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Brain-Decellularized ECM-Based 3D Myeloid Sarcoma
Platform: Mimicking Adaptive Phenotypic Alterations in the
Brain

Heejeong Yoon, Joo H. Kang, Seung Woo Cho, Chun Gwon Park, Dong-Wook Kim,*
and Tae-Eun Park*

Leukemia circulates in the bloodstream and induces various symptoms and
complications. Occasionally, these cells accumulate in non-marrow tissues,
forming a tumor-like myeloid sarcoma (MS). When the blast-stage leukemia
cells invade the brain parenchyma, intracranial MS occurs, leading to a
challenging prognosis owing to the limited penetration of cytostatic drugs
into the brain and the development of drug resistance. The scarcity of tissue
samples from MS makes understanding the phenotypic changes occurring in
leukemia cells within the brain environment challenging, thereby hindering
development of effective treatment strategies for intracranial MS. This study
presents a novel 3D in vitro model mimicking intracranial MS, employing a
hydrogel scaffold derived from the brain-decellularized extracellular matrix in
which suspended leukemia cells are embedded, simulating the formation of
tumor masses in the brain parenchyma. This model reveals marked
phenotypic changes in leukemia cells, including altered survival, proliferation,
differentiation, and cell cycle regulation. Notably, proportion of dormant
leukemia stem cells increases and expression of multidrug resistance genes is
upregulated, leading to imatinib resistance, mirroring the pathological
features of in vivo MS tissue. Furthermore, suppression of ferroptosis is
identified as an important characteristic of intracranial MS, providing valuable
insights for the development of targeted therapeutic strategies.

1. Introduction

Chronic myeloid leukemia (CML) is caused by a genetic muta-
tion in immature hematopoietic stem cells (HSCs) in the bone
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marrow and is characterized by the pres-
ence of a BCR-ABL fusion gene on the
Philadelphia chromosome.[1] The BCR-
ABL gene encodes a protein known as a
tyrosine kinase that causes CML cells to
proliferate uncontrollably. As a variant of
blood cancer, CML cells travel through-
out the body via the bloodstream, infil-
trating various organs and tissues, and
leading to a spectrum of symptoms and
complications.[2] However, during the blast
crisis phase, characterized by a surge and
accumulation of immature blood cells,
CML cells can accumulate in tissues outside
the bone marrow.[3] These clusters form
tumor-like structures known as myeloid
sarcoma (MS) or chloroma. Previous stud-
ies have indicated a 7–17% prevalence of
MS in patients undergoing CML blast cri-
sis, with these formations primarily appear-
ing in the lymph nodes, soft tissues, skin,
and bones.[4]

Intracranial leukemic masses can also
form, albeit rarely, when blast cells infiltrate
the meninges or the brain parenchyma.[5]

The prognosis of patients with intracra-
nial MS is particularly poor because of the

limited penetration of cytostatic drugs for the treatment of
leukemia across the blood–brain barrier, creating a challenging
treatment environment.[6] Furthermore, these masses often de-
velop resistance to therapies such as tyrosine kinase inhibitors
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(TKIs), which may be effective during the chronic phase of CML,
further complicating treatment efforts.[7] An in-depth under-
standing of the phenotypic changes in CML cells as they form
masses in the brain is essential for devising efficient and person-
alized therapeutic strategies for intracranial MS.[6]

The interaction between the extracellular matrix (ECM), the
surrounding brain cells, and lower oxygen tension are distinc-
tive external factors that influence intracranial MS compared
to factors that influence blood-circulating CML cells.[4b,8] CML
cells may undergo genetic and epigenetic changes to adapt
to the new brain environment, which can influence cellular
morphology, cell cycle, differentiation, metabolic activity, and
drug sensitivity.[4b,8a,9] Numerous previous studies have revealed
changes in the characteristics and behaviors of solid tumor cells
during metastasis and colonization of distant tissues. Nonethe-
less, there is a research gap regarding brain parenchyma-
infiltrated CML cells.

When tissue samples for studying intracranial MS are scarce,
employing 3D in vitro platforms that replicate in vivo conditions
is critical. These platforms are invaluable for observing the inter-
actions between CML cells and the brain microenvironment in a
manner that reflects their natural state. Such interactions are vital
for examining intricate disease progression and for precise drug
testing. Although there have been initiatives to provide a 3D mi-
croenvironment for CML cells to elucidate their behavior within
the bone marrow,[10] these studies are not directly related to MS.
Nevertheless, CML cells, which typically grow in suspension cul-
tures, exhibit altered differentiation patterns and cell cycles when
placed on 3D platforms that simulate bone marrow conditions.
This suggests that the microenvironment substantially affects the
behavior of CML cells.

Moreover, to generate unique tissue-specific signals medi-
ated by the ECM at secondary sites of cancer cell infiltration
and colonization, researchers have extensively studied decellu-
larized ECM (dECM)-based biomaterials.[11] They are derived
from specific tissues with cellular components removed. The
dECM scaffolds retained the protein composition and bioac-
tive molecules of the original tissue, enabling the creation of
metastatic models that more accurately replicate the pathological
properties. Multiple studies have indicated that cancer cells colo-
nizing dECM scaffolds exhibit metastasis-like behaviors, includ-
ing variations in cell adhesion, migration, and invasion. Despite
these advances, there have been no investigations into the use
of dECM scaffolds to mimic infiltrated leukemia cells in specific
tissues.

In this study, we introduce a pioneering 3D intracranial MS
model employing brain-dECM (bdECM)-based biomaterials. We
observed phenotypic alterations in the CML cell line K562, in-
cluding changes in cell survival, proliferation, differentiation,
and cell cycle arrest. We also investigated the development of
imatinib resistance, a TKI drug. To further elucidate the impor-
tance of interactions between CML cells and ECM proteins, we
performed a comparative analysis of K562 cells embedded in al-
ginate gel (K562-alg), which lacks biological motifs.[12] Through
comprehensive bulk RNA-seq analysis, our study revealed a novel
pathological feature of intracranial MS, offering valuable insights
for developing efficient therapeutic approaches for treating in-
tracranial MS.

2. Results and Discussion

2.1. Preparation and Biochemical Characterization of bdECM

To create a 3D scaffold that mimics the brain microenvironment
for intracranial MS modeling, we decellularized brains extracted
from pigs by integrating physical, chemical, and enzymatic meth-
ods. Given our focus on how leukemia cells adjust to a healthy
brain environment, which is a key factor in the initial stage of
MS development, we selected healthy brain tissue for this pur-
pose. bdECM was freeze-dried and dissolved in a pepsin solu-
tion at a concentration of 10 mg mL−1 to form a bdECM hydro-
gel (Figure 1a). To verify that the brain tissue was effectively de-
cellularized while keeping the extracellular matrix intact, the re-
moval of cell components, such as nuclei, was demonstrated by
hematoxylin and eosin (H&E) staining (Figure 1b). Further anal-
ysis showed that the bdECM had less than 1% of DNA than the
original brain tissue (1.72 ng μL−1 in bdECM versus 201.0 ng
μL−1 in the brain tissue, Figure 1c), proving effective DNA re-
moval through decellularization. Although a significant decrease
was observed in collagen and glycosaminoglycans (GAGs) in the
bdECM due to decellularization (Figure 1c), a well-structured
bdECM hydrogel exhibiting a porous internal structure was suc-
cessfully formed (Figure 1a,d). Furthermore, the bdECM hydro-
gel exhibited a compressive modulus of 2.24 ± 0.2 kPa at a con-
centration of 10 mg mL−1, matching the stiffness range from 0.1
to 6.2 kPa typically observed in brain tissue.[13] This suggests that
the bdECM hydrogel can provide a stiffness that mimics the phys-
iological microenvironment of the cells embedded within it.

When we compared the total proteins and matrisome
proteins[14] before and after decellularization (Figure S1a,b, Sup-
porting Information), a significant overlap was observed, show-
ing that 82.9% of the total proteins and 81.9% of the proteins re-
mained consistent between the two sample conditions. This find-
ing suggests that most of the ECM proteins remained during the
decellularization process. Moreover, little variation was found be-
tween the two bdECMs during decellularization (Figure 1e), in-
dicating the consistency and reproducibility of our method.

To verify the reliability of bdECM in creating a humanized in-
tracranial MS microenvironment, we compared the proteomic
profiles of bdECM and Matrigel, which are widely used ECM hy-
drogels. In our findings, unlike Matrigel, which is predominantly
composed of matrisome proteins (98.5%), bdECM displayed a
substantial presence of non-matrisome proteins, which were also
identified in the native tissue (Figure S1d, Supporting Informa-
tion). Further analysis revealed that the bdECM contains proteins
from various subcategories, including glycoproteins, collagens,
and proteoglycans. This composition aligns with that of native
human brain tissue but diverges from that of Matrigel, where
glycoproteins constitute 97.8% of the composition (Figure S1e,f,
Supporting Information).

By conducting Gene Ontology (GO) analysis on the set of
matrisome proteins within the bdECM, we identified their
involvement in several biological processes (BPs). These include
cell-matrix and cell-substrate adhesion, central nervous sys-
tem development, and various molecular functions, including
calcium ion, integrin, and receptor binding (Table S1, Support-
ing Information). Kyoto Encyclopedia of Genes and Genomes
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Figure 1. Characterization of brain-decellularized ECM (bdECM). a) Schematic representation of bdECM hydrogel formation for a 3D culture system of
K562 adapted to the brain microenvironment. b) Hematoxylin and eosin (H&E) staining of the porcine brain before and after decellularization (scale
bar = 100 μm). c) DNA, collagen, and glycosaminoglycans (GAGs) contents of porcine brain tissues before and after decellularization. d) Scanning
electron microscopic observation that shows the internal ultrastructure of bdECM hydrogels (scale bars = 10 μm). e,f) Proteomic analysis of bdECM. e)
Comparison of the composition of total matrisome proteins (left) and the top ten matrisome proteins with the highest expression (right) in two batches
of bdECM; Decell1 and Decell2 (biological replicates = 2). f) The top 10 biological process terms ordered by number of genes after GO enrichment
analysis of brain-enriched proteins exclusively present in bdECM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. (n ≥ 3).

(KEGG) pathway analysis further indicated the potential role of
bdECM in various physiological activities, highlighting its im-
portance in fostering cell-matrix interactions. Upon comparing
proteins known for at least fourfold higher expression in human
brain tissue versus in other tissues by using data from the
Human Protein Atlas (https://www.proteinatlas.org/), bdECM
contained 202 such proteins. In contrast, Matrigel displayed only

four proteins (Figure S1c, Supporting Information). Further-
more, BP analysis of these 202 proteins in the bdECM indicated
that they were involved in brain and nervous system development
(Figure 1f). Overall, our proteomic analysis indicated that the
protein composition of bdECM bears greater resemblance to hu-
man brain tissue than Matrigel, emphasizing its potential utility
as a cellular scaffold for accurately mimicking the brain microen-
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Figure 2. Characterization of engineered intracranial MS. a) Schematic diagram outlining the process for generating the intracranial MS model. b) Rep-
resentative bright-field images of K562 cultured in 3D on brain dECM hydrogel or alginate hydrogel (named K562-bdECM and K562-alg, respectively).
Scale bar = 100 μm. c) Assessment of cell viability through live/dead assay conducted at 24 and 48 h post-embedding in alginate or bdECM. d) Prolif-
eration rate for K562 cultured by different days using WST-8 assay. e) Cell cycle profile with flow cytometry analysis for K562-bdECM on days 2, 5, and
10 of culture. f) G0 population on day 10 of culture through flow cytometry analysis for Pyronin Y staining. The number of repetitions for all quantitative
data is 3 or more. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. (n ≥ 3).

vironment. This is supported by numerous previous studies
that demonstrated the ability of bdECM to emulate phenotypical
cell behaviors in the brain more accurately than Matrigel.[15]

Consequently, we opted for the usage of bdECM over Matrigel to
investigate the influence of bioactive brain ECM molecules on the
structure of the MS tissue, which is a key interest of our research.

2.2. Alterations in the Cellular Phenotype of K562 Induced By
Interaction With Brain ECM

During the blast crisis phase, CML cells circulate in the blood-
stream and eventually migrate to the brain via complex mecha-
nisms that are not yet fully understood.[5] Once these cells enter
the brain parenchyma, they begin to expand, leading to leukemic
infiltration or formation of intracranial MS. However, the exact
molecular mechanisms driving this process are not completely
known. The phenotype of CML cells that expand into the brain
can change in response to the surrounding microenvironment,
potentially leading to the development of drug resistance.

To observe the CML cells that invaded the brain, we cultured
K562 cells derived from patients with CML in the blast crisis
phase within a 3D bdECM hydrogel (Figure 2a). We then in-
vestigated the phenotypic changes in K562 cells as they adapted
to the brain ECM microenvironment. After 10 d of culture,
we compared K562 cells grown in bdECM (K562-bdECM) with
those embedded in alginate (K562-alg) devoid of biological mo-
tifs (Figure 2b and Figure S2a, Supporting Information). Un-
like K562 cells in standard suspension cultures, 3D encapsu-
lated K562 cells grew to form aggregates, similar to the MS tis-
sue. K562-bdECM cells showed significantly higher initial sur-
vival rates at 24 and 48 h than K562-alg cells (Figure 2c and Figure
S2b, Supporting Information), highlighting the importance of in-
teraction with the ECM in the initial formation of intracranial
MS. We noted the consistent proliferation of K562 cells in all
experimental groups up to day 8, with cell viability remaining
unchanged on day 10. At each time point examined, the viabil-
ity of 3D-cultured K562 cells (both K562-bdECM and K562-alg)
was lower than that of conventionally cultured K562 cells (K562).
However, K562-bdECM had higher cell viability than K562-alg
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Figure 3. Differentiation pattern changes and leukemia stem cells expansion in K562 within engineered intracranial MS model. a) Representative images
of Wright–Giemsa staining on K562 cultured in different platforms. Scale bar = 50 μm. b) Flow cytometry analysis of K562 under various culture con-
ditions, highlighting the presence of surface markers for leukemia stem cells and immature myeloid cells. c) The mRNA expression of genes encoding
leukemia stem cells including CD34, CD44, OCT4, SOX2, and NANOG. The number of repetitions for all quantitative data is 3 or more. *p < 0.05, **p
< 0.01, ***p < 0.001, and ****p < 0.0001. (n ≥ 3).

cells (Figure 2d). These observations align with those of previous
studies, demonstrating that motifs and ligands within the ECM
hydrogel enhance cell survival.[16]

Subsequently, we explored changes in cell cycle distribution
influenced by different culture conditions, as this provided in-
sights into the proliferative status and response of CML cells to
treatment. No significant changes were observed in the cell cy-
cle distributions of K562-alg and K562 cells from days 2 to 10
(Figure S2c, Supporting Information). In contrast, K562-bdECM
cells exhibited an increase in the G0/G1 phase and a decrease in
the S and G2/M phases on day 10 (Figure 2e). More importantly,
an increase in the population of G0 cells was observed, indicat-
ing a dormant phase,[17] in K562-bdECM cells compared to both
K562-alg and K562 cells, whereas this increase was only signifi-
cant compared to that in K562 cells (Figure 2f). The G0 popula-
tion of K562-dbECM rose from 43.3% on day 2 to 56.7% on day
10 (Figure S2d, Supporting Information). The increased percent-

age of dormant cells in the bdECM implies that a subset of MS
cells in the brain may endure treatment with imatinib and other
TKIs, given that these medications predominantly target actively
proliferating cells. Furthermore, the presence of dormant cells
may trigger stress-induced intracellular signaling, including the
p38 MAPK pathway, which may play a role in the development of
drug resistance.[17]

We further evaluated changes in the maintenance of leukemia
stem cells (LSCs) and proliferation of K562 cells within the brain
microenvironment (Figure 3). K562 is a myeloid leukemia cell
line derived from patients with blast crisis CML and is com-
posed mostly of undifferentiated granulocytes and erythrocytes.
Wright–Giemsa staining revealed that K562-bdECM displayed a
wider range of cell shapes, indicating varied lineage differentia-
tion in the brain ECM (Figure 3a). Through flow cytometry analy-
sis, we observed a higher proportion of LSC (CD34+/CD38− and
CD34+/CD38+) and immature myeloid cells (CD16+/CD13−) in
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Figure 4. Sensitivity of K562 to imatinib in various culture conditions. a) Left: a scheme of the experimental design. Right: cell viability of K562 following
treatment with imatinib in various concentrations measured by WST-8 assay. b) Left: a scheme of the experimental design. Right: cell viability of K562
extracted from bdECM after 10 and 20 days of 3D culture. The number of repetitions for all quantitative data is 3 or more. *p < 0.05, **p < 0.01, ***p
< 0.001, and ****p < 0.0001. (n ≥ 3).

K562-bdECM than in K562 (Figure 3b), which has been ob-
served in CML patients undergoing blast crisis compared to
those in the chronic phase.[18] In particular, the subpopulation
of more primitive HSC-like LSCs (CD34+/CD38−) was approx-
imately twofold higher in K562-bdECM than in K562 or K562-
alg, which is consistent with the increase in dormant cells in
K562-bdECM (Figures 3b and 2f). In patients with CML, the per-
centage of CD34+ cells is typically greater in those undergoing
blast crisis than in those in the chronic phase,[18] suggesting that
K562-bdECM more accurately mirrors the extramedullary blast
crisis phase of CML. Additionally, quantitative polymerase chain
reaction (qPCR) analysis showed significantly higher expression
of LSC markers (CD34, CD44, OCT4, SOX2, and NANOG) in
K562-bdECM than in standard K562 cells or K562 cells in algi-
nate (Figure 3c).

Growing evidence supports that ECM components such as
proteoglycans such as fibronectin, collagens (types I, IV, and VI),
hyaluronan, and glycoproteins in the bone marrow are crucial
for both healthy[19] and LSCs,[20] serving as a critical stem cell
niche. The functions of the ECM include controlling cell adhe-
sion and migration, proliferation and differentiation, and shape,

all of which are critical factors in stem cell niches.[19] Our findings
suggest that, similar to how LSCs interact with the bone marrow
ECM to preserve their stem cell properties, the interaction of in-
tracranial MS cells with brain ECM components may be crucial
for maintaining LSC. This interaction could also be key to en-
abling these cells to enter a dormant state and survive outside
the blood or bone marrow.

2.3. Acquisition of Imatinib-Resistant K562 by Interacting with
Brain ECM

Our observation of phenotypic alterations in the cell cycle
and stem cell expansion in K562-bdECM mimicked the ex-
tramedullary blast crisis in CML, which frequently demonstrates
altered drug sensitivity levels.[7] To investigate whether drug sen-
sitivity could be replicated, K562-bdECM cells were treated with
imatinib and their survival rate was assessed (Figure 4a). Notably,
in all treatment groups, only K562-bdECM cells exhibited a sig-
nificant increase in survival in response to imatinib. While K562-
alg cells also displayed diminished drug sensitivity, the difference
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was not statistically significant compared with the survival rate of
conventionally cultured K562 cells, highlighting that the interac-
tion of K562 cells with bdECM potentially fosters the emergence
of drug resistance.

Subsequently, to rule out any errors that might arise from the
differing rates of imatinib diffusion in conventionally cultured
K562 cells (i.e., in suspension) and in K562-bdECM, K562 cells
were removed from the bdECM hydrogel after 10 and 20 days
of 3D culture. The cells were then exposed to imatinib in sus-
pension culture. The data indicated an increased survival rate
for K562-bdECM compared to K562 cells, with imatinib concen-
trations ranging from 0.4 to 1 μm (Figure 4b). Although an up-
ward trend was observed in cell viability for K562 cells cultured
in bdECM for 20 days compared to 10 days, the only significant
change noted was when the cells were treated with imatinib at 0.6
μm. These data imply that interactions with the brain ECM mi-
croenvironment can lead to the development of drug resistance
in K562 cells. Drug resistance is a significant hurdle in MS treat-
ment strategies, making it crucial to understand the distinct char-
acteristics of drug-resistant cells.

2.4. Adaptation of K562 to the Brain ECM Microenvironment
Induces ABCB1 Overexpression

To identify the underlying reasons for imatinib resistance ob-
served in K562-bdECM, RNA sequencing was performed on
K562, K562-bdECM, and K562-alg, all cultured for 10 days (Figure
5). This timeframe is when cell expansion halts and pheno-
typic changes become evident, based on our experimental results.
Principal component analysis (PCA) indicated that although 3D-
cultured K562 cells shared some similarities, the three groups
were distinct (Figure 5a). Hierarchical clustering analysis demon-
strated significant differential expression of 1158 genes between
K562 and K562-bdECM cells, with 536 genes upregulated in
the latter (Figure 5b). The upregulated genes in K562-bdECM
were associated with various pathways, such as MAPK signaling,
PI3K-Akt signaling, HIF-1a signaling, autophagy, FoxO signal-
ing, and ferroptosis as identified in KEGG analysis (Figure 5c).
These pathways play pivotal roles in the proliferation, differenti-
ation, and development of drug resistance in CML.[21] In particu-
lar, the MAPK and PI3K-Akt signaling pathways have established
connections with alterations in drug sensitivity in leukemia[22]

and have also been shown to influence the behavior of leukemic
cells mediated by ECM proteins.[23] Therefore, our MS model
(K562-bdECM) demonstrated that the 3D interactions between
leukemia cells and the surrounding bdECM can further stimu-
late signaling pathways associated with the development of drug
resistance and mechanisms for evading cell death when com-
pared to conventional culture methods using K562 cells alone.
To better understand the observed drug resistance, we examined
a subset of 234 genes associated with drug resistance through hi-
erarchical clustering and identified genes that were significantly
upregulated exclusively in K562-bdECM (Figure 5d).

Among these upregulated genes, ABCB1 (ATP-binding cas-
sette sub-family B member 1) encoding P-glycoprotein (P-gp),
exhibits an ≈2.5-fold upregulation in K562-bdECM compared to
K562 and a 3.4-fold increase compared to K562-alg (Figure 5d
and Figure S3a, Supporting Information). P-gp, a crucial reg-

ulator that facilitates the transport of drugs across cell mem-
branes, reduces the intracellular drug concentration and its ef-
fectiveness. Overexpression or functional changes in ABCB1 are
often correlated with drug resistance, including imatinib resis-
tance, which compromises the effectiveness of chemotherapy.[24]

ABCB1 upregulation in K562-bdECM compared to that in K562
or K562-alg cells was further verified by qPCR and flow cytom-
etry (Figures 5e,f). Moreover, to verify the functionality of the P-
gp pump, we measured the accumulation of rhodamine 123, a
P-gp substrate, and observed an increase in accumulation that
correlated with the concentration of verapamil (a P-gp inhibitor)
(Figure 5g), implying that P-gp is functional in K562-bdECM.

We further explored whether hypoxia was the principal factor
driving the upregulation of ABCB1 in K562-bdECM. To examine
this, K562 cells were cultured in hypoxic environments with 5%
O2 and ABCB1 levels were analyzed using qPCR (Figure S3b).
Interestingly, the results indicated that hypoxia alone was not suf-
ficient to augment ABCB1 expression in K562 cells, suggesting
that the upregulation of ABCB1 may be attributed to the 3D in-
teraction between K562 cells and their surrounding brain ma-
trix. Similarly, in acute leukemia cells, previous studies utilizing
2D cultures[23b,25] and in vivo mouse models[26] have confirmed
the development of drug resistance due to the upregulation of
efflux pumps when exposed to ECM proteins. Collectively, our
data suggest that the unique microenvironment provided by the
brain ECM induces unique gene expression patterns and various
molecular biological cell signaling pathways that may contribute
to the development of drug resistance involving efflux pumps.

To determine whether the development of imatinib resistance
in K562-bdECM (as shown in Figure 4) was associated with in-
creased expression of ABCB1, we examined the impact of ver-
apamil (a P-gp inhibitor) on imatinib sensitivity. Expectedly, the
viability of K562-bdECM decreased in a concentration-dependent
manner when exposed to 0.2 μm imatinib compared to the un-
treated group (Figure 5h). Conversely, treatment of K562-bdECM
with MK571, an inhibitor of MRP1 (ABCC1), did not influence
sensitivity to imatinib (Figure 5i). These results raise the possibil-
ity that the upregulated expression of P-gp plays a role in imatinib
resistance in K562-bdECM.

2.5. Interaction of K562 with the Brain ECM May Promote
Survival through Ferroptosis Suppression

We confirmed the drug resistance of K562-bdECM by observing
the upregulation of the efflux pump P-gp (Figure 5). However,
K562 cells exhibited resilience and survival even when exposed
to a P-gp inhibitor, indicating an adaptation to their microenvi-
ronment in the brain ECM. This led us to explore the alterations
in the cellular mechanisms that facilitate adaptation and survival
during imatinib exposure. KEGG analysis of RNA-seq data
suggested the upregulation of genes involved in the ferroptosis
pathway, a regulated cell death mechanism characterized by
iron-dependent lipid peroxide accumulation and resulting in
cell membrane damage and subsequent cell death (Figure 5c).
Notable differences were found between K562-bdECM and K562
cells, particularly in the gene set that inhibited ferroptosis,
which included 204 relevant genes[27] (Figure 6a and Figure
S4, Supporting Information). Furthermore, we found that

Adv. Healthcare Mater. 2024, 13, 2304371 © 2024 Wiley-VCH GmbH2304371 (7 of 13)
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Figure 5. Bulk RNA-sequencing analysis of K562, K562-alg, and K562-bdECM and imatinib resistance of K562-bdECM related to upregulation of P-gp.
a) A PCA plot of K562 in various culture conditions. b) Heatmap clustering genes exhibiting at least a twofold difference in expression compared to
those in K562 based on Euclidean distance. c) KEGG functional classification showcases genes that are upregulated in K562-bdECM when compared
to K562. d) A heatmap clustering data for 234 drug resistance-associated genes, with the comparison set among K562, K562-bdECM, and K562-alg
based on Euclidean distance. An asterisk indicates differential expression of ABCB1. e) The mRNA expression ratio of ABCB1 gene in the K562-alg
and K562-bdECM relative to K562 analyzed by qPCR. f) Flow cytometry analysis of K562 cells expressing ABCB1/P-gp protein. g) Evaluation of cellular
internalization of rhodamine 123 as a substrate of P-gp in the presence of verapamil (a P-gp inhibitor). h) Viability of K562-bdECM upon 0.2 μm imatinib
exposure in the presence of verapamil, measured using a WST-8 assay. i) Viability of K562-bdECM upon 0.2 μM imatinib exposure in the presence of
MK571, an MRP1 inhibitor, measured using a WST-8 assay. The number of repetitions for all quantitative data is 3 or more. *p < 0.05, **p < 0.01, ***p
< 0.001, and ****p < 0.0001. (n ≥ 3).

Adv. Healthcare Mater. 2024, 13, 2304371 © 2024 Wiley-VCH GmbH2304371 (8 of 13)
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Figure 6. Suppression of ferroptosis in K562-bdECM. a) A heatmap clustering data for ferroptosis suppressor genes, with the comparison set among
K562, K562-bdECM, and K562-alg based on Euclidean distance. b) Normalized gene expressed levels (TPM; transcript per million) from RNA-seq data
for genes encoding metallothionein proteins. c,d) Flow cytometry analysis shows K562 cells stained with BODIPY-C11 (a ferroptosis indicator) on days 1
(c) and 10 (d) of culture. Depicted is the relative mean fluorescence intensity (MFI) of BODIPY-C11 in K562-alg and K562-bdECM, compared to K562. e)
Viability of K562, K562-alg, and K562-bdECM in the presence of various compounds: 2 mm propargylglycine (PAG; an inhibitor of ferroptosis suppressor
metallothionein), 5 μm Erastin (ERA; a ferroptosis inducer), and 0.2 μm imatinib (IMA).

metallothionein genes (e.g., MT1G, MT2A, MT1H, MT1E, and
MT1X) were highly elevated in K562-bdECM, which are known
to indirectly suppress the initiation of ferroptosis by binding
to iron[28] (Figure 6b). This suggests that interactions with the
brain ECM may enhance the survival of patients with MS by
obstructing ferroptosis. Many cancer types downregulate the
ferroptosis pathway to diminish their sensitivity, consequently
developing resistance to cancer treatment.[29] While research on
ferroptosis in CML is limited, emerging evidence indicates the
potential of promoting ferroptosis as a therapeutic strategy for
acute leukemia.[30] These data support our hypothesis that the
ECM microenvironment of the brain may suppress ferroptosis.

To test this possibility, we assessed the ferroptosis levels
in K562 cultures by measuring lipid peroxidation using C11-
BODIPY staining[31] (Figure 6c,d). On day one of culture, a no-
tably lower induction of ferroptosis was observed in 3D-cultured
K562-bdECM and K562-alg cells than in K562 (Figure 6c). By
day 10, although K562-alg exhibited a recovery in its ferropto-
sis level, K562-bdECM maintained a significantly reduced level
compared to K562; this aligns with the insights from our RNA-
seq data (Figure 6d). Furthermore, we subjected K562, K562-
alg, and K562-bdECM cells to ERA (which is known to induce

ferroptosis)[27] or a combination with PAG (which downregulates
metallothionein)[30a,32] to determine whether promoting drug-led
ferroptosis might offer promise in treating MS. The WST-8 as-
say indicated that ERA-induced ferroptosis slightly reduced the
survival of K562-bdECM cells, a response markedly amplified by
PAG (Figure 6e). This suggests that inhibiting metallothionein,
which is upregulated in the brain ECM microenvironment, can
intensify ferroptosis induction. Remarkably, co-treatment with
PAG and ERA affected the viability of K562-bdECM cells more
than treatment with K562 or K562-alg alone. A similar pattern
emerged with a 0.2 μM dose of imatinib, showing higher sen-
sitivity compared to K562 or K562-alg (Figure 6e). These results
indicate the potential of targeting MS cells acclimatized to the
brain ECM through ferroptosis to overcome drug resistance.

3. Conclusion

In our study, we observed distinct phenotypic alterations in
suspension leukemia cells when they formed a tumor-like mass
in the brain by developing the first intracranial MS model based
on decellularization technology. By contrasting K562-bdECM
with K562-alg through several biological and physiological evalu-

Adv. Healthcare Mater. 2024, 13, 2304371 © 2024 Wiley-VCH GmbH2304371 (9 of 13)
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ations, we found that the adaptive shift of K562 in the brain ECM
microenvironment (marked by changes in the cell cycle, stem
cell populations, increased ABCB1 expression, and ferroptosis
suppression) may lead to the drug resistance observed in patients
with MS. Interestingly, our findings indicate that combating
ferroptosis promotion could offer a novel approach to address
the challenges of treating intracranial MS. Overall, our research
suggests that the intracranial MS model can serve as an efficient
and robust tool for examining phenotypic changes as cells adapt
to their microenvironment and for rapidly assessing anticancer
drugs against which cells may develop resistance.

Nonetheless, a deeper understanding of these phenotypic
shifts requires further studies to elucidate the molecular mech-
anisms of cell evasion and adaptation. Comprehensive studies,
such as animal-based experiments for intracranial MS or valida-
tion using patient samples, are crucial for ascertaining the relia-
bility and effectiveness of our simplified culture model. More-
over, enriching the cellular complexity of the intracranial MS
model would provide insights into the effects of the interactions
with brain cells.

4. Experimental Section
Decellularization of PORCINE Brain Tissue: Decellularization of the

brain tissue was performed as previously described[33] with slight mod-
ifications. Fresh porcine brain (Sanggae-ro, Meat Distribution in Ulsan,
Republic of Korea) was immediately frozen at −80 °C. Brain tissue was
chopped into small pieces (≈0.8 × 0.8 × 0.8 cm3). For the initial wash,
the chopped brain tissue was agitated in 5 L of distilled water for 24 h
at 4 °C. The used washing liquid was subsequently decanted through a
254-μm stainless steel mesh, ensuring retention of the brain tissue. Fol-
lowing this step, the remaining tissue was agitated sequentially in various
buffer solutions: 0.02% trypsin (WELGENE, Republic of Korea) for 2 h,
3% Triton X-100 (LPS solution, Daejeon, Republic of Korea) for 1 h, 1.0 m
sucrose (DaeJung Chemicals, Republic of Korea) for 20 min, 4% sodium
deoxycholate (Sigma–Aldrich, USA) for 60 min, and 4% ethanol (Merck,
USA). Following these steps, the decellularized brain tissue was steril-
ized using a 1% antibiotic solution (penicillin/streptomycin, P/S, WEL-
GENE, Republic of Korea) for an additional 24 h. Each solution was com-
pletely removed, and the tissue was rinsed with distilled water between
each step. All the procedures were performed at room temperature (RT).
Once sterilized, the dECM was lyophilized and stored at −80 °C until
needed.

To prepare the bdECM solution, the lyophilized ECM was resuspended
in a 0.01 N HCl solution at a concentration of 10 mg mL−1 and digested
with 1 mg mL−1 pepsin for 48 h at RT. Following digestion, undigested
residues were filtered out through a 100-μm strainer (SPL Life Sciences,
Republic of Korea). The resulting digest was then neutralized to a pH of
7.2–7.5 using 10× phosphate-buffered saline and 0.1 m NaOH solution
at 4 °C. The prepared 10 mg mL−1 pre-gel solution was cryopreserved at
−20 °C until use in future experiments. To form the final bdECM-based
hydrogel, bdECM solution was incubated at 37 °C for 30 min.

Characterization of bdECM: Scanning electron microscopy (SEM)
imaging was performed to visualize the microstructure of the bdECM hy-
drogel after thermal gelation. To observe the cross-sections of the hydro-
gels, they were cut to expose their cross-sections and coated with platinum
using a sputter coater (Hitachi E-1045, Japan). The sample surfaces and
cross-sections were observed using SEM (Hitachi Model S-4800, Japan).

To quantify the amount of DNA remaining in native brain tissue and
bdECM, DNA was extracted using an AccuPrep Genomic DNA extraction
kit (Bioneer, Republic of Korea). The concentration of the DNA was mea-
sured using a NanoDrop One spectrophotometer (Thermo Fisher Scien-
tific, USA) at 260 nm. The total hydroxyproline content of both the na-
tive tissue and bdECM was quantified using a hydroxyproline assay kit

(Biomax, Republic of Korea). The glycosaminoglycan (GAG) content was
measured using a dimethylmethylene blue (DMMB) assay kit (Blyscan,
USA). All assay kits were used in accordance with the manufacturers’
guidelines.

For histological evaluation, the samples were fixed with a 4%
paraformaldehyde solution and embedded in paraffin. Tissue sections
(10 μm) were stained with H&E following standard procedures.

For mechanical analysis, the 10 mg mL−1 bdECM hydrogel was tested
at a rate of 1 mm min−1 on an Instron 3343 mechanical analyzer (Instron,
Canton, USA). The compressive modulus was calculated from the slope
of the stress–strain curve in the linear region.

LC–MS/MS Analysis and Proteome Data Analysis: E-biogen (E-biogen,
Inc., South Korea) was used for the proteomic analyses. The protein
concentration was determined using the Pierce BCA protein assay kit
(Thermo Fisher Scientific). The digestion process was performed us-
ing filter-aided sample preparation on a Microcon 30K centrifugal filter
(Millipore, USA). Samples were first reduced by incubation with tris (2-
carboxyethyl)phosphine at 37 °C for 30 min, followed by alkylation with
iodoacetic acid (IAA) at 25 °C for 1 h in the dark. After sequential washing
with lysis buffer and 50 mM ammonium bicarbonate, proteins were di-
gested with trypsin (with a 1:50 enzyme to protein ratio, w/w) at 37 °C for
18 h. Resulting peptides were transferred to new tubes and trypsin was in-
activated by adding 14 μL of formic acid (Honeywell, USA). The peptides
were then desalted using C18 spin columns (Harvard Apparatus, USA),
and elution was achieved using 80% acetonitrile in 0.1% formic acid in
water.

The prepared samples were resuspended in 0.1% formic acid in wa-
ter and analyzed using a Q-Exactive Orbitrap hybrid mass spectrometer
(Thermo Fisher Scientific) and an Ultimate 3000 system (Thermo Fisher
Scientific). We used a 2 cm × 75 μm ID trap column packed with 3-μm C18
resin and a 50 cm × 75 μm ID analytical column packed with 2-μm C18
resin to peptides depending on peptide hydrophobicity. The mobile phase
solvent consisted of A) 0.1% formic acid in water and B) 0.1% formic acid
in 90% acetonitrile, and the flow rate was fixed at 300 nL min−1. The mobile
phase gradient was as follows: 4% solvent B for 14 min, 4–15% solvent B
for 61 min, 15–28% solvent B for 50 min, 28–40% solvent B for 20 min,
40– 96% solvent B for 2 min, holding at 96% solvent B for 13 min, 96–
4% solvent B for 1 min, and 4% solvent B for 24 min. A data-dependent
acquisition method was adopted, and the top ten precursor peaks were
selected and isolated for fragmentation. Ions were scanned at high reso-
lution (70 000 in MS1, 17 500 in MS2 at m/z 400), and the MS scan range
was 400–2000 m/z at both the MS1 and MS2 levels. The precursor ions
were fragmented with a normalized collisional energy of 27%. Dynamic
exclusion was set at 30 s.

Thermo MS/MS raw files of each analysis were searched by using Pro-
teome Discoverer software (ver. 2.5) and the Sus scrofa database was
downloaded from UniProt. The appropriate consensus workflow included
a peptide-spectrum match validation step and the SEQUEST HT process
for detection as a database search algorithm. The search parameters were
set as follows: 10 ppm tolerance of precursor ion masses, 0.02 Da frag-
ment ion mass, and a maximum of two missed cleavages with trypsin.
After searching, data results below 1% false discovery rate were selected
and filtered for at least six additional peptides. Mass spectrometry pro-
teomics data were deposited in the ProteomeXchange Consortium via the
PRIDE[34] partner repository with the dataset identifier PXD047117.

Reconstitution of Intracranial MS Using bdECM: Human leukemic K562
cells were purchased from Korean Cell Line Bank (Republic of Korea). Cells
were cultured in a RPMI 1640 growth medium (GM; WELGENE, Republic
of Korea) supplemented with 10% (v/v) fetal bovine serum and 1% (v/v)
penicillin/streptomycin. The K562 cell suspension at a concentration of
1 × 106 cells mL−1 was mixed in a 1:1 ratio with bdECM or alginate solu-
tion at a concentration of 10 mg mL−1. Finally, droplets of the cell/bdECM
mixture containing 5 × 105 cells mL−1 of K562 and 5 mg mL−1 of bdECM
solution were placed in a 48-well plate and solidified in an incubator set at
37 °C for 30 min. A droplet of the cell-alginate mixture was solidified in a
solution of 100 mm calcium chloride in 10 mm HEPES-buffered saline at
RT for 10 min and washed twice with GM. Encapsulated K562 cells were
cultured at 37 °C in a fully humidified 5% CO2 incubator.

Adv. Healthcare Mater. 2024, 13, 2304371 © 2024 Wiley-VCH GmbH2304371 (10 of 13)
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Cell Viability and Proliferation Assays: The viability of the encapsulated
cells was evaluated using a viability/cytotoxicity kit (Invitrogen), follow-
ing the manufacturer’s protocol. Live (calcein-AM, green) and dead cells
(ethidiumhomodimer-1, red) cells were detected using a fluorescence mi-
croscope (Nikon ECLIPSE Ts2, Tokyo, Japan). The obtained images were
quantified using ImageJ software (National Institute of Health, USA).

The effect of 3D culture on cellular proliferation was measured using
water-soluble tetrazolium salt WST-8 (Quanti-Max WST-8 Cell Viability As-
say Kit, Biomax, Republic of Korea). Cells encapsulated in both the bdECM
hydrogel and alginate gel were additionally incubated for 2 h with 10%
WST-8 reagent at each determined time point. The absorbance of each
well was recorded at 450 nm using a microplate reader (BioTek). The cell
proliferation rate was calculated relative to that on day 1.

The sensitivity of encapsulated K562 cells to imatinib mesylate (Sigma–
Aldrich) was determined using WST-8. After 24 h of encapsulation, the
cells were treated with imatinib and further incubated for 48 h. The ab-
sorbance was measured at 450 nm using a microplate reader (BioTek).
To evaluate anti-leukemia through ferroptosis induction, Erastin (ERA, 5
μm) (a known ferroptosis inducer) and Propargylglycine (PAG, 2 mm[30a])
(which reduces metallothionein induction) were pretreated for 24 h before
adding imatinib.

Activity of P-gp Efflux Pump Transporter: The P-glycoprotein efflux
pump activity of K562-bdECM was assessed by monitoring the uptake of
the glycoprotein substrate rhodamine 123 (Sigma–Aldrich). After 24 h of
encapsulation, the cells were treated with verapamil (Sigma–Aldrich) for
3 h and washed twice with Dulbecco’s phosphate-buffered saline (DPBS)
twice. Subsequently, GM containing rhodamine 123 (300 ng mL−1) was
added, followed by incubation for 60 min. The medium containing rho-
damine 123 was then removed and GM was added for an additional 60 min
of incubation. Finally, K562 cells were washed twice with DPBS. The en-
capsulated cells were sonicated for 5 s to release rhodamine 123. The ex-
citation/emission values were determined using a microplate reader at
485/590 nm.

QuantSeq 3′ mRNA-Seq Analysis: QuantSeq was performed in dupli-
cate (E-Biogen) on each group, and the data were analyzed using ExDEGA
software (v4.0.3, E-Biogen). For control and test RNAs, the construction
of the library was performed using QuantSeq 3′ mRNA-Seq library prep kit
(Lexogen, Austria), according to the manufacturer’s instructions. In brief,
each 500 ng total RNA were prepared and an oligo-dT primer containing
an Illumina-compatible sequence at its 5′-end was hybridized to the RNA
and reverse transcription was performed. After degradation of the RNA
template, second strand synthesis was initiated by a random primer con-
taining an Illumina-compatible linker sequence at its 5′-end. The double-
stranded library was purified using magnetic beads to remove all reac-
tion components. The library was amplified to add complete adapter se-
quences required for cluster generation. The finished library is purified
from PCR components. High-throughput single-end 75 sequencing was
performed using NextSeq 500 (Illumina, USA).

QuantSeq 3′ mRNA-seq reads were aligned using Bowtie2.[35] Bowtie2
indices were generated either from the genome assembly sequence or rep-
resentative transcript sequences for alignment to the genome and tran-
scriptome. The alignment file was used to assemble transcripts, estimate
their abundance, and detect differential gene expression. Differentially ex-
pressed genes were determined based on counts from unique and mul-
tiple alignments using Bedtools.[36] The read count data were processed
based on the TMM + CPM normalization method using EdgeR within R
(R Development Core Team, 2020) and using Bioconductor.[37]

Flow Cytometry: For the cell cycle analysis, each group of cells
(2× 105 cells mL−1) were double-stained with Pyronin Y/Hoechs33342 so-
lution (100 μL of GM containing 4 μg mL−1 of Pyronin Y and 10 μg mL−1

of Hoechs33342) (Invitrogen) for 20 min in the dark at 37 °C. The cells
were then resuspended in 200 μL GM and immediately analyzed by us-
ing a flow cytometer (BD FACS Verse with software BD FACSuite™, USA).
The cell cycle distribution was analyzed using FCSalyzer (ver. 0.9.22-alpha)
(https://sourceforge.net/projects/fcsalyzer/).

To analyze the expression of cell surface markers (e.g., CD13, CD16,
CD34, CD38, and MDR1), cells were harvested and incubated with directly-
labeled anti-human primary antibodies. The levels of cell surface marker

proteins were analyzed by a flow cytometer (BD FACS Verse with software
BD FACSuite). The percentage of cell surface markers was analyzed using
FCSalyzer.

To detect ferroptosis by using C11-BODIPY (581/591) (Thermo Fisher
Scientific) staining, which measures lipid peroxide production, harvested
K562 cells (2 × 105 cells mL−1) were incubated with C11-BODIPY for
10 min at 37 °C in the dark. The cells were then washed twice and re-
suspended in 200 μL of fresh DPBS. Flow cytometry data were collected
using FCSalyzer.

Quantitative PCR Analysis: Total RNA was extracted from cells cultured
in different hydrogels using TRIzol reagent (Invitrogen). The RNA concen-
tration was quantified using a Nanodrop One spectrophotometer (Thermo
Fisher Scientific). The extracted RNA (500 ng) was converted to cDNA us-
ing AccuPower RocketScript RT PreMix (Bioneer, Republic of Korea). qPCR
was conducted by using SYBR® Green Realtime PCR Master Mix (TOY-
OBO, Japan). Relative quantification of target genes was performed using
the 2−ΔΔCT method. First, the target gene in each sample was normalized
to RPS27 as a reference gene using threshold cycle information. The rel-
ative fold changes in gene expression in the target and negative control
samples (K562 in suspension) were further analyzed. The primers used in
this study are listed in Table S2.

Immunofluorescence: Cells were fixed with 4% paraformaldehyde and
permeabilized with 0.2% Triton X-100 (Sigma–Aldrich) in DPBS. The cells
were then treated with 3% bovine serum albumin (Sigma-Aldrich) in DPBS
with 0.1% Triton X-100 for 1 h at RT to block the non-specific binding of
antibodies. The cells were incubated with MRD1 primary antibody (Bioss
Antibodies, USA) at 4 °C for 16 h, then with the secondary antibody conju-
gated with Alexa Fluor 488 and 594 (Invitrogen). Nuclei were stained with
Hoechst 33342. Confocal imaging was performed using a Zeiss LSM 980
confocal laser scanning microscope and analyzed using Zeiss Zen Blue
software.

Statistical Analysis: All quantitative data are expressed as the
mean ± standard deviation. Statistical analyses were performed using t-
tests to compare two sets of data. One-way analysis of variance was used
to compare multiple groups with Tukey’s post hoc test using GraphPad
Prism software (version 8, Graph Pad Software, Inc., San Diego, CA, USA;
*p < 0.05; **p ≤ 0.01; ***p ≤ 0.001, and ****p ≤ 0.0001).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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