapy 

followed by high-dose cytarabine (HIDAC) for consolidation. Chromosome analysis of her 

bone marrow sample revealed an apparently unbalanced translocation between the long arms 

of chromosomes 6 and 11, t(6;11)(q27;q23) (Fig. 7A).

Subsequently, FISH testing was conducted using a KMT2A break-apart probe to investigate 

the presence of KMT2A-rearrangement in interphase nuclei. The KMT2A break-apart FISH 

probe revealed the existence of one colocalized yellow signal along with separate green 

and red signal patterns, indicating the occurrence of a KMT2A-rearrangement (arrows, Fig. 

7B). Subsequently, the FISH analysis using a KMT2A-AFDN dual color, dual fusion probe 

revealed an atypical FISH signal pattern characterized by the presence of two fusions - 

one green and one red signal. This pattern indicates the KMT2A/AFDN gene fusion in 

the patient’s recently diagnosed specimen, as depicted in Fig. 7C. After treatment, a bone 

marrow sample was subjected to FISH testing using a KMT2A-AFDN dual color, dual 

Xu et al. Page 9

Drug Resist Updat. Author manuscript; available in PMC 2025 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fusion-gene probe. The results indicated a normal signal pattern, with two green and two red 

signals indicating the absence of KMT2A/AFDN gene fusion (Fig. 7D). This result suggests 

that drug-treatment-driven events have led to a subclonal evolution, a concept we previously 

hypothesized (Li et al., 2012).

Treatment-driven gene expression changes of wild-type and fusion genes

Considering the notable changes observed in the expression patterns of wild-type genes 

and chimeric gene fusions during the relapse versus the initial diagnosis in Patient 7, we 

proceeded to investigate whether similar changes occurred in the gene expression of wild-

type genes (KMT2A or AFDN) and the KMT2A/AFDN gene fusion following treatment in 

Patient 20.

Subsequent qPCR analysis revealed that the expression of the KMT2A wild-type gene 

increased by 1.3-fold after treatment compared to before treatment (Fig. 7E, left panel). 

In contrast, the AFDN wild-type gene expression significantly decreased by 5.5-fold 

after treatment (Fig. 7E, middle panel). Remarkably, the gene expression of the KMT2A/

AFDN fusion drastically decreased by 103-fold after treatment (Fig. 7E, right panel). 

These findings suggest a substantial reduction in KMT2A/AFDN fusion mRNA following 

treatment.

Chimeric variations of the KMT2A/AFDN gene fusion between different patients

Although both patients 7 and 20 carried the KMT2A/AFDN gene fusion, we aimed to 

determine if they shared similar breakpoints. Patient 7’s KMT2A/AFDN gene fusion 

exhibited breakpoints in KMT2A exon 9 and AFDN exon 2 (KMT2A exon 9::AFDN exon 

2). To analyze the breakpoints in Patient 20, PCR was performed on both cDNA and gDNA, 

followed by Sanger DNA sequencing of the bone marrow sample obtained at diagnosis. The 

primers used are listed in Supplementary Table 1. The analysis revealed that Patient 20 had 

a chimeric chromosome with a breakpoint flanked by KMT2A exon 10 and AFDN exon 2, 

indicating differing variants of the same KMT2A/AFDN gene fusion between patients 7 and 

20 (Fig. 8A and B).

KMT2A/AFDN gene fusion variants and treatment-driven clonal selection

Following the identification of differing variants of the KMT2A/AFDN gene fusion between 

patients 7 and 20, we delved into the treatment-driven clonal selection underlying these 

variations. However, the unexpected correlation between a significantly reduced chimeric 

KMT2A/AFDN gene expression and the refractory disease in Patient 20 prompted us to 

investigate the possibility of unknown fusion genes emerging post-treatment, potentially 

contributing to the unfavorable clinical outcome. Despite thorough PCR and Sanger DNA 

sequencing analyses, we did not identify the presence of the unknown CCDC32/CBX3 

fusion gene in the specimens collected at the diagnosis and relapse of Patient 20.

We revisited the breakpoints analysis of both Patient 7 and Patient 20 to gain further 

insight into the mechanisms behind refractory/relapse in KMT2A/AFDN rearrangements 

and determine if the same gene fusion persisted in both patients during treatment. Patient 7 

exhibited no significant change in the KMT2A/AFDN fusion gene breakpoints at diagnosis 
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and during relapse (Fig. 8A and C). Conversely, in Patient 20, we identified a different 

breakpoint in the KMT2A gene in the relapsed bone marrow sample post-treatment. Initially, 

Patient 20’s breakpoint was flanked by KMT2A exon 10 and AFDN exon 2 (Fig. 8B), but 

after treatment, it shifted to KMT2A exon 9 and AFDN exon 2 (Fig. 8D), mirroring Patient 

7’s breakpoint (KMT2A exon 9::AFDN exon 2, Fig. 8C).

These findings indicated that Patient 20 harbored multiple subclones, with a dominant clone 

featuring the KMT2A exon 10::AFDN exon 2 gene fusion, and a minor clone featuring 

the KMT2A exon 9::AFDN exon 2 gene fusion. Notably, the clone with the KMT2A exon 

10::AFDN exon 2 fusion was sensitive to treatment, as evidenced by the drastic 103-fold 

decrease in the expression of the fusion KMT2A/AFDN mRNA (Fig. 7E). It is plausible 

that the subclone with the distinct breakpoint flanked by KMT2A exon 9 and AFDN exon 

2 may be accountable for the refractory disease observed in Patient 20. We further wanted 

the functional validation with experimental evidence demonstrating the biological impact 

of the CCDC32/CBX3 fusion on AML pathogenesis or treatment resistance using patient-

specific MV4–11 Cell Line (FLT3-Mutated AML) (Fig. 9). We created a new transgenic cell 

line of ectopic overexpression of CCDC32/CBX fusion gene using a lentiviral expression 

construct containing CCDC32/CBX3 fusion gene and eGFP reporter, with promoters EF1a 

and IRES2 (Fig. 9A). A flow cytometry histogram shows that the expression of CCDC32/

CBX3-MV4–11 increased the number of Ki67 + cells compared to vector controls (Fig. 9C). 

Gene expressions of CCDC32/CBX3, CDK1 and CCNB1 in CCDC32/CBX3-MV4–11 cells 

increased as analyzed by qPCR (Fig. 9D). Thus, CCDC32/CBX fusion protein promoted the 

cell cycle progression of MV4–11 (an FLT3-mutated AML cell line) in vitro (Fig. 9E).

Discussion

Among 16 patients in this study, while patients 7 and 20 initially presented with 

the KMT2A/AFDN gene fusion, patient 20 exhibited the absence of this fusion at 

relapse, indicating a subclonal evolution possibly driven by drug treatment (Fig. 1A). 

Conversely, patient 7 maintained the KMT2A/AFDN fusion both at diagnosis and relapse. 

Notably, patient 7 retained the CCDC32/CBX3 gene fusion throughout their diagnostic 

and relapse stages (Fig. 5). Both patients 7 and 20 had a similar diagnosis of AML 

with a t(6;11)(q27;q23) translocation leading to a KMT2A/AFDN gene fusion (Fig. 8). 

Patient 7 underwent relapse 2 years after remission before passing away, while patient 20 

expired a year and a half after initial treatment without undergoing her presumed stem 

cell transplantation (Fig. 1B). These data might provide the differential mechanisms of 

refractory/relapsed adult AML patients.

Distinctly, in patient 7, we found a cytogenetically unknown CCDC32/CBX3 gene 

fusion that had been previously undetected by standard cytogenetic tools like FISH and 

chromosome analysis (Figs. 3–5). Thus, we confirmed the necessity of RNA-seq and 

molecular profiling to detect gene fusions that may be missed by conventional cytogenetic 

tools, which align with previous publications (Heyer et al., 2019; Kerbs et al., 2022; Li et 

al., 2023). Furthermore, we identified another 3 patients with relapsed AML possessing this 

unknown CCDC32/CBX3 gene fusion, suggesting it’s not an exclusive event for patient 7; 

however, our study does not have sufficient data to demonstrate any clinical or experimental 
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value of the AML-related CCDC32/CBX3 fusion, even though this fusion gene impact has 

been reported in MYCN non-amplified neuroblastoma related dual fusion genes (NB) (Lee 

et al., 2020).

In 58 whole exome sequencing (WES) and 48 whole transcriptome sequencing (WTS) 

samples of MYCN non-amplified neuroblastoma (NB), recurrent mutations were observed 

in genes like MUC4 and RBMXL3. In contrast, dual gene fusions (CCDC32-CBX3 [10 

%]and SAMD5-SASH1 [6 %]) were prevalent, especially in non-high-risk patients with 

ganglioneuroblastoma histology(Lee et al., 2020). Their risk-group-specific biomarkers 

showed differential gene expression, with immune-related pathways activated in the high-

risk group. Mutational signatures and tumor mutation burden (TMB) analyses of those 

patient profiles revealed potential targets for immunotherapeutic strategies in NB. In vitro 

knockdown of the chimeric CCDC32/CBX3 mRNA led to reduced cell proliferation and 

motility in astrocytes and a prostate cell line (Singh et al., 2020). Additionally, CCDC32/

CBX3 gene fusion has also been detected in primary tumors and metastatic lesions from 

papillary thyroid carcinoma patients (Stenman et al., 2021).

Separately, studies have shown CBX3 is an oncogene for many cancers (Peng et al., 2022; 

Zhang et al., 2022), but the function of CCDC32 in cancers remains to be elucidated. A 

previous study reported that prostate cancer-associated transcript 18 (PCAT-18), a long non-

coding RNA, interacted with CCDC32 as a tumor suppressor in gastric cancers (Foroughi et 

al., 2018). Additionally, the CCDC family of proteins, including CCDC67 or CCDC6, are 

known to play functional roles as tumor suppressors (Morra et al., 2021; Yin et al., 2016). 

Interestingly, we found that the expression of the wild-type CBX3 gene (probable oncogene) 

significantly increased during relapse. In contrast, wild-type CCDC32 (possible tumor 

suppressor) decreased, with the CCDC32/CBX3 gene fusion unchanged (Fig. 6B). These 

observations raise the intriguing possibility that the chimera plays a role in modulating 

wild-type CCDC32 and CBX3 gene expression to promote relapse without requiring its 

own expression to be changed. If so, there is a need to investigate both physiological 

consequences of affected normal genes in relapsed/refractory AML and functional roles 

of the lesser known, cytogenetically unknown gene fusions like CCDC32/CBX3 so that 

targeted therapies can be more specific and effective.

Complex genomic rearrangements, which are structural variants with more than one 

breakpoint, have been under-studied and underrecognized for their role in causing diseases 

(Issa et al., 2021; Maroilley et al., 2023). Originally, newly diagnosed patients 7 and 20 

harbored differing breakpoints in their DNAs (Fig. 8); however, after treatment, patient 20 

harbored the same breakpoint of KMT2A exon 9:: AFDN exon 2 as patient 7 (Fig. 8D). This 

changing of breakpoints suggests the presence of a complex genomic rearrangement in the 

KMT2A:: AFDN oncofusion gene. Our result is consistent with a previous study showing 

multiple breakpoints (though more often with breakpoints in exon/intron 9 of KMT2A) 

in AML patients with KMT2A/AFDN translocations (Meyer et al., 2018). MACE-Seq 

(Massive Analysis of cDNA Ends Sequencing), used to analyze molecular functions of 

different KMT2A/AFDN fusion proteins in transgenic cell lines, revealed that KMT2A exon 

9::AFDN exon 2 fusion protein activated more de novo genes (4748 genes) than KMT2A 

exon 10::AFDN exon 2 (2551 genes) did (Kundu et al., 2021). Our results of patient 7 
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showing that the KMT2A exon 9::AFDN exon 2 gene fusion drastically increased in the 

relapsed sample of patient 7 compared to the initial diagnosis (Fig. 6a) supported the clonal 

selection of the exon 9 fusion protein, potentially leading to a more aggressive variant than 

the exon 10 variant. KMT2A rearrangements are known to have an unfavorable prognosis 

in AML, and the specific t(6;11)(q27;23) translocation in AML patients leads to a median 

overall survival of only 12 months (Berg et al., 2022; Schuy et al., 2022). Our novel findings 

(Fig. 8) also suggest that one reason for the adverse outcomes of KMT2A chromosomal 

rearrangements is their complex ability to generate chimeric variants and more aggressive 

subclones to elude the treatment, thereby subclonal switching mechanisms from dominating 

to dormant phases(Li et al., 2012).

Overall, our study implies that standard cytogenetic analyses and emerging NGS (Haas 

et al., 2019) are insufficient to diagnose a patient with chromosome rearrangement fully. 

Mainly, short-read RNA-seq presents problems because it cannot detect gene fusions with 

low expression levels (Heyer et al., 2019), like the KMT2A/AFDN gene fusion that was 

undetected in patient 7 by our short-read RNA-seq (Fig. 3). Instead, long-read RNA-seq, 

combined with cytogenetics and molecular profiling through PCR/Sanger DNA-sequencing, 

should be utilized to identify complex fusion transcripts and different chimeric variants 

of multiple gene fusions (Davidson et al., 2022; Mariya et al., 2023). When we utilized 

RNA-seq for patients 7 and 20, we identified CCDC32/CBX3 from patient 7 and confirmed 

by PCR/Sanger DNA-sequencing with primers specifically designed for each candidate of 

gene fusions. Thus, we envision long-read RNA-seq being used as an initial screening tool 

to identify all potential candidates of gene fusions, combined with multilayer confirmatory 

tools (Fig. 1A), including chromosome analysis/FISH and PCR/Sanger DNA-sequencing 

to diagnose the whole landscape of chromosome rearrangements. A similar strategy of 

combining whole-genome Sequencing (WGS) and confirmatory approaches has been found 

to provide more significant diagnostic profiling and better accuracy than routine cytogenetic 

analyses in patients with AML or myelodysplastic syndromes (MDS) at the genomic level 

(Duncavage et al., 2021), except for the apparent weakness without providing transcriptome 

resolution. Currently, the frequency of unknown AML gene fusions is unknown (Stengel et 

al., 2020). Still, our proposed diagnostic plan (Fig. 1A) could be essential for identifying 

undetected gene fusions and their mechanisms of action in refractory/relapsed AML, leading 

to finding an eventual cure for cancer patients with chromosome rearrangement.

We found the fusion gene (CCDC32/CBX3) in patient 7, which has not been reported in 

AML, and which is novel in AML. However, the fusion gene (CCDC32/CBX3) is not 

“The hypothesized gene fusion” but has been independently identified by two laboratories 

in 2020. The first is titled “Genomic profile of MYCN non-amplified neuroblastoma and 

potential for immunotherapeutic strategies in neuroblastoma” (Lee et al., 2020), showing 

that the fusion gene of CCDC32-CBX3 exists in 10 % of neuroblastoma patients. The 

second, entitled “The landscape of chimeric RNAs in non-diseased tissues and cells”(Singh 

et al., 2020), illustrates their novel technology of The landscape of chimeric RNAs to 

identify the fusion genes, a technology that was developed by Two well-known oncogene 

expert hunters, Hui Li and his collaborator, Jeffrey Sklar. Specifically, our manuscript 

determines that the fusion gene (CCDC32/CBX3) is present in AML, using the same 

technology for searching for the fusion gene (Singh et al., 2020). Singh and colleagues 1) 
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clearly marked the fusion breakpoint (the same fusion gene we reported); 2) did a knock-out 

of function, showing the existence of a protein. We did the function validation in Fig. 

9 - using overexpression of CCDC32/CBX3 fusion gene in MV4–11 AML cells for the 

functional validation with experimental evidence to demonstrate the biological impact of the 

CCDC32/CBX3 fusion on AML pathogenesis or treatment resistance mechanism by which 

CCDC32/CBX fusion protein promotes the cell cycle progression with patient-specific 

MV4–11 Cell Line (FLT3-Mutated AML) (Fig. 9); 3) they did not do patients but We did it 

to show novelty in AML patients.

We want to address the limitations of the study to provide a comprehensive framework 

for future research to guide further investigations aimed at addressing these gaps. One 

significant limitation is the sample size, as our findings are based on two patients 

with the KMT2A/AFDN translocation, which restricts the generalizability of the results 

and underscores the need for larger cohort studies involving AML patients with 

t(6;11)(q27;q23). Additionally, the study focuses predominantly on genetic alterations, 

leaving protein-level expression and the functional consequences of the chimeric fusions 

unexplored, which are critical for understanding the full biological and clinical implications. 

Another limitation stems from the reliance on short-read RNA sequencing for the initial 

analysis, which may have missed low-abundance fusion transcripts, highlighting the need 

for long-read RNA sequencing and confirmatory methods in future studies. Therefore, 

future studies could investigate the protein expression of the chimeras and how they may 

change after treatment or relapse. To examine the function of lesser-known gene fusions like 

CCDC32/CBX3 in AML, future gain or loss of function studies could also be executed to 

characterize subclonal evolution evolving treatment (Lee and Li, 2020).

To underscore the clinical implications of our findings for diagnosis, therapy, and 

prognosis in AML, we propose a multilayer diagnostic strategy combining long-read RNA 

sequencing, FISH, and PCR/Sanger DNA sequencing to detect complex gene fusions and 

subclonal evolution. This approach aligns with emerging precision oncology strategies for 

refractory or relapsed AML cases. Furthermore, the study highlights the importance of 

investigating the functional roles of underexplored fusions, such as CCDC32/CBX3, in 

AML progression, as these may reveal therapeutic vulnerabilities, including targeting wild-

type CBX3 overexpression during relapse. From a prognostic standpoint, the variability 

in gene fusion patterns and breakpoints, particularly in KMT2A/AFDN, provides valuable 

insights into relapse risks and disease aggressiveness, reinforcing the need for personalized 

treatment strategies. Lastly, the study’s relevance is further enhanced by its contributions to 

understanding clonal selection mechanisms and its broader implications in cancer biology, 

as demonstrated by parallels with other malignancies, including neuroblastoma and thyroid 

carcinoma. These additions offer a more comprehensive view of the translational potential of 

our findings.

Conclussion

In conclusion, our study provides critical insights into the clinical implications of 

complex gene fusions and subclonal evolution in AML, offering a multilayer diagnostic 

strategy, highlighting therapeutic vulnerabilities in underexplored fusions like CCDC32/
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CBX3, emphasizing the prognostic significance of fusion variability in relapse risk, and 

demonstrating broader relevance through parallels with other malignancies, thus paving the 

way for personalized treatment strategies and advancing cancer biology of drug resistance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Experimental design of this study and a flow chart of treatment schemes. A) Schematic 

illustration of experimental design and bioinformatic analyses of this study; All AML 

samples were acquired from both stages: before treatment (newly diagnosed) and after 

treatment (either relapse or refractory) and were experimentally investigated at both genomic 

(gDNA) and RNA (cDNA) levels. B) Clinical courses of patients 7 and 20 with time 

points of specimen acquirement and treatment timelines. [ITD stands for “internal tandem 

duplication,” referring to a mutation where a segment of DNA is duplicated within the 

gene. In the context of FLT3 (Fms-like tyrosine kinase 3), FLT3-ITD mutation involves the 

insertion of tandem repeats of nucleotides in the juxtamembrane domain of the FLT3 gene. 

This mutation is commonly found in acute myeloid leukemia (AML) and is associated with 

poor prognosis.] (The “7 +3 chemotherapy” is a treatment regimen used for certain types of 
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leukemia, particularly acute myeloid leukemia (AML). It consists of cytarabine (also known 

as Ara-C) and an anthracycline antibiotic, typically daunorubicin or idarubicin. The “7 + 3” 

refers to a schedule where cytarabine is given for 7 days continuously, and the anthracycline 

is given for 3 days. This regimen is commonly used as induction chemotherapy to induce 

remission in patients with AML). (n = 2 patients).
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Fig. 2. 
Detection of KMT2A/AFDN chromosome translocation in patient 7. A) Chromosomal 

karyotype image showing a translocation between chromosomes 6 and 11 (black arrows 

in red circles). B) Fluorescent in-situ hybridization (FISH) image showing an abnormal 

interphase in patient 7 with a KMT2A gene rearrangement. The KMT2A 5′ (green)/

KMT2A 3′ (red) break-apart FISH probe was hybridized to the chromosome 11q23.3 

region. Please note the presence of one fusion signal, one green, and one red signal. 

The separation of green and red signals suggests KMT2A gene rearrangement. C) 

Chromatogram of Sanger DNA sequencing showing the cDNA (left panel) and gDNA (right 

panel) of newly diagnosed patient 7 with breakpoints flanked by the KMT2A (chromosome 

11, exon 9) and AFDN (Chromosome 6, exon 2) genes.D) Graphic illustration of KMT2A/

AFDN fusion and DNA sequence of breakpoint and primers.
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Fig. 3. 
Identify an unknown fusion gene (CCDC32/CBX3) in patient 7 at diagnosis. A) 

RNA sequencing analysis shows a breakpoint (vertical red line) in exon 1 of CBX3 

(chr7:26,201,745) (left panel) and a breakpoint in exon 2 of CCDC32 (chr15:40,562,981) 

(right panel).B) Chromatogram of Sanger DNA sequencing showing a breakpoint flanked 

by CBX3 (chr7:26,201,745) and CCDC32 (chr15:40,561,981) at the time of diagnosis.C) 

Graphic illustration of CCDC32/CBX3 fusion and DNA sequence of breakpoint and 

primers. D) Chromatogram of Sanger DNA sequencing confirming that AML patients 25, 
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26, 27 had the crypt fusion gene CCDC32/CBX3 with a breakpoint flanked by CBX3 

(chr7:26,201,745) and CCDC32 (chr15:40,561,981) at the time of diagnosis.
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Fig. 4. 
Cytogenetic analyses show the absence of KMT2A rearrangement in the relapsed bone 

marrow sample of patient 7.A) Chromosome analysis shows no observable t(6;11) 

translocation in the relapsed bone marrow sample.B) Fluorescent in-situ hybridization 

image with KMT2A 5′ (green)/KMT2A 3′ (red) break-apart FISH probes (11q23.3 

region) showing two colocalized red and green (yellow) signals, suggesting the absence of 

KMT2A gene rearrangement. C) Chromatogram of Sanger DNA-seq showing the observed 

breakpoint in the cDNA reversely transcribed from patient 7’s RNA isolated from the bone 

marrow sample at relapse.
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Fig. 5. 
Detection of the unknown CCDC32/CBX3 gene fusion in cDNA and gDNA extracted from 

the bone marrow samples collected at diagnosis and at the time of relapse of patient 7. A) 

Chromatogram of Sanger DNA-seq showing the breakpoint (vertical red line) of CCDC32/

CBX3 fusion gene in the cDNA (top panel) and gDNA (bottom panel) at the time of 

diagnosis. B) Chromatogram of Sanger DNA-seq showing the breakpoint (vertical red line) 

of CCDC32/CBX3 fusion gene in the cDNA (top panel) and gDNA (bottom panel) at the 

time of relapse.
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Fig. 6. 
Dynamic expression changes of chimeric KMT2A/AFDN and CCDC32/CBX3 wild-type 

genes in the newly diagnosed (at diagnosis) and the relapsed samples of patient 7.A) qPCR 

analysis of the gene expressions of KMT2A, AFDN, and KMT2A/AFDN fusion in newly 

diagnosed versus after relapse for patient 7; Data of mRNA expressions (normalized to 

β-actin) of KMT2A gene (left panel), AFDN gene (middle panel), and KMT2A/AFDN 

fusion gene (right panel). B) qPCR analysis of the gene expressions of CBX3, CCDC32, 

and CCDC32/CBX3 fusion in newly diagnosed versus after relapse for patient 7; Data 

of mRNA expressions (normalized to β-actin) of CBX3 gene (left panel), CCDC32 gene 

(middle panel), and CCDC32/CBX3 fusion gene (right panel). Wherever applicable, data are 

means ± SEM and were analyzed by student “t” test. *P < 0.05, n = 3.
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Fig. 7. 
Clinical Profile and expression changes of wild-type (KMT2A or AFDN) and 

fusion (KMT2A/AFDN) genes in newly diagnosed (diagnosis) and refractory (after 

treatment) patient 20.A) Chromosomal karyotype image showing a translocation between 

chromosomes 6 and 11 in patient 20 (black arrows in red circles). B) Fluorescent in-situ 

hybridization (FISH) image showing an abnormal interphase in patient 20 and the KMT2A 

gene rearrangement. The KMT2A 5′ (green)/KMT2A 3′ (red) breakapart FISH probes 

hybridize to the chromosome 11q23 region. A chimera chromosome possesses either the 
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5′ KMT2A (red) only or the 3′KMT2A (green) only, indicated by yellow arrows. C) 

FISH image of patient 20 showing a fusion profile (yellow arrows) of AFDN and KMT2A 

(MLL) in the diagnostic specimen. Chimeric KMT2A/AFDN is displayed by the yellow 

color. D) FISH image of patient 20 showing a non-fusion profile of AFDN and KMT2A 

(MLL) in the after-treatment follow-up specimen. The AFDN (red) FISH probes hybridize 

to the chromosome 6q27 region, while the KMT2A (green) FISH probes hybridize to the 

chromosome 11q23 region. Chimeric KMT2A/AFDN is displayed by the yellow color. E) 

qPCR analysis of the gene expressions of KMT2A, AFDN, and KMT2A/AFDN fusion 

before and after treatment for patient 20. Data of mRNA expressions (normalized to β-actin) 

of the KMT2A gene (left panel), AFDN gene (middle panel), and KMT2A/AFDN fusion 

gene (right panel). Where applicable, data are means ± SEM and were analyzed by student 

“t” test. *P < 0.05, * **P < 0.005, n = 3.
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Fig. 8. 
Comparison of chimera KMT2A/AFDN gene breakpoints in newly diagnosed and refractory 

patients 7 and 20, revealing the chimeric RNA variants in refractory patient 20.A) 

Chromatogram of Sanger DNA-seq showing the cDNA and gDNA of newly diagnosed 

patient 7’s breakpoint flanked by KMT2A (chromosome 11, exon 9) and AFDN 

(Chromosome 6, exon 2).B) Chromatogram of Sanger DNA-seq showing the cDNA and 

gDNA of newly diagnosed patient 20’s breakpoint flanked by KMT2A (chromosome 11, 

exon 10) and AFDN (Chromosome 6, exon 2). C) Chromatogram of Sanger DNA-seq 

showing the observed breakpoint in the cDNA reverse transcribed from patient 7’s RNA 

isolated from the bone marrow sample at relapse. D) A Chromatogram of Sanger DNA-seq 

shows the observed breakpoint in the cDNA reverse transcribed from patient 20’s RNA 

isolated from the refractory bone marrow sample (after treatment). Please note Chromosome 

11-exon 9 (indicated by a blue circle) flanks the breakpoint of KMT2A/AFDN after 

treatment.
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Fig. 9. 
Functional validation of the CCDC32/CBX fusion gene demonstrates its promotion of 

cell cycle progression in AML blasts in vitro, as revealed by ectopic overexpression in 

a new transgenic cell line - patient-specific MV4–11 Cell Line (FLT3-Mutated AML).A) 

Schematic diagram of a lentiviral expression construct containing CCDC32/CBX3 fusion 

gene and eGFP reporter, with promoters EF1a and IRES2, respectively; The custom-built 

lentiviral construct was obtained from GeneCopoeia with catalog #: CS-GS2239L-Lv225–

01. B) The images (phase bright and fluorescent) of the same leukemia cluster reveal 

that most CCDC32/CBX3-MV4–11 cells are GFP+ ; C) Representative flow cytometry 

histogram shows the increased Ki67 + expressions of CCDC32/CBX3-MV4–11 cells;D) 

Gene expressions of CCDC32/CBX3, CDK1 and CCNB1 in CCDC32/CBX3-MV4–11 

cells, analyzed by qPCR. Data of mRNA expressions show the fold change (normalized 

to β-actin) of different genes in CCDC32/CBX3-MV4–11 cells versus vector-control cells. 

Where applicable, data are means ± SEM. * **P < 0.005, N = 3. E) Potential Impact of 

the CCDC32/CBX Fusion Protein on Cell Cycle Progression in the MV4–11 Cell Line 

(FLT3-Mutated AML) In Vitro.
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