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BRD4 regulates PAI-1 expression in tumor-associated
macrophages to drive chemoresistance in colorectal cancer
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Tumor-associated macrophages (TAMs) in the tumor microenvironment play a key role in drug resistance, but the mechanisms
underlying TAM polarization and its role in drug resistance remain unclear. Here, we identified BRD4 as a critical factor in TAM
polarization and drug resistance in colorectal cancer (CRC). BRD4 deficiency in macrophages impaired M2-like TAM polarization,
and tumors from myeloid-lineage specific Brd4 conditional knockout (Brd4-CKO) mice displayed a reduction in infiltrating M2-like
TAMs and an enhanced anti-tumor microenvironment. Colon cancer cells treated with conditioned medium from polarized Brd4-
deficient TAMs, as well as tumors in Brd4-CKO mice, were more sensitive to oxaliplatin. RNA-seq and cytokine microarray analysis
revealed that mRNA and protein levels of PAI-1 were significantly decreased in Brd4-deficient polarized TAMs. BRD4 was recruited
to the promoter of Serpine1, promoting SMAD-dependent PAI-1 expression. Supplementing Brd4-deficient TAMs with recombinant
PAI-1 hampered the sensitivity of colon cancer cells to oxaliplatin. Moreover, PAI-1 inhibitor and oxaliplatin synergistically
suppressed the growth of colon tumors. Clinically, the expression levels of BRD4 in TAMs and PAI-1 in tumors were elevated in CRC
patients with chemoresistance, correlating with shorter recurrence-free survival. Collectively, our findings uncover a novel role for
BRD4 in TAM polarization and drug resistance via PAI-1 upregulation, suggesting the BRD4/PAI-1 axis as a potential prognostic
marker and therapeutic target in CRC.
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INTRODUCTION
Colorectal cancer (CRC) is the third most common cancer and the
second leading cause of cancer-related deaths, with around 2
million new cases and over 900,000 deaths annually [1]. While the
targeted therapies and immune checkpoint blockade (ICB)
therapy are able to extend the overall survival in some patients,
chemotherapy is still the most common and effective treatment
for those with advanced or unresectable tumors [2–4]. However,
resistance to chemotherapy, including both intrinsic and acquired
resistance, frequently arises during treatment, leading to ther-
apeutic failure [5]. It is urgently needed to understand the
mechanisms for drug resistance to facilitate the development of
new therapeutic avenues with better clinical outcomes in CRC.
Tumor cell heterogeneity and the immunosuppressive tumor

microenvironment (TME) are the two major contributing factors in
drug resistance [6]. TME is composed of various components,
including immune cells, fibroblasts, blood vessels, extracellular
matrix, and regulatory proteins [7]. Tumor-associated macro-
phages (TAMs) are the most abundant immune cells within TME
and predominantly exist as two distinct, polarized subtypes: M1-
like TAMs and M2-like TAMs. M1-like TAMs, which are pro-
inflammatory and anti-tumor, are prevalent during the early

stages of tumor development, whereas M2-like TAMs, which are
pro-tumor, emerge in the intermediate and late stages. These M2-
like TAMs facilitate cancer cell survival, progression, invasion,
metastasis, angiogenesis, and drug resistance by mediating
immunosuppressive signaling [8–10]. For example, M2-like macro-
phages could produce surface proteins, such as PD-L1 and IL-10,
to impede the functionality of effector T cells or release soluble
factors that recruit the regulatory T cells, for cancer cell
proliferation and progression [11, 12]. At the same time, the
soluble factors from TAMs could directly target tumor cells,
activating various pro-survival signaling pathways to inhibit cell
apoptosis and promote the chemoresistance [10–12]. However,
how the expression of these pro-survival factors from TAMs of CRC
that contribute to chemoresistance is regulated remains to be
further elucidated.
Plasminogen activator inhibitor-1 (PAI-1), encoded by the

SERPINE1 gene, regulates plasminogen activation and fibrinolysis
[13]. Beyond these roles, PAI-1 promotes tumorigenesis by
enhancing cancer cell proliferation, invasion, metastasis, and
angiogenesis [14]. Elevated expression of PAI-1 is observed in
various cancer types, including CRC, and its high levels are
associated with poor prognosis and drug resistance, likely through
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the inhibition of cell apoptosis and autophagy [15, 16]. For
instance, elevated PAI-1 expression reduces the responsiveness of
CRC patients to radiotherapy and chemotherapy [16]. PAI-1
expression in cancer cells is regulated by various factors, including
growth factors, hormones, and proinflammatory cytokines, either

directly or indirectly [14, 16]. TGF-β-mediated SMAD signaling has
been identified as a major driver of PAI-1 expression in cancer cells
[17]. TGF-β induces the binding of SMAD3 and SMAD4 to the
CAGA boxes in the SERPINE1 promoter, thereby promoting PAI-1
expression [17]. Furthermore, TGF-β also facilitates the interaction
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between SMADs and other transcription factors, such as Sp1, to
regulate PAI-1 expression in cancer cells [18]. In addition to cancer
cells, other cells within the TME, including TAMs, could also
produce PAI-1 through paracrine or autocrine mechanisms
[19, 20]. However, the mechanisms underlying PAI-1 regulation
in these non-cancerous cells, particularly TAMs, remain poorly
understood.
Bromodomain-containing factor BRD4 plays a crucial role in the

epigenetic regulation of gene expression in both inflammation and
cancer via binding to acetylated histones or non-histone proteins
through its two bromodomains [21]. Studies using myeloid-specific
Brd4 conditional knockout mice demonstrate that BRD4 regulates
the protective and pathogenic functions of macrophages by
controlling distinct genes expression in cooperation with various
transcription factors [22–24]. For example, BRD4 regulated NF-kB-
dependent inflammatory gene expression in macrophages during
LPS-induced sepsis [22]. It also cooperated with IRF8 to activate
NLRC4 inflammasome, promoting the production of IL-1b and IL-18
in response to Salmonella infection [23]. Additionally, BRD4 regulated
M1 macrophage activation and HIF-1α-dependent glycolysis for the
clearance of H. pylori infection [24]. While these studies underscore
the pivotal role of BRD4 in innate immunity by modulating
inflammatory gene expression in macrophages, its potential role in
the polarization of TAMs in cancer remains to be fully elucidated.
Here, we demonstrate that BRD4 regulates the polarization of

M2-like TAMs both in vitro and in vivo. BRD4 facilitates SMADs-
mediated transcription of Serpine1 and the subsequent production
of PAI-1 in M2-like TAMs, thereby contributing to resistance to
oxaliplatin in CRC. These findings uncover a novel regulatory role
of BRD4 in TAMs, highlighting its ability to modulate TME and
influence drug resistance in cancer.

RESULTS
BRD4 regulates the polarization of M2-like TAMs and TME
To explore the potential role of BRD4 in the polarization of TAMs,
we treated wild-type (WT) or Brd4-deficient bone marrow-derived
macrophages (BMDMs) with conditioned media (CM) of MC38
murine colon adenocarcinoma cells, which polarize BMDMs to M2-
like TAMs [25, 26] (Fig. 1A). When WT BMDMs were treated with
CM of MC38, a significant number of macrophages (CD11b+)
expressed CD206, a M2-like TAM marker (Fig. 1B, C) while very
limited number of cells expressed CD86, a M1-like TAM marker
(Fig. 1B, C). However, the population of CD206+ macrophages was
not enhanced by CM in Brd4-deficient BMDMs (Fig. 1B, C). Gene
set enrichment analysis of the transcriptome data showed
reduced expression of M2-associated gene sets in polarized
Brd4-deficient TAMs compared to WT TAMs, indicating impaired
M2-like TAM polarization (Fig. 1D). RNA sequencing heatmap
further confirmed significant downregulation of M2-associated
genes and upregulation of M1-associated genes in polarized Brd4-

deficient TAMs (Fig. 1E). Quantitative RT-PCR corroborated these
findings, demonstrating decreased expression of key M2-like TAM
markers, including Arg1, Pdgfb, and Csf1 [27, 28], in polarized Brd4-
deficient TAMs (Fig. 1F). These findings underscore the crucial role
of BRD4 in the polarization of M2-like TAMs.
To evaluate the role of BRD4 in the polarization of TAMs in vivo,

we employed the MC38 syngeneic subcutaneous CRC mouse
model [29], in which MC38-Luc cells (MC38 cells stably expressing
firefly luciferase) were injected subcutaneously into WT or Brd4-CKO
mice. Tumors grew in WT mice in a time-dependent manner as
visualized by the IVIS® Spectrum In Vivo Imaging System
(Fig. 1G, H). However, tumors from Brd4-CKO mice were much
smaller than those in WT mice, indicating that deletion of Brd4 in
myeloid cells suppresses tumor formation. Consistent with a tumor-
promoting role of M2-like TAMs, we found that tumors from Brd4-
CKO mice constituted decreased M2-like (MHCIIlowCD206high) but
increased M1 (MHCIIhighCD206low) TAMs (Fig. 1I). These data
demonstrate that BRD4 regulates the polarization of M2-like TAMs
and tumor growth in vivo.
Since TAMs are a major component of TME, contributing to the

immunosuppressive environment by affecting the infiltration of
various immune cells [30], the altered ratio of M1-like/M2-like
TAMs in the Brd4-CKO mice (Fig. 1I) suggested that tumors from
these mice might have a distinct TME. Indeed, comparing to WT
mice, tumors from Brd4-CKO mice were associated with increased
anti-tumor CD8+ T cells and NK (nature killing) cells but reduced
pro-tumor Tregs (regulatory T cells) and MDSCs (myeloid-derived
suppressive cells) with no difference in the CD4+ T cells (Fig. 1J &
Supplementary Figs. S1–S4). All together, these data suggest that
BRD4 not only regulates the polarization of M2-like TAMs, but also
contributes to the immunosuppressive TME.

Tumor-bearing Brd4-CKO mice are more sensitive to
oxaliplatin
The immunosuppressive TME contributes significantly to the
resistance of cancer cells against therapies, including chemother-
apy [31, 32]. TAMs are critical components of the TME and
modulate drug resistance [31]. Since tumors from Brd4-CKO mice
exhibited a reduced population of M2-like TAMs and a remodeled
TME compared to their WT counterparts (Fig. 1), we hypothesized
that these tumors would display altered sensitivities to che-
motherapy. To test this, we evaluated the response of tumors from
WT and Brd4-CKO mice to oxaliplatin, a widely used chemother-
apeutic agent in CRC [33]. Upon injection of MC38 cells, tumors
developed in WT mice (Fig. 2A). Oxaliplatin treatment, starting six
days post-injection, significantly reduced tumor size and weight in
WT mice (Fig. 2A–C). While tumors in Brd4-CKO mice were smaller
than those in WT counterparts (Fig. 2A), oxaliplatin dramatically
inhibited tumor growth in Brd4-CKO mice (Fig. 2A–C), indicating
that BRD4 deficiency in myeloid cells enhances tumor sensitivity
to the drug.

Fig. 1 BRD4 regulates the polarization of TAMs and the immunosuppressive TME. A Experimental schematic for in vitro polarization of
bone marrow-derived macrophages (BMDMs) into M2-like tumor-associated macrophages (TAMs) via treatment with MC38 conditioned
medium (CM) for 24 h. B WT and Brd4-deficient BMDMs were polarized as described in (A) and analyzed for CD86 and CD206 expression on
CD11b+ cells using flow cytometry. C Quantification of CD206hi and CD86hi cells within the CD11b+ TAM population (n= 3). D Gene Set
Enrichment Analysis (GSEA) plot for COATES_Macrophage_M1_vs _M2_DN in polarized WT and Brd4-deficient TAMs, based on RNA
sequencing (RNA-seq) data. E Heatmap illustrating the expression levels of M1- and M2-associated genes in polarized WT and Brd4-deficient
TAMs, as determined by RNA-seq. F qRT-PCR analysis of mRNA expression levels of Arg1, Pdgfb, and Csf1 in polarized WT and Brd4-deficient
TAMs (n= 3). MC38-Luc cells were inoculated subcutaneously into the right flank of WT or Brd4-CKO mice. Tumor growth was monitored using
bioluminescence imaging (G) with quantification of tumor size (H) (n= 4) at the indicated time points. I Left panel: Tumors from MC38-
inoculated WT and Brd4-CKO mice were harvested on day 19. The expression of markers for M1-like TAMs (MHCII high, CD206 low) and M2-like
TAMs (MHCII low, CD206 high) was assessed in the total TAM population (CD45+CD11b+F4/80+Gr1-). Right panel: Proportion of M1-like and
M2-like TAMs within the total TAM population (n= 6). J Percentage of various immune cell types (T cells and NK cells, n= 13; MDSCs, n= 6) in
tumors from WT and Brd4-CKO mice. Data are presented as mean ± SD. Statistical significance was assessed using a two-tailed Student’s t test
for comparisons between two groups and two-way ANOVA with Tukey’s post-hoc test for multiple comparisons. *p < 0.05, **p < 0.01,
***p < 0.001. ns not significant.
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The cytotoxicity of oxaliplatin relies on its ability to induce DNA
damage and apoptosis in cancer cells [34]. To assess the impact on
DNA damage and apoptosis, we evaluated tumors from WT and
Brd4-CKO mice with or without oxaliplatin treatment. Oxaliplatin
increased γH2AX levels in tumors from WT mice, with higher levels

observed in tumors from Brd4-CKO mice (Supplementary Fig. S5,
Fig. 2F). There was barely any TUNEL staining in the tumors from
either WT or Brd4-CKO mice (Fig. 2D, E), indicating that the
reduced tumor growth in Brd4-CKO mice was unlikely due to
increased cellular apoptosis. In contrast, oxaliplatin treatment
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significantly increased TUNEL staining in WT tumors (Fig. 2D, E),
reflecting its cytotoxic effect. Notably, oxaliplatin treatment
induced a marked increase in TUNEL staining in Brd4-CKO
tumors (Fig. 2D, E), indicating that the absence of BRD4 in TAMs
potentiates oxaliplatin-induced apoptosis. Correspondingly,
caspase-3 activation was significantly enhanced in Brd4-CKO
tumors following oxaliplatin treatment compared to WT tumors
(Fig. 2F). These results demonstrate that BRD4 deficiency in
myeloid cells sensitizes colon tumors to oxaliplatin by promot-
ing apoptosis in tumor cells.
To determine whether the enhanced cytotoxicity of oxaliplatin

in Brd4-CKO mice was directly mediated by TAMs, we employed a
transwell co-culture system to separate polarized TAMs from
MC38 cells (Fig. 2G). In this setup, soluble factors released from
polarized TAMs were able to diffuse through the membrane and
influence MC38 cells. We observed a significant increase in MC38
cell viability upon oxaliplatin treatment when cultured with
polarized WT TAMs, compared to cultures without TAMs. In
contrast, co-culture with polarized Brd4-deficient TAMs resulted in
only a minimal increase in MC38 cell viability (Fig. 2G). To further
elucidate the role of these soluble factors, we analyzed CM from
polarized WT and Brd4-deficient TAMs. As expected, CM from WT
TAMs enhanced MC38 cell viability with reduced DNA damage
and apoptosis, while CM from Brd4-deficient TAMs had no effect
(Fig. 2H–K). Similar results were also obtained using human cell
lines. CM from THP-1-derived WT TAMs increased HCT116 cell
viability with reduced DNA damage and apoptosis, while CM from
THP-1-derived TAMs with Brd4-knockdown had no impact
(Fig. 2L, M). These findings suggest that BRD4-regulated soluble
factors secreted by TAMs, rather than direct cell contact, modulate
the sensitivity of CRC cells to oxaliplatin.

BRD4 regulates PAI-1 expression in polarized M2-like TAMs
To identify the BRD4-regulated factor(s) in TAMs that affect the
response of MC38 cells to oxaliplatin, we performed RNA
sequencing (RNA-seq) analysis of MC38 CM polarized WT and
Brd4-deficient TAMs. Given that BRD4 is an epigenetic regulator, it
is likely to modulate the transcription of these unidentified
factor(s). While BRD4 deficiency altered certain gene expression in
unpolarized M0 macrophages, CM treatment significantly affected
gene expression in polarized TAMs (Fig. 3A). In polarized WT TAMs,
we identified 152 upregulated genes compared to their unpolar-
ized counterparts, while 192 genes were downregulated in
polarized Brd4-deficient TAMs relative to polarized WT TAMs.
Notably, 105 genes overlapped as BRD4-regulated genes
(Fig. 3B, C). Gene ontology (GO) enrichment analysis revealed
that these genes were involved in regulating cellular immune
responses, particularly innate immunity (Fig. 3D). Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway analysis identified
their role in immune signaling, including cytokine-cytokine
receptor interaction and chemokine signaling (Fig. 3E). These

findings suggest that BRD4 regulates the TAM-mediated immune
response and modulates paracrine communication between TAMs
and other cells within TME.
The ability of TAMs to affect MC38 cell response to oxaliplatin

appears to be mediated by soluble factor(s) secreted from TAMs
(Fig. 2). Therefore, we analyzed the secreted proteins in the CM of
polarized WT and Brd4-deficient TAMs using Proteome Profiler
Mouse Cytokine Array kit, which includes cytokines, chemokines,
growth factors and signaling molecules (Fig. 3F). Of the 111
proteins tested, 14 were significantly downregulated in Brd4-
deficient polarized TAMs (Fig. 3F, G). By overlaying the RNA-seq
data with the cytokine array results, we identified three key BRD4-
regulated factors in polarized TAMs: PAI-1, M-CSF, and CD40
(Fig. 3H). Recombinant PAI-1 added to CM from Brd4-deficient
TAMs significantly reduced oxaliplatin-induced cytotoxicity in
MC38 cells, whereas M-CSF and CD40 had no such effect
(Supplementary Fig. S6). These findings suggest that BRD4
regulates oxaliplatin resistance in MC38 cells by modulating PAI-
1 expression in TAMs.

BRD4 cooperates with SMAD3/4 to regulate PAI-1 expression
in TAMs
To investigate the molecular mechanism by which BRD4 regulates
PAI-1 expression in TAMs, we examined Serpine1 induction
(encoding PAI-1) in WT BMDMs and THP-1 cells following
exposure to MC38 or HCT116 CM, respectively (Fig. 4A,
Supplementary Fig. S7). This induction was significantly reduced
in polarized Brd4-deficient or Brd4-knockdown TAMs (Fig. 4A,
Supplementary Fig. S7). ELISA or immunoblot analyses confirmed
that both extracellular and intracellular PAI-1 levels increased in
polarized WT TAMs, whereas no such increase was observed in
polarized Brd4-deficient or Brd4-knockdown TAMs (Fig. 4B, C,
Supplementary Fig. S8). Additionally, tumor extracts from WT mice
displayed significantly higher PAI-1 levels compared to those from
Brd4-CKO mice, further highlighting the critical role of BRD4 in
TAMs for regulating PAI-1 (Fig. 4D).
BRD4 interacts with various transcription factors to promote

gene expression [21], and SMAD3 and SMAD4 are key transcrip-
tion factors of PAI-1 [17, 35]. We hypothesized that BRD4
cooperates with these SMAD proteins to regulate PAI-1 expression
in polarized TAMs. To test this, we utilized SIS3, a SMAD3 inhibitor
[36], which suppressed MC38 CM-induced SMAD3 phosphoryla-
tion and subsequent Serpine1 transcription, as well as PAI-1
protein levels (Fig. 4E, F). These results confirm the essential role of
SMAD3 in regulating PAI-1 expression.
Next, we examined the interaction between BRD4 and SMAD3/

4. Notably, SIS3 treatment inhibited both SMAD3 phosphorylation
and its interaction with SMAD4 [36]. Upon MC38 CM stimulation,
BRD4’s binding to both SMAD3 and SMAD4 in BMDMs was
significantly increased (Fig. 4G). However, SIS3 treatment reduced
the BRD4-SMAD3 interaction and almost completely abolished the

Fig. 2 Myeloid BRD4 deficiency enhances sensitivity of MC38 cells to oxaliplatin in vivo and in vitro. A Top: schematic of the experimental
design. WT or Brd4-CKO mice were subcutaneously inoculated with MC38 cells. At day 7, mice with tumor volumes of 50–100mm3 received
intraperitoneal injections of oxaliplatin (OXA) (6 mg/kg body weight) every 3 days. Tumors were harvested at day 21 for subsequent analysis.
Bottom: Representative images of tumors from WT and Brd4-CKO mice with or without oxaliplatin treatment. Tumor volumes (B) and weights
(C) from the experiments described in (A) were measured (n= 12). Representative images (D) and quantification (E) of TUNEL staining in
tumor tissues from (A) (n= 5). F Immunoblot analysis of γH2AX and cleaved caspase 3 levels in tumor tissues from (A). Data represent results
from two animals per group. G Polarized WT and Brd4-deficient TAMs on 0.4 μm transwell filters were co-cultured with MC38 cells for 24 h.
After removal of TAMs, MC38 cells were treated with OXA (30 μM) for an additional 48 h. MC38 cell viability was assessed using the MTS assay
(n= 3). H MC38 cells were treated with CM from polarized WT or Brd4-deficient TAMs for 4 h, followed by treatment with or without OXA
(30 μM) for 48 h. MC38 cells were then analyzed for cell viability. I γH2AX and cleaved caspase 3 levels in MC38 cells from (H). J, K Flow
cytometric analysis of apoptotic MC38 cells from (H), using Annexin V/PI staining. Representative FACS dot plots (J) and quantification of
apoptotic cells (K) (n= 3). L HCT116 cells were treated with CM from polarized WT or BRD4 knockdown THP-1-derived TAMs for 4 h, followed
by treatment with or without OXA (30 μM) for 48 h. Cell viability was measured by MTS assay, and BRD4 knockdown efficiency is shown on the
right. M γH2AX and cleaved caspase 3 levels in HCT116 cells from (L). Data are expressed as mean ± SD. Statistical analyses were performed
using two-way ANOVA with Tukey’s post-hoc test for multiple comparisons. **p < 0.01, ***p < 0.001.
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Fig. 3 Deletion of BRD4 alters the transcriptional landscape in TAMs. A Principal Component Analysis (PCA) of RNA-seq data from MC38
CM-polarized and unpolarized WT and Brd4-deficient TAMs. B Volcano plot of RNA-seq data comparing MC38 CM-polarized WT and Brd4-
deficient TAMs. Upregulated genes in polarized Brd4-deficient TAMs relative to WT TAMs are indicated by red dots, downregulated genes by
blue dots, and genes with no significant change by gray dots. C Venn diagram showing the number of genes with significantly altered
expression (log2 fold change ≥2; FDR ≤ 0.05) in unpolarized or MC38 CM-polarized WT and Brd4-deficient TAMs. GO enrichment analysis (D)
and KEGG pathway enrichment analysis (E) of the 105 overlapping genes from the Venn diagram in (C). F Proteome Profiler Mouse XL
Cytokine Array analysis of supernatants from MC38 CM-polarized WT and Brd4-deficient TAMs. The position of PAI-1 is indicated in the
representative images of the array results. G Heatmap of 14 proteins with reduced signals in polarized Brd4-deficient TAMs identified from (F),
color-coded by Z-score. H Venn diagram showing the overlap of differentially expressed soluble proteins identified in (F) with differentially
expressed genes from (C).
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BRD4-SMAD4 interaction (Fig. 4G). These findings suggest that
BRD4 interacts with SMAD3, and its interaction with SMAD4 is
likely SMAD3-dependent.
A palindrome SMAD binding site was identified in the murine

Serpine1 promoter, located 253–261 bp upstream of the transcription

start site [35] (Fig. 4H). To assess the cooperative activity of SMAD3
and BRD4, we cloned the Serpine1 promoter into a luciferase reporter
vector and co-transfected it with SMAD3 and SMAD4, as they work
together to activate SMAD target genes [37]. While either SMAD3/
SMAD4 or BRD4 alone moderately activated the reporter, their co-
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expression dramatically increased luciferase activity (Fig. 4H),
indicating that BRD4 facilitates SMAD3/SMAD4-mediated activa-
tion of the Serpine1 promoter. Mutation of critical nucleotides in
the SMAD binding sequence [35] significantly diminished
SMADs and BRD4’s ability to activate the reporter (Fig. 4H),
confirming their reliance on this binding site. Moreover, the co-
activation by BRD4 appeared bromodomain-dependent, as a
bromodomain deletion mutant of BRD4 could not facilitate
SMAD-mediated activation (Fig. 4I).
We then performed chromatin immunoprecipitation (ChIP)

assays to assess the functional cooperation between BRD4 and
SMAD3 on the Serpine1 promoter. In MC38 CM-treated BMDMs,
SMAD3, BRD4 and RNA polymerase II (RNAPII) were enriched at
the SMAD binding site on the Serpine1 promoter (Fig. 4J).
Importantly, pre-treatment with SIS3 reduced this enrichment
(Fig. 4J), suggesting a SMAD-dependent recruitment process.
Collectively, these results highlight the collaborative role of BRD4
with SMAD3 and SMAD4 in enhancing Serpine1 transcription in
polarized TAMs.

BRD4-regulated PAI-1 in TAMs Confers oxaliplatin resistance
in CRC via the JAK2/STAT3 signaling pathway
Having identified the cooperation between BRD4 and SMADs to
regulate PAI-1 expression in TAM, we next assessed whether
BRD4/SMADs-regulated PAI-1 in TAMs contributes to chemoresis-
tance in CRC. We reconstituted recombinant PAI-1 (rPAI-1) into the
CM from polarized Brd4-deficient TAMs, which had compromised
PAI-1 production (Fig. 4B, C), and evaluated its effect on oxaliplatin
cytotoxicity against MC38 cells. Supplementing rPAI-1 reduced
oxaliplatin-induced apoptosis, as evidenced by decreased cleaved
caspase 3 levels and increased cell viability (Fig. 5A–D). This
resistance was observed in both mouse and human CRC cells
(Supplementary Fig. S9), indicating that BRD4-dependent PAI-1
from polarized TAMs modulates CRC cell sensitivity to oxaliplatin.
Next, we investigated the role of the urokinase receptor (uPAR),

which mediates intracellular signaling upon PAI-1 binding [38].
rPAI-1 enhanced viability in WT MC38 cells, but this effect was
absent in uPAR knockdown cells (Fig. 5E). Similarly, CM from
polarized wild-type TAMs increased oxaliplatin resistance in wild-
type MC38 cells but not in uPAR knockdown cells (Fig. 5F),
indicating that BRD4-regulated PAI-1 secreted from TAMs targets
cancer cells via uPAR to inhibit apoptosis.
We then explored the mechanism underlying PAI-1-mediated

oxaliplatin resistance. PAI-1 is known to modulate cell proliferation
and chemoresistance through pathways such as PI3K/AKT, JAK/
STAT, p38MAPK, and NF-κB [19, 20, 39]. Inhibition of JAK1/2 and
PI3K reduced PAI-1-mediated oxaliplatin resistance (Supplementary

Fig. S10). Further analysis revealed that PAI-1 specifically enhanced
JAK2 phosphorylation in oxaliplatin-treated MC38 cells, without
affecting PI3K or p38MAPK signaling (Fig. 5G, Supplementary
Fig. S11). Additionally, PAI-1 activated the JAK2/STAT3 pathway,
leading to increased STAT3 phosphorylation, nuclear translocation,
and anti-apoptotic gene expression (Fig. 5H, Supplementary
Figs. S12–S14). Inhibition of STAT3 with S3I-201 reversed PAI-1-
mediated resistance (Supplementary Fig. S15). Notably, CM from wild-
type TAMs enhanced JAK2/STAT3 activation in oxaliplatin-treated
MC38 cells compared to CM from Brd4-deficient TAMs, and this
activation was restored by rPAI-1 supplementation (Fig. 5I, Supple-
mentary Fig. S16). These findings underscore the crucial role of the
JAK2/STAT3 signaling axis in PAI-1-mediated oxaliplatin resistance.
To evaluate the in vivo impact of BRD4-regulated PAI-1 on

oxaliplatin cytotoxicity, we used Tiplaxtinin (PAI-039), a specific
PAI-1 inhibitor [40]. While oxaliplatin or PAI-039 alone modestly
reduced tumor size, their combination completely halted tumor
growth (Fig. 5J–L). This synergy likely resulted from enhanced
apoptosis, as indicated by increased TUNEL-positive cells
(Fig. 5M, N) and higher levels of cleaved caspase 3 (Fig. 5O).
Additionally, STAT3 activation was reduced in tumors treated with
both oxaliplatin and PAI-039 (Fig. 5O). These results further
support that PAI-1, potentially derived from TAMs, promotes
oxaliplatin resistance by inhibiting apoptosis via the JAK2/
STAT3 signaling pathway.

High BRD4 expression in TAMs correlates with elevated PAI-1
levels in chemoresistance CRC patients
To investigate the clinical relevance of BRD4 in TAMs on
chemoresistance in CRC, we analyzed BRD4 levels in tissue
samples from chemotherapy-sensitive and -resistant patients.
Immunofluorescence staining indicated that BRD4 was expressed
in nearly all cells, including CD68+ TAMs, with significantly higher
levels in TAMs from drug-resistant patients compared to those
from drug-sensitive patients (Fig. 6A). This suggests a link between
BRD4 expression in TAMs and chemotherapy resistance.
We then assessed PAI-1 levels in the same tissue samples and

found higher expression in drug-resistant tumor tissues compared
to drug-sensitive ones (Fig. 6B). Notably, PAI-1 expression in tumor
tissues positively correlated with BRD4 levels in CD68+ TAMs
(Fig. 6C), suggesting that BRD4-regulated PAI-1 expression in TAMs
is a major source of PAI-1 in CRC tumors. Single-cell RNA-seq analysis
of immune cells in the CRC microenvironment [41] confirmed that
SERPINE1 (PAI-1) is primarily expressed in myeloid cells, including
TAMs (Fig. 6D) (https://singlecell.broadinstitute.org/single_cell/
study/SCP1162). Moreover, high SERPINE1 expression was associated
with shorter relapse-free survival (RFS) in CRC patients undergoing

Fig. 4 BRD4 cooperates with SMAD3 to regulate PAI-1 expression in M2-like TAMs. A WT and Brd4-deficient BMDMs were cultured with or
without MC38 CM for the indicated times. Serpine1 mRNA levels were quantified by qRT-PCR. B WT and Brd4-deficient BMDMs were treated
with or without MC38 CM for 24 h. PAI-1 protein levels in the medium were measured by ELISA. C PAI-1 protein levels in cell lysates from
BMDMs treated as in (B) were analyzed by immunoblotting. D Tumor samples from WT and Brd4- CKO mice, harvested on day 19 post-
inoculation, were analyzed for PAI-1 expression by immunoblotting (left), with quantification shown on the right (n= 5). E BMDMs were
pretreated with or without the SMAD3 inhibitor SIS3 (10 μM) for 1 h, then exposed to MC38 CM for 4 h. Serpine1 mRNA levels were measured
by qRT-PCR. F BMDMs were pretreated with or without SIS3 (10 μM) for 1 h, followed by MC38 CM treatment for 24 h. Protein levels in cell
lysates were assessed by immunoblotting. G BMDMs were pretreated with or without SIS3 (10 μM) for 1 h, followed by treatment with or
without MC38 CM for 4 h. Endogenous BRD4 was immunoprecipitated, and associated SMAD3 and SMAD4 were detected by immunoblotting.
IgG served as a control. H Left: Schematic of the murine Serpine1 promoter region showing the palindrome SMAD binding sequence and two-
point mutations (Mu_1 and Mu_2). TSS: transcription start site. Right: pGL3-enhancer reporter plasmids (0.1 μg) containing the wild-type (WT)
or mutant Serpine1 promoter sequences were co-transfected with BRD4 (0.1 μg), SMAD3 (0.05 μg), and SMAD4 (0.05 μg) expression vectors
into HEK293T cells. Luciferase activity was measured 48 h post-transfection. I Serpine1 promoter luciferase reporter plasmids (0.1 μg) were co-
transfected with SMAD3 (0.05 μg), SMAD4 (0.05 μg), and either wild-type BRD4 or its bromodomain deletion mutant (0.1 μg) into
HEK293T cells. Luciferase activity was measured 48 h after transfection. J BMDMs were pretreated with or without SIS3 (10 μM, 1 h), followed
by MC38 CM treatment for 4 h. Chromatin immunoprecipitation (ChIP) assays were performed using antibodies against BRD4, SMAD3, and
RNAPII, and the Serpine1 promoter was analyzed by qPCR. Results are shown as mean ± SD of three independent experiments. Statistical
significance was determined by two-tailed Student’s t test and one-way ANOVA with multiple comparisons (Tukey test). *p < 0.05; **p < 0.01;
***p < 0.005; ns not significant.
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chemotherapy (Fig. 6E). Together, these findings suggest that BRD4-
regulated PAI-1 expression in TAMs plays a key role in promoting
chemoresistance in CRC. Furthermore, BRD4 levels in TAMs and
associated PAI-1 expression in tumors may serve as potential
prognostic markers for chemotherapy outcomes in CRC patients.

DISCUSSION
Macrophages play a critical role in innate immunity, defending
against pathogens and maintaining tissue homeostasis [42, 43].
They also contribute to the development of various diseases,
including metabolic disorders and cancer [44]. Emerging evidence
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indicates that BRD4 is a critical regulator of innate immunity and
modulates broad biological activities of macrophages [22, 23].
However, its role in the pathological activities of macrophages
remains less understood. In current study, we identify a novel
pathological function of BRD4 in the polarization of TAMs and the
subsequent chemoresistance in CRC. We demonstrate that BRD4 is
essential for the polarization of pro-tumor M2-like TAMs and the
establishment of immunosuppressive TME. In these polarized M2-
like TAMs, BRD4 is recruited to the Serpine1 promoter via SMAD3/
4, driving PAI-1 expression, which in turn promotes chemoresis-
tance through the JAK2/STAT3 signaling pathway in CRC (Fig. 6F).
Clinically, elevated BRD4 expression in TAMs of chemotherapy-
resistant CRC patients correlates with higher PAI-1 levels
(Fig. 6A, C), suggesting that BRD4 and PAI-1 in TAMs may serve
as prognostic markers for chemotherapy outcomes.
In vitro and in a syngeneic MC38 mouse model of CRC, BRD4

deficiency in macrophages impaired the polarization of TAMs
toward the pro-tumor M2 phenotype (Fig. 1). M2-like TAMs are
major contributors to the immunosuppressive TME [30]. In Brd4-
CKO mice, reduced M2-like TAMs shifted the TME from
immunosuppressive to immunostimulatory, characterized by an
increase in cytotoxic CD8+ T cells and NK cells, and a decrease in
immunosuppressive Tregs and MDSCs (Fig. 1J). This reprogram-
ming of the TME to an immunostimulatory state likely underlies
the reduced tumor growth observed in Brd4-CKO mice (Figs. 1G
and 2A). These findings highlight the potential of targeting BRD4
in TAMs to reshape the TME and improve chemotherapy efficacy
in CRC.
In Brd4-CKO mice, the proportion of M1-like TAMs was

increased, while the proportion of M2-like TAMs was reduced
(Fig. 1I). Moreover, the overall number of TAMs was also
diminished (Supplementary Fig. S17). This reduction may be
attributed to the downregulation of CCR2 expression in TAMs
following Brd4 deletion [45] (Supplementary Fig. S18), which
likely impairs their recruitment to the tumor site. TAMs play a
crucial role in phagocytosing tumor cells, but their activity is
often suppressed by “don’t eat me” signals presented on the
surface of tumor cells, such as the CD47-SIRPα axis [46, 47].
Interestingly, we observed that Brd4 deficiency led to a
reduction in Sirpa expression in TAMs (Supplementary
Fig. S19), which may enhance their phagocytic capacity.
Consistent with this, both in vitro and in vivo phagocytosis
assays demonstrated that Brd4-deficient TAMs exhibited
increased ability to engulf tumor cells (Supplementary Figs.
S20 and S21). Therefore, the reduced tumor growth observed in
Brd4-CKO mice appears to result from multiple mechanisms,
including enhanced TAM-mediated phagocytosis.

Tumors from Brd4-CKO mice demonstrate increased sensitivity
to oxaliplatin treatment. After three consecutive low-dose
oxaliplatin injections, the tumor sizes in WT mice were reduced
by 30%, whereas in Brd4-CKO mice, the reduction was more
pronounced, reaching 50% (Fig. 2A, B). These results suggest that
the knockout of BRD4 in myeloid cells enhances tumor suppres-
sion in synergy with oxaliplatin treatment. It is also noteworthy
that Brd4 deficiency extends beyond TAMs, as Brd4-CKO mice
exhibit a lack of BRD4 in other myeloid-derived cells, such as
dendritic cells and neutrophils. These additional immune altera-
tions could contribute to the observed anti-tumor phenotype and
enhanced chemotherapeutic sensitivity, further underscoring the
complex role of BRD4 in regulating the tumor microenvironment.
The interplay between Brd4 and different myeloid populations
may provide new insights into therapeutic strategies targeting the
tumor immune landscape.
Tumors from Brd4-deficient mice showed increased sensitivity

to oxaliplatin-induced apoptosis, which was associated with
changes in the TME (Fig. 2). RNA-seq and cytokine array analysis
revealed PAI-1 as a key BRD4-regulated secreted factor in
polarized TAMs, contributing to oxaliplatin resistance (Fig. 3).
PAI-1 has been implicated in cell proliferation and drug resistance
in various cancers, including breast, non-small cell lung, and
prostate cancers [14, 16]. In our study, we found that polarized
TAMs were the primary source of PAI-1, with its expression
regulated by BRD4. While PAI-1 expression was significantly
upregulated in WT TAMs by MC38 CM, it remained at basal levels
in Brd4-deficient TAMs (Fig. 4A–C). Notably, PAI-1 levels were
reduced but not abolished in tumors from Brd4-CKO mice
compared to WT tumors (Fig. 4D). This residual PAI-1 may
originate from cancer cells or other TME components, such as
endothelial cells and fibroblasts, which also produce PAI-1 [48].
One function of BRD4-regulated PAI-1 from TAMs is its role in

conferring resistance to oxaliplatin in colon cancer cells. Supple-
menting rPAI-1 into CM from polarized Brd4-deficient TAMs
reduced oxaliplatin-induced apoptosis in cancer cells (Fig. 5A–D).
Furthermore, inhibiting PAI-1 with the PAI-1 inhibitor PAI-039
sensitized colon tumors to oxaliplatin-induced apoptosis
(Fig. 5J–O). In addition to apoptosis, resistance to oxaliplatin has
been linked to other forms of cell death, such as ferroptosis and
autophagy [49, 50]. These alternative mechanisms may also
contribute to PAI-1-mediated resistance of tumor cells to
oxaliplatin. Beyond its paracrine effects on cancer cells, PAI-1
has been shown to promote macrophage recruitment and
polarization in cancer [19]. This could potentially establish a
positive feedback loop, whereby PAI-1 not only protects tumor
cells from chemotherapy but also contributes to the recruitment

Fig. 5 BRD4-regulated PAI-1 in TAMs confer MC38 cell resistance to oxaliplatin. A, BMC38 cells were cultured with CM from polarized Brd4-
deficient TAMs, supplemented with or without recombinant PAI-1 (rPAI-1) (100 pg/mL) for 4 h, followed by OXA treatment for 48 h. Apoptotic
cells were analyzed by flow cytometry using Annexin V/PI staining. Representative FACS dot plots (A) and quantification of apoptotic MC38
cells (B) are shown (n= 3). C MC38 cells were cultured with CM from polarized WT or Brd4-deficient TAMs, supplemented with or without rPAI-
1 for 4 h, followed by OXA treatment for 8 h. Cleaved-caspase 3 levels in MC38 cells were assessed by immunoblotting. D Cell viability of MC38
cells from (A) was assessed by MTS assay. E MC38 cells transfected with control shRNA or shRNAs targeting Plaur were treated with or without
rPAI-1 (100 pg/mL), followed by OXA treatment for 48 h. Cell viability was measured by MTS assay, and uPAR/Plaur knockdown efficiency is
shown on the right. F MC38 cells with control or Plaur knockdown were treated with CM from polarized WT TAMs for 4 h, followed by OXA
treatment for 48 h. Cell viability was assessed by MTS assay. G, H MC38 cells were incubated with or without rPAI-1 (100 pg/mL) for 4 h,
followed by addition of OXA for 8 h. Levels of JAK2, p-JAK2, PI3K, p-PI3K, p38, and p-p38 (G), as well as STAT3 and p-STAT3 (H), were evaluated
by immunoblotting. I MC38 cells were exposed to CM from WT or Brd4-deficient TAMs, with or without rPAI-1 (100 pg/mL) for 4 h, followed by
OXA treatment for 8 h. Levels of JAK2, p-JAK2, STAT3, and p-STAT3 were assessed by immunoblotting. J Upper: Experimental schematic. WT
mice were subcutaneously inoculated with MC38 cells. On day 7, mice with tumors sized 50–100mm³ were intraperitoneally injected with
OXA (6 mg/kg body weight) every 3 days, and/or given PAI-039 orally (5 mg/kg body weight) for 5 consecutive days on days 7 and 14. Tumors
were harvested on day 21. Representative images of tumors from mice after treatment are shown. Tumor sizes (K) and weights (L) are
presented with the indicated number of mice per group. Representative images (M) and quantification (N) of TUNEL staining in tumor tissues
with the indicated number of animals in each group. O Levels of cleaved- caspase 3, STAT3, p-STAT3, and PAI-1 in tumor tissues were analyzed
by immunoblotting. Data are shown as mean ± SD. Statistical significance was determined using two-tailed Student’s t test and one-way
ANOVA with Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001.
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of immune cells that may further facilitate tumor progression.
Thus, PAI-1 regulates chemoresistance in cancer cells through
both paracrine and autocrine signaling.
SMAD family proteins are key transcription factors regulating PAI-

1 expression [17]. Upon stimulation, SMAD3 is phosphorylated,

dimerizes with SMAD4, and translocates to the nucleus, where it
binds to the SMAD response elements in the PAI-1 (Serpine1)
promoter to activate transcription [37, 51]. The promoters of human
and mouse Serpine1 share highly homologous sequences, contain-
ing response elements for TGF-β, TNF-α, and angiotensin II [52]. A
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typical palindromic SMAD binding sequence was identified on the
Serpine1 promoter (Fig. 4H). Mutation of key nucleotides in this
sequence abolished the synergistic effect of BRD4 and SMAD3/4 on
Serpine1 transcription (Fig. 4H). Although SMADs alone cannot
directly recruit the transcriptional machinery to activate RNAPII, they
require co-activators such as p300 or chromatin remodelers [51, 53].
In line with this, SMAD3/4 slightly activated the Serpine1 luciferase
reporter, but co-expression with BRD4 significantly enhanced their
transcriptional activity (Fig. 4H), indicating that BRD4 is an important
co-activator of SMADs. ChIP assays confirmed that BRD4 binds to
the Serpine1 promoter in a SMAD3-dependent manner upon CM
stimulation to activate RNAPII (Fig. 4J). P300-mediated acetylation of
SMAD3 increases its DNA binding affinity [54], and BRD4 may bind
to acetylated SMAD3 via its bromodomains to further enhance
transcription [21, 55]. Indeed, deletion of BRD4’s bromodomains
abolished its co-activation of SMAD3 in the Serpine1 luciferase assay
(Fig. 4I).
BRD4 acts as a co-activator for SMAD3 in regulating PAI-1

expression in polarized M2-like TAMs (Fig. 4). Whether
BRD4 similarly co-activates other SMAD3 target genes in TAMs,
influencing their function, remains an open question. SMAD3 has
been shown to be essential for the polarization of tumor-
associated neutrophils in non-small cell lung cancer [56] and for
TGF-β-induced PD-1 expression in macrophages [57]. PD-1
expression in TAMs impairs their phagocytosis and tumor
immunity, contributing to an immunosuppressive TME [47]. It is
possible that BRD4 co-activates other SMAD3 target genes,
including PD-1, to modulate TAM polarization, phagocytosis, and
the establishment of an immunosuppressive TME.
What factors in tumor-conditioned medium induce SMAD-

mediated PAI-1 expression in TAMs? Since SMADs are key
transcription factors activated by TGF-β signaling and tumor cells
are a major source of TGF-β production [58], TGF-β is a prime
candidate for mediating this effect. Indeed, we tested this
hypothesis by adding a TGF-β neutralizing antibody to MC38
CM. This treatment resulted in a significant reduction in Serpine1
expression in TAMs (Supplementary Fig. S22), supporting the
involvement of TGF-β in regulating PAI-1 expression. Additionally,
while IgG control had no impact on TAM CM-induced oxaliplatin
resistance in MC38 cells, the addition of the TGF-β neutralizing
antibody abolished this effect (Supplementary Fig. S23). These
results suggest that TGF-β plays a crucial role in establishing a
positive feedback loop between colorectal cancer cells and TAMs,
where TGF-β-induced PAI-1 expression in TAMs promotes
chemoresistance, further reinforcing the tumor’s microenviron-
ment in favor of tumor progression.
Comparing to oxaliplatin or PAI-039 monotherapy, PAI-039 in

combination with oxaliplatin synergistically suppressed the tumor
formation in the MC38 syngeneic CRC mouse model (Fig. 5J),
suggesting that chemotherapy in combination with PAI-1 inhibitor
could achieve better efficacy in CRC treatment. Furthermore, PAI-1
levels in CRC samples were inversible correlated with the relapse-free
survival of CRC patients receiving chemotherapy (Fig. 6E), indicating
that PAI-1 is not only a prognostic marker in CRC but could also have
prognostic value to predict the outcome of chemotherapy.

BRD4, a member of the BET protein family, has been explored as
an anti-cancer target in clinical trials [21]. BRD4 is aberrantly
expressed in various tumor cells, where it drives the dysregulated
transcription of oncogenes like c-MYC, thereby influencing key
processes in tumor biology, including proliferation, metastasis,
and immune evasion [59]. BET inhibitors, including BRD4
inhibitors, suppress tumor growth by directly targeting oncopro-
teins in cancer cells [60]. Our study reveals that BRD4 deficiency in
TAMs impairs tumor growth (Fig. 1), suggesting that BRD4 in TAMs
also contributes to tumor progression. Therefore, the anti-cancer
effects of BRD4 inhibitors may arise not only from their direct
action on cancer cells but also from their impact on TAMs.
Consistent with this, BET inhibitors such as JQ1 and NHWD-870
have been shown to reprogram the TME and inhibit tumor growth
by targeting TAMs [61, 62]. Additionally, we found that JQ1
inhibits SMAD3-mediated transcription of Serpine1 (Supplemen-
tary Fig. S24), potentially enhancing oxaliplatin sensitivity by
reducing PAI-1 expression in TAMs. Targeting BRD4 in TAMs could
thus enhance chemotherapy sensitivity by reprogramming
the TME.
The TME plays a critical role in modulating tumor responses to

therapies, including chemotherapy, targeted therapy, and immu-
notherapy [63]. Immunotherapy relies on activating cytotoxic
T cells to eliminate cancer cells [64]. In Brd4-CKO mice, the
increased number of CD8+ T cells and reduced immunosuppres-
sive Tregs and MDSCs indicated a reprogrammed TME, which may
improve responses to immunotherapy. Reprogramming TAMs into
tumoricidal macrophages presents a promising strategy for novel
immunotherapies. Future studies will investigate the efficacy of
ICB therapies in tumor-bearing Brd4-CKO mice.
In conclusion, our study identifies BRD4 as a novel regulator of

M2-like TAM polarization and TME reprogramming in CRC.
Depletion of BRD4 in myeloid cells reprograms TAMs to create
an anti-tumor microenvironment, thus suppressing tumor forma-
tion (Fig. 1). Notably, several potential TAM-targeting therapies
currently in clinical trials, such as those targeting CSF-1R, IL-1A,
CCR2, and MARCO [65], are regulated by BRD4. Selective inhibition
of BRD4 in TAMs may enhance therapy by targeting multiple TAM-
related pathways, offering new opportunities for anti-tumor
treatments.

MATERIALS AND METHODS
Detailed materials and methods can be found in Supplemental
Information.

DATA AVAILABILITY
The data are available from the corresponding author upon request.
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