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BRD4 inhibition suppresses histone H4 UFMylation to increase
ferroptosis sensitivity through TXNIP
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Bromodomain Containing 4 (BRD4) inhibition selectively alters gene transcription, which subsequently influences cellular responses
to BET inhibitors. The specific genes that mediate the effects of BET inhibitors in solid tumors remain inadequately characterized. In
this study, we demonstrate that the BET inhibitor JQ1 induces the upregulation of Thioredoxin Interacting Protein (TXNIP), which
mediates the anti-tumor effects of JQ1. Mechanistically, JQ1 reduces histone H3 Lysine 9 trimethylation within TXNIP promoter,
enhancing its transcription in the presence of glucose. Increased TXNIP inhibits histone H4 UFMylation by disrupting the interaction
between H4 and UFM1 binding protein 1 (UFBP1), a pivotal component mediating protein UFMylation. Rather than modulating
cMYC expression directly, H4 UFMylation facilitates the chromatin binding of cMYC to promote the transcription of cell cycle
regulatory genes. Furthermore, TXNIP inhibits the proteasomal degradation of P27, a cyclin-dependent kinase (CDK) inhibitor.
Consequently, solid cancer cells treated with JQ1 enter a dormant state which is associated with cancer relapse and drug tolerance.
Nevertheless, these quiescent cells exhibit sensitivity to ferroptosis, suggesting that BET inhibitors enhance the anti-tumor efficacy
of ferroptosis inducers. Collectively, our findings elucidate the regulators of protein UFMylation and cMYC activity, which modulate
cellular responses to BET inhibitors and ferroptosis inducers in solid cancer cells.
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INTRODUCTION
BRD4, a member of the Bromo and Extra-Terminal (BET) family,
represents a promising target for cancer treatment. Its inhibitors
have been continuously discovered and shown significant anti-
tumor efficacy in preclinical studies, primarily through the
induction of cancer cell cycle arrest and cell death. However, the
clinical application of these agents has been hindered by side
effects and the development of tumor resistance [1–4].
The transcriptional outcomes of BRD4 inhibition determine the

sensitivity of cancer cells to BET inhibitors [5, 6]. Given that BRD4
binds to acetylated histones and facilitates gene transcription and
mRNA splicing [1–3], it is not unexpected that inhibiting BRD4
leads to the repression of oncogenes such as cMYC. However,
BRD4 inhibition also results in the upregulation of various genes
[7–13], and the potential role of these upregulated genes in
mediating cancer cell responses to BET inhibitors has been largely
overlooked. A comprehensive understanding of the transcriptional
alterations induced by BRD4 inhibition could elucidate the anti-
tumor mechanisms of BET inhibitors and improve the efficacy of
BRD4-targeted therapies in cancer treatment [5, 8, 9].
Protein UFMylation is a ubiquitin-like post-translational mod-

ification that, similar to ubiquitination, is mediated by a cascade of
enzymes, including UBA5, UFC1, and UFL1, which ultimately
transfer one or multiple UFM1 proteins to target substrates.

Currently, only a limited number of proteins have been identified
as UFMylated, including UFBP1, ASC1, RPL26, P53, histone H4,
MRE11, and PD-L1. The UFMylation of these proteins regulates
endoplasmic reticulum (ER) homeostasis, ribosome-associated
quality control, unfolded protein response (UPR), gene transcrip-
tion, and DNA damage response. Despite these critical roles of
protein UFMylation in various cellular processes, the mechanisms
governing its regulation within cells remain poorly understood
[14, 15].
Ferroptosis is a unique type of cell death characterized by iron-

dependent lipid peroxidation. Ferroptosis-inducing therapies hold
promise for cancer treatment, since therapy-resistant cancer cells,
which contribute to cancer relapse and drug tolerance, exhibit
heightened susceptibility to ferroptosis [16–18]. It is well established
that excessive reactive oxygen species (ROS) and iron overload
trigger ferroptosis, while glutathione (GSH), GPX4, FSP1, and DHODH
protect cells against ferroptosis. Whether BRD4 and protein
UFMylation are involved in ferroptosis are largely unexplored.
In this study, we demonstrated that BRD4 negatively regulates

the expression of TXNIP. Increased TXNIP upon BRD4 inhibition
not only sustained P27 expression but also suppressed H4
UFMylation, which facilitated cMYC binding to its target genes
in solid tumor cells. As a result, cancer cells treated with BET
inhibitors experienced cell cycle arrest and exhibited increased
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sensitivity to ferroptosis inducers. This study reveals a new way
through which BET inhibitors suppresses tumor cell growth and
provides a rationale for targeting BRD4 and UFMylation to
enhance ferroptosis in solid tumors. Additionally, these findings
offer insights into the regulatory mechanisms governing H4
UFMylation and cMYC transcriptional activity.

RESULTS
BRD4 inhibition increased TXNIP expression and resulted in
cell cycle arrest
To investigate the impact of BET inhibitors on solid tumor growth,
we initially treated hepatocellular carcinoma HepG2 cells with
varying concentrations of the BET inhibitor JQ1. Our results
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indicated that JQ1 inhibited cell proliferation in a dose-dependent
manner (Fig. 1A). Similar inhibitory effects were observed in two
additional liver cancer cell lines, SMMC-7721 and Hepa 1–6 (Fig.
S1A, B). Notably, rather than inducing cell death (Fig. S1C), JQ1
primarily caused cell cycle arrest in HepG2 cells following 48 h of
treatment (Fig. 1B). We performed a global transcriptomic profiling
(RNA-seq) in DMSO and JQ1 treated cells and found significant
alterations in the expression of genes associated with cell
proliferation and cyclin-dependent kinase (CDK) activity (Fig. 1C).
Consistent with this result, real time-PCR (RT-qPCR) analysis
showed that JQ1 inhibited the transcription of several cyclins,
including CYCLIN A2, B1, D1, D2 and E1 (Fig. 1D), while
concurrently activating P21, an inhibitor of CDKs (Fig. 1D, E).
Given that BRD4 is typically regarded as a transcriptional

activator, it was noteworthy that our RNA-Seq data revealed an
upregulation of various genes following JQ1 treatment (Fig. S1D).
Gene Ontology (GO) analysis indicated that these upregulated
genes were implicated in CDK inhibitor activity (Fig. S1E). We
sought to determine whether any of these genes mediated the
effects of JQ1. Among the identified genes, TXNIP, a tumor
suppressor, was greatly induced by JQ1. Western blotting and RT-
qPCR results confirmed the upregulation of TXNIP (Fig. 1E, F).
Furthermore, TXNIP transcription was activated in cells treated
with JQ1 for just thirty minutes, and its protein levels increased
after two hours of treatment (Fig. 1G, H). These observations
suggested that the elevation of TXNIP expression was less likely to
be a mere secondary effect of JQ1 treatment. The increased TXNIP
localized in both the cytoplasm and nucleus (Fig. 1I). Additionally,
JQ1 enhanced TXNIP expression across all examined solid cancer
cell lines, including MHCC-97H, SMMC-7721, Hepa 1–6, A375,
Capan-2, and HCT116 (Fig. S1F), suggesting that the induction of
TXNIP expression by BET inhibitors was a common phenomenon
in solid cancer cells.
While JQ1 was prone to inhibit BRD4, it also demonstrated the

capacity to inhibit BRD2 and BRD3. The expression of TXNIP was
upregulated following the knockdown of BRD4 with shRNA
(Fig. 1J). In contrast, the knockdown of BRD2 and BRD3 did not
influence TXNIP expression (Fig. S1G, H). This inverse association
between TXNIP and BRD4 expression was further corroborated
through an analysis of the TCGA pan-cancer database (Fig. 1K).
These data suggested that BRD4 repressed TXNIP expression in
cancer cells.

TXNIP mediated the effects of JQ1 on cell cycle
The expression level of TXNIP was lower in primary tumor tissues
than that in normal solid tissues (Fig. S2A), and low TXNIP
expression was associated with poor prognostic outcomes in liver
cancer patients (Fig. S2B), suggesting a potential role for TXNIP in
suppressing liver cancer growth. To understand whether TXNIP
mediated the anti-tumor effects of JQ1, we knocked out TXNIP in
HepG2 cells with two sgRNA and subsequently assessed the
sensitivity of these cells to JQ1. The results indicated that both
TXNIP knockout (KO) cells became less sensitive to JQ1 in
comparison to control cells (Fig. 2A, B).
Given that JQ1 induced cell growth inhibition, we investigated

whether increased TXNIP was implicated in JQ1-caused cell cycle

arrest. JQ1 significantly decreased the number of Ki67 positive cell,
with a minimal effect on TXNIP KO cells (Fig. 2C, D). Correspond-
ingly, JQ1 treatment resulted in a reduction of Ki67 protein levels,
and the trend was reversed in TXNIP KO cells as well (Fig. S3A).
Similar results were observed by labeling proliferating cell with
EdU (Fig. 2E, F). Flow cytometric analysis of the cell cycle revealed
that control cells were arrested in the G1 phase following JQ1
treatment, whereas a greater proportion of TXNIP KO cells
progressed to the G2/M phase (Fig. 2G, H). These results
suggested that JQ1 increased TXNIP, which in turn impeded cell
cycle progression.
TXNIP has miscellaneous activities in cell, including binding to

and recycling the glucose transporter GLUT1 from the cell
membrane, thereby inhibiting glucose uptake [19]. We examined
whether BET inhibitor could reduce glucose uptake by increasing
TXNIP. While JQ1 did reduce membrane localized GLUT1 (Fig. S3B),
it did not significantly affect glucose uptake in the cells (Fig. S3B).
Moreover, TXNIP KO did not change glucose uptake either (Fig.
S3C). Consistently, JQ1 did not regulate lactate production (Fig.
S3D). While ATP production was elevated by JQ1, this increase was
not mitigated by TXNIP KO (Fig. S3E). Collectively, these findings
suggested that although TXNIP reduced membranous GLUT1, it
was not important in controlling glucose uptake and metabolism
in response to JQ1 treatment, at least in HepG2 cells.
It has also been documented that BRD4 inhibition enhanced the

transcription of lysosomal and autophagic genes, and TXNIP also
activated autophagy [20]. However, JQ1 promoted lysosome
formation in both control and TXNIP KO cells (Fig. S3F). IL1β was
increased when inflammasome was activated by TXNIP [21, 22].
Our results showed that IL1β was not changed by JQ1 or TXNIP
KO, suggesting that JQ1-induced TXNIP did not activate inflam-
masome in HepG2 (Fig. S3G). Taken together, while TXNIP
regulated glucose metabolism, autophagy, and inflammasome
activation, the TXNIP induced by BET inhibitors was not involved
in these processes in HepG2 cells. Instead, it primarily led to cell
cycle arrest in response to BET inhibitor treatment in solid
cancer cells.

JQ1 inhibited histone H3K9 trimethylation to increase TXNIP
expression in the presence of glucose
We then queried the mechanisms by which the BET inhibitor
activated TXNIP. It is known that TXNIP is a direct and glucose-
dependent target of MondoA [23]. Notably, when glucose was
deprived from the culture medium, the ability of JQ1 to elevate
TXNIP levels was abolished. However, JQ1 augmented TXNIP
levels in cell when glucose was replaced by allose, a non-glucose
hexose (Fig. 3A, B). Furthermore, glucose deprivation reduced
the binding of BRD4 and RNA Pol II to the promoter regions of
TXNIP (Fig. 3C). In line with previous study [24], glutamine
deprivation increased TXNIP protein levels (Fig. 3D), with JQ1
further enhancing its expression in the absence of glutamine
(Fig. 3D). These results suggested that the effect of JQ1 on TXNIP
expression was contingent upon glucose metabolism rather
than glutamine metabolism. The MondoA-MLX heterodimer
senses cellular glucose, translocates to the nucleus, and
occupies the regulatory regions of TXNIP to promote its

Fig. 1 BET inhibitor caused cell cycle arrest and upregulated TXNIP. A The survival rate of HepG2 cells treated with different concentrations
of BET inhibitor JQ1. B Flow cytometric analysis of the cell cycle in HepG2 cells treated with 2 μM JQ1 for 48 h. C Gene Ontology (GO) analysis
of differentially expressed genes following treatment with 2 μM JQ1. D RT-qPCR analysis of the transcription levels of CYCLIN A2, B1, D1, D2, E1,
and P21. E The protein levels of TXNIP and P21 in control cells versus those treated with 2 μM JQ1. F RT-qPCR analysis of TXNIP transcription
after treatment with 2 μM JQ1. G, H The changes of TXNIP protein (G) and mRNA (H) levels over time with JQ1 treatment. Cells were treated
with 2 μM JQ1 for indicated time periods. I Immunostaining of TXNIP in HepG2 cells treated with DMSO and 2 μM JQ1 for 48 h. Scale bar:
20 μm. J TXNIP expression levels after BRD4 knockdown using shRNA. K The correlation between TXNIP and BRD4 expression. Pearson
correlation test was used to evaluate the association between TXNIP and BRD4 mRNA levels from TCGA pan-cancer database.
***p value < 0.005, **p value < 0.01, *p value < 0.05 (two-tailed unpaired Student t test in D, F, and H).
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Fig. 2 Increased TXNIP resulted in cell cycle arrest upon JQ1 treatment. A TXNIP expression in Control (Ctrl) and two TXNIP knockout (KO)
cell lines. TXNIP in HepG2 cells was knocked out by CRISPR-Cas9. B Survival rates of Control and TXNIP KO cells treated with different
concentration of BET inhibitor JQ1. C Ki67 immunostaining in Control and TXNIP KO cells treated with DMSO and 2 μM JQ1 for 48 h. Scale bar:
50 μm. D The proportion of Ki67 positive cells in Control versus TXNIP KO cells, quantified from (C). E EdU labeling in Control and TXNIP KO
cells treated with DMSO and 2 μM JQ1 for 48 h. Scale bar: 50 μm. F The proportion of EdU positive cells in Control and TXNIP KO cells,
quantified from (E). G Cell cycle analysis of Control and TXNIP KO cells treated with 2 μM JQ1 for 48 h by flow cytometry. H The distribution of
cell cycle. Quantification of (G). ***p value < 0.005, *p value < 0.05 (one-way ANOVA test in D, F, and H).
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transcription [25]. Our results indicated that JQ1 treatment
facilitated the nuclear translocation of MLX (Fig. 3E). ChIP-PCR
analysis revealed an increase in the binding of MLX and RNA
Polymerase II to the TXNIP promoter following JQ1 treatment
(Fig. 3F). These observations indicated that BRD4 inhibition

induced TXNIP transcription by promoting MondoA-MLX activity
in the presence of glucose.
We then sought to elucidate the mechanism by which BET

inhibition facilitated MondoA-MLX binding to the TXNIP promoter.
Epigenetic mechanisms, particularly histone modifications, play a
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crucial role in regulating MLX’s binding to chromatin. Histone
acetylation promoted the occupancy of MondoA-MLX on TXNIP
promoter [25], however, BRD4 inhibition repressed histone
acetylation [26, 27]. We hypothesized that JQ1 would inhibit
histone modifications associated with gene repression, such as
histone H3K9 and H3K27 trimethylation (Me3), to facilitate MLX
binding to chromatin. Western blot analysis confirmed that JQ1
inhibited these histone modifications in HepG2 cells (Fig. 3G).
However, ChIP analysis indicated that JQ1 specifically reduced the
level of BRD4 and H3K9Me3, but not H3K27Me3, at TXNIP
promoter (Fig. 3H). The compound ML324, which inhibits the
KDM4 demethylase responsible for removing H3K9Me3, was
found to reverse the reduction of H3K9Me3 induced by JQ1.
Additionally, JQ1 was unable to upregulate TXNIP transcription in
the presence of ML324 (Fig. 3I, J). Taken together, JQ1 reduced
H3K9Me3 level at the regulatory region of TXNIP, promoting
MondoA-MLX binding and activating TXNIP transcription in the
presence of glucose.

P27 stabilized by TXNIP contributed to JQ1-caused cell
cycle arrest
We continued to explore how TXNIP facilitated JQ1’s effect on the
cell cycle. CDK inhibitor activity was increased by JQ1 treatment
(Fig. S1E). Notably, JQ1 upregulated one of the CDK inhibitors, P21
(Fig. 1D, E), prompting us to investigate whether other CDK
inhibitors like P16 and P27 were also affected. The results revealed
that JQ1 did not influence P16 expression (Fig. S4A), but did
increase P27 expression (Fig. 4A). Since nuclear P27 inhibits cell
cycle progression, we noted that JQ1 also raised nuclear P27 levels
(Fig. S4B). To understand whether TXNIP regulated P21 and P27
expression, we treated both control and TXNIP KO cells with JQ1.
The results indicated that TXNIP was indispensable for the
upregulation of P27 protein following JQ1 treatment, but not for
P21 (Figs. 4B and S4A). We then examined the impact of TXNIP on
P27 transcription, finding that JQ1 reduced P27 mRNA levels, and
TXNIP KO did not change this outcome (Fig. 4C). In the presence of
MG132, the proteasome inhibitor, which prevents P27 degrada-
tion, JQ1 was less effective at increasing P27 protein levels
(Fig. 4D). P27 is ubiquitinated by Cullin-RING ligase (CRLs) [28, 29],
which is inhibited by MLN4924 [30, 31]. In line with this, our results
showed that MLN4924 stabilized P27. However, JQ1 could not
further enhance P27 protein levels in the presence of MLN4924
(Fig. 4E). These data indicated that JQ1-increased TXNIP prevented
P27 degradation.
To assess whether P27 was crucial for the anti-tumor effects of

JQ1, we knocked out P27 using CRISPR-Cas9 (Fig. 4F). Compared
to control cells, P27 KO cells were less sensitive to JQ1 (Fig. 4G).
Flow cytometric analysis of the cell cycle revealed that more P27
KO cells entered G2/M phase upon JQ1 treatment (Fig. 4H, I),
similar to the TXNIP KO cells. Hence, TXNIP stabilized P27, which
contributed to cell cycle arrest in response to JQ1 treatment.

TXNIP inhibited cMYC activity and protein UFMylation
TXNIP KO promoted DNA synthesis and G2/M entry in cells treated
with JQ1 (Fig. 2C–H). JQ1 repressed the transcription of various
cyclins (Fig. 1D), including CYCLIN A2, which is essential for S
phase progression and mitotic entry [32–34]. To further

characterize TXNIP’s functions in cell cycle regulation, we
examined whether TXNIP also regulated CYCLIN A2 expression.
TXNIP KO partially restored the mRNA and protein levels of CYCLIN
A2 following JQ1 treatment (Fig. 5A, B). To understand how TXNIP
regulated the expression of CYCLIN A2, we analyzed our RNA-Seq
data with Gene set enrichment analysis (GSEA) and noted that JQ1
repressed several oncogenic gene sets, such as cMYC, MEL18,
ERBB2, and MEK pathway (Figs. 5C and S5A–C). Given that CYCLIN
A2 was a target of cMYC [35, 36], we proposed that TXNIP might
regulate the transcription activity of cMYC. We assessed the
expression of other cMYC targets involved in mitosis and DNA
replication, such as MAD2, ORC2, MCM6, and SSBP1. Notably, JQ1
repressed their expression, and TXNIP KO reversed the expression
of MAD2, ORC2, and MCM6 (Fig. 5A, B). Additionally, JQ1 inhibited
cMYC’s binding to the regulatory regions of CYCLIN A2, MAD2,
ORC2, and MCM6, while TXNIP KO blunted these effects of JQ1
(Fig. 5D). We also examined whether JQ1 and TXNIP influenced
E2F1, another key transcription factor in cell cycle regulation,
binding to CYCLIN A2, MAD2, ORC2, and MCM6. The results showed
that JQ1 reduced E2F1 binding to the promoters of CYCLIN A2 and
MAD2, but TXNIP KO did not alter JQ1’s effects on these two
genes. JQ1 did not change the binding of E2F1 to ORC2 and
MCM6, while knocking out TXNIP increased the association of E2F1
with these regions (Fig. S5D). These results implied that JQ1-TXNIP
specifically repressed the activities of certain transcription factors,
such as cMYC.
To understand how TXNIP regulated cMYC activity, we first

examined whether it modulated cMYC expression. JQ1 decreased
cMYC expression, which could not be rescued by TXNIP KO
(Fig. 5E). As a transcription factor, cMYC binds to cognate
sequences on its target genes to modulate their expression. The
binding of cMYC to target genes is also influenced by chromatin
structure [37, 38]. We hypothesized that JQ1-TXNIP regulated
specific histone modifications to modulate cMYC’s chromatin
binding. JQ1 inhibited various histone modifications, including
H3K9Me3, H3K27Me3, H3K36Me3, H3K27Ac, H3K56Ac, and
H4K16Ac, which could not be restored by TXNIP KO (Fig. S5E).
We also assessed the level of protein ubiquitination and other
ubiquitin-like modifications, including UFMylation and Neddyla-
tion, after JQ1 treatment. BET inhibition reduced protein UFMyla-
tion but had minimal impact on protein ubiquitination and
Neddylation (Figs. 5F and S5F). Importantly, TXNIP KO restored
protein UFMylation after JQ1 treatment (Fig. 5F). ChIP-PCR analysis
revealed that JQ1 decreased UFMylated proteins at the regulatory
regions of CYCLIN A2, MAD2, ORC2, MCM6, and SSBP1, an effect
that could be countered by TXNIP KO (Fig. 5G). Protein UFMylation
can be inhibited by DKM 2-93, which, like JQ1, also repressed the
expression of CYCLIN A2, MAD2, ORC2, MCM6, and SSBP1
(Fig. 5H, I). Collectively, these findings suggested that JQ1-TXNIP
inhibited protein UFMylation and cMYC binding to chromatin,
leading to the repression of cell cycle regulators such as CYCLIN
A2, MAD2, ORC2, and MCM6.

JQ1-TXNIP repressed histone H4 UFMylation
We were interested in identifying the chromatin protein whose
UFMylation was regulated by JQ1-TXNIP and responsible for the
modulation of cMYC binding to its target genes. So far, only a few

Fig. 3 JQ1 increased TXNIP expression in the presence of glucose and inhibited histone H3K9 trimethylation. A, B The protein (A) and
mRNA (B) levels of TXNIP after JQ1 treatment with or without glucose. C The enrichment of BRD4 and RNA Pol II at TXNIP promoter in cells
cultured with or without glucose. D The expression of TXNIP after JQ1 treatment with or without glutamine. E The distribution of MLX in cells
treated with JQ1. Nuclear and cytosolic fraction were prepared and probed with MLX antibody. F The enrichment of MLX and RNA Pol II at
TXNIP promoter in cells treated with or without JQ1. G JQ1 decreased H3K9Me3 and H3K27Me3 levels in HepG2 cells. Whole cell extracts were
prepared and probed with indicated antibodies. H The levels of BRD4, H3K9Me3, and H3K27Me3 at TXNIP promoter in cells treated with or
without JQ1. I The protein levels of TXNIP and H3K9Me3 in cells treated by JQ1, ML324, and a combination of JQ1 and ML324. J The mRNA
levels of TXNIP in cells treated by JQ1, ML324, and a combination of JQ1 and ML324. ***p value < 0.005, **p value < 0.01, *p value < 0.05 (two-
tailed unpaired Student t test in B, C, F, H, and J); ns not significant.
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Fig. 4 P27 proteins stabilized by TXNIP contributed to JQ1-caused cell cycle arrest. A JQ1 led to an increase in P27 expression. Whole cell
extracts were prepared and analyzed using a P27 antibody. B, C The protein (B) and mRNA (C) level of P27 in Control and TXNIP KO cells
treated with DMSO and JQ1. D The protein levels of P27 in cells treated by JQ1, MG132, and a combination of JQ1 and MG132. E The protein
levels of P27 in cells treated by JQ1, MLN4924, and a combination of JQ1 and MLN4924. F The expression of P27 in Control and P27 KO cells.
P27 in HepG2 cells was knocked out by CRISPR-Cas9. G The survival rates of Control and P27 KO cells treated with increasing concentration of
JQ1. H Flow cytometric analysis of the cell cycle in Control and P27 KO cells treated with JQ1. I The distribution of the cell cycle. Quantification
of (H). *p value < 0.05 (one-way ANOVA test in C and I); ns not significant.
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chromatin proteins have been identified as UFMylated, with
histone H4 being one of them [14, 15, 39]. Co-
immunoprecipitation (CoIP) assays demonstrated that JQ1
reduced H4 UFMylation, but this reduction was reversed by TXNIP
KO (Fig. 6A). Additionally, overexpressing TXNIP in HEK293T cells

inhibited H4 UFMylation (Fig. 6B). The pull down assay also
showed that TXNIP interacted with histone H4 (Fig. 6B). UFBP1
mediated protein UFMylation [14], and we discovered that JQ1
disrupted the interaction between H4 and UFBP1, which was
restored by TXNIP KO (Fig. 6C). Therefore, JQ1-increased TXNIP
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inhibited the association of H4 with UFBP1, decreasing H4
UFMylation.
We wondered whether TXNIP regulated cMYC’s binding to

chromatin by inhibiting H4 UFMylation. JQ1 interrupted the
interaction between H4 and cMYC, but TXNIP KO restored their
partnership (Fig. 6D, E). Notably, the disruption of the H4-cMYC
interaction by JQ1 was not reinstated by TXNIP KO when protein
UFMylation was inhibited by DKM 2-93 (Fig. 6E). Consistently, while
TXNIP KO restored the transcription of cMYC targets like CYCLIN A2,
MAD2, ORC2, and MCM6 after JQ1 treatment, it failed to alter their
transcription in the presence of DKM 2-93 (Fig. 6F). To further clarify
the role of H4 UFMylation in regulating cMYC activity, we fused
UFM1 with H4 (Flag-UFM1-H4) to create a mimic of UFMylated H4
and investigated its interaction with cMYC. Compared to Flag-H4, the
binding of Flag-UFM1-H4 to cMYC was enhanced (Fig. 6G). When
Flag-UFM1-H4 was overexpressed in HepG2 cells, it partially
mitigated the repression of CYCLIN A2 by JQ1 (Fig. 6H). However,
overexpressing Flag-H4 did not changed the protein levels of CYCLIN
A2 (Fig. 6H). These findings suggested that JQ1 increased TXNIP,
which reduced H4 UFMylation, resulting in the loss of cMYC binding
to histone H4 and the inhibition of its transcriptional activity.

Inhibiting protein UFMylation increased cell sensitivity to
ferroptosis
Since cells with low Cyclin A2-CDK2 activity enter a ‘G0-like’ state
with hallmarks of senescence [33], we asked whether HepG2 cells
treated with the BET inhibitor JQ1 entered a senescent state
characterized by irreversible cell cycle exit [40]. Nearly all HepG2
cells were positively stained by beta-Gal after treated with JQ1 for
7 days (Fig. S6A, B). However, several components of the
senescence-associated secretory phenotype (SASP), including
IL1ɑ, IL6, MMP9, CSF2, and TGFb, were inhibited by JQ1 (Fig.
S6C). Additionally, these treated cells resumed growth once JQ1
was removed (Fig. S6D, E). Coupled with the observation that
JQ1 stabilized P27, which marks quiescent cells and drives cancer
stem cell features [41, 42], these results indicated that rather than
entering senescence, JQ1-treated cells entered a dormant state.
We were interested in finding ways to eliminate these quiescent

cells, which could cause drug resistance and tumor recurrence
[43, 44]. It was reported that dormant cells were more susceptible to
ferroptosis inducers [17, 18]. Additionally, the transcription of genes
such as SAT1, HMOX1, and ACSL1, which sensitize cells to
ferroptosis, were all increased by JQ1 [45–47] (Fig. S6F, G). We thus
studied whether JQ1 increased the sensitivity of HepG2 cell to
ferroptosis. Cells were treated with increasing concentrations of
RSL3, a type II ferroptosis inducer targeting GPX4, alongside DMSO
and JQ1. The results demonstrated that JQ1 did increase HepG2’s
sensitivity to RSL3 (Fig. 7A). The characteristics of ferroptosis, such as
shrunken mitochondria with dense structures, and the loss of
mitochondrial cristae, were observed in cells treated with both JQ1
and RSL3 (JQ1 + RSL3) (Fig. 7B). The inhibitory function of JQ1 + RSL3
were diminished by the ferroptosis inhibitor Lipro 1 and N-acetyl
cysteine (NAC) (Fig. 7C). TXNIP KO cells were more resistant to
JQ1 + RSL3 treatment compared to control cells (Fig. 7D). Reactive
oxygen species (ROS) and lipid peroxidation drive ferroptosis. RSL3
increased the production of lipid ROS and cellular ROS, with JQ1

amplifying these effects (Figs. 7E and S7A, B). In contrast, knocking
out of TXNIP limited the production of lipid ROS and cellular ROS
triggered by RSL3 + JQ1 (Figs. 7E and S7A, B). Similar results were
observed when cells were treated with the type I ferroptosis
inducers Erastin, which targets the xCT transporter (Fig. S7C–F).
These findings indicated that increased TXNIP upon JQ1 treatment
disrupted redox homeostasis and enhanced ferroptosis sensitivity.
Our studies also demonstrated that TXNIP suppressed H4

UFMylation, leading to cell cycle arrest. To determine if protein
UFMylation regulated ferroptosis, we treated cells with RSL3 and
Erastin in the presence of DKM 2-93 and found that DKM 2-93 also
heightened sensitivity to these ferroptosis inducers in HepG2 cells
(Figs. 7F and S7G). DKM 2-93 and RSL3 co-treatment also changed
mitochondrial ultrastructure, resulting in smaller mitochondria
(Fig. 7G). Ferroptosis inhibitor Lipro1 and NAC mitigated the effects
of DKM 2-93 and RSL3 co-treatment on cell viability (Fig. 7H).
Additionally, TXNIP KO attenuated the functions of DKM 2-93 in
promoting ferroptosis (Figs. 7I and S7H). Knocking out of TXNIP
also diminished the production of lipid ROS triggered by
RSL3 + DKM 2-93 (Fig. 7J). These results indicated that inhibiting
BRD4 and protein UFMylation sensitized HepG2 cells to ferroptosis.
To figure out whether JQ1 increased ferroptosis sensitivity in

other cancer cells, we investigated its effects on HCT116 cells. JQ1
elevated TXNIP expression (Fig. S1F) while reduced the protein
level of cMYC, CYCLIN A2, CYCLIN B1, and Ki67 (Fig. S8A). It also
inhibited protein UFMylation in HCT116 cells (Fig. S8A). Impor-
tantly, JQ1 treatment increased the sensitivity of HCT116 to RSL3
(Fig. S8B). The combination of JQ1 and RSL3 significantly raised
the level of lipid ROS (Fig. S8C). We also treated cells with DKM
2-93 and RSL3, finding that this combination induced more lipid
ROS than either agent alone (Fig. S8D). Collectively, these findings
suggested that inhibiting protein UFMylation by JQ1 and DKM
2-93 increased cancer cells’ sensitivity to ferroptosis inducers.

BET inhibitor increased the anti-tumor effects of ferroptosis
inducer in vivo
To investigate whether BRD4 inhibition promoted ferroptosis
in vivo, we established tumor xenografts with HCT116 cells in
nude mice and treated these mice with vehicle, JQ1, RSL3, and a
combination of JQ1 and RSL3 (JQ1 + RSL3), respectively. Tumor
growth curve and weight were measured and results showed that
the combination of JQ1 and RSL3 was more effective in inhibiting
tumor growth and reducing tumor weight than either JQ1 or RSL3
alone (Fig. 8A–C). Consistent with the findings in cultured cancer
cells, JQ1 increased TXNIP expression while inhibited protein
UFMylation in the tumor xenografts (Fig. 8D). Moreover, it reduced
the expression of Ki67 and other cell cycle regulators such as
CYCLIN B1, A2, MAD2, and cMYC (Fig. 8D), suggesting that BET
inhibitor could cause cell cycle arrest in vivo. To determine if the
inhibition of tumor growth was due to the induction of ferroptosis,
we measured the concentration of malondialdehyde (MDA), a
byproduct of lipid peroxidation. Treatments with RSL3 and
JQ1 + RSL3 indeed raised MDA levels in tumor tissues (Fig. 8E).
Together, these results suggested that inhibiting BRD4 with JQ1
disturbed cell cycle progression, enhancing the anti-tumor effects
of RSL3 in tumor xenografts in mice.

Fig. 5 TXNIP inhibited the expression of cMYC targets and protein UFMylation. A RT-qPCR analysis of the mRNA levels of CYCLIN A2, MAD2,
ORC2, MCM6, and SSBP1 in Control and TXNIP KO cells treated with DMSO and 2 μM JQ1. B The protein levels of CYCLIN A2, B1, D1, and MAD2
in Control and TXNIP KO cells treated with DMSO and 2 μM JQ1. C GSEA analysis of gene expression in cells with DMSO and 2 μM JQ1
treatment indicated that cMYC target genes were downregulated in JQ1 treated cells. D The enrichment of cMYC at the promoters of CYCLIN
A2, MAD2, ORC2, MCM6, and SSBP1 in Control and TXNIP KO cells with or without JQ1 treatment. E The expression of cMYC in Control and
TXNIP KO cells after JQ1 treatment. F The level of protein UFMylation in Control and TXNIP KO cells with 2 μM JQ1 treatment. G The
enrichment of UFMylated proteins at the promoters of CYCLIN A2, MAD2, ORC2, MCM6, and SSBP1 in Control and TXNIP KO cells with or without
JQ1 treatment. H The protein levels of CYCLIN A2, MAD2, and total protein UFMylation in cells with 30 μM DKM 2-93 treatment. I The mRNA
levels of CYCLIN A2, MAD2, ORC2, MCM6, and SSBP1 in cells treated with DMSO and 30 μM DKM 2-93. ****p value < 0.001, ***p value < 0.005,
**p value < 0.01, *p value < 0.05 (one-way ANOVA test in A, D, and G; two-tailed unpaired Student t test in I); ns not significant.
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DISCUSSION
Our studies have revealed that BET inhibitors, such as JQ1,
inhibited H3K9Me3 at TXNIP promoter, leading to increased TXNIP
expression and subsequent cell cycle arrest. Mechanistically,
elevated TXNIP stabilized CDK inhibitor P27 by inhibiting its

proteasomal degradation. Additionally, TXNIP disrupted the
interaction between histone H4 and UFBP1, decreasing H4
UFMylation, which in turn prevented cMYC from binding to its
target genes and silenced the transcription of cell cycle regulators.
The resulting increase of P27 and repression of cell cycle
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regulators by TXNIP ultimately causes cells to enter a dormant
state, making them more susceptible to ferroptosis inducers
(Fig. 8F).
While BRD4 is typically recognized as a transcriptional activator,

its inhibition led to the activation of TXNIP, even shortly after the
application of the BRD4 inhibitor, suggesting that BRD4 may
specifically repress the expression of certain genes. It was possible
that BRD4 recruited chromatin regulators to facilitate H3K9
trimethylation at the TXNIP promoter. This aligned with previous
studies indicating that BRD4 configured chromatin structure to
suppress gene expression [2, 11–13].
Recently, BRD4 has gained attention as a potential therapeutic

target in cancer treatment. Inhibiting BRD4 with BET inhibitors
repressed cMYC expression, leading to tumor suppression [5]. Our
findings indicated that TXNIP suppressed cMYC transcriptional
activity. Thereby, in addition to directly reduced cMYC expression,
BET inhibitors could also disrupt cMYC activity by increasing TXNIP
levels. Since cMYC activity determined cellular responses to BET
inhibitors [5], TXNIP might represent an additional molecular
feature that governed cell sensitivity to these agents. Clarifying
the functions of TXNIP may be crucial for elucidating the anti-
cancer mechanisms of BET inhibitors.
TXNIP was involved in controlling glucose and lipid metabolism,

cell cycle progression, inflammasome activation, and autophagy
[48]. Previous research also indicated that TXNIP interfered with
the binding of cMYC to chromatin, but the underlying mechan-
isms were not well understood [36]. Our findings revealed that
TXNIP inhibited H4 UFMylation and disrupted the interaction
between H4 and cMYC, suggesting that TXNIP modulated cMYC’s
transcriptional activity by regulating histone UFMylation. As a
transcription factor, cMYC recognizes and binds to specific DNA
sequence to regulate gene transcription, and its activity is also
influenced by chromatin structure [38]. The mechanism by which
H4 UFMylation enhances cMYC binding to H4 remains to be
explored further.
Protein UFMylation is a posttranslational modification similar to

ubiquitination, but our understanding of its functions and
regulatory mechanisms is still limited [14, 15]. BET inhibitors
induced TXNIP, which regulated histone H4 UFMylation by
modulating H4-UFBP1 interaction, suggesting that BRD4 and
TXNIP were regulators of protein UFMylation. However, the exact
mechanisms through which TXNIP disrupts the association of H4
and UFBP1 are not yet clear.
The biomarkers that determine sensitivity to ferroptosis

inducers are still not well defined. In line with earlier studies
[49–51], we found that BRD4 might serve as a predictor of
ferroptosis sensitivity. Inhibiting BRD4 increased TXNIP levels and
suppressed protein UFMylation, resulting in cancer cell cycle arrest
and increased vulnerability to ferroptosis. This is consistent with
previous studies showing that dormant cancer cells were sensitive

to ferroptosis [17, 18]. Therefore, while dormant cells induced by
BET inhibitors may contribute to drug resistance [52], they also
presented a therapeutic vulnerability to ferroptosis inducers,
which could be leveraged in combination therapies. Our research
indicates that BET inhibition led to the induction of TXNIP, which
caused cell cycle arrest, offering new insights into the anti-tumor
mechanisms of BET inhibitors. Accordingly, targeting these
arrested cells with ferroptosis inducers may provide strategies to
improve the clinical outcomes of BRD4-targeted therapies.

MATERIALS AND METHODS
Cell culture, reagents, and cell transfection
Human HepG2, MHCC-97H, SMMC-7721, A375, Capan-2, and HCT116 cells,
and mouse Hepa 1–6 cells were purchased from Cell Bank, Chinese Academy
of Sciences. All cells were cultured in DMEM medium (Gibco) supplemented
with 10% fetal bovine serum (Gibco), 100 U/mL penicillin, and 100 μg/mL
streptomycin in a humidified atmosphere containing 5% CO2 at 37 °C.
BET inhibitor JQ1 (A1910) was purchased from APExBIO. ML324 (HY-

12725), MG132 (HY-13259), MLN4924 (HY-70062), DKM 2-93 (HY-101836),
RSL3 (HY-100218A), and Liproxstatin-1 (LIPRO1, HY-12726) were from MCE.
Erastin (E126853) and Allose (A111907) was purchased from Alading. NAC
(50303ES05) was from Yeasen. JQ1 was dissolved in DMSO to make a 2mM
stock solution. Cells were treated with 2 μM JQ1 for 48 h unless otherwise
indicated. RSL3 and ERASTIN were dissolved in DMSO to make a 10mM stock
solution and used to treated cells with indicated concentration. Where
applicable, cells were treated with 20 μM ML324 for 24 h, 5 μM MLN4924 for
24 h, 30 μM of DKM 2-93 for 48 h, 20 μM LIPRO1 for 24 h, and 5mM NAC for
24 h. Ten μM of MG132 were used to treat cells for 6 h before harvesting cells.
To knock out TXNIP and P27 in HepG2 cells, Lipo2000 (Thermo Fisher,

11668019) was used to transfect the TXNIP and P27 sgRNA expression
plasmids into cells following the instructions. Forty-eight hours after the
transfection, cells were selected in culture media with 2 μM Puromycine
(CSN Pharma, CSN11799). The knock-out efficiency was checked by
western blotting.

Plasmids and antibodies
The human TXNIP and human P27 sgRNA expression plasmids were
constructed according to Ran et al. [53]. Briefly, the oligos of sgRNA were
annealed and ligated into the pSpCas9(BB) vector (Addgene PX549) using
BbsI (NEB). The target sequences of TXNIP were: KO-1: CACCGAA-
TATGGGTGTGTAGACTAC, KO-2: CACCGTCTGCTCGAATTGACAGAAA. The
target sequences of P27 were CACCGTCAAACGTGCGAGTGTCTAA. The
target sequences of control were CACCGATCCTGGCTACCAGCTTCAT. All of
the plasmids were validated by sequencing.
TXNIP antibody (14715), MYC (13987), and P21 (2947T) were purchased

from Cell Signaling Technology. Antibodies against H3 (17168-1-AP),
ubiquitin (10201-2-AP), MAD2 (10337-1-AP), and IgG (30000-0-AP) were
purchased from Proteintech. The following antibodies were from Abclonal
Technology: P27 (A16332), GLUT1 (A11727), KI67 (A20018), UFM1 (A15843),
Nedd8 (A22568), BRD4 (A12677), H4 (A17024), RNA Pol II (A11181), Cyclin
A2 (A19036), H3K9me3 (A22295), H3K27me3 (A2771), H3K36me3 (A20379),
Cyclin B1 (A2056), Cyclin D1 (A1301) and GAPDH(AC002). MLX antibody
was from ABways (AY3005).

Fig. 6 JQ1-TXNIP repressed histone H4 UFMylation. A Histone H4 UFMylation in Control and TXNIP KO cells treated with DMSO and 2 μM
JQ1. Histone H4 was immunoprecipitated and the precipitated proteins were immunoblotted with UFM1 antibody. B Overepression of TXNIP
reduced H4 UFMylation. Empty vector (EV), Flag-TXNIP, and 6His-Flag-H4 were transfected into HEK293T cells. 6His-Flag-H4 proteins and their
associated proteins were isolated using Ni-NTA beads and analyzed with indicated antibodies. C The interaction between histone H4 and
UFBP1 in Control and TXNIP KO cells with DMSO and 2 μM JQ1 treatment. The protein complex was immunoprecipitated with UFBP1 antibody
and probed with histone H4 antibody. D The interaction between histone H4 and cMYC in Control and TXNIP KO cells with and without JQ1
treatment. cMYC was immunoprecipitated and isolated proteins were subjected to Western Blotting analysis with a histone H4 antibody.
E Protein UFMylation influenced the association between histone H4 and cMYC. cMYC was immunoprecipitated from Control cells treated
with DMSO and JQ1 as well as TXNIP KO cells treated by JQ1 alone and JQ1 combined with DKM 2-93. The precipitates were analyzed using a
histone H4 antibody. F Rescued the expression of cMYC target genes by TXNIP KO was depending on UFMylation. Control and TXNIP KO cells
were treated by DMSO, 2 μM JQ1, 30 μM DKM 2-93 and a combination of JQ1 (2 μM) with DKM 2-93 (30 μM). The transcription levels of CYCLIN
A2, MAD2, ORC2, and MCM6 were determined by RT-qPCR. G The interaction of cMYC with Flag-UFM1-H4 and Flag-H4. HepG2 cells were
transfected with empty vector (EV), 6Hist-Flag-UFM1-H4, and 6Hist-Flag-H4 and their associated proteins were pulled down using Ni-NTA
beads and probed for cMYC. H UFM1-H4 alleviated the repression of CYCLIN A2 by JQ1. HepG2 cells were transfected with Empty vector (EV),
Flag-H4, and Flag-UFM1-H4 and treated with 2 μM JQ1. Total proteins were extracted and CYCLIN A2 expression was analyzed via Western
Blotting. ****p value < 0.001, ***p value < 0.005, **p value < 0.01, *p value < 0.05 (one-way ANOVA test in F).
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MTT assay
About 3 × 103/well cells were plated in 96-well plates. Then the cells were
treated with indicated chemicals for 48 h. After treatment, MTT was added
into the medium and incubated at 37 °C for another 4 h. Finally, formed
formazan was dissolved in 100 μL DMSO and the absorbance of the
solution was measured at 570 nm.

Quantitative real-time polymerase chain reaction (RT-qPCR)
Total cellular RNA was extracted using the RNA isolator (Vazyme, Nanjing,
China) following the manufacturer’s instruction. HiScript II 1st Strand cDNA
Synthesis Kit (Vazyme, Nanjing, China) was used to synthesize the first strand
cDNA with one microgram of total RNA. The RT-qPCR was performed in the
ABI PRISM Sequence Detector 7500 (PerkinElmer) with SYBR Green PCR Master
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Mix (Vazyme, Nanjing, China) using two hundred nanograms of cDNA. The
sequences of the RT-qPCR primers were listed in Supplemental Table 1.

Western blotting
Cells were treated with chemicals at the indicated concentration for 24 h.
After treatment, cells were harvested and lysised in 2% SDS supplemented
with protease inhibitors. Protein concentration was measured with BCA
assay kit following the instruction. Western blotting was performed as
previously described [26]. Briefly, about 20 μg of cell extracts were
separated in SDS-PAGE gel. After electrophoresis, proteins were transferred
onto nitrocellulose membranes, which were then blocked with 3% skim
milk in PBST at room temperature and incubated with indicated primary
antibodies overnight at 4 °C. After being washed for three times with PBST,
the membranes were incubated with HRP-conjugated secondary antibody
for 1 h at room temperature. Finally, the blot was developed with
enhanced ECL Chemiluminescent Substrate (Yeasen) and the images were
acquired by Amersham Imager 600 (GE Healthcare, USA).

Immunostaining in cell culture
Cultured cells were washed with PBS for three times, fixed with 4%
paraformaldehyde for 30min, permeabilized with 0.25% Triton ×-100 for
15min, and blocked with 10% fetal bovine serum for 2 h at room temperature.
Samples were then incubated with indicated primary antibodies overnight at
4 °C. After being washed with PBS for three times, cells were incubated with
Goat anti-Rabbit/anti-Mouse IgG (H + L) Cross-Adsorbed Secondary Antibodies
(Thermo, Waltham, USA) for 2 h at room temperature. Nuclei were counter-
stained with DAPI (Yeasen). Images were taken with the confocal laser
scanning microscope (Fluoview FV1000, Olympus).

EdU staining
Cells were cultured in medium containing 50 μM EdU for 2 h to label
proliferating cells. Then cells were harvested and fixed with 4% paraformalde-
hyde for 15min. After that, the cells were permeabilized with 0.5% TritonX 100
for 20min and incubated with Click-iT reaction for 30min in dark. Finally, the
nuclei were counter-stained with DAPI and images were taken by the confocal
laser scanning microscope (Fluoview FV1000, Olympus).

Beta-gal staining
Beta-gal staining was performed following the instructions of the Beta-gal
staining kit (Yeasen). Cells were treated with indicated drugs and then
incubated with the fixed solution at room temperature for 15min. After
washed with PBS for three times, cells were stained with the staining
solution at 37 °C overnight. The next day, staining solution was removed
and cells were washed with PBS. Images were taken by the Nikon Eclipse
Ti-S microscope.

Cell apoptosis analysis
Cells were treated with the indicated concentrations of chemicals for 48 h.
Subsequently, they were stained with Annexin-V conjugated with FITC and
Propidium iodide (PI) (Vazyme, A211-0) for 10min at room temperature to
detect apoptosis following the product’s instructions. The samples were
analyzed with a FACS Calibur cytometer (BD, Biosciences) and data were
processed with FlowJo.

Lysotracker staining
Staining with Lysotracker RED was optimized for acidic protein content
estimation. The cells were stained with Lysotracker RED (1:10,000,

Beyotime Biotechnology C1046) for 30min at 37 °C. Finally, the cells were
rinsed, suspended in PBS and analyzed with a FACS Calibur cytometer (BD,
Biosciences). Data were processed with FlowJo.

ROS detection
The dye DCFH-DA was prepared at a ratio of 1:1000 in serum-free DMEM.
Control and TXNIP KO Cells were treated with indicated drugs, and
harvested using trypsin. These cells were re-suspended in 100 μl prepared
DCFH-DA solution and then incubated at 37 °C for 20min in the dark. The
fluorescence intensity of DCFH-DA was determined by FACS Calibur
cytometer (BD, Biosciences). Data were processed with FlowJo.

Lipid ROS assay
HepG2 and HCT116 cells were treated with indicated chemicals for 24 h.
Treated cells were harvested, resuspended in 500 μl of PBS containing
5 μM C11-BODIPY 581/591 (Beyotime Biotechnology) and stained for
30min at 37 °C. Lipid peroxidation was measured by FACS Calibur
cytometer (BD, Biosciences) with a 488-nm laser on the FL1 detector. At
least 10,000 single cells were analyzed in each group. Lipid peroxidation
results were processed by FlowJo and the untreated wild-type cell group
was selected as lipid ROS 2%.

MDA assay
The MDA concentration in tumor tissues were determined using Lipid
Peroxidation MDA Assay Kit (Beyotime, S0131S) according to the manufac-
turer’s instruction. Briefly, tumor tissues were ground in homogenizer. After
centrifuged at 12,000 × g for 10min, the supernatant was mixed with MDA
assay working solution. The optical density was measured at 532 nm. The
concentration of MDA was normalized with protein concentration.

Electron microscopy
Treated HepG2 cells were harvested and fixed in ice-cold Electron
Microscope Fixing Agent (SPI Supplies, 111–30-8). The cells were then
fixed with 1% OsO4 in 0. 1 M PBS (pH 7.4) for 2 h at room temperature.
Fixed samples were dehydrated in graded series of ethanol (50%, 70%,
95%, 100%) and acetone for 15min. After embedded in EMBed 812,
samples were moved into 60 °C oven to polymerize for more than 48 h.
Embedded blocks were ultrathin sectioned (RMC, PT-PC) and stained with
2% uranium acetate and 2% Lead citrate sequentially. Finally, they were
observed under a transmission electron microscope (HITACHI, HT7800) and
images were collected for analysis.

Cell cycle analysis
Cell cycle was analyzed following the manufacture’s protocol (KeyGen
Biotech). Briefly, cells were treated with indicated chemicals, fixed with
70% cold ethanol for 2 h at 4 °C and then stained with PI working solution
for 1 h in dark. The fluorescence intensity of PI was determined by FACS
Calibur cytometer (BD, Biosciences). Data were processed with FlowJo.

Nuclear and cytoplasm fraction
Cells were harvested and resuspended in nuclei isolation buffer (10mM Tris-Cl
(pH 7.5), 10mM NaCl, 3mM MgCl2, 0.5% NP40, and 10% glycerol) with freshly
added protease inhibitors. After incubated on ice for 30min, the cells were
passed through a 26 gauge needle to break the cell membrane. Cells were
then centrifuged at 1000 × g for 5min at 4 °C. The supernatant was kept as
cytoplasm fraction. The pellet were washed with nuclei isolation buffer for 3
times. Nuclear proteins were extracted from purified nuclei by 2% SDS.

Fig. 7 Inhibiting protein UFMylation enhanced ferroptosis sensitivity. A The survival rates of cells treated with increasing amount of RSL3
alone or RSL3 combined with 2 μM JQ1. B The morphology of mitochondria in cells treated with indicated chemicals was observed by
transmission electron microscopy. Scale bars, 500 nm. C The survival rates of cells treated with JQ1 (2 μM), RSL3 (6 μM), JQ1 (2 μM)+ RSL3
(6 μM), JQ1 (2 μM)+ RSL3 (6 μM) with Lipro1 (20 μM), as well as JQ1 (2 μM)+ RSL3 (6 μM) with NAC (5mM). D The survival rates of Control and
TXNIP KO cells treated with increasing concentration of RSL3 alone or together with 2 μM JQ1. E Lipid ROS levels in Control and TXNIP KO cells
treated with 2 μM JQ1, 6 μM RSL3, and 2 μM JQ1+ 6 μM RSL3. F The survival rates of cells treated with increasing concentration of RSL3 alone
or combined with 30 μM DKM 2-93. G The mitochondrial ultrastructure in cells treated with indicated chemicals. H The survival rates of cells
treated with DKM 2-93 (30 μM), RSL3 (2 μM), DKM 2-93 (30 μM)+ RSL3 (2 μM), DKM 2-93 (30 μM)+ RSL3 (2 μM) with Lipro1 (20 μM), as well as
DKM 2-93 (30 μM)+ RSL3 (2 μM) with NAC (5mM). I The survival rates of Control and TXNIP KO cells treated with increasing amount of RSL3
alone or in combination with 30 μM DKM 2-93. J Lipid ROS levels in Control and TXNIP KO cells treated with 30 μM DKM 2-93, 2 μM RSL3, and
30 μM DKM 2-93+ 2 μM RSL3. ****p value < 0.001, **p value < 0.01, *p value < 0.05 (one-way ANOVA test in C, E, H, and J).
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Protein co-immunoprecipitation (CoIP) assay
To detect the endogenous protein interaction, CoIP assay was carried
out as previously described [26]. Briefly, total cells were prepared with
NP40 lysis buffer (Beyotime Biotechnology). Whole cell extracts were
cleared by centrifuged at 13000 rpm for 15 min at 4 °C, and then
incubated with 4 μg primary antibody or control IgG overnight at 4 °C.

The next day, Magnetic Protein A/G beads (MCE, HY-K0202) were added
to pull down the antibody-protein complex. After washed with PBST
solution for five times, the beads were boiled with 1 × SDS-PAGE Loading
Buffer and the samples were analyzed by immunoblotting. Protease
inhibitors were applied during all these processes.
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Chromatin immunoprecipitation
Control and TXNIP KO HepG2 cells were treated with 2 μM JQ1 for 3 h, then
were fixed with 1% formaldehyde for 10min. Fixed cells were lysised in
lysis buffer (1% SDS, 50 mM Tris-HCl(pH8.0), 150 mM NaCl) and chromatin
was broken down by sonication in Covaris M220. Supernatant was diluted
with dilution buffer (1% TritonX100, 2 mM EDTA, 20mM Tris-HCl(pH8.0),
150mM NaCl) and incubated with IgG, UFM1, MYC, MLX, BRD4, and RNA
Pol II antibody at 4 °C overnight. The next day, the antibodies were
precipitated with Protein A/G Magnetic Beads. Then the beads were
washed sequentially with Washing buffer 1 (0.1% SDS, 1% TritonX 100,
2 mM EDTA, 150mM NaCl, 20 mM Tris-HCl(pH8.0)), Washing buffer 2 (0.1%
SDS, 1% TritonX 100, 2 mM EDTA, 500mM NaCl, 20 mM Tris-HCl(pH8.0)),
Washing buffer 3 (0.25 mM LiCl, 1% NP40, 1 mM EDTA, 10mM Tris-
HCl(pH8.0)), Washing buffer 4 (10 mM Tris-HCl(pH8.0), 2 mM EDTA). Finally,
bound DNA was eluted by elution buffer (0.1 M NaHCO3, 1% SDS), purified
by phenol, and applied for RT-qPCR analysis. Primers were listed in
Supplemental Table 1.

mRNA sequencing by Illumina HiSeq
Total RNA of each sample was extracted using TRIzol Reagent/RNeasy Mini
Kit (Qiagen), quantified and qualified by Agilent 2100 Bioanalyzer (Agilent
Technologies, USA). One μg of total RNA was used for library preparation.
Next generation sequencing library preparations were constructed
according to the manufacturer’s protocol. First strand cDNA was
synthesized using ProtoScript II Reverse Transcriptase and the second-
strand cDNA was synthesized using Second Strand Synthesis Enzyme Mix.
Then the libraries were sequenced in Illumina HiSeq instrument according
to manufacturer’s instructions (Illumina, USA). Data quality control was
processed by Cutadapt. Clean data were aligned to reference genome via
software Hisat2. DESeq2 Bioconductor package was used to identify
differentially expressed genes. GOSeq(v1.34.1) was used to identify Gene
Ontology (GO) terms that annotate a list of enriched genes with a
significant p value less than 0.05. Geneset enrichment in the RNA-Seq data
were analyzed by GSEA package. The RNA-seq data has been deposited
into the GEO database and the GEO accession number is GSE298083.

Animal studies
The animal studies were approved by Institutional Animal Care and Use
Committee of China Pharmaceutical University. Female BALB/c nude mice
(6–8 weeks old) weighing 18–22 × g were purchased from Changzhou
Cavens Laboratory. About 6 × 106 HCT116 cells were transplanted into BALB/
c nude mice subcutaneously. When the tumors were palatable, the mice with
similar body weight were separated into the following four groups randomly:
control group, JQ1 group, RSL3 group, and JQ1 + RSL3 group. Each group
had 4 animals. JQ1 (50mg/kg) was applied to mice by intraperitoneal
injection and RSL3 (100mg/kg) was administered by intratumor injection
every two days. Tumor volume was measured every two days using caliper
and calculated by using the formula V= (W2 × L)/2 (W: tumor width, L: tumor
length). After 14 days, mice were sacrificed and tumor tissues were taken off
for weighing. Total proteins from tumor tissues were extracted by RIPA buffer
and used for Western blotting analysis. Data was processed with Graphpad
Prism. We were not blinded to the group allocation during the experiment
and/or when assessing the outcome.

Statistical analysis
Data were presented as means ± SD of at least three independent
experiments. Comparisons were carried out with a two-tailed unpaired
Student’s t test or one-way ANOVA test using GraphPad Prism as
appropriate.

DATA AVAILABILITY
All data generated during this study are included in this article and its supplementary
information files.
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