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KEY WORDS Abstract Myeloproliferative neoplasms (MPNs) are a group of hematologic malignancies for which
current treatment options remain limited, underscoring the urgent need to explore novel therapeutic tar-
gets and intervention strategies. Through a high-throughput screen of an epigenetic compound library, we
identified the SIRT6 allosteric agonist MDL-800 as a potent suppressor of neutrophil hyperplasia. We

Myeloid malignancy;
Neutrophil hyperplasia;

;L]:);F:Ii’sh; established an endogenous sirf6-mutant zebrafish model that develops a myeloproliferative neoplasm
Chemotherapeutic (MPN)-like phenotype, with a 64% incidence in adult zebrafish. Mechanistically, Sirt6 was found to regu-

efficacy; late neutrophil proliferation in vivo and in vitro by deacetylating histone H3K9 at the c-myb promoter.
Histone modification; Sirt6 deficiency led to aberrant proliferation of neutrophils and hematopoietic stem/progenitor cells,
Imatinib; whereas Sirt6 overexpression significantly alleviated neutrophil hyperplasia and MPN-related symptoms.
MDL-800 Furthermore, the SIRT6 activator MDL-800 enhanced the efficacy of imatinib and reduced neutrophil

proliferation in a zebrafish leukemia model. In xenograft mouse models, the combination of MDL-800
and imatinib significantly inhibited leukemia progression and restored drug sensitivity in imatinib-
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resistant cases. This study establishes the Sirt6—c-Myb axis as a core epigenetic pathway for myeloid
homeostasis, providing a novel strategy for simultaneously suppressing neutrophil hyperplasia and
enhancing chemotherapeutic efficacy in hematologic malignancies.

© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Myeloproliferative neoplasms (MPNs) are a group of malignant he-
matological diseases characterized by abnormal proliferation of one or
more blood cell lineages in the bone marrow, frequently associated with
therapy resistance’”. Current treatment options for MPNs remain
limited, highlighting the need to explore new therapeutic targets and
intervention strategies. Although dysregulation of transcription factors
is well recognized in myeloid malignancies, the epigenetic mecha-
nisms underlying MPN progression and chemotherapy resistance are
not fully understood and warrant further investigation™®.

The sirtuin family comprises class III histone deacetylases
(HDAC III), which depend on NAD™ as a cofactor to regulate key
biological processes such as metabolism, inflammation and
oxidative stress. Among them, SIRT6 is a chromatin binding
protein with diverse roles in DNA repair, tumor suppression, and
organismal lifespan’ . SIRT6 deacetylates H3K9ac and H3K56ac
and acts as a transcriptional corepressor of MYC, PPAR, Wnt,
Notch and hypoxia-inducible factor-1a (HIF-1«) signaling path-
ways' %14, Single-cell RNA-Seq has revealed that primitive leu-
kemia cells exhibited dysregulated transcriptional programs with
co-expression of myeloid priming genes, which carry prognostic
significance'®. Tn the hematopoietic system, SIRT6 contributes to
the maintenance of hematopoietic stem cell (HSC) homeostasis'2.
Nevertheless, direct evidence linking SIRT6 to MPN
pathogenesis-particularly neutrophil hyperplasia-through tran-
scriptional regulation remains lacking.

Aberrant activation or ectopic expression of the proto-oncogene c-
MYB has been shown to promote the transformation of hematopoi-
etic progenitors into leukemic cells'®!”. The c-MYB transcription
factor also contributes to chemotherapy resistance either by upregu-
lating oncogenes or downregulating tumor suppressors'®. It remains
unclear whether c-MYB transcription is epigenetically regulated by
Sirt6 in neutrophils, and whether such regulation influences neutro-
phil fate decisions between quiescence and proliferation.

In this study, we found that SIRT6 activator effectively inhibits
pathological neutrophil proliferation. We generated an endoge-
nous sirt6 mutant zebrafish model that recapitulates features of
human MPN progression from embryogenesis to adulthood.
Mechanistically, SIRT6 directly interacts with the c-Myb pro-
moter region and modulates its transcriptional activity via H3K9
deacetylation. Further investigations showed that the SIRT6 acti-
vator MDL-800 not only inhibits myeloid expansion but also
enhances the efficacy of imatinib.

In summary, this study provides evidence supporting SIRT6 as
a potential epigenetic regulator of myeloid homeostasis. Given the
current limitations of tyrosine kinase inhibitors (TKI) therapies,
our findings suggest that SIRT6 activation may represent a
promising therapeutic strategy for MPNs.

2. Materials and methods
2.1.  Zebrafish husbandry

All experiments involving zebrafish were performed under
approval from the Institutional Animal Care and Use Committee
of South China University of Technology. Zebrafish (from fertil-
ization to 2 years old) were maintained as previously reported'’.
The following strains were used in this study: AB (wide type),
pu. 19242P/G2AD20 o0y 70:p210PRABL )21 e Myb hyperactive
(c-myb"™P"?2 | Tg(cd41:eGFP)* and Tg(lyz:DsRed)**.

2.2. Compounds screening

The Epigenetics Compound Library (#L3500, TargetMol,
Shanghai, China. Supporting Information Table S1) was utilized.
Compounds dissolved in dimethyl sulfoxide (DMSO) (stock
concentration: 10 mmol/L) were added in egg water (work
concentration: 10 pmol/L) to treat embryos from 24 h post
fertilization (hpf) to 3 days post fertilization (dpf) in multi-well
plates, the DMSO or compounds-treated embryos were detected
by Sudan Black B (SB) (#199664, Sigma—Aldrich, St. Louis,
MO, USA) staining at 3 dpf. All compounds were absorbed by
zebrafish embryos through immersion.

2.3.  SB staining

Fixed embryos subjected to compound treatments as detailed above
were incubated in SB solution and performed as previously
described®.

2.4.  Generation of sirt6 mutant lines and validation

sirt6 mutants were generated by the CRISPR/Cas9 method. The
zebrafish sirt6 target within exon 2 is 5-GGATCAGA-
GAGTCTCAGTACA-3'. sirt6 guide RNA (gRNA) was tran-
scribed by using mMESSAGE mMACHINE T7 kit (#AM1344,
Thermo Fisher Scientific, Waltham, MA, USA). sirt6 mutants
were generated by injecting single-cell stage embryos with Cas9
protein (EnGen Cas9 NLS, NEB, Ipswich, MA, USA) and
gRNA. The embryos were raised to adulthood and genetic
mutant lines were screened as Fy founders. F; progeny was
obtained by crossing Fy fish with WT fish, then were genotyped
and sequenced to identify the inheritable mutation. We obtained
the main frameshift mutation with a deletion of 4 bp (F,). sirt6™’
* and sirt6™’~ embryos were generated from heterozygous in-
tercrosses. The genotyping primers of high-resolution melting
(HRM) for sirt6 mutants were listed in Supporting Information
Table S2 and Fig. S1.
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2.5.  Whole mount in situ hybridization (WISH)

The antisense digoxigenin-labeled RNA probes were synthesized
based on standard protocols®®. For WISH, staged embryos were
collected and processed with digoxigenin-labeled RNA probes as
previously described”’. WISH signals were counted manually
under a stereomicroscope. Each sample was photographed with a
different focused Z-plane for representative pictures of WISH.

2.6.  Fluorescence activated cell sorting (FACS)

For FACS of Tg(lyz:DsRed);sirt6+/ " and Tg(lyz:DsRed);sirt67/ -
whole embyros. The embryos were collected with a filter with
100 pm pore size, washed and resuspended in phosphate buffered
saline (PBS) containing 5% fetal bovine serum (FBS), digested,
and then passed through a filter with 40-uym pore size. Flow
cytometry analysis and sorting were based on forward scatter and
side scatter with a MoFlo AstriosEQ sorter (Beckman Coulter,
California, USA).

For FACS of Tg(lyz:DsRed);sirt6™ " and Tg(lyz:DsRed);sirt6 ™
~ adult fish kidney marrow (KM). The fish were dissected as
described®® and the KM was removed and placed in PBS con-
taining 5% FBS, and then passed through a filter with 40-ym pore
size, the single-cell suspensions were sorted with a MoFlo
AstriosEQ sorter. The sorted DsRed ™ cells were collected in PBS
with 5% FBS for other uses.

2.7. RNA extraction and reverse transcription-quantitative
polymerase chain reaction (qPCR)

RNA was extracted with TRIzol (Invitrogen, Waltham, MA, USA)
and reverse transcribed by M-MLV Reverse Transcriptase (Prom-
ega, Madison, WI, USA). The qPCR was conducted using
LightCycler 96 instrument (Hoffmann-La Roche Ltd., Basel,
Switzerland), the relative gene expression was calculated with the
2782 method, zebrafish elongation factor 1o (ef7a) was consid-
ered as an internal control. All primers are listed in Table S2.

2.8.  Western blotting

Deyolked zebrafish embryos, K562, THP-1, HL-60 or HEK293T
cell pellets were homogenized with RIPA Lysis Buffer (#P0013C,
Beyotime, Shanghai, China). Western blotting was done according
to standard protocols?®. The antibodies used were as follows:
H3K9ac (Novus Biologicals, NBP2-59180, 1:1000), H3K56ac
(Novus Biologicals, NBP2-61537, 1:1000), Histone3 (Abcam,
ab1791, 1:1000), SIRT6 (Abcam, ab191385, 1:2000), c-MYB
(Novus Biologicals, AF6209, 1:1000), B-actin (Proteintech,
20536-1-AP, 1:5000) and o-tubulin (Proteintech, 11224-1-AP,
1:2000). Detection was with anti-rabbit HRP-conjugated second-
ary antibodies (Abcam, ab6721, 1:3000, respectively) and
SuperSignal West Pico PLUS chemiluminescent substrate
(#34577, Thermo Scientific, Waltham, MA, USA).

2.9.  May—Grinwald—Giemsa staining

Zebrafish were placed on ice for anesthesia. Peripheral blood (PB)
and KM were removed and placed in PBS with 5% FBS. After
filtration and Cytospin at 400 rpm (Shandon Cytospin 4, Thermo
Scientific, Waltham, MA, USA) for 3 min, the cells were stained
with diluted Giemsa (Merck, Darmstadt, Germany) and May—-
Grunwald’s eosin methylene blue (Merck, Darmstadt, Germany).

Blood cells of PB and KM were manually counted and classified
according to their morphologies.

2.10.  Histological section of zebrafish tissues

Adult zebrafish were fixed in 4% polyformaldehyde (PFA) at least
3 days at 4 °C, following with 20% EDTA (PH = 8.0) about 7
days to decalcify, then dehydrated by ethanol, cleared by xylene,
and embedded in paraffin. The zebrafish tissues (including kidney
and liver) were sectioned at 5 pm and stained with indicated an-
tibodies or hematoxylin and eosin (HE). For frozen sections, after
being fixed by 4% PFA, the fish tissues were deposited in 30%
sucrose solution overnight at 4 °C. After precipitation, the tissues
were embedded with OCT embedding agent (#4583, Sakura,
Torrance, CA, USA) and followed by frozen. Then they were
placed into the pre-frozen freezing microtome (Leica, Wetzlar,
Germany) for slicing. The frozen sections were stained with the
indicated antibodies for immunofluorescence.

2.11.  Cell proliferation assay

Tg(lyz:DsRed);sirt6 ™", Tg(lyzzDsRed);sirt6 ', Tg(cd41:eGFP);
sirt6™" and Tg(cd41:eGFP);sirt6 "~ embryos at 3 dpf were incu-
bated in egg water with 10 mmol/L BrdU (Merck, Darmstadt,
Germany) for 2 h, then labeled as previously described. Tg(lyz:
DsRed);sirt6™ and Tg(lyz:DsRed);sirt6 '~ zebrafish at 1-year old
were incubated with 10 mmol/L BrdU for 4 h, followed by frozen
slicing, then labeled as previously described®®. The following an-
tibodies were used: rabbit-anti-DsRed (Santa Cruz, sc-390909;
1:50), goat anti-GFP (Abcam, ab6658; 1:400), mouse-anti-pH3
(Santa Cruz, sc-374669; 1:50), rabbit-anti-Lcpl antibody (gift
from Dr. Zilong Wen)31, mouse anti-BrdU (Roche, 11170376001;
1:50), Alexa Fluor 555-conjugated anti-rabbit (Invitrogen, A32732;
1:400) and Alexa Fluor 488-conjugated anti-mouse (Invitrogen,
A32723; 1:400).

2.12.  Synthesis of sirt6 mRNA

The sirt6 coding sequence was amplified using primers (5'-AT
GTCGGTGAATTACGCCGC-3" and 5'-TCAAGTGTGTGTGTG-
TACGTGAG-3'), and the PCR product was inserted into the pCS2™*
vector. After linearization by Notl, the capped sirt6 mRNA was
synthesized in vitro by using an mMESSAGE mMACHINE® SP6
Kit (#AM1340, Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions. The mRNA was
injected into each embryo at a concentration of 200 pg.

2.13.  Plasmids

For the construction of pTAL-efla-sirt6-DsRed, sirt6 cDNA con-
taining the coding region was cloned downstream of efla pro-
moter. For overexpression of sirt6, 1-cell-stage embryos were
injected with the DNA construct.

2.14.  Morpholino oligonucleotides (MO) injection

A previously described MO for c-myb (sequence 5'-tcgccatc
cegcetgttcgagaggaa-3’, complementary to the translational initia-
tion site; underlined) was purchased from Gene Tools (Philomath,
OR, USA) as described®. The MO for ¢-myb was injected into
zebrafish embryos at one-cell stage at 0.5 mmol/L.
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2.15.  RNA-sequencing (RNA-seq) data analysis

Embryos were collected at 3 dpf, then grouped into sirt6/c-myb-
hyperfon, 1924262420 and WT groups through genotyping, total
RNA was extracted from the tails including hematopoietic tissue.
Each sample library was from around 25 tails. The poly-A
selected RNA was applied to the NGS RNA Library Prep kits
(Novogene, Beijing, China) to construct Sequencing libraries. The
generated fastq files were subjected to FastQC to check
sequencing quality. The clean reads were mapped onto the
GRCz11 zebrafish reference genome using HISAT2 (v2.0.5)%.
The mapped reads were then counted using FeatureCounts®*. The
counts matrix was applied to DESeq2 for normalization™,
differentially expressed genes identification. Corrected P value of
0.05 and absolute foldchange of 1.5 were set as the threshold for
significantly differential expression. The sample-to-sample gene

expression heatmap was performed using the TBtools software>°.

2.16.  Chromatin immunoprecipitation (ChIP) assay

For Sirt6 ChIP in zebrafish embyros, Myc-Sirt6 plasmid was
injected into zebrafish embyros for ChIP assay with Myc antibody
or IgG control. For H3K9ac ChIP in zebrafish embyros, about 200
embryos for each group were collected and fixed with 1% formal-
dehyde at 3 dpf for ChIP assay. The antibodies used for the ChIP
assay were as follows: anti-Myc tag (Proteintech, 16286-1-AP),
anti-H3K9ac (Novus Biologicals, NBP2-59180), anti-normal rabbit
IgG (Cell Signaling Technology, 2729). The ChIP assay was per-
formed as described®’. Cross-linked samples were sonicated by
Covaris M220 sonicator to a size range of 200—600 bp. Then son-
icated chromatin samples were immunoprecipitated with indicated
antibody (5 pg) and Dynal Protein G magnetic beads. DNA was
purified with GeneJET PCR purification kit (Thermo Scientific,
K0702). For ChIP-qPCR, analysis was performed with the FastStart
SYBR Green Master (Roche). The primers are listed in Table S2.

For H3K9ac ChIP in HEK 293T cells, ChIP was performed
according to the manufacturers’ instructions by using Magna ChIP
HiSens Kit (#17-10460, Merck, Darmstadt, Germany). Chromatin
samples were immunoprecipitated with antibodies against
H3K9ac (Novus Biologicals, NBP2-59180), and normal rabbit
IgG (Cell Signaling Technology, 2729). For ChIP-qgPCR, analysis
was performed with the FastStart SYBR Green Master (Roche).
The primers are listed in Table S2.

2.17.  ChIP-sequencing (ChlP-seq) data analysis

For SIRT6 ChIP in K562 cell, ChIP was performed according to
the manufacturers’ instructions by using Magna ChIP HiSens Kit
(#17-10460, Sigma—Aldrich). K562 cells were cross-linked with
1% formaldehyde to fix protein—DNA interactions. After cell
lysis, chromatin was fragmented into sizes of 200—500 bp using
sonication. The sheared chromatin was then subjected to immu-
noprecipitation overnight using anti-SIRT6 (Novus Biologicals,
NBP3-10936) antibody. A corresponding input DNA sample was
collected and processed in parallel to serve as control. Strict wash
steps were applied to remove non-specifically bound chromatin,
and the protein—DNA cross-links were subsequently reversed.
The immunoprecipitated DNA and Input DNA were then purified.
Libraries were prepared using the NEB Next Ultra I DNA Library
Prep Kit for Illumina and sequenced with PE150 strategy on the
Ilumina NovaSeq6000 sequencer.

The data analysis was carried out as previously described’®.
Using Burrows—Wheeler Aligner software (v0.1.17)*°, we map-
ped the sequencing reads to Ensembl Human reference genome
(GRCh38). We used the bamCoverage in deepTools40 (v3.5.1) to
visualize the reads in Integrative genomics viewer (IGV). Gene
annotation and genomic distribution of these peaks were per-
formed using ChIPseeker*'. The annotated nearest genes that were
5000 bp upstream to 5000 bp downstream from the transcriptional
start site (TSS) were obtained.

2.18.  Cell culture and transfections

K562, THP-1, HL-60 and HEK293T cells were maintained in
DMEM medium supplemented with 10% FBS in a 37 °C hu-
midified incubator with 5% CO, environment. Transient trans-
fections in HEK293T cells were performed using Lipofectamine
3000 (L3000075, Thermo Fisher Scientific, Waltham, MA, USA)
following the manufacturer’s instructions. Human SIRT6 small
interfering RNA target sequences are listed in Table S2.

2.19.  Treatment with chemotherapeutic agents in zebrafish

Embryos at 24 hpf were incubated in egg water containing 19,
DMSO, MDL-800 (Sigma—Aldrich, SML2529, 4 umol/L), ima-
tinib (Selleck, STI571, 20 umol/L) respectively, or combination of
imatinib (20 pmol/L) with MDL-800 (4 pmol/L). Drugs were
absorbed by immersion for zebrafish larvae, the water and drugs
were reintroduced at the 3 dpf for 4 days of drug treatment (drugs
were added at 24 hpf, and the effects were detected at 5 dpf),
Adult fish was intraperitoneally injected with imatinib (2000 mg/
kg/day), MDL-800 (1600 mg/kg/day) once daily for 7 days.

2.20. Mouse experiments

The animal experiments were approved by the Animal Research
Committee, Guangzhou Medical University (approval number
GY2024-056). All the experimental procedures were carried out
according to the guidelines for the Care and Use of Laboratory
Animals published by the United States National Institutes of
Health (NIH Publication, revised 2011). Male NOD-SCID mice (4
weeks old) were obtained from GemPharmatech Co., Ltd., Jiangsu,
China. The animal licence number was SCXK (YUE) 2020-0054.
All the mice were raised in humidity- and temperature-controlled
environment with a 12-h light/dark cycle, with food and water ad
libitum. The CML model was generated as follows:

For transplantation of K562-GFP cells (including imatinib-
sensitive and resistant K562 cell line), 1 x 107 K562-GFP cells
were tail vein injected into single half-lethally irradiated (2.0 Gy)
NOD-SCID recipient mouse. Mice were orally given MDL-800
(50 mg/kg, TargetMol, T64529) or/and imatinib (100 mg/kg,
TargetMol, T6230) for 8 weeks after transplantation. The treat-
ment was repeated daily for the specified duration.

For imatinib-sensitive K562 cell transplantation, a total of 100
mice were randomized into 5 groups: (I) Con + Vehicle, (II)
CML + Vehicle, (III) CML + MDL-800, (IV) CML + Imatinib, (V)
CML + Imatinib + MDL-800. For imatinib-resistant K562 cell
transplantation, a total of 36 mice were randomized into 3 groups:
(I) Con + Vehicle, (IT) CML + Vehicle, (II[) CML + Imatinib +
MDL-800. After 8 weeks of gavage administration, peripheral
blood was collected by tail vein. Subsequently, the mice were
euthanized by carbon dioxide for 2 min from a compressed gas tank
followed by cervical dislocation, the femur and tibia were
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harvested, and bone marrow cells are flushed out with PBS by 1 mL
syringe, peripheral blood and bone marrow blood smear were pre-
pared and stained by May—Griinwald—Giemsa method. The entire
spleen and liver tissue of the mice were collected and fixed with a
4% paraformaldehyde solution for further experiments. The fixed
tissue was embedded in paraffin and cut into 5 um thickness for HE
staining and immunostaining. The following antibodies were used:
goat anti-GFP (Abcam, ab6658; 1:400), mouse anti-PCNA (Abcam,
ab29; 1:400), Alexa Fluor 488-conjugated anti-goat (Invitrogen,
A32814; 1:400), Alexa Fluor 555-conjugated anti-mouse (Invi-
trogen, A31570; 1:400).

2.21.  Human specimens

This study was approved by the Ethics Committee of the Second
Affiliated Hospital of Army Medical University (Xinqiao Hospi-
tal). All bone marrow samples were collected at the Hematology
Medical Center of the same institution between February 2024
and June 2025. The samples included specimens from patients
with newly diagnosed CML or acute myeloid leukemia (AML), as
well as from healthy donors for hematopoietic stem cell trans-
plantation. The study was registered with the Chinese Clinical
Trial Registry under approval numbers ChiCTR-2300075668 and
ChiCTR-1800018662.

2.22.  Statistical analysis

All data were statistically analyzed by GraphPad Prism (version
8.3.0) software. Two-tailed Student’s ¢ tests were used to deter-
mine statistically significant differences between two groups. One-
way ANOVA or two-way ANOVA (Fisher’s LSD test) was used
for multiple comparisons. The log-rank test was used to analyze
the survival rate. Data are presented as mean =+ standard deviation
(SD). Each experiment was independently repeated at least three
times. The density of the Western blot bands was analyzed by
ImagelJ software. Differences were considered significant when P
values were <0.05.

3. Results

3.1.  SIRT6 agonist MDL-800 was screened and identified to
mitigate neutrophil hyperplasia

To identify compounds capable of ameliorating the neutrophil
expansion phenotype in zebrafish models of neutrophil hyperpla-
sia, we conducted a screen using an epigenetic compound library
containing 569 compounds (Table S1). Neutrophils were quanti-
fied through SB staining (Fig. 1A). The screen yielded four
consistent hits. We identified Entinostat (a class I HDAC selective
inhibitor; Supporting Information Fig. S2A), Citarinostat (a class
IIb HDAC selective inhibitor; Fig. S2B), and Vorinostat (a pan-
inhibitor of class I/II/IV HDAC; Fig. S2C), all of which signifi-
cantly reduced the proportion of SB™ neutrophils, indicating
alleviation of the neutrophilic expansion phenotype. Strikingly,
MDL-800, a SIRT6 (class III HDAC) agonist, was identified as
exerting a protective effect, reducing SB™ cells in three inde-
pendent neutrophil hyperplasia zebrafish models: c-myb™P¢",
pu. 16%#2P/C32D and To(hsp70:p2105FABLY) Tines (Fig. 1B—D).
Consistently, MDL-800 also reduced lyz™ neutrophils in Tg(lyz:
DsRed);c-myb™P°" zebrafish line (Fig. 1E). Conversely, SIRT6
inhibitor OSS-128167 presented aggravating effect with

increased SB™ neutrophils (Supporting Information Fig. S3).
Furthermore, MDL-800 treatment inhibited both cell growth
(Fig. 1F) and proliferation (Fig. 1G) in K562 leukemia cells
in vitro. Collectively, these in vivo and in vitro results indicate that
pharmacological activation of SIRT6 significantly mitigates
neutrophil hyperplasia.

To examine the spatial expression of sirt6 in zebrafish, we
performed WISH on larvae, which revealed a broad but non-
uniform distribution, not confined to any specific tissue (Sup-
porting Information Fig. S4A). In adults, we analyzed a public
10 x single-cell RNA-seq dataset (GEO: GSE206979) from kid-
ney marrow-the zebrafish equivalent of mammalian bone marrow.
UMAP visualization identified nine major blood cell populations
(Fig. S4B), among which sirt6 expression was notably higher in
myeloid cells, particularly neutrophils and lymphocytes,
compared with other lineages (Fig. S4C).

Phylogenetic analysis indicated that zebrafish Sirt6 is evolu-
tionarily conserved among vertebrates (Supporting Information
Fig. S5A). Multiple sequence alignment revealed strong conser-
vation in the N-terminal region***?, including key catalytic resi-
dues (S56, R65, H133, Cl144) that are essential for SIRT6’s
deacetylase activity*>** (Fig. S5B).

To evaluate the disease relevance of SIRT6 activation, we
analyzed clinical bone marrow samples and observed significant
downregulation of SIRT6 in CML, but upregulation in AML
compared with normal controls (Supporting Information Fig. S6A
and S6B). Consistent with this, SIRT6 expression was lower in the
CML cell line K562 than in AML lines (THP-1 and HL60)
(Fig. S6C and S6D). These consistent findings highlight a specific
suppression of SIRT6 in CML and indicate that its activation
represents a promising therapeutic strategy for this disease.

3.2, sirt6 deficiency results in neutrophils expansion in zebrafish
at embryonic stage and MPN-like syndrome in adulthood

To further investigate SIRT6 function in myeloid malignancies,
we generated a sirt6 mutant zebrafish line using the CRISPR/Cas9
system. We obtained an allele with a 4-bp deletion in exon 2
(Supporting Information Fig. S7A). The deletion is predicted to
induce a premature stop codon at amino acid 92. qPCR validation
confirmed that the mutant produced only the truncated mRNA
transcript (Fig. S7B and S7C), consistent with a predicted loss-of-
function allele (sirt6~"").

We firstly analyzed the impact of Sirt6 deletion on hemato-
poietic lineages in zebrafish using lineage-specific markers.
Primitive hematopoiesis (assessed at <24 hpf) remained largely
unaffected in sirt6™’~ mutants, with no significant changes in
gatal ™ erythroid cells, pu./" common myeloid progenitor cells,
lyz"/mpx™ neutrophils, or mfap4* macrophages (Supporting In-
formation Fig. S8A). However, in definitive hematopoiesis,
enhanced output of neutrophils (fyzt and npsn™) was found in
sirt6™’" larvae (Fig. 2A and B). Loss of sirt6 specifically reduced
mfap4" macrophages, while ragl/™ lymphocytes and Bel™
erythrocytes remained unchanged compared to the WT controls
(Fig. S8B). Furthermore, sirt6™’ " ;cd41:eGFP" cells (a HSPC
marker) were significantly increased in the caudal hematopoietic
tissue (CHT) region compared to sirt6™";cd41:eGFP' cells
(Supporting Information Fig. S9A and S9B). This observation
aligns with reported HSPC expansion following SIRT6 deletion in
mice'?. Reconstitution of sirt6 attenuated neutrophils expansion
induced by sirt6 mutation (Supporting Information Fig. S10A and
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Figure 1  SIRT6 agonist MDL-800 was screened and identified to mitigate neutrophil hyperplasia. (A) Flow diagram of compound screening in
zebrafish neutrophil hyperplasia models. Embryos were collected and arrayed in 96-well plates at 24 hpf (hours post fertilization). Each well
contained compounds at 10 pmol/L in DMSO and embryo medium. Screening was conducted via Sudan Black B (SB) staining at 3 dpf (days post
fertilization). Many pairs of zebrafish parents were selected, and the embryos from each parent pair were randomly divided into two groups, one
for a compound-treated group and the other for its control (DMSO group). (B—D) MDL-800 was screened and showed alleviated phenotype
illustrated by the decreased SB™ neutrophil cells in c—mybhy”e’ (B), pu.l G242D/G242D (| and Tg(hsp70:p2105FABLL) (D) zebrafish neutrophil
hyperplasia models. (n > 20 larvae per group). (E) The number of DsRed* neutrophils was detected by fluorescent imaging in Tg(lyz:DsRed");
c-myb™P" zebrafish (n = 15 larvae per group). (F) The growth of K562 cells was measured by CCKS8 assay with MDL-800 or DMSO treatment
(n = 4). (G) EdU staining was conducted to detect the proliferation of K562 cells with or without MDL-800 treatment (n = 6). Data are presented
as mean + SD. **P < 0.01, ***P < 0.001.

S10B). Together, sirt6 deficiency results in HSPCs and neutrophils of the KM (we defined: MPN-Phasel) (Fig. 2D—F). In the late
lineage expansion in zebrafish at embryonic stage. phase, hemocyte differentiation was disrupted, and 12% sirt6 "~

We next observed that adult sirt6 mutant zebrafish exhibited zebrafish showed increased blasts accounting for >10% and
pathological features resembling myeloproliferative neoplasms <20% in KM (MPN-Phase2) (Fig. 2D—F). Lastly, 6% sirt6 "~
(MPNs), characterized by abnormal neutrophil proliferation. zebrafish developed to a severe stage characterized by blasts
Cytological analysis of PB revealed intermingled granulocytes expanding to >20% in KM (MPN-Phase3) (Fig. 2D—F). Consis-
and blasts in approximately 64% (43/67) of 18-month-old sirt6™"~ tent with the MPN-like syndrome observed in sirt6~ zebrafish,
zebrafish (Supporting Information Table S3 and Fig. 2C), a finding the mutants exhibited significant hepatomegaly (Supporting In-
rarely seen in the WT controls. Approximately 46% sirt6™~ formation Fig. S11A and S11B). Histological examination of
zebrafish exhibited an increased proportion of myeloid cells livers in MPN-like sirt6’~ zebrafish revealed pathological
(primarily neutrophils) in PB and kidney marrow (KM, which changes, including massive fat vacuoles, narrow hepatic sinusoids,
resembles human bone marrow), with blasts accounting for <10% perivascular macrophages infiltration and neutrophils exudation
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Figure 2  sirt6 deficiency results in neutrophil expansion in zebrafish at the embryonic stage and MPN-like syndrome in adulthood. (A, B)
Whole mount in sifu hybridization (WISH) of /yz, npsn expression at 3 dpf in sirt6™" and sirt6~’~ zebrafish. The caudal hematopoietic tissue
(CHT) of zebrafish is enlarged in the red box (n > 20 larvae per group). (C, D) The total incidence of MPN (C) and the different phases of MPN
(D) in sirt6~’~ adult zebrafish aged from 4 to 18 months was calculated. (E) May—Griinwald—Giemsa staining of peripheral blood (PB) cells and
kidney marrow (KM) cells were obtained from sirt6™* (n = 42) and sirt6™'~ (n = 67) adult zebrafish. (red arrows indicate blasts; blue arrows
indicate neutrophils). The percentages showed the ratio of fish with indicated MPN-like phase in sirt6"~ adult zebrafish. (F) Blood cell counts of
KM from sirt6™" and sirt6™'"adult zebrafish were calculated manually based on their morphology. (G) Fluorescent images present the dispersive
degree of Iyz:DsRed " cells over the body surface. (H) Gross appearance and body weight of sirt6 /'~ zebrafish compared with the littermates (1

year old). (I) Survival curve of sirf6~'~ mutants and siblings was calculated. Data are presented as mean + SD. ***P < 0.001.
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(Fig. S11C). These findings are analogous to nonalcoholic fatty
liver disease (NAFLD) where macrophages and neutrophils play
pivotal roles*®. In addition, widespread dispersion of
DsRed " neutrophils was more easily detected in Tg(lyz:DsRed");
sirt6™’~ mutants compared to the WT group (Fig. 2G). Finally,
most surviving sirt6 7~ mutants displayed lower body weight,
intermittent skin streaking, and a generally aged appearance
(Fig. 2H), contributing to a significantly reduced survival rate after
one year of age (Fig. 2I). Collectively, the hematological patho-
logical phenotypes and organ infiltrations in sirf6™~ mutants
closely resembled MPN-like symptoms.
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3.3.  sirt6 deficiency drives aberrant hyperproliferation of
neutrophils and HSPCs

To investigate how sirt6 deficiency drives neutrophil expansion,
we performed RNA-sequencing of sirt6 mutants and its littermate
controls. Data analysis (Supporting Information Table S4, and
GSE227668) revealed that the cell division pathway was signifi-
cantly enriched by Gene Ontology (GO) analysis (Fig. 3A).
Specifically, genes promoting cell cycle including cdk4, cdkS,
cdkl1b, cdkl2, cdkl3 and ccna2, were upregulated in sirt6~~
mutants (Fig. 3B), while the cell cycle inhibiting gene cdknld was
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sirt6 is a neoplastic suppressor that restricts cell cycle and proliferation. (A) Gene ontology (GO) enrichment analysis of biological

processes based on differentially expressed genes identified through RNA-sequencing (hypergeometric test), the cell division pathway is high-
lighted by the red underline. (B) Heatmap displaying the levels of cell cycle promoting/inhibiting genes. (C) The lyz:DsRed™ neutrophils from 3
dpf larvae were sorted by FACS and applied to qPCR from Tg( lyz:DsRed* );sirt6+/ * and Tg(lyz:DsRed " );sirt67/ ~ zebrafish (n = 4). (D) Double
staining of DsRed and BrdU in the CHT region of zebrafish larvae at 3 dpf (white arrows indicate BrdU" DsRed™ cells). (E) The percentage of
BrdU" DsRed™ cells was calculated (n = 8 per group). (F) The frozen sections of kidney marrow (KM) from adult zebrafish were doubled stained
with DsRed and BrdU (white arrows indicate BrdU" DsRed™ cells). (G) The percentage of BrdU" DsRed™ cells was calculated (n = 10 per
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downregulated in the mutants (Fig. 3B). These expression changes
were confirmed in sorted neutrophils from the KM of Tg(lyz:
DsRed") zebrafish (Fig. 3C). Neutrophil proliferation was
significantly higher in sirt6 ™'~ mutants, as shown by BrdU/DsRed
co-staining and immunofluorescence in KM (Fig. 3D—G). Since
lyz is expressed predominantly in early to intermediate maturation
stages of neutrophils in zebrafish?’, during which neutrophils
remain proliferative®®, the data suggest that Sirt6 may influence
early immature neutrophils proliferation.

Additionally, sirt6~~ larvae exhibited increased proliferation
(BrdU™" and pH3™) in cd41:eGFP™ HSPCs (Supporting Informa-
tion Fig. S12A and S12B). Together, these data suggest that sirt6
loss leads to hyperproliferation of both neutrophils and HSPCs.

3.4.  Decreased deacetylation of H3K9 by Sirt6 deficiency up-
regulates c-myb expression and activation

To further elucidate the underlying molecular mechanisms of sirt6
deficiency-meditated expansion of neutrophils, we performed
RNA-seq of sirt6 mutants and its littermate controls on 3 dpf
(Supporting Information Table S5). Given that the SIRT6 agonist
MDL-800 reduced neutrophil hyperplasia in zebrafish models
including c-myb™?*" and pu.19%**”6?*#3P lines as previously
demonstrated, we also conducted RNA-seqs on the two lines
(Supporting Information Tables S6 and S7). Venn analysis iden-
tified nine differentially expressed genes common to all three
datasets: si:chl1073429il10.1, myb, romlb, srgn, ttc28, notchlb,
sms, ch25h12, and npsn (Fig. 4A). Based on the established role of
c-myb as a leukemogenic driver through promoting neutrophil
proliferation®?, this study focused on Sirt6-mediated regulation of
c-myb. Further, we used two AML clinical studies from cBioPortal
to analyze the expression relationship between SIRT6 and MYB
(Fig. 4B and C). Results revealed a significant inverse correlation
between MYB and SIRT6 expression in 671 AML patients (OHSU,
Cancer Cell 2022; Spearman’s: P = 6.67e-31, R = —0.43;
Pearson’s: P = 1.76e-34, R = —0.45) and 162 AML patients
(TCGA, NEJM 2013; Spearman’s: P = 1.335e-5, R = —0.33;
Pearson’s: P = 9.906e-5, R = —0.30), suggesting a synergistic
role of MYB hyperactivation and SIRT6 deficiency. WISH analysis
showed elevated c-myb expression in sirt6 ’~ mutants (Fig. 4D
and E). Moreover, DsRed™ neutrophils sorted from adult zebrafish
kidney marrow exhibited increased c-myb mRNA levels in Tg(lyz:
DsRed+);sirt6_/ ~ mutants compared to controls (Fig. 4F). Flow
cytometry analysis revealed a lower proportion of c-myb
GFP" cells in c-myb™P¢" embryos treated with MDL-800 versus
DMSO (Supporting Information Fig. S13A and S13B). Double
staining for endogenous c-myb RNA and cd41:eGFP showed that
most expanded cd41:eGFP* HSPCs were also positive for c-myb
(Supporting Information Fig. S14A and S14B), indicating that
Sirt6 regulates c-myb expression in both neutrophils and HSPCs.

We extended these observations to the K562 cell line. MDL-
800 significantly decreased c-MYB mRNA and protein levels
(Supporting Information Fig. SISA and S15B). Conversely, the
SIRT6 inhibitor OSS-128167 increased them (Fig. S15C and
S15D). An in vivo GFP reporter assay using a c-myb promoter
construct showed that sirt6 deficiency enhanced c-myb transcrip-
tional activity (Fig. 4G—1I).

Since SIRT6 deacetylates H3K9 and H3KS56 to regulate gene
expression by modifying chromatin structure**~°. We detected the
increased level of H3K9ac but not H3K56ac in sirt6 '~ mutants
(Fig. 4]). Immunohistochemical staining (Fig. 4K) and IF staining
(Fig. 4L) also confirmed increased H3K9ac level in KM of sirt6 "~

zebrafish. To map genome-wide SIRT6 binding, we performed
SIRT6 ChIP-seq analysis (Supporting Information Fig. S16A and
S16B). SIRT6 was robustly enriched at the c-MYB promoter region
(Fig. S16C), Published ChIP-seq data further showed that MDL-800
reduced H3K9ac signal at this locus®' (Fig. S16D). Consistently,
ChIP-qPCR confirmed Sirt6 binding and H3K9ac enrichment the c-
myb promoter under physiological conditions (Fig. 4M—O), indi-
cating that SIRT6 constitutively binds and modulates acetylation to
maintain a controlled baseline. sirt6 deficiency increased H3K9
acetylation of the c-myb promoter region (Fig. 4P). Accordingly, c-
myb downstream target myeloid genes such as lyz, mpx, npsn and
srgn were upregulated in sirt6 /" mutants (Supporting Information
Fig. S17A and S17B).

Finally, in HEK 293T cells, knockdown of SIRT6 using two
independent siRNAs (Sil and Si2) (Supporting Information
Fig. S18A) increased the level of H3K9ac (Fig. S18B) and
enhanced H3K9ac enrichment at the c-MYB promoter (Fig. S18C).
Collectively, these data demonstrate that Sirt6 binds the c-myb
promoter and represses its transcription through H3K9
deacetylation.

3.5.  c-myb deficiency attenuates neutrophils expansion in
Sirt6™™ mutants

To determine whether neutrophil hyperplasia induced by Sirt6
deficiency is associated with enhanced c-myb activation, we
knocked down c-myb by injecting specific MOs. The increased
number of /yz" and mpx ™ neutrophils were significantly reversed
in sirt6™’~ larvae following c-myb knockdown (Fig. SA—C).
Furthermore, c¢-myb deficiency ameliorated the hyper-
proliferation of neutrophils in sirf6 '~ mutants (Fig. 5D and E).
We next tested the effect of Flavopiridol, a CDK9 inhibitor
widely recognized as a broad-spectrum transcriptional inhibitor
reported to reduce c-myb expression’’. After intraperitoneal
administration of Flavopiridol (150 mg/kg once daily for 5 days)
to sirt6’~ mutants, c-myb expression was notably decreased
(Supporting Information Fig. S19), and the elevated proportions
of blasts and neutrophils were reduced (Supporting Information
Fig. S20A and S20B). These results indicate that Flavopiridol
alleviates the MPN-like phenotype driven by sirt6 deficiency,
likely through inhibition of CDK9-mediated transcription,
including that of c-myb.

Together, these findings demonstrate that Sirt6 constrains
neutrophil hyperplasia/MPN progression through a c-myb-dependent
mechanism.

3.6.  Genetic activation of sirt6 ameliorates neutrophil
hyperplasia

To confirm the therapeutic effect of genetically activating sirt6 on
neutrophil hyperplasia/MPN, we generated a transgenic zebrafish
line: Tg(efla-sirt6-DsRed), for sirt6 overexpression (sirt6 OE)
under the control of the efl/a promoter (Fig. 6A). Successful sirt6
overexpression was confirmed by strong DsRed fluorescence
(Fig. 6A) and markedly increased sirt6 mRNA (Fig. 6B).
Consistently, decreased H3K9ac in sirt6 OE zebrafish (Supporting
Information Fig. S21) confirmed effective genetic activation of
Sirt6. Moreover, sirt6 OE reduced H3K9 acetylation level at the c-
myb promoter (Supporting Information Fig. S22A) and down-
regulated c-myb mRNA expression (Fig. S22B).

To explore whether sirt6 genetic activation could ameliorate
neutrophils hyperplasia, we outcrossed sirt6 OE zebrafish with
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Figure 4 Deacetylation of H3K9 by Sirt6 up-regulates c-myb expression and activation. (A) Three RNA-seqs were conducted on sirt6 /",
c-myb™P¢" and pu. 19?**P/6242P zebrafish and their littermate controls. A total of 9 genes were intercrossed in the venn plots of these three datasets.
(B, C) Results showed an inverse correlation between MYB and SIRT6 expression in 671 AML patients (OHSU, Cancer Cell 2022) (B) and 162
AML patients (TCGA, NEJM 2013) (C). (D, E) WISH of ¢-myb from sirt6™" and sirt6™~ zebrafish at 3 dpf (n > 20 larvae per group). (F)
The lyzzDsRed* neutrophils from 3 dpf larvae were sorted by FACS and applied to qPCR (n = 5). (G) The procedure of GFP reporter assay.
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Figure 5  c-myb deficiency attenuates neutrophils expansion in sirf6 '~ mutants. (A—C) WISH of lyz and mpx of sirt and sirt6~"~
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presented as mean £+ SD. **P < 0.01, ***P < 0.001.

sirt6 " ;c-myb"™P" zebrafish. WISH revealed that sirt6 over- 3.7.  SIRT6 activator MDL-800 treatment with imatinib

expression downregulated c-myb expression (Fig. 6C) and mark-
edly attenuated the expansion of lyz' and mpx" neutrophils
(Fig. 6C). Additionally, cytological analysis of KM indicated that
sirt6 overexpression decreased the proportions of blasts and
neutrophils (Fig. 6D and E). Taken together, these data demon-
strate that genetic activation of sirt6 ameliorates neutrophil hy-
perplasia and thus corrects associated myeloid abnormalities.

improves chemotherapy efficacy

While imatinib has markedly prolonged survival in CML patients,
long-term administration frequently leads to therapeutic resis-
tance™>>*, We therefore evaluated the potential of the SIRT6 acti-
vator MDL-800 to enhance imatinib’s efficacy through combination
therapy in zebrafish and mouse models. We utilized the previously

c-myb-promoter (—5k): eGFP plasmid was injected into one-cell stage embryos. Two groups were classified by GFP fluorescence intensity and the
number of GFP + cells. Light green represents weaker GFP expression and fewer GFP™ cells. Deep green represents stronger GFP expression and
more GFP™ cells. (H) Representative c-myb-pro: eGFP fluorescence images. (I) The percentage of the indicated group in sirt6™" and sirt6™"~
larvaes. (J) Western blot of H3K9ac and H3K56ac in the sirt6™" and sirt6™" larvaes at 3 dpf (n = 4). (K) The level of H3K9ac was detected in
the KM of sirt6" and sirt6™'~ adult zebrafish. (L) IF staining of H3K9ac in the KM of sirt6™* and sirt6™'~ adult zebrafish. (M) Schematic of
the c-myb promoter. Sirt6 binding on the c-myb promoter region is labeled with a red star (—0.5 kb ~ TSS). (N) Myc-Sirt6 plasmid was injected
into zebrafish embryos for Chromatin immunoprecipitation (ChIP) assay with Myc antibody or IgG control (n = 4). (O) ChIP analysis detected
H3K9 acetylation at the promoter of c-myb compared with IgG control (n = 4). (P) ChIP analysis detected H3K9 acetylation at the promoter of
c-myb in sirt6™" and sirt6~/~ zebrafish larvaes (n = 4). Data are presented as mean £+ SD. **P < 0.01, ***P < 0.001.
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Figure 6 Genetic activation of sirt6 ameliorates neutrophil hyperplasia. (A) The efla promoter-driven Tg(efla-sirt6-DsRed) overexpression
zebrafish were established. Strong DsRed fluorescence was shown in 7Tg(efla-sirt6-DsRed) zebrafish. (B) gPCR showed markedly increased
sirt6 mRNA expression in 7g(efla-sirt6-DsRed) (sirt6 OE) zebrafish. sirt6 OE zebrafish was outcrossed with sirt6™" 7;c—mybhy”” to generate sirt6 OE;
sirt6™""; c-myb™?" zebrafish. (C) WISH of c-myb, lyz and mpx at 3 dpf in sirt6™", sirt6™"; c-myb"™"*", sirt6 ™'~ c-myb""*" and sirt6 OE; sirt6™"~;
c-myb"P°" zebrafish. The CHT region is enlarged in the red box (n > 20 larvae per group). (D, E) May-Griinwald-Giemsa staining of KM blood cells
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established Tg(hsp70:p2105RABLL ). yb™Pe" zebrafish model of
neutrophilia®. Four treatment groups were established: DMSO
control, MDL-800 alone, imatinib (IMA) alone, and IMA + MDL-
800 combination. First, we determined the maximum tolerated
concentration of MDL-800 to be 4 umol/L in zebrafish embryos
(Supporting Information Fig. S23A and S23B). Based on our pre-
vious report®?, we used IMA at 20 pmol/L, a concentration known to
significantly reduce the expanded myeloid population in Tg(hsp70:
p210P“FABLL) embryos. For the MDL-800 or IMA groups, embryos
were incubated with 4 pmol/L. MDL-800 or 20 pmol/L IMA at 1
dpf, and SB™ neutrophils were calculated at 5 dpf (Fig. 7A). The
combined administration of 20 umol/L IMA and 4 pmol/L MDL-
800 for 4 days did not cause significant toxicity (Supporting In-
formation Fig. S24). All treatments reduced neutrophil counts, with
IMA + MDL-800 combination showing the most significant effect
(Fig. 7B and C). Consistently, either MDL-800 or IMA alone
decreased the proportion of proliferative myeloid cells (BrdU™/
Lcpl™), and the combination treatment was more effective in Tg
(hsp70:p2105RABLL) 0y b"Pe Jarvae (Fig. 7D and E).

Additionally, we further evaluated the efficacy of the drug
combination against leukemic granulocytes in adult zebrafish
(Fig. 7F). Compared to monotherapy with MDL-800 (1600 mg/
kg/day) or IMA (2000 mg/kg/day), the IMA (1600 mg/kg/
day) + MDL-800 (2000 mg/kg/day) combination showed better
therapeutic effects with more decreased neutrophil proportion in
the Tg(hsp70:p2105*ABL ) c_myb™P*" model (Fig. 7G and H).

Next, we employed a cell line-derived xenograft (CDX) model
by transplanting CML K562-GFP cells into sub-lethally irradiated
immunocompromised NOD-SCID mice to assess the synergistic
effects of MDL-800 with IMA (Fig. 7I). The transplanted mice
developed CML, characterized by increased blast counts in PB and
BM (Fig. 7] and K). Cytological analysis revealed that about 70%
CML mice treated with IMA alone (100 mg/kg/day) inhibited
expansion of blasts (the IMA-effective group). However, the
remaining 30% showed no significant response (the IMA-
ineffective group) (Fig. 7J and K), indicating the development of
chemoresistance or reduced drug sensitivity. Importantly, the IMA
(100 mg/kg/day) + MDL-800 (50 mg/kg/day) combination treat-
ment resulted in a marked reduction of blast expansion in all treated
mice (Fig. 7J and K, Supporting Information Fig. S25). Further-
more, the combination therapy provided superior protection with
more decreased leukemia cells than the IMA-effective group
(Fig. 7J and K, Fig. S25). Notably, co-administration of IMA with
MDL-800 ameliorated splenomegaly (Fig. 7L), reduced leukemic
infiltration in the spleen (Fig. 7L and M, Supporting Information
Fig. S26) and liver (Fig. S26), and suppressed elevated c-Myb
expression (Fig. 7N). The combination treatment also decreased the
proportion of proliferative leukemia cells (PCNA/GFP™) in the
spleen (Fig. 70 and P). These data suggest that SIRT6 agonist acts
via a dual mechanism, simultaneously alleviating neutrophil hy-
perplasia and enhancing chemotherapeutic efficacy in CML.

To investigate whether MDL-800 could restore IMA
sensitivity specifically in a resistant setting, we used an IMA
-resistant K562 cell line>®>’-derived xenograft (CDX) model
(IMA-R CML model). As shown in Supporting Information
Fig. S27A—S27C, the combination of IMA and MDL-800
significantly decreased blast expansion in treated mice. Co-
administration also ameliorated splenomegaly (Fig. S27A),
reduced leukemic infiltration in spleen (Fig. S27A and S27D),
and inhibited increased c-Myb expression (Fig. S27E). Finally,

the combination treatment decreased the proportion of prolif-
erative leukemia cells (PCNAT/GFPT) in the spleen
(Fig. S27F and S27G). These results demonstrate that MDL-
800 could restore sensitivity to IMA.

Importantly, we analyzed SIRT6 and c-MYB expression in bone
marrow samples from IMA-R and imatinib-sensitive (IMA-S)
groups respectively. A consistent and significant inverse correlation
was observed between SIRT6 and c-MYB levels. Specifically, the
IMA-R group exhibited markedly decreased SIRT6 expression
alongside elevated c-MYB expression at both mRNA and protein
levels, compared to the IMA-S group (Supporting Information
Fig. S28A—S28E). These data highlight the SIRT6/c-Myb axis as
a potential predictive biomarker for IMA treatment response.

4. Discussion

This study reveals Sirt6 as an epigenetic regulator of neutrophil
proliferation and myeloid malignancies, offering insights into po-
tential mechanisms and therapeutic strategies. By integrating
zebrafish and mouse models with molecular analyses and pharma-
cological interventions, we demonstrate that Sirt6 deficiency pro-
motes neutrophil hyperplasia and MPN-like phenotypes, whereas
Sirt6 activation alleviates these phenotypes—a finding that may
provide clues for understanding and treating myeloid disorders.

The transcription factor c-MYB regulates HSPC maintenance
and myeloid differentiation, with conserved function across verte-
brates®>%. Its clinical relevance is underscored by frequent dysre-
gulation through amplification or regulatory mutations in myeloid
malignancies like AML/CML™. Our team and others have devel-
oped zebrafish and mouse models with c-Myb hyperactivation,
which closely resemble human leukemia in pathology, disease
progression, molecular mechanisms, and drug sensitivity>>. Tak-
ing advantage of zebrafish’s compact size, optical accessibility and
high-throughput potential, we have utilized the c-myb™"¢" line for
drug screening, providing unique in vivo support for therapeutic
strategies against hematological diseases. We previously identified
17B-estradiol (E2) as an anti-neutrophil hyperplasia therapeutic
through screening in c-myb™P®" zebrafish®'. Advances in cancer
epigenetics have led to the development of promising anti-leukemic
agents such as DNA methyltransferase inhibitors and HDAC in-
hibitors®>. Acute T-cell leukemia cells which were sensitive to
HDAC inhibitor vorinostat-induced cell death also showed MYBL2
downregulation®. In the present study, we characterized the anti-
neutrophil hyperplasia activity of another hit from epigenetic
compound library: the SIRT6 activator MDL-800.

Research on the role of SIRT6 activation in leukemia chemo-
resistance remains limited. Here, we highlight MDL-800 as a prom-
ising therapeutic agent that effectively attenuates MPN/neutrophil
hyperplasia in zebrafish and murine models. Notably, MDL-800 syn-
ergizes with imatinib, enhancing therapeutic efficacy and improving
chemosensitivity. Our results suggest that combination therapy with
MDL-800 may benefit certain patients with TKI-resistant CML. The
potential target populations could include those harboring BCR-ABL1
kinase domain mutations®, or exhibiting intrinsic resistance driven by
factors such as highly active ¢-MYB in leukemic stem cells®*—a hy-
pothesis that warrants further investigation.

Strikingly, our findings indicate that the SIRT6/c-MYB axis
may serve as a potential predictive biomarker. In CDX models, we
observed a consistent pattern of SIRT6 suppression accompanied
by c-MYB elevation, which appears to correlate with imatinib
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Figure 7  SIRT6 activator MDL-800 treatment with imatinib improves chemotherapy efficacy. (A) Flowchart of imatinib (IMA) or/and MDL-
800 treatment in zebrafish embryos. (B) SB staining of the zebrafish larvae with IMA or/and MDL-800 treatment in the CHT region at 5 dpf. (C)
Average numbers of SB™ cells per embryo with drug treatment at 5 dpf (n > 20 embryos per group). (D) Double staining of myeloid cell marker
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non-responsiveness. Future studies with well-annotated human
samples are crucial to validate the clinical utility of SIRT6 and c-
MYB expression in guiding treatment decisions.

Notably, we established an endogenous sirt6-mutant zebrafish
model that recapitulates key features of human MPN across
developmental stages. This model provides a valuable in vivo
platform for studying sirt6-deficient leukemogenesis, including its
effects on genomic stability, telomere function, and metabolism. It
is also well-suited for future genetic screens to uncover synergistic
variants, and therapeutic targets. Mechanistic insights derived
from this model will deepen our understanding of leukemogenesis
and chemotherapy sensitivity.

We further elucidated a previously unreported mechanism
wherein Sirt6 physically interacted with the c-myb promoter re-
gion and epigenetically represses its transcriptional activity
through histone H3K9 deacetylation. Genome-wide profiling of
SIRT6 binding revealed significant enrichment not only at the c-
MYB promoter but also at promoters of other genes, including
WNT2b and MYC (data not shown). Given previous studies linking
aberrant Wnt/B-catenin activation has been linked to imatinib
resistance in CML*, the ability of SIRT6 activation to overcome
resistance may extend beyond c-MYB suppression and involve
downregulation of additional pro-survival pathways, such as Wnt/
B-catenin signaling-an important avenue for future research.

The role of SIRT6 in leukemogenesis appears context-
dependent and varies across leukemia subtypes. In contrast to the
tumor-suppressive function of Sirt6 we describe in MPN models,
prior work has proposed an oncogenic role for SIRT6 in AML,
where its inactivation impairs DNA repair mechanisms and pro-
motes aggressive disease progression®’. Supporting this subtype-
specific paradigm, our analysis of patient bone marrow samples
showed that SIRT6 expression was significantly downregulated in
CML but elevated in AML. Such duality is not unique to SIRT®6, for
instance, SIRT1, the most extensively studied sirtuin in hematologic
malignancies, has been reported to aggravate AML and CLL®*
yet exert protective effects in myelodysplastic syndrome (MDS)"°.
We propose that the context-dependent role of SIRT6 in leukemia is
dictated by its distinct functions and downstream targets. In AML,
SIRT6 may maintain genomic stability via DNA repair pathways (e.
g., deacetylating DNA-PKcs/CtIP)®, so its loss promotes aggres-
siveness. In MPN, however, SIRT6 primarily suppresses prolifera-
tion by epigenetically regulating c-Myb. Thus, whether SIRT6 acts
in a pro- or anti-tumorigenic manner depends on the dominant
survival mechanisms operating in each malignancy.

5. Conclusions

Our work establishes SIRT6 as an important epigenetic regulator
that inhibits neutrophil proliferation in myeloid disorders by

directly repressing c-MYB transcription through H3K9 deacety-
lation. Our findings highlight SIRT6-activating agents as a po-
tential therapeutic strategy to suppress neutrophil hyperplasia and
enhance chemosensitivity in leukemia.
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Quantification for the percentage of BrdU"Lcpl™ cells in zebrafish larvae (n = 9 larvae per group). (F) Flowchart of IMA or/and MDL-800
treatment in adult zebrafish. (G) May—Griinwald—Giemsa staining of KM cells obtained from adult zebrafish with indicated drugs intraperi-
toneal injection (i.p). (H) The proportion of neutrophils was calculated (n > 12 adults per group). (I) Flowchart of IMA or/and MDL-800
treatment in K562-eGFP cell-derived xenograft NOD-SCID mouse leukemia model. (J) May—Griinwald—Giemsa staining of PB and BM
blood cells obtained from mice with or without indicated drugs treatment. (K) The proportions of blasts and neutrophils were calculated (Con:
Vehicle: n = 12; CML: Vehicle: n = 12; CML: MDL-800: n = 11; CML: IMA-efective: n = 12; CML: IMA-ineffective: n = 6; CML:
IMA + MDL-800: n = 11). (L) Gross appearance of spleen, IF of spleen from mice with or without IMA + MDL-800 treatment. (M) The area
percentage of K562-GFP™ cells infiltration in the spleen (n = 6). (N) The mRNA expression of ¢-Myb from BM blood cells (n = 5). (O) Triple
staining of DAPI, GFP and PCNA in the frozen sections of spleen (white arrows indicate GFP"PCNA™ cells). (P) The percentage of
GFP"PCNA™ cells (n = 5). Data are presented as mean £ SD. ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001.
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