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Summary
Structural variations involving enhancer hijacking induce aberrant oncogene ex-
pression and cause tumorigenesis. A rare translocation, t(3;8)(q26.2;q24), is asso-
ciated with MECOM and MYC rearrangement, causing myeloid neoplasms with a 
dismal prognosis. The most recent World Health Organization classification recog-
nises myeloid neoplasms with MECOM rearrangement as acute myeloid leukaemia 
(AML) with defining genetic abnormalities. Recently, the increasing use of induced 
pluripotent stem cell (iPSC) technology has helped elucidate the pathogenic pro-
cesses of haematological malignancies. However, its utility for investigating en-
hancer hijacking in myeloid neoplasms remains unclear. In this study, we generated 
iPSC lines from patients with myelodysplastic syndromes (MDS) harbouring t(3;8)
(q26.2;q24) and differentiated them into haematopoietic progenitor cells to model 
the pathophysiology of MDS with t(3;8)(q26.2;q24). Our iPSC model reproduced the 
primary patient's MECOM expression changes and histone H3 lysine 27 acetyla-
tion (H3K27ac) patterns in the MECOM promoter and MYC blood enhancer cluster 
(BENC). Furthermore, we revealed the apoptotic effects of the bromodomain and 
extra- terminal motif (BET) inhibitor on iPSC- derived MDS cells by suppressing ac-
tivated MECOM. Our study demonstrates the usefulness of iPSC models for uncov-
ering the precise mechanism of enhancer hijacking due to chromosomal structural 
changes and discovering potential therapeutic drug candidates for cancer treatment.
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I N TRODUC TION

Chromosomal structural variations may result in enhancer 
hijacking if an active enhancer is improperly positioned, caus-
ing it to regulate genes that are not its original targets.1 This 
phenomenon has been described in some cancers, where an 
enhancer is relocated through chromosomal rearrangements 
to induce aberrant oncogene expression.2 This has been re-
vealed as the principal pathogenic mechanism in many 
haematological malignancies,3,4 including myelodysplas-
tic syndromes (MDS) and acute myeloid leukaemia (AML), 
which harbour recurrent chromosome 3 rearrangements, such 
as inv(3)(q21.3q26.2)/t(3;3)(q21.3;q26.2). Chromosomal rear-
rangements, such as inv(3)/t(3;3), juxtapose a GATA2 distal 
haematopoietic enhancer with the EVI1 promoter that causes 
aberrant EVI1 expression, which promotes proliferation and 
impairs the differentiation of myeloid precursor cells, leading 
to leukemogenesis.5,6 Both MDS and AML with inv (3)/t(3;3) 
are associated with chemoresistance and have a 2- year sur-
vival rate lower than 10%.7–9 A group of leukaemias with 
other 3q26/MECOM rearrangements, known as MDS/AML 
with atypical 3q26 rearrangements, often results in MECOM 
overexpression.7,10 The rare translocation t(3;8)(q26.2;q24), an 
atypical 3q26/MECOM rearrangement, has been identified in 
a limited number of patients with myeloid neoplasms and is 
associated with MECOM and MYC rearrangement, resulting 
in poor prognosis with a median survival of 6 months.11–14 
Recent reports showed that atypical 3q26/MECOM rearrange-
ments, including t(3;8)(q26.2;q24), also overexpress MECOM 
by repurposing enhancer elements from the translocation 
partners, similar to the enhancer hijacking of the GATA2 dis-
tal enhancer in inv (3)/t(3;3).11,12 Based on these findings, the 
World Health Organization (WHO) designated a new category 
of AML with MECOM rearrangement in 2022.15 Many hae-
matological malignancies involve enhancer hijacking,16,17 and 
specific disease models need to be developed for novel drug 
discovery and development.

Induced pluripotent stem cells (iPSCs) were generated from 
somatic differentiated cells by Yamanaka and Takahashi.18 
Since their discovery, the application of iPSC technology has 
significantly contributed to our understanding of the patho-
physiology of various inherited and acquired haematological 
disorders.19,20 One of the key advantages of iPSCs in disease 
modelling is their comparability to isogenic controls, en-
abling the study of the cooperative effects of genomic alter-
ations and their impact on disease progression via in  vitro 
haematopoietic differentiation, colony- forming and replating 
assays and cell signalling studies. Another advantage of iPSCs 
is their ability to create complex, large- scale chromosomal re-
arrangements, such as translocations, which are difficult to 
achieve with genetic tools, such as clustered regularly inter-
spaced short palindromic repeats (CRISPR). Moreover, dis-
ease modelling using iPSCs has consistently uncovered new 
therapeutic strategies.21 Aberrant histone methylation and 
acetylation have been implicated in cancer development. In 
a previous report of iPSCs derived from AML patients with 
KMT2A translocations, reprogrammed AML- iPSCs reset 

their leukaemic DNA methylation profiles in the pluripotent 
state, thus effectively eliminating their leukaemic potential.22 
However, haematopoietic differentiation allowed the reac-
quisition of the leukaemic DNA methylation signature and 
phenotype, indicating that leukaemic genomic alterations as-
sociated with histone and DNA methylation are sufficient to 
induce leukemogenesis. To date, there are no reports on how 
aberrant histone acetylation in MDS/AML changes upon re-
programming into iPSCs or subsequent redifferentiation into 
haematopoietic cells.

In this study, we generated iPSC lines from a patient 
with MDS harbouring t(3;8)(q26.2;q24) and differentiated 
them into haematopoietic progenitor cells (HPCs) to model 
the pathophysiology of MDS with t(3;8)(q26.2;q24). Using 
this platform, we found that the bromodomain and extra- 
terminal motif (BET) inhibitor JQ1 suppressed MECOM ex-
pression and induced apoptosis in MDS cells carrying t(3;8)
(q26.2;q24). Our study demonstrates the usefulness of iPSC 
models for uncovering the precise mechanism of enhancer 
hijacking due to chromosomal structural changes and dis-
covering potential therapeutic drug candidates for cancer 
treatment.

M ATER I A L S A N D M ETHODS

Generation of iPSCs from a patient with t(3;8)
(q26.2;q24)

We established iPSCs from a patient with MDS carrying t(3;8)
(q26.2;q24) using episomal vectors as previously described.23 
Briefly, bone marrow or peripheral blood mononuclear cells 
from the patient were transfected with an episomal vec-
tor mix, including pCXLE- hOCT3/4- shp53, pCXLE- hSK, 
pCXLE- hUL and pCXWB- EBNA1, and seeded onto mouse 
embryonic fibroblast feeder cells. Isogenic normal iPSCs were 
generated after T- cell activation using Dynabeads Human T- 
Activator CD3/CD28 (Thermo Fisher Scientific) according 
to the manufacturer's instructions. MDS- iPSC lines were 
denoted as MDS- 25- A3, MDS- 25- B8, MDS- 25- G1, MDS- 
25- J1 and MDS- 25- J4 iPSCs, and isogenic normal iPSC lines 
were denoted as N- 25- A1 and N- 25- B1 iPSCs. We also used 
an iPSC line derived from a healthy donor (692D2) as a con-
trol. Chromosomal G- band analysis of the iPSC lines was 
performed at Nihon Gene Research Laboratories (Sendai, 
Japan). This study was approved by the Ethics Committees 
of the Graduate School of Medicine, Kyoto University and 
Kyoto University Hospital and performed according to the 
Declaration of Helsinki. Written informed consent was ob-
tained from the patient.

Statistical analyses

GraphPad Prism 10 (GraphPad Software) was utilised to 
conduct all statistical analyses. p < 0.05 was considered sta-
tistically significant.
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R E SU LTS

Translocation of 8q24/MYC to 3q26/MECOM 
causes aberrant MECOM expression in a patient 
with MDS harbouring t(3;8)(q26.2;q24)

We identified a patient with atypical 3q26/MECOM- rearranged 
MDS who succumbed to the disease within 5 months of diag-
nosis (Table 1). Bone marrow aspiration revealed a blast cell 
percentage of 19.6% (Figure 1A). Immunostaining of the bone 
marrow clot demonstrated high MECOM and low MYC expres-
sion (Figure 1B,C). Karyotype analysis revealed a translocation 
between chromosomes 3 and 8 (46, XY, t(3;8)(q26.2;q24), del 
(9)(q?)) (Figure 1D). Fluorescence in situ hybridisation analysis 
indicated that over 90% of the split signals for MECOM and c- 
MYC were positive (Figure S1). Targeted sequencing identified 
mutations in ETNK1 (p.N155S), PTPN11 (p.D61V, p.A72T, and 
p.E76K), and EZH2 (c.2181- 1G > C) (Table S1). Copy number 
alteration confirmed a decrease in the total copy number on 
chromosome 9 and abnormalities in the allelic ratio on chro-
mosomes 7 and 9 due to the deletion of chromosome 9 and 
uniparental disomy on chromosome 7 (Figure S2A). Whole- 
genome sequencing revealed that the breakpoints were 6.4 kb 
upstream of MECOM (6.4 kb upstream of the MDS1- EVI1 pro-
moter and 523 kb upstream of the EVI1 promoter) and 200 kb 
upstream of blood enhancer cluster (BENC), which is known 
as the MYC super- enhancer (Figure 1E; Figure S2B–D). This 
specific breakpoint location is consistent with those in previ-
ously reported cases of t(3;8) MDS/AML.11,12 These findings 
suggest that the t(3;8)(q26.2;q24) translocation may be causally 
associated with the high MECOM expression and MDS devel-
opment in this patient.

Generation of MDS- iPSC and isogenic normal 
iPSC lines from the patient with MDS 
harbouring t(3;8)(q26.2;q24)

We generated several iPSC lines derived from MDS clones 
and two iPSC lines derived from normal T cells of a patient 

with t(3;8)(q26.2;q24) (Figure  1F; Figure  S3A; Table  S2). 
Karyotype analysis of MDS- iPSC lines revealed concord-
ance with the patient karyotype (Figure 1F; Figure S3B–D). 
Conversely, isogenic normal iPSC lines exhibited normal 
karyotypes (Figure  1F; Figure  S3E,F). Sanger sequencing 
showed that the MDS- iPSC lines had the same breakpoint 
as the patient (Figure  S3G; Table  S3). Gene expression of 
pluripotency markers, including NANOG, OCT3/4 and 
SOX2, was verified using quantitative RT- PCR (Figure S3H; 
Table  S4). The MDS- iPSC lines displayed a characteristic 
morphology and expressed pluripotent stem cell markers 
at levels comparable to those of the isogenic normal iPSC 
lines (Figure S3I). The mutations present in the starting bone 
marrow samples were assessed through Sanger sequencing 
of five generated MDS- iPSC lines, revealing ETNK1 and 
EZH2 mutations in all lines, with only one line harbouring 
the PTPN11 (p.A72T) mutation (Figure  1F; Tables  S3 and 
S5). By contrast, the two isogenic normal iPSC lines revealed 
no mutations present in the patient (Figure 1F; Tables S3 and 
S5). These findings demonstrated that MDS cells were suc-
cessfully reprogrammed into iPSCs, retaining the original 
genomic abnormalities.

MDS- iPSCs exhibited reduced haematopoietic 
potential and decreased clonogenic capacity

Next, we differentiated MDS- iPSC, isogenic normal iPSC 
and control iPSC lines into haematopoietic cells via em-
bryoid body formation (Figure 2A). MDS- iPSC lines gave 
rise to CD45+ haematopoietic cells with efficiencies com-
parable to those of isogenic normal iPSC lines but retained 
CD34 expression until day 17 and beyond (Figure 2B). In 
addition, the MDS- iPSC lines did not produce CD235a+ 
erythroid cells (Figure 2C). Haematopoietic cells derived 
from MDS- iPSCs express the myeloid lineage marker 
CD33, which is known to be highly expressed in AML 
blasts (Figure S4). FACS- sorted CD45+CD34+ HPCs from 
MDS- iPSC lines demonstrated leukaemic blast morphol-
ogy (Figure 2D) and showed markedly decreased myeloid 

T A B L E  1  Clinical and haematological characteristics.

Age Sex

Peripheral blood findings Bone marrow findings Treatment and follow- up

WBC, ×109/L Hb, g/dL Plt, ×109/L Blast, % Blast, % Dysplasia Treatment
Survival, 
months Outcome

72 M 9.63 5.1 322 10 19.6 Yes (MKs) 5- Azacitidine 5 Dead

Abbreviations: Hb, haemoglobin; MKs, megakaryocytes; Plt, platelet; RBC, red blood cell; WBC, white blood cell.

F I G U R E  1  Translocation of 8q24/MYC to 3q26/MECOM causes aberrant MECOM expression in a patient with MDS carrying t(3;8)(q26.2;q24). (A) 
Morphology of bone marrow cells. May Grünwald–Giemsa staining revealed blast cells with large nuclei, scant cytoplasm and no cytoplasmic granules. 
Magnification of the objective lens was 40×. Scale bar, 50 μm. (B, C) Immunostaining of bone marrow clots of MECOM (B) and MYC (C). Magnification 
of the objective lens was 40×. Scale bar, 50 μm. (D) Karyotype analysis of bone marrow cells. (E) Schematic diagram of whole- genome sequencing results 
for the MDS clones. This figure was created using BioRe nder. com. (F) Schematic representation of iPSC generation from blood cells of a patient with 
t(3;8)(q26.2;q24) and genetic information of the iPSC lines. The top panels show all recurrent gene mutations and chromosomal abnormalities detected 
in the starting cells used for reprogramming and their frequency. The bottom panels present the individual iPSC lines corresponding to their genetic 
profile. The MDS- iPSC lines were denoted as MDS- 25- A3, MDS- 25- B8, MDS- 25- G1, MDS- 25- J1 and MDS- 25- J4 iPSCs, and the isogenic normal iPSC 
lines as N- 25- A1 and N- 25- B1 iPSCs. VAF, variant allele frequency. The figure was created using BioRe nder. com.
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46, XY, t(3;8)(q26.2;q24), del(9)(q?) [20/20]

N-25-A1 N-25-B1 MDS-25-A3 MDS-25-B8 MDS-25-G1 MDS-25-J1 MDS-25-J4
None None t(3;8) with del(9) t(3;8) with del(9) t(3;8) with del(9) t(3;8) with del(9) t(3;8) with del(9)

ETNK1  (p.N155S) ETNK1  (p.N155S) ETNK1  (p.N155S) ETNK1  (p.N155S) ETNK1  (p.N155S)
EZH2  (c.2181-1G>C) EZH2  (c.2181-1G>C) EZH2  (c.2181-1G>C) EZH2  (c.2181-1G>C) PTPN11  (p.A72T)

EZH2  (c.2181-1G>C)

50μM 50μM

Genetic lesion % cells
t(3;8) with del(9) 100 (20/20 by karyotype)
ETNK1  (p.N155S) 64.2 (VAF 0.321)
PTPN11  (p.D61V) 16 (VAF 0.08)
PTPN11  (p.A72T) 7.6 (VAF 0.038)
PTPN11  (p.E76K) 24.6 (VAF 0.123)
EZH2  (c.2181-1G>C) 81.3 (VAF 0.756)

54321

6 7 8 9 10 11 12

13 14 15 16 17 18

19 20 21 22 X Y

(A) (B) (C)

(D) (E)

(F)
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colony- forming ability with no erythroid potential in con-
trast to those from the control and isogenic normal iPSC 
lines (Figure 2E,F). These results demonstrated that MDS- 
iPSC- derived HPCs had differentiation defects in both the 
myeloid and erythroid lineages.

MDS- iPSC- derived HPCs exhibited an aberrant 
gene expression pattern similar to that of 
primary myeloid neoplasm cells

Next, we performed RNA sequencing (RNA- seq) on 
CD45+CD34+ HPCs derived from MDS- iPSCs and iso-
genic normal iPSCs (Figure  3A). Principal component 
analysis revealed that MDS- iPSCs were located on the 
positive side of principal component 1, accounting for 97% 
of the variance, whereas those derived from isogenic nor-
mal iPSCs were located on the negative side (Figure  3B). 
We compared the differentially expressed genes in MDS- 
25- G1 and N- 25- A1 iPSC- derived HPCs and created a 
volcano plot, revealing the significant downregulation of 
726 genes in MDS- 25- G1 iPSC- derived HPCs, including 
critical factors expressed during haematopoietic differen-
tiation, and the significant upregulation of 2018 genes in 
MDS- 25- G1 iPSC- derived HPCs, including factors with 
previously described functions in haematopoietic stem cell 
(HSC) maintenance (Figure  3C).24 Gene set enrichment 
analysis showed enrichment of gene expression signatures 
of primary AML cells in HPCs derived from MDS- iPSCs 
(Figure 3D,E; Table S6). These transcriptome data support 
the myeloid neoplasm phenotype of MDS- iPSC- derived 
HPCs.

MDS- iPSC- derived HPCs showed high MECOM 
expression comparable to that in original 
MDS cells

We compared MECOM expression among iPSCs, iPSC- 
derived HPCs, K562 cells, and CD34+ HPCs from the pa-
tient. Gene expression analysis of the MDS1- EVI1 variant and 
total MECOM was performed using qRT- PCR with primers 
listed in Table S4. Haematopoietic differentiation of iPSCs 
into HPCs increased MECOM expression (Figure  4A,B; 
Figure S5A,B). MDS- iPSC- derived HPCs showed higher ex-
pression of the MDS1- EVI1 variant and total MECOM than 
isogenic normal iPSC- derived HPCs. MECOM expression 
levels in MDS- iPSC- derived HPCs were comparable to those 
in HPCs from the patient (Figure 4C,D). Consistent with a 
previous report,12 MYC expression in MDS- iPSC- derived 
HPCs was not significantly different from that in isogenic 
normal iPSC- derived HPCs (Figure  4E; Table  S4). These 
results suggest that the translocation caused high MECOM 
expression, especially of the MDS1- EVI1 variant, which may 
be involved in MDS pathogenesis in this patient.

MECOM promoter hyperactivation upon 
interaction with MYC super- enhancer in 
t(3;8) MDS

We conducted H3K27ac ChIP sequencing (ChIP- seq) with 
iPSCs, iPSC- derived CD45+CD34+ HPCs, K562 cells and 
CD34+ HPCs from the patient according to previous reports 
(Tables S7 and S8).12,25 ChIP- seq revealed BENC activity in 
both control iPSC-  and MDS- iPSC- derived HPCs in a pat-
tern similar to that of the patient CD34+ HPCs (Figure 5A). 
BENC is a cluster of multiple individual enhancer modules 
(A–I), which encompasses approximately 150 kb of chroma-
tin enriched with the histone mark H3K27ac and is located 
1.7 Mb downstream of MYC. This locus has been docu-
mented as essential for normal haematopoiesis.25 H3K27ac 
levels, as determined via ChIP- seq, revealed both MDS1- 
EVI1 and EVI1 promoter activity in control iPSC-  and 
MDS- iPSC- derived HPCs, and the patient HPCs (Figure 5B; 
Figure S6A–D). However, MDS1- EVI1 promoter activity was 
higher in MDS- iPSC- derived HPCs and patient primary 
HPCs than in control iPSC- derived HPCs, consistent with 
the markedly increased expression of the MDS1- EVI1 vari-
ant in these MDS samples (Figure 4A). These data support 
the hypothesis that MECOM overexpression in this patient 
with t(3;8) MDS results from translocation of the MYC 
super- enhancer.

t(3;8) MDS cells exhibited H3K27 acetylation 
in the MDS1- EVI1 promoter region after 
reprogramming

To evaluate the effects of cell reprogramming and differen-
tiation on histone modification, we compared H3K27ac ac-
tivation between iPSCs and iPSC- derived HPCs. Initially, 
we examined the activity of genes specific to each cell type 
and made intriguing discoveries. Specifically, we observed 
the unique activation of NANOG, POU5F1 (OCT3/4) and 
SOX2 in iPSCs (Figure  S7A–C). By contrast, the EVI1 
promoter and GATA2 enhancer exhibited activity only in 
iPSC- derived HPCs (Figure 5B; Figures S6A,B and S7D). 
Unexpectedly, active H3K27ac in the MDS1- EVI1 pro-
moter region was detected at low levels in MDS- iPSCs as 
well as in iPSC- derived HPCs (Figure 5B; Figure S6C,D). 
This result was consistent with the higher MDS1- EVI1 ex-
pression in MDS- iPSCs than in control iPSCs (Figure 4A; 
Figure S5A).

Bromodomain- containing 4 (BRD4) inhibitor 
JQ1 suppressed MECOM expression and t(3;8) 
MDS cell growth

BRD4 is a member of the BET subfamily that abundantly 
accumulates at super- enhancers.26 BRD4 inhibitors, such 
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F I G U R E  2  MDS- iPSCs exhibit reduced haematopoietic potential and decreased clonogenic capacity. (A) Schema of a protocol for the 
haematopoietic differentiation from iPSCs. The images were created using BioRe nder. com. (B) Representative flow cytometry data in the N- 25- A1, MDS- 
25- G1 and MDS- 25- J4 iPSC lines on day 17. Percentages of CD34+ HPCs in CD45+ cells with the N- 25- A1, MDS- 25- G1 and MDS- 25- J4 are shown in 
the right- hand graph. The results of three independent experiments are shown. (C) Representative flow cytometry data of CD235a+ cells in the N- 25- A1, 
MDS- 25- G1 and MDS- 25- J4 iPSC lines on day 17. (D) May Grünwald–Giemsa staining of CD45+ (left) and CD45+CD34+ (right) haematopoietic cells 
derived from the MDS- 25- G1 iPSC lines. Dysplastic changes (arrow point to pseudo Pelger–Huet cells) and leukaemic blast morphology (arrowhead) are 
observed. Magnification of the objective lens was 100×. Scale bar, 20 μm. (E) Haematopoietic colony formation assay of HPCs derived from one control 
iPSC, two isogenic normal iPSC (N- 25- A1 and N- 25- B1) and three MDS- iPSC (MDS- 25- G1, MDS- 25- J1 and MDS- 25- J4) lines. Each line was tested 
in three independent experiments. (F) Representative images of GM (top left) and mixed (top right) colonies derived from the N- 25- A1 line and GM 
(bottom) colonies derived from the MDS- 25- G1 line. Magnification of the objective lens: 10×. Scale bar, 100 μm. p- values were calculated using a one- way 
analysis of variance with Dunnett's correction. ***p < 0.001. Data are presented as means ± SD.
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F I G U R E  3  MDS- iPSC- derived HPCs exhibit an aberrant gene expression pattern similar to that of primary myeloid neoplasm cells. (A) The 
protocol scheme for the haematopoietic differentiation from iPSCs and an RNA- seq sample collection time point. The image was created using BioRe 
nder. com. (B) Principal component analysis of HPCs derived from the N- 25- A1 and the MDS- 25- G1 lines with RNA- seq. (C) Volcano plot presenting 
the differential gene expression between HPCs derived from the N- 25- A1 and MDS- 25- G1 lines. Each dot indicates one gene; red dots represent log2 
fold change (log2FC) of >1 or −1.0 and adjusted p- value (padj) <0.05. (D, E) Gene set enrichment analysis of the VALK_AML_CLUSTER_2 (D) and the 
VALK_AML_CLUSTER_6 (E) data sets showed enrichment of MDS- 25- G1 iPSC- derived HPCs.
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   | 1437NAKAMURA et al.

as JQ1, inhibit the function of super- enhancers, leading 
to the selective repression of oncogenes in haematologi-
cal malignancies.17,27 Since the BENC super- enhancer ap-
peared to promote t(3;8) MDS development by activating 
MECOM expression, we examined whether JQ1 abrogated 
the proliferation of MDS- iPSC- derived HPCs in  vitro. 
As expected, JQ1- treated MDS- iPSC- derived HPCs had 
significantly lower expression levels of MECOM than 
DMSO- treated HPCs (Figure  6A,B). Conversely, control 

iPSC- derived HPCs did not differ significantly in MECOM 
expression between the JQ1- treated and untreated groups 
(Figure S8A,B). Next, we assessed JQ1- induced apoptosis 
using Annexin V/7- AAD staining and f low cytometry. 
JQ1 markedly increased the fraction of apoptotic cells in 
a dose- dependent manner in MDS- iPSC- derived HPCs, 
but not in control and N- 25- A1 iPSC- derived HPCs and 
K562 cell lines (Figure 6C,D; Figure S8C). Using a trypan 
blue exclusion assay, we also assessed cell viability after 

F I G U R E  4  HPCs derived from MDS- iPSCs show higher MECOM expression levels, comparable to those in MDS cells from the patient. (A, B) 
Expression levels of MDS1- EVI1 (A) and MECOM (B) in iPSCs and HPCs derived from one control iPSC line, two isogenic normal iPSC lines and one 
MDS- iPSC line. Each line was tested in three independent experiments. Expression levels were normalised to the level of GAPDH. (C–E) Expression 
levels of MDS1- EVI1, MECOM and MYC in HPCs derived from control iPSC, N- 25- A1, N- 25- B1 and MDS- 25- G1 lines, CD34+ HPCs from the patient 
and K562. The results of three independent experiments are shown. Expression levels were normalised to the level of GAPDH. p- values were calculated 
using a one- way analysis of variance with Dunnett's correction. **p < 0.01; ns, not significant. Data are presented as means ± SD.
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1438 |   iPSC MODELLING OF ATYPICAL 3Q26/MECOM- REARRANGED MN

F I G U R E  5  MECOM promoter hyperactivation upon interaction with MYC super- enhancer in t(3;8) MDS. (A) Upper part: Presenting chr8q24, 
H3K27ac ChIP- seq data for HPCs derived from control iPSC (grey) and MDS- iPSC (red, MDS- 25- G1) lines, CD34+ HPCs (orange) from the patient and 
K562 (green). A chromosome 8 breakpoint in the patient with t(3;8)(q26.2;q24). Lower part: H3K27ac ChIP- seq data as in the upper part but presenting 
a close- up of the +1.7 Mb MYC super- enhancer (BENC) with previously characterised individual enhancer modules A–I.25 (B) Upper part: Similar to 
(A) but close- up of the MECOM gene. A chromosome 3 breakpoint in the patient with t(3;8)(q26.2;q24). Lower left part: H3K27ac ChIP- seq data for 
control iPSCs (light grey), MDS- 25- G1 iPSCs (light red), MDS- 25- J1 iPSCs (pink), HPCs derived from control iPSC (grey), MDS- 25- G1 iPSC (red) lines, 
CD34+HPCs (orange) from the patient and K562 (green) at the EVI1 locus. The peak located at the EVI1 transcriptional start site marks the promoter 
region. Lower right part: Similar to the left part but comparing MDS1 promoter activation. These schemas were created using BioRe nder. com.
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   | 1439NAKAMURA et al.

JQ1 treatment. We found that HPCs derived from MDS- 
25- G1 iPSC showed a more significant decrease in via-
bility than HPCs derived from the control and N- 25- A1 
lines (Figure 6E,F; Figure S8D). This cytotoxic effect was 
also observed in HPCs derived from other MDS- iPSC 
clones and CD34+ MDS cells from the patient after JQ1 
treatment (Figure S9A,B). Furthermore, we confirmed the 
effect of JQ1 in the EVI1- GFP t(3;8) K562 cell line model 
reported previously.12 JQ1 administration resulted in a 
modest reduction in the degree of GFP expression within 
t(3;8) K562 cells (Figure 6G). Additionally, H3K27ac ChIP 
sequencing revealed a reduction in the level of H3K27ac 
modifications in BENC after JQ1 treatment (Figure  6H; 
Figure S9C). These results suggest that JQ1 inhibition of 
the BENC super- enhancer impairs the growth of t(3;8) 
MDS cells by suppressing aberrantly activated MECOM 
(Figure 7).

DISCUSSION

Myeloid neoplasms with t(3;8)(q26.2;q24), which often leads 
to MECOM and MYC rearrangement, have an extremely poor 
prognosis with a median survival of 6 months.13 Myeloid ne-
oplasms with atypical 3q26 rearrangements, including t(3;8)
(q26.2;q24), share some similarities with myeloid neoplasms 
associated with inv (3)/t(3;3).11,12 The WHO 2022 classifica-
tion recognises these myeloid neoplasms with 3q26 rear-
rangements as AML with defining genetic abnormalities.15

The expression of both EVI1 and MDS1- EVI1 was aber-
rantly upregulated in our patient with MDS t(3;8)(q26.2;q24). 
MECOM translocation reportedly leads to EVI1 overexpres-
sion without upregulating MDS1- EVI1 in most cases of atyp-
ical 3q26- rearranged AML.11 The chromosomal breakpoints 
identified in this study occur commonly between MDS1 and 
EVI1 or downstream of EVI1.5,11 Lugthart et  al.7 reported 
positive MDS1- EVI1 expression in 50% of inv(3)/t(3;3) cases 
and 57% of the t(3q26) group. Hence, MDS1- EVI1 expres-
sion appears to be influenced by the breakpoint location. In 
our case, the breakpoint t(3;8)(q26.2;q24) was located imme-
diately upstream of the MDS1 promoter, resulting in high 
MDS1- EVI1 expression.

To date, patient- derived iPSC models have helped eluci-
date the pathogenic process of many human diseases, in-
cluding myeloid neoplasms, and serve as a valuable drug 
discovery platform.28–31 Our iPSC model of atypical 3q26- 
rearranged MDS reproduced the MECOM expression 
changes and H3K27ac patterns in the primary patient. A 
previous study has reported that leukaemic DNA methyl-
ation and gene expression profiles were reset after repro-
gramming, but the leukaemic properties were reactivated 
upon haematopoietic differentiation.22 The current study 
demonstrates that MECOM expression and H3K27ac activa-
tion of the MECOM promoter and the MYC distal enhancer 
increased after haematopoietic differentiation. However, 
MDS- iPSCs with t(3;8)(q26.2;q24) exhibited H3K27ac ac-
tivation at the MECOM promoter, even in the pluripotent 

state, with higher MECOM expression than the control 
iPSCs. One possibility is that these abnormal histone marks 
are maintained during MDS cell reprogramming to iPSCs. 
Alternatively, histone acetylation at the MECOM promoter 
of MDS cells could be reset following reprogramming and 
acquire aberrant histone activation soon after reprogram-
ming owing to the influence of the translocation.

The BET inhibitor JQ1 has demonstrated activity against 
MDS/AML cells with inv(3)/t(3;3) through epigenetic silenc-
ing of the translocated GATA2 enhancer.5 We speculated 
that repressing super- enhancer- dependent MECOM expres-
sion could also induce cytotoxicity to MDS/AML clones with 
atypical 3q26 rearrangement. The previous study reported 
that the deletion of the MYC distal enhancer resulted in the 
loss of MECOM expression. Our data, along with the recent 
report, support the hypothesis that MECOM overexpression 
in myeloid neoplasms with t(3;8) is driven by the transloca-
tion of the MYC distal enhancer.12 This study provides the 
first proof of concept that aberrant MECOM expression in 
MDS/AML cells with t(3;8)(q26.2;q24) can be suppressed 
by BET inhibitors, indicating that iPSCs are valuable tools 
for uncovering the mechanisms and treatment of enhancer 
hijacking.

Despite the promising results, our iPSC model has cer-
tain limitations. First, the patient with MDS carried a chro-
mosome 9 deletion along with the translocation of t(3;8)
(q26.2;q24) and some recurrent gene mutations related to 
MDS/AML. These abnormalities could also affect gene ex-
pression and disease phenotypes, implying that we did not 
completely assess the function of t(3;8)(q26.2;q24). Second, 
the HPCs differentiated from iPSCs do not fully resem-
ble bona fide HSCs with long- term repopulation. Despite 
these limitations, we modelled enhancer hijacking events 
in cancers using iPSCs for the first time. This patient- 
specific iPSC platform may be helpful in precise epigenetic 
analysis and functional studies of cancers associated with 
enhancer hijacking, such as myeloid neoplasms with t(3;8)
(q26.2;q24).

In conclusion, this study provided novel biological and 
therapeutic insights into myeloid neoplasms with t(3;8)
(q26.2;q24). Using patient- derived iPSCs, we demonstrated 
that MYC distal enhancer translocation and the consequent 
increase in MECOM promoter activity contribute to the 
abnormal maturation of HPCs and oncogenic processes. 
Furthermore, we revealed the apoptotic effects of the BET 
inhibitor JQ1 on MDS cells harbouring t(3;8)(q26.2;q24) 
by suppressing aberrantly activated MECOM. Our results 
demonstrate the efficacy of iPSC models in elucidating the 
mechanism of enhancer hijacking resulting from alterations 
in chromosomal structure and in identifying prospective 
therapeutic agents for cancer treatment.
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F I G U R E  6  JQ1 suppresses aberrant MECOM expression and induces apoptosis in t(3;8) MDS cells. (A, B) Expression levels of MDS1- EVI1 (A) and 
MECOM (B) in HPCs derived from MDS- iPSCs (MDS- 25- G1) after JQ1 treatment. The results of three or more independent experiments are shown. 
Expression levels were normalised to the level of GAPDH. (C) Assessment of apoptosis in HPCs derived from N- 25- A1 (top) and MDS- 25- G1 (bottom) 
iPSC lines after JQ1 treatment. Representative flow cytometry plots for Annexin V and 7- AAD staining with percentages for each gate are shown. (D) 
Relative number of Annexin V- positive cells in HPCs derived from control iPSC (grey), N- 25- A1 (blue), K562 (green) and MDS- 25- G1 (red) lines after 
JQ1 treatment. The cell number of Annexin V- positive cells in each DMSO- treated cell line was set to 1. (E, F) Cell viability in HPCs derived from 
N- 25- A1 (E) and MDS- 25- G1 (F) lines after JQ1 treatment, assessed by trypan blue exclusion assay. (G) Flow cytometry data of GFP expression in the 
EVI1- GFP t(3;8) K562 model 3 days after 500 nM JQ1 treatment. (H) H3K27ac- ChIP sequencing data post- JQ1 treatment in t(3;8) K562 cells on the 
+1.7 Mb MYC super- enhancer (BENC). p- values were calculated using a one- way analysis of variance with Dunnett's correction and a two- way analysis 
of variance with Tukey's correction. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant. DMSO, dimethyl sulphoxide. Data are presented as 
means ± SD.

F I G U R E  7  Schematic representation of the results. MECOM overexpression is driven by enhancer hijacking caused by the translocation t(3;8)
(q26.2;q24), involving a super- enhancer (BENC). Administration of the BET inhibitor JQ1 suppressed super- enhancer activity and abrogated the aberrant 
expression of MECOM. The figure was created using BioRe nder. com.
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