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SUMMARY

Azacitidine, used in the treatment of higher-risk myelodysplastic nheoplasms, is a DNA methyltransferase in-
hibitor that modifies epigenetic regulatory programs. The efficacy of azacitidine varies among patients, with
approximately 50% of patients failing to respond. However, whether epigenomic factors affect responses to
azacitidine has not been investigated. We examined chromatin accessibility in bone marrow cells from 23
treatment-naive patients with higher-risk myelodysplastic syndrome, suggesting azacitidine response is
strongly associated with distinct hematopoietic cell states. Chromatin-accessible regions in non-responders
were enriched for myeloid progenitor signatures, whereas those in responders were enriched for T cell sig-
natures. Notably, CD8" T cells from non-responders exhibited reduced chromatin accessibility at TBX/
EOMES-binding sites, bridging T cell differentiation state and azacitidine response. These findings suggest
that immune cell function contributes to the responses to hypomethylating agents in myelodysplastic neo-
plasms and that chromatin accessibility could be used to predict drug responses in high-risk myelodysplas-

tic syndrome patients.

INTRODUCTION

Azacitidine (AZA) is a pyrimidine nucleoside analog of cytidine
that inhibits DNA methylation, resulting in changes in global
gene expression and cell fate.”” AZA is considered a standard
treatment for patients with higher-risk myelodysplastic neo-
plasms (HR-MDS), particularly in elderly patients who are ineli-
gible for intensive chemotherapy or allogeneic hematopoietic
stem cell (HSC) transplantation.’** Nevertheless, only about
half of HR-MDS patients achieve responses to AZA,*° and these
are ultimately lost in most cases.”® Furthermore, AZA treatment
failure, whether primary or secondary, results in a dismal prog-
nosis and often leads to progression into secondary acute
myeloid leukemia (AML).”® In light of these clinical challenges,
predictive biomarkers for AZA sensitivity and resistance are
needed to optimize therapeutic strategies. Previous studies
have explored genetic mutations, DNA methylation, and gene

expression as potential predictors of AZA response.’ '® How-
ever, the clinical relevance of these factors has been challenging
to translate from genomics to patient treatment.’*'”

Chromatin accessibility is a critical feature determining the ac-
tivity of gene regulatory elements, such as enhancers and tran-
scription factor binding sites, ' and is often inversely corre-
lated with DNA methylation. Cell-type specific regulation of
chromatin accessibility is crucial for the differentiation and func-
tion of various cell types and has been linked to disease progres-
sion and treatment responses in specific cell populations, such
as CD34" hematopoietic stem and progenitor cells in AML.*°
Studies have also shown that changes in chromatin accessibility
can precede alterations in gene expression.”®?" Therefore,
analyzing chromatin accessibility could effectively identify fac-
tors that influence drug responses.

Here, we demonstrate that chromatin states are significantly
different between AZA responders and non-responders in
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HR-MDS patients. Chromatin accessibility analysis revealed that
non-responders exhibited high levels of myeloid cell signatures
and displayed regulatory networks resembling those observed
in primary AML. Additionally, the AZA response was related to
lymphoid programs, specifically the activation of CD8" T cells
function in responders. These findings identify important gene
regulatory signatures involved in shaping AZA treatment out-
comes and provide key insights into the treatment response.

RESULTS

To investigate chromatin accessibility profiles associated with
AZA sensitivity and resistance in HR-MDS patients, we conduct-
ed the assay for transposase-accessible chromatin using seque-
ncing (ATAC-seq) on fresh-frozen AZA naive bone marrow
samples from 23 patients. (Figure 1A; Table 1). Among these pa-
tients, 15 were responders (MDS-R) to AZA treatment, while 8
were non-responders (MDS-NR) (See method details). Also, to
provide broader context and comparative analysis, we gener-
ated ATAC-seq data from healthy bone marrow controls (n = 3)
and primary AML patient samples (n = 13) (Table S1).

Unsupervised hierarchical clustering and principal component
analysis revealed distinct chromatin accessibility signatures be-
tween azacitidine responders (MDS-R) and non-responders
(MDS-NR), independent of clinical variables, such as age, sex,
and international prognosis scoring system risk (Figures 1B,
1C, and S1A-S1D). The blast percentage in the response group
did not differ from that in the non-response group (Figure S1E).

These distinct chromatin accessibility patterns also showed
higher cluster purity than those of DNA methylation'® and
RNA-seq'? datasets (Figures S1F and S1G). Differential accessi-
bility analysis revealed that 1,940 peaks were associated with
the AZA response (Figure 1D; Table S2), with only 7.1% located
in exons and 24.6% in promoter-proximal regions (Figure S1H).
The reliability of these differential peaks was confirmed by boot-
strapping analysis (Figure S1l), ruling out unexpected artifacts.
Overall, chromatin accessibility measured by ATAC-seq suc-
cessfully revealed and distinguished epigenetic differences
associated with the AZA response in MDS patients, suggesting
that the regulatory functions of the non-coding genome may
be pivotal in cancer drug responses.

Within gene regulatory networks, transcription factors (TFs)
are key regulators of gene expression and cell fate determination
of HSCs.?%?? To analyze the functional implications of response-
specific regulatory features, we performed TF motif enrichment
analysis on promoter-distal peaks in the ATAC-seq data
(Figure 1E).

For the MDS-NR peaks, we observed a significant enrichment
of PU.1 family TF-binding motifs, SPI1/SPIB, which serve as
master regulators of myeloid lineage commitment®*?* and
lymphoid suppression.”>?® The MDS-NR peaks also showed
enrichment for LYL/OLIG motifs, particularly LYL1, a TF overex-
pressed in AML.?” To validate our transcription factor motif
enrichment analysis, we compared MDS-NR peaks containing
PU.1 or LYL1 motifs with chromatin immunoprecipitation
sequencing (ChlP-seq) binding data from healthy hematopoietic
progenitors®® (Figure S2A). PU.1 motifs from MDS-NR peaks,
showed actual PU.1 binding in healthy CMP cells, representing
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a 3.76-fold enrichment (false discovery rate [FDR] =
3.58 x 1079 over background. Similarly, MDS-NR peaks with
LYL1 motifs were validated by actual LYL1 binding in healthy
GMP cells, showing 3.63-fold enrichment (FDR = 1.06 x 10743
over background (Figure S2A). These results support our find-
ings, suggesting that the regulatory elements accessible in
MDS non-responders are indeed bound by PU.1 and LYL1 in
relevant myeloid progenitor populations.

These findings led us to compare the chromatin accessibility
profiles of HR-MDS with those of primary AML. Integrative anal-
ysis revealed that the chromatin accessibility patterns of AML
patients closely resembled those of MDS-NR patients (Figures
1C and S2B; Table S3). Notably, 61 out of 171 shared peaks be-
tween MDS-NR and AML contained SPIB/SPI motifs (FDR =
7.78 x 1079), suggesting that AZA non-responders in HR-MDS
and AML patients may share similar regulatory states (Figure 1F).

Next, we found that four out of 132 protein-coding genes adja-
cent to the MDS-NR peaks, which were upregulated AZA-asso-
ciated genes in the Comparative Toxicogenomic Database
(Table S4; Figure S2C). Among these, ST3GAL6 overexpression
is linked to poor survival in multiple myeloma,?® while RUNXT,
which cooperates with PU.1, plays an essential role in HSC dif-
ferentiation and leukemia development.’® Indeed, ST3GALSG,
RUNX1, and PROM1 showed high expression level in primitive
HSCs, leukemic stem cells, and blast cells, compared to the
differentiated blood cell populations,®’ supporting its associa-
tion with stemness and undifferentiated cellular states.®*°°
Indeed, gene set enrichment analysis revealed enhanced
ATAC-seq accessibility at HSC-associated genes in MDS-NR
patients (Figure S2D), consistent with previous studies linking
HSC populations with treatment resistance to AZA.**

Conversely, the peaks that were specifically observed in AZA
responders showed a distinct signature, marked by the motif
enrichment of immune-regulatory TFs, identified through TF
motif enrichment and gene set enrichment analysis. Notably,
we observed a frequent enrichment of FOX family genes and mo-
tifs (Figures 1E and S3A), which regulate T cell development and
function, alongside TBX/EOMES-binding motifs (Figure 1E),
which have crucial roles in the development of cytotoxic and
memory T cells®® and the antitumoral activity in lymphoid leuke-
mia.®® The biological significance of these immune-associated
features was further supported by the upregulation of immune
response genes in responders (Figure S3B). Specifically, the
interferon-gamma encoding gene IFNG, a key cytokine involved
in anti-tumor immunity and immune surveillance, was upregu-
lated in MDS-R patients'? (Figure S3C). Taken together, the chro-
matin accessibility landscape revealed potential differences in
regulatory programs between non-responders and responders
prior to AZA treatment: non-responders exhibited potential acti-
vation of genes and regulatory programs associated with AML
and HSC, while responders showed enrichment of immune path-
ways suggesting heightened activity of the immune response in
MDS-R. These findings suggest that pre-existing differences in
hematopoietic cell lineage composition may contribute to vari-
ability in response to AZA treatment in MDS patients.

Bone marrow cells are composed of various cell types that
differentiate from HSCs. We speculated that the distinct differ-
ences we observed between MDS-R and MDS-NR patients
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Figure 1. Genome-wide chromatin accessibility profiling reveals distinct patterns in HR-MDS associated with AZA responses

(A) Schematic overview of bulk ATAC-seq using cryopreserved, unfractionated bone marrow mononuclear cells from AZA-naive HR-MDS patients.

(B) Pearson correlation analysis across patients using all peaks (n = 32,718), promoter peaks (peaks within -1 kb to +100 bp from the transcription start site (TSS,
n =16,789), and distal elements (all but promoter peaks, n = 15,929). Cluster purity scores are written under the heatmaps. The revised international prognostic
scoring system (IPSS-R) is divided into three groups based on risk; intermediate (3.5-4.5), high (5.0-6.0), and very high (greater than or equal to 6.5).

(C) Principal-component analysis of all regulatory elements distinguishing 8 MDS-NR, 15 MDS-R patients, three healthy controls (HC), and 13 primary AML
patients.

(D) Heatmap of differentially accessible regions between MDS-NR and MDS-R groups (p < 0.05, |FC|>1.5), including both promoter-proximal and distal regions.
The left annotation shows the genomic features mapped to the left of the heatmap.

(E) TF motif enrichment analysis in differential distal elements (MDS-NR peaks and MDS-R peaks), displayed as a heatmap showing -log10 of adjusted hy-
pergeometric p values (Benjamini-Hochberg correction). The corresponding binding motifs are in the middle panel, alongside their representative TFs (right).
(F) Heatmap of the results of differential accessibility analysis of MDS and primary AML patients (o < 0.05, |FC|>1.5). Whether MDS patients progressed to
secondary AML (sAML) or not is shown in the second row of color bars. The ATAC-seq peaks that were common to MDS-NR and AML patients are shown at the
third block of peaks row-wise, and the enriched transcriptional factor motif is shown at the right. FDR is the adjusted hypergeometric p value as described in (E).
See also Figures S1-S3.

could be due to differences in the cellular composition of bone  common myeloid progenitors (CMPs) and granulocyte-macro-
marrow between these patients. Hematopoietic cell-type pro- phage progenitors (GMPs), while bone marrow from MDS-R pa-
portions were inferred through computational deconvolution of  tients was enriched in lymphoid cells, particularly CD8* T cells
bulk ATAC-seq data using CIBERSORTX®” (Figure 2A; Table (Figure 2B). Indeed, the chromatin accessibility of MDS-NR
S5, See method details), revealing that bone marrow from and MDS-R peaks across different hematopoietic cell popula-
MDS-NR patients was enriched in progenitor cells, especially  tions®® also demonstrated their contrasting cell-type specific
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Table 1. Clinicopathologic characteristics of patients with myelodysplastic syndrome
BM Survival
Sex/ WHO Blast Total (duration,
GEOID Age 2016 (%) Cytogenetics Mutations Response cycles Subsequent months)
MDS_01 M/75 MDS- 17 45,XY,add(1)(p13),der(3) TP53 SD + HI 4 No dead (3.9)
EB-2 add(3)(p13)add(3)(q11.2),
der(§)t(1; 5)(p22; g22),
der(7; 17)(p10; g10),add(17)
(925),-21,+mar [cp10]/50,
idem,der(3),+3,+der(5)t(1; 5),
der(7; 17),+8,+11,+13,+14,
17,+21[cp8]/46,XY[2]
MDS_02 M/62 MDS- 18 46,XY[20] DNMTS3A, SF3B1, 1 failure with PD 4 Yes dead (9.3)
EB-2 RUNX1, BCOR
MDS_03 M/73 MDS-EB-2 9 47,XY,+21[6]/46,XY[14] ASXL1, CREBBP, 1 failure with PD 2 No dead (7.6)
RUNXT1, STAG2
MDS_04 M/66 MDS-EB-2 14 46,XY[20] ASXL1, ETNK1 MCR+HI 5 Yes alive (41.5)
MDS_05 M/70 MDS-EB-1 9 46,XY,del(1)(p34.1p36.1) TET2, ASXL1, 1 failure with PD 2 No dead (16.3)
[16]/46,XY[4] SRSF2, TET2
MDS_06 M/71 MDS-EB-1 8 46,XY[20] NA MCR-+HI 5 No dead (31.0)
MDS_07 F/71 MDS-EB-1 8 46,XY[20] NA MCR-HI 5) No dead (23.0)
MDS_08 M/69 MDS-EB-1 7 46,XY[20] NA 1 failure with PD 4 No dead (33.8)
MDS_09 M/53 MDS-EB-2 17 47,XY,+8[18]/46,XY[2] DNMT3A, RUNX1, SD + HI 5) Yes alive (41.0)
SRSF2
MDS_10 M/66 MDS-EB-2 16 46,XY[20] STAG2, ASXL1, 1 failure with PD 1 Yes dead (11.0)
SRSF2, RUNX1
MDS_11 M/58 MDS-EB-2 11 46,XY[20] Not detected 1 failure with SD 4 Yes dead (35.5)
MDS_12 M/60 MDS-EB-1 8 46,XY[20] NA MCR-HI 10 Yes dead (119.9)
MDS_13 M/69 MDS-EB-2 10 47,XY,+8[19]/46,XY[1] ASXL1, EZH2, RUNX1, SD + HI 4 No dead (5.9)
TET2, TET2, ZRSR2
MDS_14 M/42 MDS-EB-2 10 46,XY[20] NA 1 failure with PD 4 Yes alive (104.3)
MDS_15 M/61 MDS-EB-1 5 46,XY[20] NA SD + HI 4 Yes alive (157.2)
MDS_16 M/72 MDS-EB-2 12 46,XY[50] NA 1 failure with PD 2 No dead (11.0)
MDS_17 M/60 MDS-EB-2 17 46,XY[20] DDX41, DDX41 SD + HI 5) Yes alive (58.3)
MDS_18 F/57 MDS-EB-2 15 46,XX,inv(9) SF3B1 MCR-HI 3 Yes dead (4.0)
(p12913)[20]
MDS_19 M/67 MDS-EB-2 16 46,XY[8] DNMT3A, U2AF1, MCR-HI 7 No dead (10.9)
MPL, CD101
MDS_20 M/57 MDS-EB-2 13 47,XY,+del(1)(p31), NA SD + HI 4 Yes alive (118.1)
del(20)(q11)[20]
MDS_21 M/61 MDS-EB-2 15 46,XY[20] DNMT3A, CR 8 Yes alive (70.8)
TET2, SF3B1
MDS_22 F/27 RCMD 4 46,XX[20] NA CR 10 Yes alive (145.9)
MDS_23 M/68 MDS-EB-2 17 46,XY[20] NA CR 9 Yes alive (116.2)

WHO, World Health Organization; MDS-EB, myelodysplastic syndrome with excess blasts, RCMD, refractory cytopenia with multilineage dysplasia;
BM, bone marrow; CR, complete remission; MCR + HI, marrow complete remission with hematologic improvement; MCR-HI, marrow complete remis-
sion without hematologic improvement; SD + Hl, stable disease with hematologic improvement; 1 failure, primary failure; PD, progressive disease; NA,

not assessable.

regulatory signatures; MDS-NR peaks were highly accessible in
HSC and progenitor cell types (Figure S4A), whereas MDS-R
peaks exhibited increased accessibility in lymphoid populations,
such as CD4*, CD8", and natural killer (NK) cells (Figure S4B). To
validate these findings, we randomly selected four MDS-NR
and four MDS-R samples from our MDS cohort and determined
cell-type composition in the samples without bias using

4 iScience 28, 113297, September 19, 2025

CIBERSORTx and flow cytometry on bone marrow samples.
As expected, we observed a moderate positive correlation of
cell population measurements between flow cytometry and
CIBERSORTx (R = 0.47, p = 0.02) (Figures S4C-S4F). However,
the number of CD34*, CD4*, and CD8* cells was not significantly
different between the two groups, although the number of CD8*
cells tended to be higher in MDS-R samples (Figure S4G). While
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Figure 2. Cell type deconvolution of bone marrow correlating with AZA responses

(A) Hematopoietic lineage composition in MDS-NR and MDS-R patients determined by CIBERSORTX cell-type deconvolution using ATAC-seq data from normal
human hematopoietic cells.’> HSC, hematopoietic stem cell; MPP, multipotent progenitor; LMPP, lymphoid-primed multipotent progenitor; CMP, common
myeloid progenitor; GMP, granulocyte-macrophage progenitor; MEP, megakaryocyte-erythroid progenitor; Mono, monocyte; Ery, erythroid; CLP, common
lymphoid progenitor; CD4T cell, CD4* T cell; CD8T cell, CD8" T cell; Beell, B cell; NKcell, natural killer cell.

(B) Boxplots display the abundance of CMPs and GMPs (CMP+GMP) and CD8* T cells in bone marrow samples, highlighting the significant difference between
response groups. The boxplot displays the first quartile at the bottom, the third quartile at the top, and the median indicated by the thick line. Statistical differences
were calculated by the Wilcoxon signed-rank test.

(C) Heatmap showing chromatin accessibility at differentially accessible regions between MDS-NR and MDS-R peaks identified in Figure 1D. Each column
represents ATAC-seq data from CD4* or CD8* T cells isolated from MDS patient bone marrow samples. Individual patient IDs are indicated below.

(D) Aggregate plot of TBX/EOMES motif enrichment across different AZA response groups and T cell types. Upper panel: average accessibility profile centered on
TBX/EOMES motifs present in MDS-R-specific peaks. Lower panel: heatmap showing mean accessibility scores across corresponding samples, with the motif
center indicated by the dotted line and +1 kb flanking regions.

(E) STRING®® protein association network showing connections between genes near MDS-R-CD8* peaks which are uniquely accessible in CD8* T cells of MDS-R
patients and TBX/EOMES transcription factors identified through motif analysis. Node colors indicate whether proteins are MDS-R-CD8* peak-associated genes
or transcription factors from motif analysis. Edge thickness represents interaction confidence based on multiple evidence sources. Only proteins with two or more
interactions of high confidence (interaction score >0.700) are shown.

(F) Chromatin accessibility of the MDS-R-CD8* peaks across human CD8" T cell differentiation subsets defined as naive population (naive), stem cell memory
(SCM), central memory (CM), effector memory (EM), RA + effector memory (EMRA), and exhausted T cell (EXH) populations.®® Each dot represents individual
CD8* T cells, with peak scores calculated as the mean accessibility of the MDS-R-CD8*. Statistical significance was determined using the Wilcoxon signed-rank
test (*p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001).

See also Figures S4 and S5.
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differences in CD8" T cell abundance likely contribute to the
chromatin accessibility variation, our findings also indicate that
qualitative differences in their functional states may play a sub-
stantial role in shaping the distinct epigenetic landscape associ-
ated with AZA response.

To further explore the basis of these distinct chromatin signa-
tures, we conducted additional ATAC-seq on sorted CD8* T cells
from MDS bone marrow to analyze CD8* T cell specific cells for
chromatin alterations that might determine the AZA response,
because frequent T cell dysfunction is observed in HR-
MDS.“%*! We observed that MDS-R peaks were highly acces-
sible in CD8" T cells from healthy controls and responders but
were markedly reduced or inaccessible in CD8" T cells from
non-responders, suggesting that these regulatory regions are re-
tained in MDS-R but specifically lost in MDS-NR patients
(Figure 2C). These epigenetic changes were specific to CD8"*
T cells, as they were not observed in CD4* T cells, which gener-
ally share similar chromatin accessibility profiles with CD8*
T cells. Indeed, CD8* T cells of responders and healthy con-
trols—but not from non-responders—exhibited significant
enrichment of TBX/EOMES-binding motifs (AC0489*%), indi-
cating that TBX21- and EOMES-regulated pathways in CD8"
T cells may play a critical role in shaping the AZA response
(Figure 2D), consisting with our observations in bulk ATAC-seq
analyses.

To further understand the molecular mechanisms underlying
these differences between AZA response group in CD8*
T cells, we performed an integrative analysis of the ATAC-seq
data of bulk and sorted T cells, focusing on MDS-R-CD8" peaks
that are uniquely accessible in responders and healthy controls.
Network analysis integrating TBX/EOMES TFs and genes adja-
cent to MDS-R-CD8"* peaks revealed a regulatory network
centered on lymphocyte count regulation (Figure 2E), with ele-
vated expression of these genes in MDS-R patients'? (Figure
S5A). Intriguingly, this network included key cytotoxic T cell
effector molecules, namely cytotoxic granules (GZMB and
PRF1)**%* and interferon-y (IFNG), which was supported by tran-
scriptome analysis from a previous study'? (Figure S3C). EOMES
and TBX21 are known to regulate the expression of these
effector molecules,*>*® which were further supported by their
coordinated expression (Figures S5B-S5D).

Additionally, when projecting MDS-R-CD8™" peaks onto sin-
gle-cell ATAC-seq data from human CD8" T cell subsets,* we
observed higher accessibility in differentiated states than in
naive states, confirming the role of TBX/EOMES regulation in
proper T cell differentiation toward effector cells or memory cells
(Figure 2F). Importantly, these peaks showed a greater enrich-
ment in effector or memory T cells than in exhausted T cells. Alto-
gether, these findings suggest that cytotoxic T cell activation is
positively correlated with the AZA response in MDS patients.

DISCUSSION

This study presents a comprehensive analysis of the chromatin
accessibility features that could predispose HR-MDS patients
to respond or not respond to AZA treatment. We identified the
significant differences in ATAC-seq peaks between AZA re-
sponders and non-responders. Our data then revealed that line-
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age-associated signatures—particularly those involving CD8*
T cell regulatory programs —emerged as among the most biolog-
ically meaningful features distinguishing these groups.

Whereas non-responders exhibited increased chromatin
accessibility at regulatory regions associated with myeloid line-
age programs, responders showed greater accessibility at loci
linked to lymphoid, particularly CD8* T cell, regulatory elements.
Strikingly, the accessibility of SPIB/SPI-binding motifs in AZA
non-responders closely resembled that observed in primary
AML patients, suggesting a potential continuum in epigenetic
dysfunction across myeloid malignancies that may contribute
to impaired immune cell development in the bone marrow.”®

Consistent with these findings, deconvolution analysis of bulk
bone marrow revealed a higher abundance of myeloid progeni-
tors in non-responders and CD8" T cells in responders, which
was validated by flow cytometry. This was further supported
by integrative analyses using transcriptome data from ethnically
matched individuals'® and epigenome data from a Caucasian
cohort.?°

In order to disentangle the effects of cell type composition
from cell-intrinsic chromatin accessibility signatures, we per-
formed ATAC-seq on sorted CD8" T cells. The result validated
responder-specific CD8" T cell peaks, with enrichment of TBX/
EOMES-binding motifs, were present in healthy controls but ab-
sent in non-responders. These peaks exhibited the highest
accessibility in differentiated cytotoxic T cells, particularly in their
effector and memory states. Additionally, our findings are sup-
ported by the recent single-cell RNA-seq data demonstrating
that CD8"* T cell subsets are associated with AZA response in
myeloid neoplasms,*® highlighting the relevance of CD8" T cell
function as a determinant of AZA response. We expect that indi-
vidualized epigenomic profiles, derived from in-depth analysis
including single-cell ATAC-seq, will result in greater precision
in AZA treatment for MDS patients.

Our findings demonstrate that the landscape of chromatin
accessibility can distinguish AZA responsiveness in MDS,
even in bulk bone marrow cells. Moreover, DNA hypomethylat-
ing agents, such as AZA and decitabine, can directly promote
tumor infiltration by CD8" T cells and suppress tumor growth
via anti-tumor cytolytic activity.”’~*° Considering the immuno-
modulatory function of AZA in myeloid malignancies*®*° and
tumors,®' % it is plausible that a pre-existing activation state
of cytotoxic immune cells contributes to enhance the anti-can-
cer efficacy of AZA treatment. Indeed, our findings are consis-
tent with recent research showing that immune responses and
inflammatory signaling are enhanced in responders’ CD34*
cells after AZA treatment,®* collectively suggesting that AZA re-
sponses are associated with immune activation in bone marrow
cells.

Together, our study suggests that AZA responders retain func-
tional cytotoxic T cell programs through specific chromatin
accessibility patterns, which may contribute to their favorable
response to AZA treatment. This study provides early evidence
supporting the potential of chromatin accessibility profiling to
guide clinical decision-making in AZA treatment for HR-MDS,
which will be strengthened with further validation in indepen-
dent large cohorts supported by higher-resolution sequencing
techniques.
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Limitations of the study

This study reveals pre-existing distinct regulatory patterns in HR-
MDS patients that appear to correlate with their responses to
AZA treatment, suggesting the importance of cell regulatory
states in bone marrow for determining AZA treatment outcomes.
The rarity of HR-MDS, combined with strict inclusion criteria (i.e.,
therapy-naive patients who completed >5 AZA cycles), limited
the sample size and precluded the use of more refined assays.
Future studies employing sorted hematopoietic populations via
flow cytometry and multimodal approaches will provide deeper
understanding about the regulatory networks governing treat-
ment response. Also, our results demonstrated the importance
of both CD8" T cell abundance and their functional state. Further
experiments will be required to determine whether these factors
are equally important for both treatment responses or if one of
these factors hierarchically influence the other. Finally, while
our study focused on bone marrow samples, hematopoietic cells
are present in both blood and bone marrow. Future comparative
studies between these two different tissues could reveal inter-
esting insights into the systemic nature of immune regulation in
MDS and how it determines responses to AZA treatment.
Although further high-resolution and mechanistic studies are
needed, our results provide early evidence that chromatin
accessibility profiling could serve as a valuable modality to
inform clinical decision-making in the context of AZA treatment.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-CD4-FITC BD Biosciences Cat#555346; RRID:AB_395751
Mouse anti-CD8-PerCP-Cy5.5-A BD Biosciences Cat#341050; RRID:AB_2811219
Mouse anti-CD34-PE BD Biosciences Cat#555822; RRID:AB_396151
Mouse anti-CD45-APC BD Biosciences Cat#555485; RRID:AB_398600
Biological samples

Bone marrow samples from HR-MDS patients Seoul St. Mary’s Hematology Hospital IRB: KC18TESEQ700, KC16TISI0438
Healthy bone marrow controls Seoul St. Mary’s Hematology Hospital IRB: KC18TESEQ700, KC16TISI0438
Primary AML patient samples Seoul St. Mary’s Hematology Hospital IRB: KC18TESE0700, KC16TISI0438
Chemicals, peptides, and recombinant proteins

CTL Anti-Aggregate wash solution CTL Cat#CTL-AA-010

Ficoll-Paque plus Cytiva Cat#GE17-1440-02

Critical commercial assays

CD4 MicroBeads, human Miltenyi Biotec Cat#130-097-048

CD8 MicroBeads, human Miltenyi Biotec Cat#130-045-201

Annexin V MicroBead Kit Miltenyi Biotec Cat#130-090-201

Deposited data

Processed ATAC-seq data This paper GEO: GSE291718

Software and algorithms

Bowtie2 version 2.5.3 Langmead and Salzberg®® http://bowtie-bio.sourceforge.net/bowtie2/
MACS?2 version 2.2.9.1 Zhang et al.”® https://pypi.org/project/MACS2/
CIBERSORTX Newman et al.®’ https://cibersortx.stanford.edu
liftOver Hinrichs et al.®” https://genome.ucsc.edu/cgi-bin/hgLiftOver

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patient information: Sample acquisition and clinical course

Pre-AZA treatment bone marrow aspirates were obtained from a total of 23 adult MDS patients who went on to receive AZA at Seoul
St. Mary’s Hospital between December 2009 and June 2021. As the study was planned in 2020, the classification of MDS and the
response assessment for AZA were set to follow the 2016 WHO Classification®® and the 2006 IWG Response Criteria,*® respectively.
As outlined in Table 1, the patients were classified as follows: RCMD (n = 1), MDS-EB1 (n = 6), and MDS-EB2 (n = 16). Of these, 15
patients were assessed as AZA responders, while 8 patients were assessed as non-responders. The non-responder group consisted
of seven cases showing primary resistance, with progression to AML (n = 5) or MDS-EB2 (n = 2), and 1 case with stable disease
without any hematological improvement (SD-HI) after four cycles of AZA, who then proceeded to HCT. Additionally, 13 AML patients
were used to compare the chromatin accessibility profiles between primary AML and MDS samples (Table S1). The patient-derived
MDS and AML samples were collected in a prospective cohort study with IRB approval from Seoul St. Mary’s Hematology Hospital
(KC18TESEQ700, KC16TISI0438). ATAC-seq and data analysis were also approved by the IRBs of Ulsan National Institute of Science
and Technology (Approval No. UNISTIRB-20-16-C). All patients provided informed consent, and the study adhered to the Declaration
of Helsinki.

METHOD DETAILS
Sample preparation and cell isolation

Bone marrow mononuclear cells were isolated by Ficoll-Paque Plus density gradient centrifugation and cryopreserved without
further fractionation. For analysis, cells were thawed in a 37°C water bath, washed twice with pre-warmed CTL Anti-Aggregate
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wash solution at 37°C, followed by one wash with phosphate-buffered saline at room temperature. Apoptotic cells were removed
using Annexin-V magnetic beads according to manufacturer’s instructions.

Flow cytometry and cell sorting

The distributions of cells stained with anti-CD4-FITC, anti-CD8-PerCP-Cy5.5-A and anti-CD34-PE were assessed in the anti-CD45-
APC positive population among viable bone marrow cells. Positive selection of CD4* and CD8* T cells was performed using CD4 and
CD8 microbeads according to the manufacturer’s instructions. The percentage of CD4* and CD8" T cells in the selected cells was
analyzed using the BD FACS LSR Fortessa (BD Biosciences), with CD4 and CD8 monoclonal antibodies. Using sorted CD4* and
CD8" T cells, ATAC-seq libraries were prepared. For all samples, quality control was performed based on TSS scores and only
high-quality data was selected (TSS >3.0, hg38 Refseq), ultimately yielding ATAC-seq data from 10 bone marrow samples: three
healthy controls (HC), four MDS non-responders (MDS-NR), and three MDS responders (MDS-R).

ATAC-seq library preparation

Bulk ATAC-seq was performed using 50,000 cells per sample following the Omni-ATAC-seq protocol.”™ Briefly, cells were permea-
bilized and tagmented using in-house produced Tn5°" transposase at 37°C for 30 minutes. Libraries were amplified using barcoded
primers. All libraries were sequenced using paired-end sequencing on lllumina NovaSeq 6000 or NovaSeq X platforms.

|.6O

Processing bulk ATAC-seq data for analysis

ATAC-seq data processing was done as previously described.®’ Briefly, we mapped the reads to the human reference genome
(hg38) using Bowtie2 (v 2.5.3). The reads that mapped with low quality (MAPQ <10), that were not properly paired in mapping, or
mapped to chrM and blacklist regions were discarded. Peak summits called using MACS2 (v 2.2.9.1) were extended 250 bp to
each end, followed by iterative overlap peak merging as described previously.®’

Unsupervised k-means clustering and cluster purity

Cluster purity was determined as described previously.”® Samples were clustered in two clusters using k-means clustering with all
features from ATAC-seq, DNA methylation sequencing,’® or RNA-seq,’ respectively. The cluster was assigned to the most
featured one; for example, if more than half of the samples were responders, the sample cluster was assigned to the responder
group. The counts of correctly assigned samples were used to measure the cluster purity, which indicates the accuracy of
clustering.

Identification of AZA-response-related ATAC peaks

The distal binarization approach®’ was employed to identify 1,940 AZA-response-related ATAC peaks. First, a fold change
threshold of 1.5 was applied to determine peaks specific to AZA responders and non-responders. Peaks with a p-value below
0.05 were considered statistically significant. This analysis led to the identification of 1,940 AZA-response-related ATAC peaks,
consisting of 733 non-responder-specific peaks and 1,207 responder-specific peaks. To further validate the significance of the
group-specific peaks, the permutation test was performed. The group labels were randomly shuffled, ensuring that at least half
of the labels were altered. The distal binarization method was then applied to the shuffled data to select differential peaks. By
comparing the results obtained from the permuted data with the original 1,940 peaks, the identified peaks were shown not to
be the result of random events.

TF motif enrichment analysis

Non-redundant transcription factor motifs*? were used to find TF motifs enriched in peak clusters. The archetype MEME models (v
2.0) were first converted to position weight matrix format to allow processing by motifmatchr (v 1.28.0). Using all motifs as a back-
ground, the p-value of the hypergeometric test was used to determine the enrichment of each TF.

Cell composition analysis using CIBERSORTXx

To calculate the composition of human hematopoietic cell types in bone marrow samples, we used CIBERSORTXx. The signature ma-
trix is publicly available®® but had to be first converted to hg38 using liftOver. Using the peak regions annotated by the signature ma-
trix, the Tn5 insertion frequency was scored for each MDS sample, and the count was normalized by quartile normalization. The
signature matrix and the count matrix were then used for CIBERSORTXx as performed with 1,000 permutations.

Comparison with CD8" T cell subsets

Data from human CD8" T cell subsets were obtained from the Gene Expression Omnibus database, accession number GSE179613.
The data were curated based on the following criteria: samples from individuals with ATAC-seq data for all CD8* T cell subsets, in-
dividual samples from the same laboratory to minimize batch effects, and inclusion of more than three individuals in each batch set.
This selection process ensured data consistency and minimized potential technical variations. After applying these criteria, four do-
nors that perfectly fitted our requirements were identified and were included in our analysis.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using R version 4.0 or later. Statistical significance for group comparisons was assessed using
Wilcoxon rank-sum tests. For flow cytometry validation, correlation analysis between CIBERSORTX predictions and experimental
measurements was performed using Pearson correlation (n = 8 samples). Statistical significance for group comparisons was as-
sessed using Wilcoxon rank-sum tests for non-parametric data. All statistical tests were two-sided, and p-values <0.05 were consid-
ered statistically significant. The exact value of n, statistical tests used, and significance thresholds are reported in individual figure
legends.
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