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Abstract
The mainstay of acute myeloid leukemia (AML) treatment still relies on traditional chemotherapy, with a survival rate of

approximately 30% for patients under 65 years of age and as low as 5% for those beyond. This unfavorable prognosis primarily

stems from frequent relapses, resistance to chemotherapy, and limited approved targeted therapies for specific AML subtypes.

Around 70% of all AML cases show overexpression of the transcription factor HOXA9, which is associated with a poor prognosis,

increased chemoresistance, and higher relapse rates. However, direct targeting of HOXA9 in a clinical setting has not been

achieved yet. The dysregulation caused by the leukemic HOXA9 transcription factor primarily results from its binding activity to

DNA, leading to differentiation blockade. Our previous investigations have identified two HOXA9/DNA binding competitors,

namely DB1055 and DB818. We assessed their antileukemic effects in comparison to HOXA9 knockdown or cytarabine

treatment. Using human AML cell models, DB1055 and DB818 induced in vitro cell growth reduction, death, differentiation, and

common transcriptomic deregulation but did not impact human CD34+ bone marrow cells. Furthermore, DB1055 and DB818

exhibited potent antileukemic activities in a human THP‐1 AML in vivo model, leading to the differentiation of monocytes into

macrophages. In vitro assays also demonstrated the efficacy of DB1055 and DB818 against AML blasts from patients, with

DB1055 successfully reducing leukemia burden in patient‐derived xenografts in NSG immunodeficient mice. Our findings

indicate that inhibiting HOXA9/DNA interaction using DNA ligands may offer a novel differentiation therapy for the future

treatment of AML patients dependent on HOXA9.

INTRODUCTION

Acute myeloid leukemia (AML), characterized by higher proliferative
activity and differentiation blockage of immature myeloid cells,
lacks effective treatments despite advancements in understanding
its subtypes. Current therapies rely on aggressive chemotherapy
combining cytarabine (Ara‐C) with anthracyclines or resorting to
hematopoietic stem cell transplantation. However, these approaches

show limited efficacy, especially in patients over 60 with success
rates dropping to 5%–15%, and a substantial relapse rate.1,2

With still over 50% of AML patients succumbing to the disease,
exploring alternative therapeutic options is imperative to improve
prognosis. Among approved or clinically tested targeted therapies
are FLT3‐mutated, P53‐mutated, IDH‐mutated or BCL2 inhibitors,
cereblon E3‐ligase modulators, and monoclonal antibodies (anti‐
CD33, CD123 ± CD3, CD47, CTLA4, PD‐1, or TIM3).3,4 Additionally,
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F IGURE 1 (See caption on next page).
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the development of small molecule inhibitors aiming to induce AML
cell differentiation to mirror the success of all‐trans‐retinoic‐acid
(ATRA/Tretinoïne/Vesanoid®) and arsenic trioxide (ATO/Trisenox®)
targeting the PML‐RARα fusion transcription factor in acute pro-
myelocytic leukemia (APL, AML‐M3) is an attractive strategy leading
to the development of IDH1 (Ivosidenib/AG‐120/Tibsovo®) or IDH2
(Enasidenib/AG‐221/Idhifa®) mutants inhibitors, or epigenetic mod-
ulators against the menin/MLL interaction like Revumenib/SNDX‐
5613, Ziftomenib/KO‐539 or JNJ‐6617, or targeting DOT1L histone
methyltransferase (Pinometostat/EPZ‐5676).5–7

While transcription factors play a key role in regulating the
expression of oncogenic‐associated genes, the direct targeting of
these factors by antitumor molecules remains limited.8,9 Notably,
HOXA9 emerges as a crucial transcription factor in AML, exhibiting
overexpression in ~70% of AML cases, including NPM1‐mutated,
MLL‐rearranged, NUP98‐NSD1, MYST3‐CREBBP, RUNX1‐EVI1, and
EZH2‐mutated AMLs. It is also directly involved in t(7;11)(p15;p15)
translocation, leading to the NUP98‐HOXA9 fusion protein observed
in ~2% AML and ~5% of myelodysplastic syndromes.10–12 HOXA9
is associated with poor/intermediate prognosis groups, treatment
failure, and frequent relapse in patients.13,14 Its overexpression
correlates with the blockade of differentiation and apoptosis, and
hematopoietic cell proliferation.15,16 Presently, no specific small
molecule inhibitor of HOXA9 is yet available. However indirect in-
hibitors primarily target its expression by focusing on proteins within
the MLL complex, such as DOT1L, menin, WDR5, and other epige-
netic regulators.10,17,18 Additionally, there are attempts to directly
target multiple HOX proteins, including HOXA9, along with their
co‐factors of the PBX family at the protein/protein interaction level
(HXR9 peptidomimetic) developed against a variety of solid tumors
and hematologic malignancies.19,20

Given the critical role of HOXA9 DNA binding in its leukemic
impact, we previously screened numerous sequence‐specific DNA
ligands for similar recognition.21 Heterocyclic diamidines initially de-
signed for combating Pneumocystis carinii‐associated pneumonia,
leishmaniases, malaria, or trypanosomiases include DB289 (parafur-
amidine), a prodrug of DB75 (furamidine/Pentacarinat®). DB289,
with an affinity for unspecific AT‐rich sites, reached phase III
clinical trials for human African trypanosomiases and malaria.22 Cer-
tain members of this heterocyclic diamidine family proved effective
as sequence‐selective transcription factor competitors targeting
Pit‐1/Brn‐3,23 Erg,24 and PU.1.25 Pretreating AML cells with PU.1
inhibitor, followed by engraftment in immunodeficient mice, resulted
in reduced tumor burden and increased survival, suggesting the

potential of DNA‐binding transcription factor inhibition as a ther-
apeutic strategy.26 Previously, we screened for their ability to com-
pete with HOXA9 binding to DNA, focusing on their interaction with
the HOXA9 cognate sequence 5′‐ATTTA27 DB1055 and DB818 were
further studied in vitro in a murine Hoxa9‐transformed cell line,
evidencing cell death and differentiation and disruption of gene
expression associated with leukemia such as Akap13 associated with
a decrease in HOXA9 binding to its gene regulatory sequence.21

Furthermore, DB818 evidenced some antiproliferative effects on
some AML cell lines, including apoptosis and slight, yet unquantified,
differentiation in a THP‐1 AML cell model.28

This study systematically contrasts the functional inhibition of
HOXA9 achieved by DB1055 and DB818 with the effects of HOXA9
expression knockdown. Employing a comprehensive approach en-
compassing molecular, cellular, and in vivo experiments conducted on
human AML cell models and primary patient samples, our findings
unveil shared alterations in gene expression, consistent cellular out-
comes in terms of death and differentiation, and robust antileukemic
activities. Importantly, these effects are achieved with minimal impact
on normal hematopoiesis. The outcomes from DB1055 and DB818
underscore their innovative potential as agents for AML differentia-
tion therapy.

MATERIALS AND METHODS

Compounds, antibodies, DNA, and vectors

DB818 and DB1055 (Figure 1) were prepared at 10mM and
aliquoted at −20°C. For mice studies, DB818/1055 and AraC were
dissolved in an isotonic saline solution. Antibodies and oligonucleo-
tides (Eurogentec) are presented in Supporting Information Tables S1
and S2, respectively. The short hairpin RNA (shRNA) directed against
HOXA9 shHOXA9‐1F2 or −1F326 were subcloned in the shLuc‐pRRL
lentiviral vector used as control (Prof. Bob Weinberg, #19125;
Addgene).29

Cellular analyses

Cell lines and culture conditions are described in Supporting Informa-
tion Methods. THP‐1 cells were treated with DB818/1055, phorbol‐
12‐myristate‐13‐acetate (PMA, 2.5 ng/mL) or AraC (10 µM), or trans-
duced with lentiviruses expressing shHOXA9‐1F2, shHOXA9‐1F3, or
a control sequence (shCTR). The lentiviral vector co‐expressed the

F IGURE 1 DB1055 and DB818 affect cell survival in human HOXA9‐positive acute myeloid leukemia (AML) cells and induce cell death. (A, B) Cell viability

measurement upon treatment of DB818 or DB1055 on 14 human AML cell lines relative to their level of HOXA9 gene expression. Mean IC50 values (CellTiter 96®

AQueous One Solution Cell Proliferation Assay kit) are plotted over HOXA9 expression (absolute quantitative reverse‐transcription polymerase chain reaction

quantification relative to TBP, normalized to 10 ng of total purified messenger RNA). Linear regression curves are plotted. Corresponding R (coefficient of

determination), R2 (coefficient of correlation), and p‐values are embedded. T, THP1; E, Eol‐1; U, U937 cell lines. (C) Quantification of relative cell proliferation

using CellTrace™ loaded THP‐1 cells For HOXA9 invalidation, cells were transduced (~98% GFP‐positive transduced cells) with lentivirus expressing shHOXA9‐1F2,
‐1F3, or shCTR and washed prior to being loaded for 5 min with CellTrace™‐Violet and washed prior to cell culture. For drug treatments, cells were loaded with

CellTrace™‐CFSE (compatible with drug intrinsic fluorescence) for 5 min and washed prior to the addition of 10 µM of DB1055 or DB818 or none. Each treatment

was performed in triplicate. Cells were analyzed at the indicated days by flow cytometry. Graphs are expressed as the % of proliferation, normalized to the

corresponding control (untreated or shCTR). (D) Effect of DB818 or DB1055 treatment or HOXA9 invalidation on colony‐forming assays in THP‐1 model. THP‐1 cells

were transduced with short hairpin RNA (shRNA) expressing lentivirus or treated with increasing concentrations of DB818, DB1055, or AraC treatment (µM) prior to

being plated at a density of 1000 cells/well for 14 days (n = 6). Results are expressed as the percentage of colonies eac wells relative to the corresponding controls

(shCTR or untreated “0.” (E) Cell death induction analysis was evidenced using propidium iodide (PI) staining. THP‐1 cells were transduced with shRNA expressing

lentiviruses or treated with either DB818, DB1055 (µM), or PMA as a positive control (2.5 ng/mL) for 7 days prior to PI staining of dead cells and flow cytometry

analysis (n = 6). (F) Apoptotic cell death induction was analyzed by AnnexinV and PI double staining. Similarly treated cells were grown for 7 days prior to AnnexinV/PI

labeling and flow cytometry analyses. Additive columns represent the percentage of annexinV‐positive cells being also either PI‐positive staining in gray or

PI‐negative in white (n = 6). Student t‐test: ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; or as specified on graphs.
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shRNA with eGFP as a tracer in infection efficiency (93%–99%
GFP‐positive cells range for all experiments). Cell viability was assessed
using CellTiter 96® AQueous One Solution Cell Proliferation Assay
kit (MTS, cell lines) or colorimetric diphenyltetrazolium bromide

(MTT, patient samples) according to the manufacturer's instructions.
Clonogenicity was evaluated at 14 or 15 days on H4535 Human‐
Colony‐Forming Cell Assays MethoCult® Enriched without EPO
(Stemcell Technologies). Dishes were imaged using a DMi8 microscope

F IGURE 2 Induction of cell differentiation. (A) Wright‐Giemsa staining on cytocentrifuged preparations of THP‐1 cells treated with 5 µM of DB818 or DB1055

for 3 or 6 days. Open arrows point to cell membrane protrusions and solid arrows show accumulation of phagocytosis vesicles on representative images. (B) THP‐1
cells were transduced with the different short hairpin RNA (shRNA) expressing lentiviruses or treated with DB818, DB1055, or PMA as a positive control (2.5 ng/mL)

for 7 days prior to PI/CD11b‐APC/CD14‐PECy7 multiple labeling and flow cytometry analysis (n = 6). Representative flow cytometry dot plots showing CD14‐PECy7
over CD11b‐APC expression levels derived from cells gated on PI‐negative cells (DB818/DB1055/PMA) or PI‐negative and GFP+ cells for shRNA transduced cells

as exemplified in Supporting Information S1: Figure S5a. (C–E) Quantification of CD11b and/or CD14‐positive cells. Histograms represent the mean ± SEM of the

percentage of CD11b‐positives (C), CD14‐positives (D), or CD11b/CD14‐double positive cells (E) in the live cell population (PI‐negative) and GFP‐positive cells when

appropriated (n = 6). Student t‐test: ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; p‐values between 0.05 and 0.1 are also specified above the corresponding bars.
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F IGURE 3 (See caption on next page).
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(Leica). CFSE or Violet‐CellTrace™‐Cell‐Proliferation Kits (Molecular
Probes), and AnnexinV‐APC cell staining or differentiation (monoclonal
mouse anti‐human CD14‐PeCy7 and CD11b‐APC antibodies or cor-
responding IgG1κ isotypes; BD Pharmingen™) were used as described
by manufacturers and analyzed on a CyAn‐ADP flow cytometer,
Beckman Coulter. For morphological change studies, cells treated to
either 5 µM of DB818 or DB1055 72 h were cytospun on a slide for
5min at 800g using an EZ Single Cytofunnel™ (Thermo Scientific).
Subsequently, the cells were dried and stained using the Shandon™
Kwik‐Diff stain kit (Thermo Scientific), following the principles of clas-
sical Wright/Giemsa staining. Cells were photographed at ×20 magnifi-
cation using an AxioScan Z1 (Zeiss) and analysis was conducted using
the ZenBlue image software (Zeiss). Lineage‐specific toxicity evaluated
on CD34+ cells is described in Supporting Information Methods.

Gene expression and DNase‐seq analyses

Total RNA samples were prepared using the RNeasy mini‐kit
(QIAGEN) according to the manufacturer's instructions and con-
trolled for quality on the Agilent 2100 bioanalyzer (Agilent Technol-
ogies). One color whole Human (039494_D_F_20150612 slides)
60‐mer oligonucleotides 8×60k microarrays (SurePrint G3 Human GE
v2 8x60K Microarray; Agilent Technologies) were used to analyze
gene expression. cRNA labeling, hybridization, and detection were
carried out according to the supplier's instructions (Agilent Technol-
ogies). For each microarray, cyanine 3‐labeled cRNA was synthesized
with the low‐input QuickAmp labeling kit from 50 ng of total RNA.
RNA Spike‐In was added to all tubes and used as positive controls of
labeling and amplification steps. The labeled cRNA was purified and
600 ng of each cRNA was then hybridized and washed following the
manufacturer's instructions. Microarrays were scanned on an Agilent
G2505C scanner and data were extracted using Agilent Feature
Extraction Software© (FE version 10.7.3.1). Microarray data are
available through the GEO depository from NCBI (accession no.
GSE106831). All analyses were undertaken with Genespring software
using a moderated t‐test and False Discovery Rate (Benjamini‐
Hochberg) correction with a significant threshold at p = 0.05. Further
investigations were carried out using Ingenuity Pathway Analysis©

Software (IPA) and Gene Set Enrichment Analysis (GSEA, Desktop
v3.0) and validated using qRT‐PCR as described below. Ingenuity®
Systems‐6 software was used for pathway analysis based on differ-
ential gene expression. Significant pathways in IPA were identified
using Fisher's exact test to score the highest p‐values of deregulated
cellular functions associated with |Z‐score |>1.65. GSEA software was
used to highlight GO gene sets (biological processes, cellular com-
ponents, molecular functions, oncogenic signatures, and curated gene
sets) associated with whole genome expression lists derived from
Genespring® software. Gene sets significantly enriched among the
positive and negative correlating mRNAs were selected based on
the GSEA FDR value (FDR < 0.05). RT‐qPCR analysis is described in

the Supplementary Method and was performed using the primer
sequences indicated in Supporting Information S1: Table 2. DNase‐
seq procedure is described in Supporting Information Methods.

Patient samples

Studies using leukemia primary bone marrow and/or blood samples
were approved by the Ethics Committee of the Institutional Review
Board of the French Tumour Bank of Lille (Approval numbers
CSTMT089/CSTMT0090) in accordance with the Declaration of
Helsinki. The cytogenetic and molecular alterations were obtained
using standard ISCN criteria as described2 (Supporting Information
S1: Table 3).

In vivo experiments

All animal experiments, approved by the Lille animal ethics committee
and notified to the French National Research Ministry, adhered to
ethical standards with daily observation in accordance with European
rules. For in vivo hematologic toxicity evaluation, C57BL/6jRj mice
(Envigo) were treated 1 week (Days 1, 3, and 5) with DB818 and
DB1055 administered intraperitoneally (i.p.) at 30mg/kg or with the
vehicle. On Days 8 and 15, blood was collected by submandibular
puncture in ethylenediaminetetraacetic acid‐coated microtubes, and
a complete blood count was performed using the veterinary hema-
tology analyzer VetScan HM5 (Abaxis). For shHOXA9 investigations,
THP‐1‐Luc cells were generated using a lentivirus expressing the
luciferase (luciferase cDNA‐IRES‐puromycin resistant cDNA) to gen-
erate a clone. THP‐1‐Luc or wild‐type THP‐1 cells were transduced
for 24 h with lentiviruses that express different shRNAs (shHOXA9‐
1F2/−1F3 or shCTR) prior to being washed six to eight times and then
i.p. injected in 6–8‐week‐old NOD.Cg‐Prkdcscid‐Il2rgtm1WjI/SzJ (NSG)
mice (1 × 106 THP‐1‐Luc clone cells for leukemia burden follow or
2 × 106 wild‐type THP‐1 cells for global mice survival analysis, n = 5–6
per group) for an efficiency of transduction >99% of GFP‐positive
cells in all conditions. For luciferase quantification, leukemic cell dis-
semination was monitored on both the ventral and the dorsal views at
2, 14, 28, and 40 days postcell injection. Images were collected
10–15min after i.p. injection with luciferin (150mg/kg; PerkinElmer)
using the IVIS50® imaging system (PerkinElmer). Quantification by
FACS of GFP‐positive cells (FITC) specific for shRNA‐expressing
lentivirus‐infected cells within the pool of total hCD45‐positive (THP‐
1) cells was performed in spleen cells isolated from mice at end‐point
sacrifice. For antileukemic activities of DB1055 and DB818, NSG
mice were i.p. injected with THP‐1, U937, or EOL‐1 cells as indicated
in the legends of figures. DB1055 was i.p. administered at 20mg/kg
(THP‐1) or 40mg/kg (PDX), DB818 at 5mg/kg, and cytarabine (AraC)
at 100mg/kg as indicated in figures and legends. At sacrifice,
bone marrow (flushed from the two femurs), intra‐cardiac blood,
spleen, and potential peritoneal ascites were collected in a sterile

F IGURE 3 Evaluation of DB818 and DB1055 treatment on normal hematopoiesis. (A, B) Effect of DB818 or DB1055 treatment on colony‐forming assays on

normal human CD34+ cells. Human CD34+ cells (1000 cells) were seeded in duplicate with (or without) DB818 or DB1055 (2.5 µM) for 15 days prior to quantification

(A) regarding colony analysis for size (</>50 µm) and subtypes (CFU‐GM, CFU‐G, and CFU‐M) as determined on images (B) obtained using a DMi8 microscope

(×5 objective; Leica). White scale bars correspond to 50 µm. Student t‐test: *p < 0.05; otherwise nonspecific (p > 0.05). (C, D) Evaluation of lineage‐specific toxicity of

DB818 and DB1055 using HemaTox™ erythroid, myeloid, and megakaryocyte kits. CD34+ cells were induced for erythroid, myeloid, or megakaryocyte differentiation

in the presence of DB818 (open circle), DB1055 (open square), or AraC (open triangle). Absolute cell count (C) was determined using Flow‐Counts fluorospheres

(Beckman Coulter) on an LSR‐Fortessa™X‐20 flow cytometer (BD Biosciences). Cell differentiation (D) was assessed by flow cytometry analyses. (E) In vivo

hematological toxicity of DB818 and DB1055 in mice. C57BL/6jRj mice were treated with DB818 or DB1055 (30mg/kg), or vehicle (CTR), on Days 1, 3, and 5. Blood

samples were collected on Days 8 (D8, n = 4) and 15 (D15, n = 2) and analyzed for white (WBC) or red (RBC) cells blood count, lymphocytes, monocytes, or platelet

count, as well as hemoglobin quantification using a veterinary hematology analyzer VetScan HM5. Student t‐test: *p < 0.05; otherwise non‐specific (p > 0.05).
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F IGURE 4 (See caption on next page).
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environment. Organs were weighted and measured. Splenic cells
were dissociated in phosphate‐buffered saline buffer. Flow cytometry
analyzed human leukemic cells for GFP expression (shRNAs) and/or
hCD11b‐ and/or hCD45‐labeling in the blood, spleen, bone marrow,
and ascites. Human cells were identified from mouse cells using
monoclonal mouse anti‐human antibody CD45‐APC ± hCD11b‐PE‐
Cy5 or corresponding isotypes (IgG1κ; eBioscience) for detection of
THP‐1 and PDX cell dissemination. Single‐cell suspensions were
analyzed by flow cytometry (CyAn ADP; Beckman Coulter) as de-
scribed above. Two patient‐derived xenografts (PDX) were obtained
by intratibial injection of 2 × 106 hCD45‐positive cells isolated from
the spleen of recipient mice used for patient blast amplification. After
4 weeks of implantation (~1%–3% blasts evidenced by FACS from
mice blood sampling using anti‐hCD45 antibody), mice were treated
with DB1055 or AraC for 3 (PDX‐1) or 4 (PDX‐2) series of treatments,
each corresponding to 1 week of treatment on Days 1, 3, and 5
followed by 2 weeks OFF (without treatment). Mice were sacrificed
after the last week of treatment (PDX‐1) or after 1 week OFF fol-
lowing the last week of treatment (PDX‐2) based on ethical protocol.

Statistics

All statistical analyses, excluding transcriptomic differential gene
expression described in Supporting Information Methods, were de-
termined with Prism7/GraphPad Software using Student two‐sided
unpaired t‐tests or log‐rank (Mantel–Cox) test (Kaplan–Meier survival
curves).

RESULTS

DB1055 and DB818 (Figure 1A,B) were initially chosen for their
robust interaction with the HOXA9‐cognate sequence and their
effective competition for HOXA9 binding to DNA.21 In this study,
we extended our assessment of their activities to human AML cell
lines and blasts obtained from patients. We evaluated their impact
on various cellular aspects, including cell death and differentiation,
conducted analyses on gene regulation and pathways, assessed
efficacy on primary cultures, and validated the in vivo antileukemic
potential on both AML cell lines and patient‐derived xenografts.

DB1055 and DB818 affect the survival
of HOXA9‐positive human AML cell lines

We examined the impact of DB1055 and DB818 on cell survival
(IC50) across fourteen distinct human AML cell lines with diverse
FAB/cytogenetic/molecular characteristics. Notably THP‐1 (MLL‐
AF9), U937 (CALM‐AF10 fusion), EOL‐1 (MLL‐PTD mutation), and
OCI‐AML3 (NPM1c+ mutation) exhibited a strong correlation with

HOXA9 expression (Figure 1A,B) and were therefore included for
subsequent evaluation. The cellular effects of DB1055 or DB818
were investigated in comparison with HOXA9 knockdown using
efficient lentivirally‐transduced shHOXA9. The efficiency of
transduction was assessed by flow cytometry, evaluating GFP
expression (Supporting Information S1: Figure 1a). Concurrently,
knockdown efficiency was gauged through qRT‐PCR (Supporting
Information S1: Figure 1b) and validated by western blot analysis
(Supporting Information S1: Figure 1c,d). Notably, these assess-
ments align with previously published results that utilized the
same shRNA sequences, ensuring consistency in the experimental
approach.26 The THP‐1 cell model, chosen for its ability to form
colonies and differentiate in macrophage‐like cells,30 provided
an appropriate model for studying antiproliferative activity, cell
death, and differentiation. Both shRNA knockdown and functional
HOXA9 inhibition by DB1055 or DB818 led to reduced cell
growth kinetics (Supporting Information S1: Figure 2a). Such
slowdowns were associated with decreased cell proliferation
(Figure 1C), reduced colony formation (Figure 1D), and induction
of cell death, evidenced by an increase in propidium iodide (PI)‐
positive cells (Figure 1E and Supporting Information S1: Figure 2b
in comparison with AraC treatment Supporting Information S1:
Figure 2c). An increase in apoptosis was also observed using
DB1055 and DB818, as indicated by AnnexinV/PI‐double positive
staining (Figure 1D for 7 days and Supporting Information S1:
Figure S2d at 3 days posttreatment or transduction). We extended
the evaluation to U937 and EOL‐1 cell lines (Figure 1A,B) to
validate these findings (Supporting Information S1: Figure 3).
Particularly, DB1055 and DB818 significantly decreased the
number and size of colonies in HOXA9‐positive U937, EOL‐1,
MV4‐11, and SHI‐1 cell lines (Supporting Information S1: Figure
4a‐d) while HOXA9‐independent leukemia cells remained un-
affected (Supporting Information S1: Figure 4e).

Therefore, our comprehensive evaluation of DB1055 and
DB818 revealed their significant impact on cell survival in strong
correlations with HOXA9 expression in specific AML cell lines like
THP‐1, U937, and EOL‐1. Furthermore, the consistent demonstra-
tion of antiproliferative, proapoptotic effects of DB1055 and DB818
across various AML cell lines underscores their potential as targeted
therapeutic agents in HOXA9‐dependent AML subtypes.

DB1055 and DB818 induce monocyte‐to‐macrophage
differentiation features

Treatment of THP‐1 cells with DB818 or DB1055 induced mor-
phological changes indicative of differentiation, including a reduced
nucleus‐to‐cytoplasm ratio, basophilic cells, and the presence of
both phagocytic vacuoles and pseudopods (Figure 2A). Furthermore,
DB1055‐ or DB818‐treated THP‐1 cells were compared to

F IGURE 4 Identification of commonly deregulated genes and processes using transcriptomic analysis in THP‐1 cell model. Gene expression profile was obtained

in quadruplicate for THP‐1 cells invalidated for HOXA9 (shHOXA9‐1F3) versus control (shCTR) for 48 h or THP‐1 cells treated or not using DB818 or DB1055 for

24 h. (A) Venn diagrams for the intersection of genes being statistically significant (p < 0.05) and differently expressed in each condition (relative to the corresponding

control) with (top Venn diagram, UP&DOWN, fold change (FC) > 1.5 or <−1.5), statistically significant upregulated (middle Venn diagram, UP, FC > 1.5), and statistically

significant downregulated (bottom Venn diagram, DOWN, FC < −1.5). (B) Volcano plots for all deregulated genes in shHOXA9‐1F3 transduced cells (top plot) or from

DB1055 (middle plot) or DB818 (bottom plot) gene expression effect within the shHOXA9‐1F3 deregulated gene list. (C) Top 20 of the deregulated cellular networks

identified by ingenuity pathway analysis (IPA) with significant |z‐score| of at least 1.65 and ordered on the top ‐log p‐values highlights the implication of

differentiation, cell death leukocyte activation, and migration/movement processes. (D) Gene Set Enrichment Analysis (GSEA) assays highlight commonly deregulated

processes and correlate with HOXA9 and MLL‐associated curated gene set terms. NES values are plotted for each GSEA from shHOXA9‐1F3, DB1055, or DB818

deregulated gene sets (GSEA version 6.2). Corresponding GSEA plots with NES, p‐values, and Venn diagrams are presented in Supporting Information S1: Figures S6

and S7 together with other related GSEA‐CGP results.
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F IGURE 5 (See caption on next page).

10 of 20 | HOXA9 functional inhibitors for AML differentiation

 25729241, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hem

3.77 by C
ochrane France, W

iley O
nline L

ibrary on [06/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



PMA‐differentiated THP‐1 cells30 for CD11b and CD14 cell surface
differentiation markers quantified by flow cytometry (Figure 2B).
A substantial increase in CD11b cell surface expression was
observed 7 days posttreatment (Figure 2B), starting on Day 2
(DB818/DB1055) or Day 3 (shHOXA9) (Supporting Information S1:
Figure 5a,b). CD14 expression increased later at Day 4 post‐DB818/
1055 treatment and even more prolonged elevation with shHOXA9‐
1F2 or ‐1F3 transduction, occurring on Day 7 (Figure 2B and
Supporting Information S1: Figure 5a,b). Moreover, the proportion
of CD11b/CD14 double‐positive cells, characterizing monocytic
to macrophage differentiation, increased with DB1055 and
DB818 treatments in a dose‐dependent manner and similarly to
shHOXA9 (Figure 2E and Supporting Information S1: Figure 5b) but
not after AraC treatment (Supporting Information S1: Figure 5c).
These results demonstrate that DB818 and DB1055 counteract
differentiation blockade to restore monocytic‐to‐macrophage
differentiation. Differentiation was also induced in EOL‐1 and
U937 treated with DB1055 or DB818 (Supporting Information S1:
Figure 6).

In brief, treatment with DB818 or DB1055 induced phenotypic
changes indicative of monocytic‐to‐macrophage differentiation in THP‐
1 cells, accompanied by comparable effects in EOL‐1 and U937 cells.

DB1055 and DB818 exhibit no adverse effects
on normal hematopoietic cell survival and the
differentiation process

Considering the involvement of HOXA9 in maintaining normal he-
matopoietic progenitor cell maintenance and its role in differentiation
blockade,31 we evaluated the impact of DB818 and DB1055 on
normal hematopoiesis. Treatment of human bone marrow CD34+

(hCD34+) cells with DB818 or DB1055 showed no statistically sig-
nificant changes in the total number, size, or type of CFU‐M/‐G/‐GM
colonies (Figure 3A,B). Treatment was performed at 2.5 µM to
compare with the reduction of colonies observed in similar conditions
on THP‐1 cells leading to a 40%–50% decrease in the numbers
of colonies, and with other AML or non‐AML cell lines (Supporting
Information S1: Figure 4). In addition, it was observed that both
DB1055 and DB818 exhibited significantly lower levels of toxicity
compared to AraC toward the myeloid/megakaryocyte/erythroid
sub‐populations (Figure 3C). Furthermore, these inhibitors did not
promote the differentiation of normal hCD34+ cells into mono-
cytes, granulocytes, megakaryocytes, or erythroblasts (Figure 3D).
Ultimately, the administration of DB818 or DB1055 to C57BL/6
mice did not result in a significant decrease in white or red
blood cell counts (Figure 3E). Collectively, these experiments
show that targeting HOXA9 with our inhibitors does not hinder
normal hematopoiesis.

Transcriptomic analysis of DB818, DB1055,
and shHOXA9 treatments unveils frequently
deregulated genes

Gene expression profiling was used to characterize common changes
occurring after HOXA9 knockdown or functional inhibition by DB818
or DB1055 in the THP‐1 model (Figure 4). Nearly 138 genes were
found commonly deregulated by DB818, DB1055, and shHOX-
A9−1F3 (fold change >1.5, Figure 4A). The distribution of genes
deregulated upon HOXA9 knockdown with DB1055 and DB818
transcriptome is presented as volcano plots in Figure 4B, illustrating
fold change relative to p‐values. The top 20 most deregulated
Ingenuity Pathway Analysis (IPA) functions were associated with cell
processes related to differentiation, activation, movement/migration,
and death in all three conditions (Figure 4C). Furthermore, Gene
Set Enrichment Analysis (GSEA) analysis confirmed that shHOXA9
transcriptomic signature for THP‐1 aligns with previously published
data related to GSEA oncogenic signatures and curated gene sets
involving the deregulation of HOXA9 expression, MLL, differentia-
tion, cell death, and DNA binding, among others. These items
were consistently highlighted in GSEA from DB1055 and DB818
cell treatment with Normalized Enrichment Score (NES) values over
1.5 (Figure 4D and Supporting Information S1: Figures 7–8).

Evidence for HOXA9 target inhibition at the DNA
binding level

GSEA analysis (Figure 4D) underscored the significance of the CGP
(C2 chemical and genetic perturbations) curated gene sets, specifi-
cally “HESS TARGETS OF HOXA9 AND MEIS1 DN” and “TAKEDA
TARGETS OF NUP98‐HOXA9 FUSION 8D DN” in both shHOXA9
and DB818 or DB1055 cell treatments. A substantial proportion
of genes commonly deregulated, with an absolute fold change
exceeding 1.5, was identified in the Venn diagrams and is visually
represented in the corresponding heatmaps and tables (Figure 5A,
Supporting Information S1: Figure 9 and Supporting Information S1:
Table S4). We further investigated common features at the HOXA9
target level from the 138 commonly deregulated genes correspond-
ing to 93 commonly upregulated and 36 commonly downregulated
genes (Figure 4A). Only nine genes displayed inconsistent regulation
(Figure 5B). Because of the lack of ChIP‐seq grade and reliable anti‐
HOXA9 antibodies,33 and since it has been shown that distinct MLL
fusions can induce HOXA9 overexpression, we compared our list of
deregulated genes after treatment with DB818/DB1055 of THP‐1
cells (MLL‐AF9 fusion) with genes with HOXA9 binding sites identi-
fied by ChIP‐seq analyses in MV4‐11 cells (MLL‐AF4 fusion).34

Despite THP‐1 and MV4‐11 cell lines present distinct MLL fusions
(MLL‐AF9 and MLL‐AF4, respectively), both MLL‐fused proteins have

F IGURE 5 Comparison of DB1055 and DB818 deregulated genes with ChIP‐seq and DNase‐seq data. (A) “HESS TARGETS OF HOXA9 AND MEIS1 DN” and
“TAKEDA TARGETS OF NUP98‐HOXA9 FUSION 8D DN” curated gene sets terms (C2, CGP: chemical and genetic perturbations) highlighted from GSEA for both

shHOXA9 and DB818 or DB1055 cell treatment. The normalized enrichment scores (NES), nominal p‐values, and FDR are shown in each caption. Corresponding

Venn diagrams are presented on the right of the panel and a heatmap for implicated genes is given in Supporting Information S1: Figure 8. (B) Heatmap for the

expression change of the 138 genes commonly significantly deregulated in the three conditions (HOXA9 invalidation and treatment with DB818 or DB1055) and

position of different genes of interest and identification of the presence of a peak from HOXA9 ChIP in MV4‐11 cells.32 The intensity of the blue color depends on

the distance to TSS as defined in the figure. In white: genes in which the distance to TSS was over 100 kb. Circular diagram represents the percentage of the 138

commonly dysregulated genes (UP or DOWN) that present (plain color) or not (dashed color) a ChIP‐peak identified for HOXA9 binding in the MV4‐11 cell line.

(C) Venn diagrams for comparison of the lists of deregulated genes from transcriptomic analyses and genes identified at the proximity of differential peaks from global

DNase‐seq analyses as depicted in the Supporting Information Material and Methods section. (D) IGV visualization of some peaks attributed to some of the genes

differentially expressed in panel b (arrows). Potential HOXA9 binding sites (based on aTGATT(T)A/TAA(A)TCAt sequence as a HOX/PBX consensus site) are

highlighted for TREM1, KCNA3, and MTSS1 and the sequences indicated, whereas no such potential site is present at the increased peak for CDKN1A.
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F IGURE 6 (See caption on next page).
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been described to control HOXA9 expression. Approximately 55% of
genes in the heatmap showed at least one ChIP‐seq peak for HOXA9
in the MV4‐11 cell context, depicted in the bottom line in blue colors
(Figure 5B). To offer a more comprehensive understanding of the
gain/loss of transcriptional complexes across the entire chromatin
following DB1055 and DB818 treatment, we conducted DNase I
hypersensitive site sequencing (DNase‐seq) analyses in THP‐1 cells.
While 60–70 million reads were obtained for both DB1055 treat-
ment, shHOXA9 transduction, and controls, only 30 million reads
were obtained using DB818‐treated THP‐1 cells. Quantitative ana-
lyses were performed for DB1055 and shHOXA9 samples (Supporting
Information S1: Figure 10). The list of genes closest to the identified
variable peaks was compared with the list of genes significantly
modified under the same treatment (Figure 5C). Around 68% and
73% of the deregulated genes were identified in the DNase‐seq
analysis for shHOXA9‐1F3 and DB1055 treatment, respectively. Il-
lustrations of modified DNase‐seq peaks are presented in Figure 5D
for TREM1, KCNA3, MTSS1, and CDKN1A, among others (Supporting
Information S1: Figure 11). Moreover, some DNase‐seq modified
peaks coincided with ChIP‐seq peaks identified by Zhong et al.34

(Supporting Information S1: Figure 10). Some of them contained the
HOXA9/PBX consensus binding sites 5′‐aTGATT(T)A/5′‐TAA(A)
TCAt, as indicated in the different panels (Figure 5D and Support-
ing Information S1: Figures 10 and 11).

In brief, our comprehensive analysis of gene expression changes,
HOXA9 targets, and chromatin modifications, including ChIP‐seq
and DNase‐seq analyses in response to DB1055 and DB818 treat-
ment, revealed consistent deregulation of genes associated with
critical AML‐related functions and identified potential transcriptional
complexes.

Inhibiting HOXA9 alters the expression of genes
associated with macrophage differentiation

Common features associated with differentiation were consistently
identified through GSEA and IPA analyses (Figure 4C,D). Notably,
the “GO‐Regulation of leukocyte differentiation” geneset (Figure 6A)
revealed a substantial number of genes commonly up‐ or down‐
deregulated between the DB818/DB1055/shHOXA9 conditions as
depicted in the Venn diagram. The “Cell differentiation” item from
IPA (Figure 6B), further emphasized these findings, with some genes
validated through qRT‐PCR. Among them, some are upregulated as
attempted during the differentiation process (among which CD11b/
ITGAM and CD14,30 TLR4, TREM1, EMP1, CDKN1A…) whereas others
are downregulated in the course of differentiation (KCNA3, CTSG,
IRF8, or CD38) (Figure 6C and Supporting Information S1: Table S5).
Two of the HOXA9 ChIP‐seq peaks identified by Zhong et al.34 were
found within TLR4 and EMP1 genes (peaks chr9‐5 and chr12‐1340,

respectively) (Supporting Information S1: Figure 10). ELISA‐derived
DNA binding assays showed that both DB818 and DB1055 inhibited
HOXA9 binding to TLR4 and EMP1 target sequences with an IC50 of
0.2–0.3 µM, whereas DB828, previously identified as an inactive
compound,21 did not (Figure 6D).

HOXA9 expression is essential for THP‐1 leukemia
burden in in vivo mouse model

We then validated the antileukemic activity in vivo by confirming
the leukemic role of HOXA9 using luciferase‐expressing THP‐1 cells
transduced with lentiviruses encoding shCTR, shHOXA9−1F2, or
shHOXA9−1F3, tracking leukemia burden through in vivo biolumi-
nescence imaging in immunodeficient NSG mice. Longitudinal in vivo
imaging revealed a significant reduction in total body luminescence
with shHOXA9−1F2/1F3 compared to shCTR‐expressing cells
(Figure 7A,B, Supporting Information S1: Figure 12a,b), associated
with reduced splenomegaly at day 40, particularly for the most effi-
cient shHOXA9−1F3 (Figure 7C). A similar effect was observed in a
previously published study using the shHOXA9−1F3 sequence against
t(4;11) SEMK2 B‐ALL cell model inoculated in NSG mice.31 Despite
efficient transduction (revealed 48 h post‐infection) with ~95%–99%
of THP‐1 cells at injection, most of the THP‐1 (hCD45‐positive)
cells recovered from spleens at sacrifice in shHOXA9‐transduced
sub‐groups were GFP‐negative, suggesting that HOXA9‐knockdown
THP‐1 cells underwent cell death, while non‐transduced (GFP‐
negative) cells proliferated and were ultimately responsible for mice
death (Figure 7D), in correlation with the absence of significative
differences in total hCD45‐positive cells (either GFP‐positive
and ‐negative) in the spleen, bone marrow, liver, and blood at sacri-
fice (data not shown). In a second series of mice engrafted with
transduced‐THP‐1 cells, the median survival was extended to 55 and
66 days for shHOXA9‐1F2 and ‐1F3, respectively, compared to
48 days for shCTR (Figure 7E). Thus, the THP‐1 leukemia model is
validated as a HOXA9‐dependent AML model suitable for in vivo
evaluation of our inhibitors.

DB1055 and DB818 show antileukemic activities
in AML cell lines in vivo mouse model

The effects of the HOXA9/DNA binding inhibitors were first eval-
uated in a wild‐type THP‐1 in vivo model. In the wild‐type THP‐1 in
vivo model, the treatment schedules were based on mice tolerance,
with DB1055 being better tolerated by i.p. injection than DB818
and used at a higher concentration. DB1055 did not impact animal
body weight (Supporting Information S1: Figure 12d). DB1055 in vivo
evaluation was performed according to the treatment schedule

F IGURE 6 Global gene deregulation analysis identified common activation of differentiation process upon shHOXA9 as well as DB818 or DB1055 treatment of

THP‐1. (A) Gene Set Enrichment Analysis assays for GO term “regulation of leukocyte differentiation” for both HOXA9 invalidation and cell treatment with DB818/

1055. The normalized enrichment scores (NES), nominal p‐values, and FDR are shown in each caption and the corresponding Venn diagram is presented on the right

panel. (B) Heatmap for the expression of genes associated with the “cell differentiation” item from Ingenuity Pathway Analysis (localized by a red arrow in Figure 3B)

ranked on the expression from shHOXA9‐1F3 gene list. #, genes of interest further validated using quantitative reverse transcription polymerase chain reaction

(qRT‐PCR). (C) Validation of gene expression deregulation by qRT‐PCR for a series of deregulated genes identified in (C) (four to eight independent experiments).

Corresponding significant statistics (Student t‐test) are calculated relatively to the corresponding control (CTR for DB818 or DB1055 treatments and shCTR for

shHOXA9‐1F3) and indicated on the graphs: ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; or as specified on graphs. (D) Enzyme‐linked immunosorbent assay‐
derived DNA binding inhibition assay. Double‐stranded oligonucleotides containing the HOXA9 putative binding site at EMP1 and TLR4 gene promoters identified

from MV4‐11 ChIP‐peaks34 were evaluated with human HOXA9 protein expressed from reticulocyte lysate in the presence of increasing concentrations of DB818 or

DB1055 (n = 4–6) as described.21 The unselective DB828 compound was used as a control. The concentrations of DB818 and DB1055 that inhibit 50% of the

HOXA9/DNA complex are indicated in the graph.
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presented in Figure 8A. DB1055 significantly decreased THP‐1‐
induced splenomegaly (Figure 8B,C) whereas Ara‐C treatment did not
affect spleen size, indicating THP‐1 as an AraC‐chemoresistant
model. The differentiation of THP‐1 cells in mice was evaluated at

sacrifice, revealing a significant increase in hCD11b‐positive human
THP‐1 cells in DB1055‐treated mice for compartments associated
with more differentiated cells, such as blood and peritoneal ascites,
but not in the bone marrow and spleen (Figure 8C). DB818 was then

F IGURE 7 In vivo validation of THP1 as an HOXA9‐dependant mice cell model. (A) Representative images for bioluminescence kinetic analyses after i.p.

inoculation in NSG mice (n = 6 per group) of THP‐1‐Luc cells (1 × 106) that were previously transduced by short hairpin RNA (shRNA)‐expressing lentiviruses.

(B) Quantification of the time course for bioluminescent THP‐1‐Luc responses to HOXA9 invalidation. Quantification is expressed in photons/second over time (in

days). (C) Spleen weight of mice from euthanized altogether on Day 41. Results are presented as mean ± SEM. Statistics, Student t‐test: ****p < 0.0001; ***p < 0.001;

**p < 0.01; *p < 0.05; ns, nonspecific or p‐values as indicated in graphs. (D) Quantification by flow cytometry of GFP status of THP‐1 (hCD45‐positive) cells at 48 h

after lentiviral infection or in spleen isolated from mice at end‐point sacrifice. (E) Kaplan–Meier plot for mice survival upon HOXA9 invalidation. THP‐1‐Luc (WT) cells

(2 × 106 cells) were transduced or not with shRNAs (WT THP‐1, black line, n = 5; shCTR, blue line, n = 6; shHOXA9‐1F2, green line, n = 6; and shHOXA9‐1F3, red line,

n = 6) 24 h before engraftment. Statistics were performed using log‐rank analysis of the Kaplan–Meier survival curve.
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F IGURE 8 (See caption on next page).
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evaluated for the treatment of THP‐1 cells expressing the luciferase
gene (Figure 8D). Treatment with DB818 did not affect mice weight
(DB818 vs. “no cells”) whereas the presence of ascites increased mice
body weight at the end of the protocol (Supporting Information S1:
Figure 13a). In vivo bioluminescence imaging indicated a significant
decrease in leukemia development over time (Figure 8E), associated
with a decrease in spleen weight (Figure 8F and Supporting In-
formation S1: Figure 13b,c) and the number of THP‐1 (hCD45+) cells
per spleen (Figure 8G). An increase in the percentage and/or median
expression of hCD11b‐positive THP‐1 cells is also observed in the
bone marrow, liver, blood, and ascites (Figure 8H and Supporting
Information S1: Figure 13d–g). DB818 treatment also reduced sple-
nomegaly associated with U937 xenograft in an in vivo model, and
DB1055 was evaluated on the EOL‐1 mice model, showing a potent
reduction in splenomegaly, contrasting with the poor efficiency of
AraC in this model (Supporting Information S1: Figure 14).

Therefore, the in vivo evaluations of HOXA9/DNA binding in-
hibitors demonstrate DB1055's efficacy in reducing THP‐1‐induced
splenomegaly, while DB818 shows a significant decrease in leukemia
development, underscoring their promising therapeutic potential in
mouse models.

DB818 and DB1055 treatments affect cell survival
of blasts from AML patients in a HOXA9‐dependent
manner

A panel of 42 primary AML cells, obtained from the bone marrow or
blood samples, underwent purification and assessment of HOXA9
expression by RT‐qPCR and sensitivity to DB818 or DB1055
treatment (1–50 µM). HOXA9 expression, presented atop the table,
correlates with cytogenetic and/or molecular analyses for each
patient (Figure 9A), revealing associations, such as MLL and
NPM1 subtypes with HOXA9 overexpression, and cEBPα, Inv(16),
and t(8‐21) subtypes with low HOXA9 expression as expected from
the literature1,6,10,14,16 (Figure 9A). A positive correlation between
AML blast cell survival upon DB818 treatment and HOXA9 expres-
sion was observed (Figure 9B). Moreover, the 50% more DB818‐
sensitive AML blast cells significantly expressed more HOXA9 mRNA
than the 50% more resistant ones (Figure 9C). Sensitivity to DB818
also varied among different cytogenetic/molecular subtypes of AML,
with the NPM1 or MLL HOXA9‐overexpressing subtypes showing
greater sensitivity compared to the HOXA9‐negative cEBPα subtype
(Figure 9D). Because primary cells cannot be maintained in culture for
longer than 96 h and achieving long‐term differentiation upon treat-
ment with DB1055 might require extended incubation times, we
evaluated the antileukemic activity of DB1055 in patient‐derived
xenografts in NSG mice, comparing it with AraC. Two AML patient
blast cells from Figure 9A were subjected to the scheduled treatment
presented in top panels of Figure 9E,F, based on a series of three

injections on Days 1, 3, and 5 with DB1055 or Ara‐C followed by two
weeks OFF (Figure 9E, PDX‐1; Figure 9F, PDX‐2). Three and four
series of treatments were performed depending on the evolution
of disease in the PDX‐1 and PDX‐2 untreated mice, respectively.
Both DB1055 and Ara‐C markedly and significantly reduced the
AML‐associated splenomegaly with no significant alterations in body
weights observed (Supporting Information S1: Figure 15a,b). Fur-
thermore, there was a notable reduction in the total blast cell count in
spleens, bone marrows, and blood, underscoring the potential ther-
apeutic effectiveness of DB1055 in patient‐derived AML models
(Figure 9E,F, Supporting Information S1: Figures 15a–g).

Overall, the study revealed a collective correlation between
HOXA9 expression and cytogenetic/molecular subtypes, with DB818
sensitivity positively associated with HOXA9 expression, and note-
worthy therapeutic effectiveness of DB1055 in patient‐derived xe-
nografts, resulting in the reduction of AML‐associated splenomegaly
and blast cell count.

DISCUSSION

HOXA9 is crucial in various AML subtypes, including NPM1‐
mutated, MLL‐rearranged, NUP98‐NSD1, NUP98‐HOXA9, and
RUNX/EVI1 fusion subtypes,10,11,14,26 yet lacks direct targeting
for AML treatment. We identified two DNA‐binding compounds,
DB818 and DB1055, which can disrupt HOXA9–DNA interaction
and restore AML cell differentiation. Selected from a diverse series
of heterocyclic diamidines, including Pit‐1 and Brn‐3 (DB293),23

ERG (DB1255),24 and SPI1/PU.1 (DB1976, DB2115, DB2313),25

DB818 and DB1055 exhibited strong in vivo antileukemic potential.
Notably, DB2313 only demonstrated efficacy in mice injected with
human AML pretreated cells. Our study underscores the promise of
DB818 and DB1055 as potential therapeutics by targeting HOXA9
in AML.

This study establishes that HOXA9 knockdown and DB818 or
DB1055 treatment decrease cell growth and survival while promoting
cell death and restoring AML cell differentiation. Genes associated
with cell proliferation, cell death, and myeloid cell differentiation
show consistent deregulation. Notably, both DB818 and DB1055
proficiently affect the expression of the gene that evidenced direct
HOXA9/DNA binding in the MV4‐11 AML cell model,34 as illustrated
by HOXA9 ChIP‐seq peaks localization on DNase‐seq analyses
(Figure 5 and Supporting Information S1: Figure 10).

DB818 and DB1055 induce myeloid cell differentiation both ex
vivo and in vivo, supporting further development of DB1055 and
DB818 as novel AML differentiation therapies. In vitro, DB818 was
further evaluated against blast cells from 42 AML patients, revealing a
correlation between DB818 sensitivity (IC50) and HOXA9 expression
in AML blast cells (Figure 9) as it was shown for human AML cell lines
(Figure 1A,B). It is worth noting that despite DB818 and DB1055
acting as competitors for HOXA9/DNA binding activity, cells

F IGURE 8 In vivo validation of DB1055 and DB818 antileukemic and differentiation activities in THP‐1 grafted mice model. (A) Schedule of DB1055 and AraC

treatment of 5 million THP‐1 engrafted NSG mice. IP, intraperitoneal injection. (B) Photographs and weight graph of spleens showing reduced splenomegaly upon

DB1055 treatment. (C) Flow cytometry analysis of the percentage of human CD11b‐positive cells upon THP‐1 cells (identified using antihuman CD45 antibody) in the

bone marrow (BM), spleen, blood, or ascites collected from some of the mice treated or not (THP‐1 columns, n = 4) with DB1055 (n = 3) or AraC (n = 3). (D) Schedule

of DB818 treatment of two million THP‐1‐Luc engrafted by IP route in NSG mice. (E) Quantification of the time course for bioluminescent THP‐1‐Luc responses to

DB818 treatment in ventral orientation. Quantification is expressed in photons/second over time. (F) Spleen weight graph and (G) total quantification of THP‐1 cells

(hCD45‐positive cells) per spleen from control mice (CTR, no THP‐1), THP‐ inoculated mice further treated with vehicle (THP‐1) or DB818. (H) Flow cytometry

analysis of the percentage of human CD11b‐positive cells within THP‐1 cells (as identified with anti‐human CD45 antibody) in bone marrow, liver, or blood samples of

mice treated with vehicle (THP‐1, n = 7) or with DB818 (n = 5). All results are presented as mean ± SEM. Statistics, Student t‐test: ***p < 0.001; **p < 0.01; *p < 0.05;

ns, nonspecific or p‐values as indicated in graphs.
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F IGURE 9 (See caption on next page).
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expressing the highest level of HOXA9 do not appear as the less
sensitive ones, suggesting that (i) the drug amount is sufficient to give
an effect even if the expression of HOXA9 is high and (ii) this effect
may be associated with different HOXA9 oncogenic‐dependancy
of the cells and or different sets of deregulated genes or level of
deregulated expression depending on the AML cell lines or patient
samples.

In vivo assessment of DB1055 on two AML patient‐derived
xenografts demonstrated antileukemic effects, with reduced spleen
size and a lower number of hCD45‐positive cells in the bone marrow
(Figure 9E,F and Supporting Information S1: Figure 15).

Transcription factors, historically deemed “undruggable targets,”
are seldom addressed in anti‐tumor therapies. While ligand‐like drugs,
like ATRA against PML‐RARα, target nuclear/steroid‐receptor family
factors, the prevailing strategy involves interactions between tran-
scription factors or with other proteins (e.g., p53/mdm2, RUNX1/
CBF, Smad4/SKI, YAP/TAZ, COUP‐TF, Smad2/3/4, BCL6 homo-
dimers, HOX/PBX).9,19,35,36 However, this method applies to specific
couples with identified collaborators. Fewer inhibitors compete with a
transcription factor's binding to its site consensus, like mithramycin
inhibiting SP1/DNA interaction.37 An ideal transcription factor for
DNA‐binding targeted therapy should be expressed selectively in
cancer cells (ensuring a favorable therapeutic index) and directly
linked to the oncogenic process as found in HOXA9 for AML. Given
that conventional chemotherapy is still the standard AML treatment,
the need for new targeted therapies, especially against various AML
subtypes like those involving HOXA9, remains imperative. Among the
newly approved or evaluated treatments,2,3 differentiation therapies
have indeed proved effective in the clinic such as the mitochondrial
protein IDH2 (isocitrate dehydrogenase‐2) inhibitor enasidenib
(AG221, Celgene),5,38 the IDH1 inhibitor Ivosidenib (AG‐120,
Agios),5,39 lysine‐specific demethylase 1 (LSD1) inhibitors40,41 such
as tranylcypromine and analogs32,42 or ORY‐1001,3,43–45 or the
DOT1L inhibitor pinometostat (EPZ‐5676)7,17,46,47 known to down-
regulate HOXA9 expression.48 More recently the Menin/MLL
inhibitor revumenib (SNDX‐5613) showed promising results against
the HOXA9‐dependant MLL subtypes of AML,6,49 but it also led to
resistance.50 Overcoming this resistance and other expected ones will
require new drugs,3,4 with one approach being the direct targeting of
HOXA9 function as a common downstream effector of differentiation
blockade.10 HOXA9 is an interesting oncogenic target since it is
not or only slightly expressed in healthy adult tissues, except in he-
matopoietic stem cells. Interestingly, our inhibitors did not show any
major deleterious effects on human CD34+ hematopoietic stem cells
and the survival and differentiation of progenitors (Figure 3). We
hypothesize that HOXA9 could deregulate different sets of genes

between the maintenance of normal or leukemic stem cells, perhaps
also via associations with different co‐factors, to induce a cascade of
differentiation and more rapid death on models of human AML than
with human hematopoietic stem cells. The absence of a detrimental
effect on normal hematopoiesis is an extremely interesting point for
therapeutic strategies aimed at inhibiting HOXA9 function in the
future.

In conclusion, the current findings support the potential
of DB818 and DB1055 as promising candidates for a novel
AML differentiation therapy. Inhibiting HOXA9/DNA interaction by
DB818/1055 provides a means to disrupt the expression of genes
implicated in blocking cell differentiation, offering a unique oppor-
tunity for future drug development.
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