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Abstract

Monoubiquitination of histone H2B on lysine 120 (H2Bubl) is an
epigenetic mark generally associated with transcriptional activa-
tion, yet the global functions of H2Bub1 remain poorly understood.
Ferroptosis is a form of non-apoptotic cell death characterized by
the iron-dependent overproduction of lipid hydroperoxides, which
can be inhibited by the antioxidant activity of the solute carrier
family member 11 (SLC7A11/xCT), a component of the cystine/
glutamate antiporter. Whether nuclear events participate in the
regulation of ferroptosis is largely unknown. Here, we show that
the levels of H2Bubl are decreased during erastin-induced ferrop-
tosis and that loss of H2Bubl increases the cellular sensitivity to
ferroptosis. H2Bubl epigenetically activates the expression of
SLC7A11. Additionally, we show that the tumor suppressor p53
negatively regulates H2Bubl levels independently of p53’s tran-
scription factor activity by promoting the nuclear translocation of
the deubiquitinase USP7. Moreover, our studies reveal that p53
decreases H2Bubl occupancy on the SLC7A11 gene regulatory
region and represses the expression of SLC7A11 during erastin
treatment. These data not only suggest a noncanonical role of p53
in chromatin regulation but also link p53 to ferroptosis via an
H2Bubl-mediated epigenetic pathway. Overall, our work uncovers
a previously unappreciated epigenetic mechanism for the regula-
tion of ferroptosis.
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Introduction

Cell death plays crucial roles in multiple biological processes, such
as the control of normal development, the maintenance of home-
ostasis in multicellular organisms, and the regulation of uncon-
trolled proliferative or degenerative diseases [1-3]. Apoptosis is the
most deeply investigated form of cell death, while other types of
non-apoptotic cell death (e.g., necroptosis or pyroptosis) have also
been identified.

Ferroptosis is a recently discovered type of non-apoptotic cell
death [4-7]. The execution of ferroptosis closely involves the ion-
dependent accumulation of lipid reactive oxygen species (ROS)
instead of cytosolic ROS. The small molecule erastin has been recog-
nized as specifically inducing ferroptosis by disrupting cellular lipid
redox homeostasis. Detailed studies indicated that erastin inhibits
the activity of the cystine/glutamate antiporter (system x_), further
leading to a decrease in cystine uptake. This reduction in cystine
eventually results in a depletion of glutathione (GSH), which is the
major antioxidant in cells [8,9]. Reduced GSH is utilized by
glutathione peroxidase 4 (GPX4) to reduce lipid hydroperoxides and
therefore protects cells against ferroptosis. The inactivation of GPX4
induces ferroptosis even in cells with normal cystine and GSH
contents [10]. SLC7A11 is a key component of system x_, which is
required for cystine uptake [11,12]. Consistently, depletion of
SLC7A11 results in significant upregulation of erastin-induced
ferroptosis. In addition, ferroptosis is morphologically distinct from
other types of programmed cell death. For instance, ferroptotic cells
show abnormal mitochondrial morphology with smaller size and
increased membrane density, which has been recognized as the lone
typical characteristic of ferroptosis in terms of morphology [4,13].

Monoubiquitination of histone H2B at lysine 120 (H2Bubl) is a
key epigenetic modification in the regulation of gene transcription
and chromatin organization. For example, H2Bubl is usually
believed to be an active marker for gene transcription and results in
an open chromatin context to facilitate gene transcription [14-17].
H2Bubl is catalyzed by the E2 ubiquitin-conjugating enzyme RADG6
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(UBE2A/B) and E3 ubiquitin-protein ligase BRE1 (RNF20/40), and
the regulation of H2Bub1 by RAD6/BRE] is conserved from yeast to
human [18-21]. In addition to the establishing enzymes, multiple
deubiquitinases have also been identified, including USP7 [22-25],
USP12 [26], USP22 [27], USP44 [28], USP46 [26], and USP49 [29].
An increasing number of studies have indicated that H2Bub1 plays
significant roles in various biological processes. For example, other
researchers and our group have revealed the critical roles of
H2Bubl in the control of embryonic stem cell (ESC) differentiation.
Levels of H2Bub1 are increased significantly during ESC differentia-
tion, and this upregulation of H2Bubl1 is required for efficient ESC
differentiation. Mechanistic studies have revealed that the role of
H2Bubl in the regulation of ESC differentiation is mainly achieved
through epigenetically regulating the expression of differentiation-
related genes or a group of long genes [28,30,31]. Moreover,
H2Bubl has also been reported to be closely involved in cancer.
Most studies have indicated that the levels of H2Bub1 are decreased
in cancer, and loss of H2Bub1 promotes cancer metastasis [32,33],
although controversial results have been reported [34]. In addition,
our group recently suggested that H2Bubl is also a critical epige-
netic marker for the regulation of autophagy. H2Bubl levels are
strikingly decreased during starvation-induced autophagy, and loss
of H2Bub1 results in autophagosome formation and the activation
of autophagy [35,36].

p53 is the most investigated tumor suppressor and is mutated
in more than 50% of human cancers [37-39]. p53 is a sequence-
specific DNA-binding protein that functions as a transcription
factor [40,41]. It is well known that p53 plays critical roles in
apoptosis, cell cycle regulation, senescence, DNA repair, and
other cellular events [42]. A recent study indicated that p53 also
plays a crucial role in the control of ferroptosis by downregulat-
ing the expression of SLC7A11 [13]. However, how p53 nega-
tively regulates SLC7A11 expression is still unclear, since p53 is a
traditional transcription factor that usually activates gene expres-
sion. In addition, the chromatin-regulating function of p53 has
recently become a focus. p53 “gain-of-function” mutants can
affect histone methylation and acetylation by regulating the
expression of histone methyltransferases (e.g., MLL1 and MLL2)
and histone acetyltransferase (e.g., MOZ) [43]. Nevertheless, the
role of p53 in controlling histone methylation and acetylation is
still achieved through transcriptionally regulating the expression
of the related enzymes.

In this study, we demonstrate that H2Bubl, as an epigenetic
modification, plays an essential role in the regulation of ferroptosis.
In addition, we identified that p53 is a novel regulator of H2Bubl,
likely independent of its transcription factor activity, further
supporting the status of p53 as a significant chromatin regulator
[43]. Most importantly, this study also links p53 to ferroptosis by
the H2Bub1-mediated epigenetic pathway.

Results

Loss of H2Bub1 significantly sensitizes cells to
erastin-induced ferroptosis

To determine whether epigenetic modifications regulate ferropto-
sis, we first performed Western blot screening with various
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antibodies against distinct histone modifications upon erastin (a
specific ferroptosis inducer) stimulation, a standard method to
induce ferroptosis [4,13]. Intriguingly, we found that the levels of
H2Bubl are strikingly decreased after erastin treatment, suggest-
ing that H2Bubl may be involved in the regulation of ferroptosis
(Fig 1A). To further determine the role of H2Bubl in the control
of ferroptosis, we next tested the effect of loss of H2Bubl on
ferroptosis. In addition to knockdown of RNF20 expression, we
and others previously indicated that overexpression of the K120R
mutant of H2B (H2BK120R) can also downregulate the levels of
endogenous H2Bubl making a useful way to examine the roles of
H2Bubl [44,45]. Therefore, we inhibited endogenous H2Bubl by
knocking down the RNF20 expression and overexpressing of
H2BK120R mutant (Fig EV1A). Surprisingly, we observed that
loss of H2Bubl with RNF20-specific siRNA or H2BK120R mutant
significantly sensitizes cells to erastin-induced cell death (Figs 1B
and EVIB). As mentioned above, lipid ROS accumulation is a
hallmark of ferroptosis [4]. We therefore examined the intracellu-
lar lipid ROS levels in normal and H2Bubl-depleted cells upon
erastin treatment. Consistent with its effect on cell death, the loss
of H2Bubl obviously increased erastin-induced lipid ROS levels
(Figs 1C, and EV1C and D). Because the alteration of mitochon-
drial morphology is the lone characteristic feature of ferroptosis
compared to other forms of cell death [4,13], we performed a
transmission electron microscopy assay to detect mitochondrial
morphology. Consistent with the ferroptotic morphology [4,13],
cells depleted of H2Bubl and treated with erastin show very seri-
ous defects in mitochondrial morphology, including smaller size
and increased membrane density, while the nuclear membrane is
intact, and no DNA fragmentation is observed (Fig 1D). To
further confirm the mode of H2Bubl-regulated cell death upon
erastin stimulation, we treated cells with ferrostatin-1 (ferr-1), a
specific inhibitor of ferroptosis [4,13]. Notably, ferr-1 almost
completely rescued the cell death induced by the loss of H2Bubl
upon erastin treatment (Fig 1E). In contrast, inhibitors of other
forms of cell death, including ZVAD-FMK (apoptosis), necrostatin-
1 (necroptosis), and 3-MA (autophagy), all failed to suppress
erastin-induced cell death in H2Bub1l-depleted cells (Fig EV1E and
F). Together, these data demonstrate that the epigenetic marker
H2Bubl is likely a novel negative regulator of ferroptosis.

H2Bub1 regulates the expression of SLC7A11 and a group of
ion-binding genes that function in multiple
metabolism-related processes

As previously mentioned, SLC7A11, which encodes a component
of the cystine/glutamate antiporter, system x_, is a critical protein
in the control of ferroptosis [4,13]. Therefore, we tested whether
H2Bubl affects SLC7A11 expression. To our surprise, we found
that loss of H2Bubl significantly downregulates both the mRNA
and protein levels of SLC7A11 (Fig 2A). Moreover, our chromatin
immunoprecipitation (ChIP) analysis indicates that H2Bubl is
enriched in the gene regulatory region of the SLC7All gene
(Fig 2B, left), and most importantly, erastin treatment abolishes
the occupancy of H2Bubl on SLC7A11 (Fig 2B, right), suggesting
that SLC7A11 may represent a novel downstream target gene of
H2Bubl. As above mentioned, the uptake of extracellular cystine
is mediated by SLC7A1l, and cystine is a major precursor for
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Figure 1. Loss of H2Bub1 promotes ferroptosis.

A Western blot analysis of 293T cells treated with 20 uM erastin for the indicated times.
B H1299 cells transfected with a control siRNA (siCont.) or an RNF20-specific siRNA (siRNF20) and a wild-type H2B (H2BWT) or a K120R-mutated H2B (H2BK120R) were
treated with 12 pM erastin (+) or untreated (—) for 24 h. Representative phase-contrast images were recorded (magnification, x20), and the surviving cells were

counted.

o 0O

Lipid ROS levels were assessed by flow cytometry after C11-BODIPY staining in cells treated as in (B).
H1299 cells treated as in (B) were subjected to transmission electron microscopy. Representative images are shown.

E Control H1299 cells (transfected with siCont. or H2BWT) and H2Bubl1-depleted H1299 cells (transfected with siRNF20 or H2BK120R) were treated with erastin either
with or without a ferroptosis-specific inhibitor, ferrostatin-1 (2 uM), for 24 h. Representative phase-contrast images were recorded (magnification, x20), and the

surviving cells were counted.

Data information: Bars and error bars are mean =+ s.d., n = 3 independent repeats. Two-tailed unpaired Student’s t-test was performed. *P < 0.05, **P < 0.01.

GSH biosynthesis. GSH is the primary cellular antioxidant and
protects cells from ferroptosis [8-12]. We therefore tested the
intracellular GSH levels to indicate the activities of SLC7A11.
Consistently, we observed that loss of H2Bubl decreased the

© 2019 The Authors

intracellular GSH levels, suggesting an impaired SLC7A11 activity
in H2Bubl-depleted cells (Fig 2C). We next examined whether
SLC7A11 is essential for the sensitization of cells to erastin-
induced ferroptosis by loss of H2Bubl. As expected, SCL7A11
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Figure 2.

overexpression almost significantly rescued the ferroptosis induced
by the loss of H2Bubl upon erastin stimulation, suggesting that
SLC7A11 plays a major role in mediating the loss of H2Bubl-
sensitized ferroptosis (Fig 2D and E).

In addition, we previously performed a microarray analysis to
predict the global biological roles of H2Bub1 with H2Bub1-depleted
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cells [44]. A GO analysis was performed with these reported data,
and intriguingly, we found that a group of genes that encode metal
ion-binding proteins were significantly affected by the loss of
H2Bubl (Fig 2F), and these genes were downregulated after
H2Bubl depletion (Figs 2G, and EV2A and B). We therefore
suspected that the decreased expression of these genes after loss of
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Figure 2. Identification of SLC7A11 as a target of H2Bub1.

EMBO reports

A gRT-PCR (left) and Western blot (right) analyses of H1299 cells transfected with a control siRNA (siCont.) or an RNF20-specific siRNA (siRNF20) and a wild-type H2B

(H2BWT) or a K120R-mutated H2B (H2BK120R) for 24 h.

B Chromatin immunoprecipitation (ChIP) assay was carried out with anti-H2Bub1 antibodies in H1299 cells (left) or 293T cells either untreated or treated with 20 uM
erastin for 24 h (right). The intergenic region was used as a negative control for the occupancy of H2Bub1.

C Intracellular GSH levels were examined in H1299 cells treated as indicated, and bar graphs are shown.

D H1299 cells transfected as indicated were treated with 12 puM erastin (+) or untreated (—) for 24 h. Representative phase-contrast images were recorded

(magnification, x20).
E Surviving cells from the assay shown in (D) were counted.

F GO analysis with the genes downregulated in H2BK120R (black) or RNF20-specific siRNA (siRNF20) (red) transfected 293T cells by employing a previously reported

microarray data [44].

G Affected metal ion-binding genes in (F) were selected and subjected to cluster analysis.
H Labile iron levels were assessed by flow cytometry with a standard method in H1299 cells.

| Labile iron levels examined in (H) were quantified.

Data information: Bars and error bars are mean =+ s.d., n = 3 independent repeats. Two-tailed unpaired Student’s t-test was performed. *P < 0.05, **P < 0.01.

H2Bubl may result in an increase in metal ion levels that may
include iron, providing a novel possible mechanism for the sensiti-
zation of cells to erastin-induced ferroptosis by loss of H2Bubl.
Therefore, we measured the labile iron levels in both control and
H2Bubl-depleted H1299 cells. Consistent with our speculation, the
results show that loss of H2Bub1 significantly increases the labile
iron levels in human cells (Fig 2H and I). In addition, a STRING
analysis suggested that these affected metal ion-binding genes are
mainly enriched in various metabolism-related processes, including
redox-related events (e.g., ADAMTSS, CYP51A1, and ZNF341) and
multiple macromolecule metabolic processes (e.g., BCL11B,
MGAT4A, CHSY3, and LMO3; Fig EV2C), which are tightly related
to the regulation of cellular redox balance.

p53 negatively regulates H2Bub1 levels

Previous studies indicated that p53 controls chromatin methylation
and acetylation by transcriptionally regulating the expression of
multiple histone methyltransferases and acetyltransferase [43] and
that p53 affects ferroptosis by transcriptionally downregulating the
expression of SLC7A11 [13]. Therefore, we wondered whether p53
modulates H2Bub1 levels. To our great surprise, we found that over-
expression of p53 reduces H2Bubl levels strikingly in distinct cell
lines (Figs 3A and EV3A), whereas the levels of other histone modi-
fications, including H3K9me3, H3K27me3, H3K36me3, H3K56mel,
H4K8ac, and H4K20me3, are not affected (Figs 3B and EV3B).
Although H3K4me3 and H3K79me3 are reported to be downstream
targets of H2Bubl [46-48], the levels of both H3K4me3 and
H3K79me3 were not obviously affected by pS53 overexpression
(Fig 3A), which is consistent with the view that changes in H2Bub1
are not always coupled with changes in H3K4me3 and H3K79me3
[28,30,31,49,50]. Moreover, the results of our immunofluorescence
(IF) assay also support the above notion that overexpression of p53
downregulates the levels of H2Bub1 (Fig 3C). Together, these find-
ings suggest that p53 specifically regulates H2Bub1 in human cells.

We next wondered how p53 regulates the levels of H2Bubl.
Therefore, the levels of all the reported ubiquitinases (e.g., RADG,
RNF20, and RNF40) [20,21] and deubiquitinases (e.g., USP7,
USP12, USP22, USP44, USP46, and USP49) [22-29] were examined
upon p53 overexpression. However, no obvious changes were
observed in any of the tested enzymes, suggesting that other mecha-
nisms are likely involved (Figs 3D and EV3C).

© 2019 The Authors

Furthermore, we also performed a p53 knockdown experiment to
validate the effect of p53 on H2Bubl. Consistently, the levels of
H2Bubl were increased in p53-depleted cells (Fig 3E). To further
confirm p53-H2Bubl regulation under relative physiological condi-
tions, we tested the relationship between p53 and H2Bubl in
response to treatment with etoposide, a well-known anti-cancer
drug that can induce p53 upregulation [51,52]. Intriguingly, the
levels of H2Bub1 were significantly decreased, therefore negatively
correlating to p53 upregulation upon etoposide treatment (Fig 3F).
Moreover, the observed etoposide-induced loss of H2Bubl can be
rescued by further depletion of p53, suggesting that the effect of
etoposide on H2Bub1 is p53 dependent (Fig EV3D). More interest-
ingly, we examined the levels of H2Bubl1 in a pair of cell lines with
(A549) or without p53 (H1299). The levels of H2Bub1 in H1299 cells
were much higher than those in A549 cells, while no obvious dif-
ferences in the levels of H3K4me3 and H3K79me3 were observed
(Fig 3G). Together, these data indicate that p53 is a novel negative
regulator of H2Bubl.

As H2Bubl is a critical modulator of higher order chromatin struc-
ture and can cause chromatin decondensation [17,53], we suspected
that p53 may also affect higher order chromatin structure by regulat-
ing H2Bubl. We examined the degree of chromatin compaction in
H1299 cells with or without pS3 overexpression by using micrococcal
nuclease (MNase) digestion, which cuts the linker DNA that connects
the nucleosomes and thus can show higher order chromatin structure
status. The DNA from whole nuclei that we isolated from p53-overex-
pressing cells was less digested than that from the control counter-
parts, suggesting that p53 overexpression renders the chromatin
more compacted (Figs 3H and EV3E), which is similar to the effect of
loss of H2Bub1 [53]. Consistently, cells with p53 knockdown showed
a less compacted chromatin that was much more susceptible to diges-
tion by MNase (Fig EV3F). To confirm whether the effect of p53 on
higher order chromatin structure is achieved through its regulation
on H2Bubl, a rescue assay of the MNase digestion experiment was
performed. We found that loss of H2Bub1 rescues the effect of p53
knockdown on chromatin compaction, suggesting that the regulation
of higher order chromatin structure by p53 is achieved through modu-
lating H2Bub1 (Fig EV3G and H).

Intriguingly, the regulation of H2Bubl by p53 seems not to be
dependent on its transcription factor activity, as overexpression of
the “gain-of-function” mutants that lack its DNA-sequence-specific
transcription function, p53-R273H and p53-R175H [54,55], also
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Figure 3. p53 negatively regulates H2Bub1.

A, B Western blot analysis was performed with H1299 or Hep3B cells transfected with a Flag-tagged p53 or an empty plasmid (Cont.) for 48 h.

C Immunofluorescence (IF) assay for H1299 cells transfected with a Flag-tagged p53 (Flag-p53) or an empty plasmid (Cont.) for 48 h. Representative images are
shown (magnification, x40). Arrowhead indicates a Flag-p53 overexpressing cell.
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shows similar effects on H2Bubl levels to those of wild-type p53
(p53-WT; Fig 3I). Moreover, loss of p53 in MDA-MB-468 cells,
which possess intrinsic p53-R273H mutation [43], also increases the
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Western blot analysis was performed with H1299 transfected with a Flag-tagged p53 or an empty vector (Cont.) for 48 h.

293T cells transfected with a control siRNA (siCont.) and three p53-specific siRNAs (sip53) were subjected to Western blot analysis.
SMMC cells were treated with 100 pM etoposide (+) or untreated (—) for 24 h, and Western blot analysis was performed.
Western blot analysis of A549 cells and H1299 cells.
H1299 cells transfected with a Flag-tagged p53 or an empty plasmid (Cont.) were analyzed by micrococcal nuclease (MNase) digestion assay.

Western blot analysis of H1299 cells transfected with a wild-type p53 (p53-WT) or two “gain-of-function” mutants (p53-R273H and p53-R175H) for 48 h.

H2Bubl levels (Fig EV3I) and results in a less compacted chromatin
conditions (Fig EV3J), which are similar as observed in p53-WT
293T cells (Figs 3E and EV3F).
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Yufei Wang et al

p53 promotes the nuclear translocation of H2Bub1l
deubiquitinase USP7

It has been reported that USP7 (also named HAUSP) interacts with,
deubiquitinates, and stabilizes p53 [56,57]. However, loss of USP7 in
cells does not decrease p53 levels as predicted [58], as USP7 also
binds and deubiquitinates MDM2 [58,59]. Moreover, MDM2 seems
to be a better binding partner of USP7 than p53 [60,61]. Thus, the
molecular regulation of the p53-USP7 interaction is rather compli-
cated. We therefore suspected that the interaction between p53 and
USP7 may possess additional undetermined regulatory significance.
In addition, increasing studies have indicated that H2Bubl is also a
substrate of USP7. USP7 deubiquitinates H2Bubl to modulate the
chromatin landscape in both Drosophila and mammals [22-25].
Together with the findings that the regulation of H2Bub1 by p53 does
not seem to be achieved by affecting the expression of H2Bubl-
related ubiquitinase or deubiquitinase (Figs 3D and EV3C), we spec-
ulated that pS3 may regulate H2Bub1 by controlling USP7 through
an unknown mechanism rather than controlling USP7 expression.
We first confirmed the interaction between USP7 and p53 in human
cells and found that USP7 indeed associates with p53 (Fig 4A),
which is consistent with previously reported results [56]. Moreover,
the regulation of H2Bub1 by p53 is blocked when USP7 is depleted,
suggesting that p53 regulates H2Bubl likely through USP7 (Figs 4B
and EV4A). Intriguingly, we found that in H1299 cells without p53
expression, depletion of USP7 shows a weak effect on H2Bub1 levels
(Fig 4B, compare with lane 1 and lane 4). However, consistent with
previous reports [22-24], depletion of USP7 in cells with p53 expres-
sion significantly increases H2Bubl levels (Figs EV4B and 4B,
compare with lane 2 and lane 3), suggesting that p53 is also required
for the regulation of H2Bub1 by USP7. Thus, both p53 and USP7 are
mutually required for the control of H2Bubl1 levels.

Our nuclear localization signal (NLS) prediction analysis showed
that USP7 seems to lack a typical NLS (Fig EV4C). We next exam-
ined whether p53 regulates the nuclear translocation of USP7.
Western blot analysis of nuclear and cytosolic fractions revealed
that USP7 is present in almost equal amounts in the cytoplasm and
nucleus of H1299 cells without p53 overexpression. However, a
significant decrease in USP7 in the cytosolic fraction combined with
an increase in nuclear USP7 was detected after p53 overexpression,
suggesting that p53 promotes the nuclear translocation of USP7
(Fig 4C). In accordance with the Western blot results, our IF analy-
sis also supports the idea that p53 regulates the nuclear transloca-
tion of USP7. We found that the USP7 protein is distributed
throughout the cell in H1299 cells without p53 overexpression,
while it primarily resided in the nucleus after p53 overexpression
(Fig 4D, upper). More intriguingly, in contrast to the distribution in
H1299 cells, USP7 is mainly localized in the nucleus in p53-positive
A549 cells. Depletion of p53 resulted in an obvious whole-cell distri-
bution in A549 cells, similar to that in normal H1299 cells (without
p53; Fig 4D, lower). As it has been reported that the N-terminal
region of USP7 is required for its interaction with p53 [56,57]
(Fig 4E), we next analyzed the distributions of various USP7
mutants, including USP7 lacking the N-terminal region (USP7-AN),
lacking the middle region (USP7-AM), and lacking the C-terminal
region (USP7-AC) in AS549 cells. Intriguingly, the USP7-AN mutant
lacking the ability to interact with p53 shows a whole-cell distribu-
tion, while other mutants show nuclear distributions similar to that
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of wild-type USP7 (Fig 4F), further indicating that loss of the inter-
action with p53 impairs the nuclear localization of USP7. Together,
the above results reveal a previously unknown regulatory mecha-
nism of the p53-USP7 interaction that p53 promotes the nuclear
translocation of USP7 by interacting with USP7.

Together with the findings that p53 modulates higher order chro-
matin structure by affecting H2Bub1 (Figs 3H, and EV3E-H and J),
and the regulation of H2Bubl by p53 is achieved by controlling
USP7 nuclear translocation (Figs 4A-F and EV4A-C), we next asked
whether USP7 is involved in the regulation of chromatin structure
by p53. As expected, we found that the compacted chromatin status
induced by p53 overexpression is strikingly rescued by USP7 knock-
down, as depletion of USP7 in p53-overexpressing cells results in a
similar MNase digestion pattern to that in the control cells (Figs 4G
and EV4D), further supporting the above observation about p53-
H2Bubl regulation.

In addition, to our great surprise, we accidentally found that p53
associates with H2Bub1 but not free H2B in human cells (Fig S5A).
Moreover, we synthesized a biotin-labeled peptide which was used
to generate the H2Bub1-specific antibody [16] and the corresponding
free H2B peptide (Fig 5B). Peptide pull-down assay was then
performed. Intriguingly, our result revealed that p53 specifically
associates with the “H2Bub1” peptide but not the free H2B peptide
(Fig 5C), suggesting that p53 may recognize and bind to the branch-
ing region of K120 ubiquitinated H2B. Together with the findings
that p53 positively regulates USP7 nuclear translocation (Fig 4C-F),
we next asked whether p53 promotes the binding of USP7 to
H2Bubl. Indeed, we found that p53 overexpression significantly
promotes the binding of USP7 to H2Bub1 under treatment with the
USP7-specific inhibitor P5091 [62] (Fig S5D), suggesting that p53
likely promotes the recruitment of USP7 to H2Bubl. Based on all
these results, we speculate that p53 may act as a mediator that links
USP7 to H2Bubl by promoting USP7 nuclear translocation and
recognizing H2Bub1 (Fig 5E).

The p53-USP7-H2Bub1l axis responds to erastin stimulation and
regulates SLC7A11 expression

To determine whether the observed p53-USP7-H2Bub1 axis regulates
SLC7A11 expression during ferroptosis induction, we first examined
the dynamic changes in the related components in response to erastin
treatment. However, both p53 and USP7 protein levels showed no
obvious changes upon erastin treatment, although H2Bub1 levels were
decreased significantly (Fig 6A), suggesting that more complicated
mechanisms are involved. We next asked whether erastin treatment
modulates the interaction between p53 and USP7 and further triggers
the nuclear translocation of USP7. As expected, erastin treatment strik-
ingly promotes the interaction between p53 and USP7 (Figs 6B and
EVS5A). We next tested the effect of erastin treatment on USP7’s subcel-
lular distribution status. Interestingly, we found that erastin treatment
significantly promotes the nuclear translocation of USP7, as the levels
of USP7 in the nuclear fraction are significantly increased after erastin
treatment, while that in the cytosolic fraction is decreased (Figs 6C and
EV5B). However, in H1299 cells without p53 overexpression, no obvi-
ous changes in USSP7 distribution between cytoplasm and nucleus
upon erastin treatment were observed, suggesting that erastin-induced
USP7 nuclear translocation depends on p53 (Fig EV5C). Moreover, we
observed that the erastin-induced downregulation of H2Bubl is
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Figure 4. p53 regulates the nuclear translocation of USP7.

A Coimmunoprecipitation (Co-IP) analysis was performed in A549 cells with antibodies against p53 or USP7.
B H1299 cells were transfected with an empty vector (Cont.), a Flag-tagged p53, a USP7-specific sShRNA, or the last two plasmids together for 48 h. Western blot

analysis was then performed.

C Nuclear and cytosolic extracts were differentially prepared from H1299 cells transfected with a Flag-tagged p53 or an empty plasmid (Cont.). Western blot analysis

was then performed.

D H1299 cells transfected with a Myc-tagged USP7 or a Myc-tagged USP7 together with a Flag-tagged p53 were subjected to IF analysis (upper). A549 cells transfected
with a p53-specific siRNA or a control siRNA (siCont.) were examined by IF analysis, and the RNAI efficiency is shown (lower). Representative images are shown

(magnification, x40).

E Diagrams showing the interaction status of USP7 and its truncated mutants (USP7-AN, lacking the N-terminal region; USP7-AM, lacking the middle region; USP7-AC,

lacking the C-terminal region) with p53, based on previous reports [56,57].

F IF analysis of A549 cells transfected with a Myc-tagged wild-type USP7 (Myc-USP7-WT) or three Myc-tagged truncated mutants. Representative images are shown

(magnification, x40).

G H1299 cells were transfected with a Flag-tagged p53 or an empty vector together with a USP7-specific siRNA or a control siRNA as indicated for 48 h. Cells were then

harvested and subjected to a MNase digestion assay.

Source data are available online for this figure.

obviously rescued by depletion of p53 or USP7, supporting the essen-
tial role of the p53-USP7 axis in the regulation of H2Bubl levels by
erastin (Fig 6D).

Next, we examined the effect of the p53-USP7-H2Bub1 axis on the
expression of SLC7AI1. In accordance with a previous report [13],
p53 overexpression obviously decreases both the mRNA and protein
levels of SLC7A11, and this negative effect on SLC7A11 expression is
rescued by further depletion of USP7, suggesting that the control of
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SLC7A11 expression by p53 is achieved through USP7 (Fig 6E), and
a similar effect is also observed in most of the H2Bub1-affected metal
ion-binding genes (Fig EV5D). Furthermore, our ChIP analysis
demonstrated that p53 overexpression reduces the occupancy of
H2Bubl on the SLC7A11 gene regulatory region, and this downregu-
lation is also rescued by depletion of USP7 (Fig 6F). Moreover, we
also examined the GSH levels to indicate the activities of SLC7A11.
In accordance with the expression changes in SLC7A11, our data

© 2019 The Authors
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Figure 5. p53 associates with H2Bub1 both in vivo and in vitro.

A Co-IP analysis was performed in 293T cells with antibodies against p53 or H2Bub1.
Peptide sequence synthesized according to a previous report [16,65] and used for peptide pull-down assay.

Peptide pull-down assay was performed with synthesized peptides in (B).
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A proposed working model of the regulation of H2Bubl by p53.

suggested that p53 overexpression decreased the intracellular GSH
levels, and this decrease is also rescued by further depletion of USP7
(Fig EVSE). As erastin promotes the nuclear translocation of USP7,
we examined whether p53 and USP7 are recruited to the SLC7A11
gene regulatory region. As expected, erastin treatment strikingly
increased the occupancy levels of both p53 and USP7 on the
SLC7A11 gene regulatory region (Fig 6G). In addition, the erastin-
induced loss of H2Bub1 occupancy on the SLC7A11 gene regulatory
region is significantly rescued by depletion of both p53 and USP7

© 2019 The Authors

WB: Flag

Co-IP analysis for H1299 cells transfected with a Flag-tagged p53 or an empty plasmid (Cont.) treated with a USP7-specific inhibitor P5091.

(Fig 6H). Together, these data support the notion that the p53-USP7-
H2Bubl axis regulates SLC7A11 expression and activity during
ferroptosis induction by erastin treatment (Fig 6I).

The p53-USP7-H2Bub1 axis sensitizes cells to
erastin-induced ferroptosis

Then, we tested the role of the p53-USP7-H2Bubl axis in the regula-
tion of ferroptosis. p5S3 overexpression results in infrequent cell death
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Figure 6. p53-USP7-H2Bub1 axis regulates SLC7A11 expression.

EMBO reports

A Western blot analysis of 293T cells treated with 20 uM erastin for the indicated times.
B H1299 cells were transfected with Flag-tagged p53 for 24 h and then treated with 12 uM erastin or untreated for another 24 h. Co-IP analysis was performed with

antibodies against Flag.

C  H1299 cells transfected with Flag-tagged p53 were treated with erastin or untreated for 24 h. Nuclear and cytosolic extracts were differentially prepared and

subjected to Western blot analysis.

D 293T cells transfected with a p53-specific siRNA, a USP7-specific siRNA, or a control siRNA (siCont.) were treated with 20 puM erastin or untreated for 24 h as

indicated. Western blot analysis was then performed.

E gRT-PCR (above) and Western blot (below) analyses for H1299 cells transfected with a Flag-tagged p53 or an empty plasmid together with a USP7-specific siRNA or a

control siRNA (siCont.) as indicated.

F ChIP analysis of H1299 cells transfected with a Flag-tagged p53 or an empty plasmid together with a USP7-specific siRNA or a control siRNA (siCont.) as indicated.
H1299 cells transfected with Flag-tagged p53 were treated with 12 uM erastin or untreated for 24 h. ChIP analysis with antibodies against Flag or USP7 was

performed.

H 293T cells transfected with a p53-specific SIRNA, a USP7-specific siRNA, or a control were treated with 20 uM erastin or untreated for 24 h. ChIP analysis was

performed with anti-H2Bub1 antibodies.

I A proposed working model for the p53-USP7-H2Bub1 axis in the regulation of SLC7A11 expression.

Data information: Bars and error bars are mean =+ s.d., n = 3 independent repeats.
Source data are available online for this figure.

even in cells without erastin treatment (Fig 7A). This result is reason-
able, as p53 is critical in the regulation of apoptosis, and overexpres-
sion of p53 usually leads to activation of apoptosis [63,64]. Our
transmission electron microscopy assay also supports this opinion, as
p53 overexpression results in chromatin condensation and margina-
tion, a typical feature of apoptosis (Fig 7B). However, after erastin
treatment, p53-overexpressing cells showed the highest amount of cell
death with characteristic features of ferroptosis, smaller mitochondria
size, and increased membrane density (Fig 7A and B), suggesting that
ferroptosis occurred. Moreover, the obvious ferroptosis detected in
p53-overexpressing cells was significantly rescued by USP7 depletion
(Fig 7A). In addition, the abnormal mitochondrial morphology
observed in erastin-treated p53-overexpressing cells also recovered
upon USP7 depletion, even in cells treated with erastin (Fig 7B). We
also examined the changes in lipid ROS levels in cells treated as
above. We found that p53 overexpression strikingly increased lipid
ROS levels after erastin treatment, and this p53-induced lipid ROS
upregulation was almost completely blocked by USP7 knockdown
(Fig 7C), which is similar to its effect on ferroptosis (Fig 7A and B).

Collectively, this study provides a novel epigenetic mechanism in
the regulation of ferroptosis by histone modification H2Bubl.
SLC7A11, the key regulator of ferroptosis, is a downstream target of
H2Bubl. Loss of H2Bubl results in the inactivation of SLC7A11
expression and further leads to ferroptosis. In addition, p53 is identi-
fied as a negative regulator of H2Bub1 by interacting and promoting
the nuclear translocation of USP7, a reported H2Bub1 deubiquiti-
nase. Moreover, this p53-USP7-H2Bub1-SLC7A11 regulatory axis
can be stimulated by erastin and sensitizes cells to erastin-induced
ferroptosis (Fig 7D).

Discussion

Ferroptosis is a new form of non-apoptotic cell death identified
recently [4-7]. An increasing number of studies have suggested that
ferroptosis is critical for several physiological or pathological
processes, including excitotoxic neurotrauma diseases and cancer
[4,13]. Although it has been reported that the induction of ferropto-
sis is tightly related to cellular redox status, especially the lipid ROS
levels in an iron-dependent manner [4-7], whether nuclear events

© 2019 The Authors

are involved in the regulation of ferroptosis remains poorly under-
stood.

Here, our study reveals an important epigenetic mechanism link-
ing p53 to SLC7A11 expression and ferroptosis. Specifically, we
demonstrate a model in which the epigenetic marker H2Bubl is
required for SLC7A11 expression and inhibits ferroptosis under
normal conditions, while p53 suppresses the levels of H2Bubl by
promoting the nuclear translocation of deubiquitinase USP7, further
contributing to the inactivation of SLC7A11 expression. Erastin stim-
ulates the interaction between p53 and USP7, further leading to the
erasure of H2Bubl and repression of SLC7A11 expression, eventu-
ally sensitizing cells to erastin-induced ferroptosis.

A recent report has described that p53 positively regulates
ferroptosis primarily by transcriptionally suppressing the expres-
sion of SLC7A1ll. p53 binds to the promoter region of SLC7A11
[13]. However, it is well known that p53 is a transcription
factor and usually functions as an activator of gene transcrip-
tion. How p53 inhibits the expression of SLC7A1ll is unclear.
This study provides a possible explanation for this phenomenon.
p53 likely inactivates SLC7A11 expression by downregulating
H2Bubl levels in the SLC7A11 gene regulatory region. There-
fore, H2Bub1l functions as a critical adaptor that mediates p53-
regulated ferroptosis.

USP7 (HAUSP) has been described as a deubiquitinase for both
p53 and H2Bubl [22-25,56,57]. However, deletion of USP7 in cells
does not result in a decrease in pS3 protein levels as predicted [58],
apparently because of USP7’s ability to bind and deubiquitinate
MDM2 [58,59]. Thus, the molecular regulation of the p53-USP7
interaction is rather complicated. However, by contrast, whether
p53 regulates USP7 is completely undetermined. Our results provide
a previously unknown molecular regulatory mechanism for the p53-
USP7 interaction in which p53 is essential for the nuclear localiza-
tion of USP7, as we found that overexpression of p53 promotes
USP7 nuclear translocation in H1299 cells, and depletion of p53 in
A549 cells results in an obvious cytoplasmic localization of USP7
(Fig 4C and D). As mentioned above, p53 is involved in the regula-
tion of ferroptosis by transcriptionally repressing the expression of
SLC7A11 [13]. Here, our data indicated that ferroptosis inducer,
erastin, promotes the interaction between p53 and USP7, and
further results in an elevated nuclear translocation of USP7 (Figs 6B
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Figure 7. Effects of the p53-USP7-H2Bub1 axis on ferroptosis.
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A H1299 cells transfected with a Flag-tagged p53 or an empty plasmid together with a USP7-specific siRNA or a control siRNA (siCont.) as were treated with 12 uM
erastin (+) or untreated (—) for 24 h as indicated. Representative phase-contrast images were recorded (magnification, x20), and the surviving cells were counted.
B H1299 cells treated as in (A) were subjected to transmission electron microscopy. Representative images are shown. Arrowhead indicates condensed and marginated

chromatin.
C Lipid ROS levels were examined in cells treated as in (A and B).

D Working model. Normal cells or cells without p53 show relatively low levels of nuclear USP7. H2Bub1 is maintained at relatively high levels and is required for normal
SLC7A11 expression. However, when cells are subjected to ferroptotic stress (e.g., erastin treatment), increasing amounts of p53 interact with USP7 and promote the
nuclear translocation of USP7. The translocated USP7 further removes H2Bub1 from the SLC7A11 gene regulatory region and inactivates SCL7A11 expression.

Eventually, ferroptosis occurs.

Data information: Bars and error bars are mean =+ s.d., n = 3 independent repeats. Two-tailed unpaired Student’s t-test was performed. *P < 0.05.

and C, and EVS5A and B), suggesting that p53-USP7 axis responses
to erastin stimulation.

Recently, a study demonstrated that the “gain-of-function”
p53 mutants, but not the wild-type p53, regulate histone methy-
lation and acetylation by controlling the transcription of several
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methyltransferases and acetyltransferase [43]. Our study further
expands the idea that p53 is a critical chromatin regulator. We
found that, unlike the regulation of histone methylation and
acetylation, both wild-type p53 and the “gain-of-function”
mutants regulate H2Bubl levels (Figs 3 and EV3I). Further
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studies indicate that the regulation of H2Bubl by p53 occurs
through controlling the nuclear translocation of H2Bubl deubiqg-
uitinase USP7. In addition, our results also show that p53 associ-
ates with H2Bubl in human cells, and overexpression of p53
promotes the binding of USP7 to H2Bubl (Fig 5), providing a
possibility that p53 may direct USP7 to recognize H2Bubl.
Therefore, compared with the regulation of histone methylation
and acetylation, our results likely indicate a more direct role of
p53 in the control of chromatin.

Collectively, our study provides a novel epigenetic mechanism
for the regulation of ferroptosis that involves the p53-USP7-H2Bub1-
SLC7A11 axis.

Materials and Methods

Cell culture and transfection

All H1299 and A549 human lung cancer cells, HEK293T human
embryonic kidney cells, and Hep3B and SMMC-7721 human hepa-
toma cells were cultured at 37°C in DMEM (Gibco, #11960-044)
supplemented with 10% fetal bovine serum (Gibco, #10099141) and
1% penicillin and streptomycin (Gibco, #15070-063) in a 5% CO,
incubator. The transfection of the constructs into the cells was
performed using Lipofectamine 2000 (Invitrogen, #11668-019)
according to the manufacturer’s standard protocol.

RNAi knockdown in cultured human cell lines

The siRNAs against RNF20 (5-GCGGCACAAUCACUAUCAATT-3'
and 5-UUGAUAGUGAUUGUGCCGCTT-3'), USP7 (#2033: 5-GAUGG
GAUUUCCACAAGAUTT-3’ and 5-AUCUUGUGGAAAUCCCAUGTT-
3/, #3395: 5-GCCCGGUAAUAUGUCUCAUTT-3" and 5-AUGAGACA
UAUUACCGGGCTT-3’) were designed and synthesized by the Gene-
Pharma Company (Shanghai, China).The shRNA against USP7 was
a kind gift from Dr. Yan Zhang from the Institut Pasteur of Shang-
hai, Chinese Academy of Sciences. The siRNA and shRNA against
p53 were purchased from Santa Cruz Biotechnology (#sc-29435 and
sc-29435-V). The shRNA or siRNA was transfected into the cultured
cells using Lipofectamine 2000 (Invitrogen, #11668-019), or cells
were infected according to the manufacturer’s protocol.

Coimmunoprecipitation (Co-IP)

Cells were transfected with the indicated constructs using Lipofec-
tamine 2000 (Invitrogen, #11668-019). After 48 h, the cells were
harvested, washed with ice-cold PBS three times, resuspended in
ATM lysis buffer (containing 100 mM Tris-Cl, pH 7.5; 150 mM
NaCl; 0.2 mM EDTA; 20% glycerol; 0.4% NP-40, 2% Tween-20;
and 0.2 mM PMSF), and sonicated on ice 10 times (3 s each), with
20% efficiency. Cell lysates were incubated with normal IgG (Santa
Cruz Biotechnology, #sc-2025) as a negative control or the indicated
antibodies for immunoprecipitation at 4°C overnight. Protein A/G
agarose beads (Santa Cruz Biotechnology, #sc-2003) were subse-
quently added and incubated for another 3 h. The solution was
centrifuged to harvest the agarose beads after they were washed five
times with lysis buffer. The precipitated proteins were released by

© 2019 The Authors

EMBO reports

boiling in loading buffer and resolved via SDS-PAGE. Western blot
analyses were performed using related antibodies.

Peptide pull-down assay

Peptide pull-down assay was performed according to a previous
report [65].

Antibodies and Western blot analysis

The anti-H2Bub1 antibody was purchased from Medimabs (#MM-
0029) and Cell Signaling Technology (#5546). The antibodies
against RNF20 (#11974), RNF40 (#12187), RAD6 (#4944), and H2B
(#2934) were purchased from Cell Signaling Technology. The anti-
bodies against Flag (#M20008), GFP (#M20004), and actin
(#M20011) were purchased from Abmart (Shanghai, China). The
anti-p53 antibody was purchased from Santa Cruz Biotechnology
(#sc-126 and #sc-126X) and Cell Signaling Technology (#2527).
Antibodies against USP7 (GTX631108), USP12 (GTX115609), USP22
(GTX120048), USP44 (GTX87933), USP46 (GTX117994), and USP49
(GTX49374) were all purchased from GeneTex (Texas, USA). The
antibodies against H3K4me3 (#9751), H3K79me3 (#74073),
H3K9me3 (#13969), H3K27me3 (#9733), H3K36me3 (#9763),
H4K8ac (#2594), H4K20me3 (#5737), H3 (#14269), and H4 (#2592)
were purchased from Cell Signaling Technology. The anti-
H3K56mel antibody was purchased from Active Motif (#39273).
The anti-SLC7A11 antibody was purchased from Abclonal
(#A13685).

Cells were lysed in ATM lysis buffer (containing 100 mM Tris-Cl,
pH 7.5; 150 mM NaCl; 0.2 mM EDTA; 20% glycerol; 0.4% NP-40;
2% Tween-20; and 0.2 mM PMSF). The protein concentration in the
supernatant was measured using a BCA Assay Kit (Novagen,
#71285-3). Next, samples were loaded into a 10% or 15% gel to
resolve proteins. Different amounts of total protein were loaded in
each experiment to facilitate the detection of different target
proteins. After electrophoresis, the proteins were transferred to
PVDF membranes (Amersham, #10600021) and hybridized with
primary antibodies at a dilution of 1:2,000. HRP-labeled secondary
antibodies (Zhongshan Golden Bridge, #ZDR-5306 and #ZDR-5307)
were applied at a dilution of 1:4,000. An eECL Western blot kit
(CWBIO, #CW0049) was used to detect the signals on the
membranes.

RT-PCR assay

RT-PCR assay was performed according to our previous reports
[30,35,44]. Briefly, cells were lysed to isolate total RNA using
TRIzol reagent (Invitrogen, #15596-026) according to the manufac-
turer’s instructions. Reverse transcription was performed using a
Reverse Transcription Kit (Takara, #2641A). Briefly, total RNA
(5 ng) was reverse transcribed to synthesize cDNA in a volume of
20 pl using M-MLV reverse transcriptase. In each 25 ul PCR
mixture, 1 pl of cDNA was used for real-time PCR (qQRT-PCR) or
semi-quantitative PCR analyses. Real-time PCR was performed
with SYBR Advantage qPCR Premix (Clontech, #639676) on an iQ5
Real-Time PCR System (Bio-Rad). Fold differences in gene expres-
sion levels were calculated and normalized against the internal
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control GAPDH. For semi-quantitative PCR, PCR products were
loaded onto a 2% agarose gel, stained with ethidium bromide, and
imaged.

Chromatin immunoprecipitation (ChlIP) assay

ChIP was performed according to the published protocols from
Upstate and our previous studies [30,35]. The primers for SLC7A11
ChIP assay were 5'-atggtcagaaagcctg-3’ (forward) and 5'-ggtgccaat
cataatg-3’ (reverse). Antibodies against H2Bub1 (Medimabs, #MM-
0029), Flag (Abmart, #M20008), and USP7 (GeneTex, #GTX631108)
were used.

Subcellular fractionation

Cytoplasmic and nuclear proteins were extracted using a Nuclear
and Cytoplasmic Protein Extraction Kit from Beyotime Biotechnol-
ogy (#P0027, Jiangsu, China) according to the manufacturer’s
instructions.

Immunofluorescence (IF) analysis

IF analysis was performed as previously described [35]. Briefly,
cells grown on culture slides were blocked with 2% BSA in PBS
and incubated with anti-Flag antibody (1:500 dilution, Abmart),
anti-Myc antibody (1:500 dilution, Abmart), or anti-H2Bub1 anti-
body (1:500 dilution, Cell Signaling Technology) for 2 h at room
temperature. Cy3-coupled or FITC-coupled secondary antibodies
(Invitrogen) were applied at a dilution of 1:500. The DNA-staining
marker DAPI was then used at a concentration of 1 pg/ml. The
slides were visualized with a confocal laser scanning microscope
(Leica DMI4000B).

Lipid ROS analysis

H1299 cells (6-well dishes) were treated as indicated, and then,
50 uM C11-BODIPY (#D3861, Thermo Fisher) was added and incu-
bated at 37°C for 1 h. Excess C11-BODIPY was removed by washing
the cells twice with PBS. Cells were trypsinized and resuspended in
PBS plus 5% FBS. Oxidation of the polyunsaturated butadienyl
portion of C11-BODIPY is proportional to lipid ROS generation and
was analyzed using a flow cytometer.

Micrococcal nuclease digestion

Cells (60 mm dish) were treated as indicated and harvested by
trypsinization, followed by permeabilization with 0.5% Triton X-
100 for 10 min. Cells were then spun at 6,000 x g for 3 min at 4°C
to collect the nuclei. The nuclei were resuspended in 150 pl diges-
tion buffer (50 mM Tris-HCl, pH 7.9; 5 mM CaCl,; 100 pg/ml
bovine serum albumin; protease inhibitors) and aliquoted into three
tubes. One tube was set aside as an undigested control by adding
0.5 M (1.5 pl) EDTA. Another two tubes received 0.2 pl micrococcal
nuclease (#M0247S, NEB) and were incubated at 37°C for 4 min or
8 min, respectively. Then, 0.5 M EDTA (1.5 pl) was added to each
tube to terminate the digestion. The DNA was isolated by the
phenol-chloroform extraction method and subjected to 2% agarose
gel electrophoresis.
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Measurement of labile iron pool (LIP)

Cells (6-well dishes) were trypsinized, washed twice with 0.5 ml PBS,
and then incubated with 0.2 uM calcein-AM (#HY-D0041, MCE) at
37°C for 15 min. Then, the cells were washed twice with 0.5 ml PBS
and either incubated with 100 uM deferiprone (#HY-B0568, MCE) or
left untreated at 37°C for 1 h. The cells were analyzed with a flow
cytometer. Calcein was excited at 488 nm, and fluorescence was
measured at 525 nm. The difference in the cellular mean fluorescence
with and without deferiprone incubation reflects the amount of the LIP.

Transmission electron microscopy

The day before the experiment, cells were seeded into 60-mm
dishes. Cells were then transfected as indicated for 48 h. Cells were
harvested by trypsinization and then washed twice with PBS. Trans-
mission electron microscopy was performed using standard proce-
dures by the Microscopy Core Facility at Xi’an Jiao Tong University.
At least 20 images were acquired for each structure of interest, and
representative images are shown.

Measurement of cell death with propidium iodide (PI) staining-
flow cytometry analysis

Cell death analysis with PI staining was performed according to a
previous report [66]. Briefly, cells were seeded into a 6-well plate
for different treatment. Cells were then harvested and subjected to
PI staining coupled with flow cytometry analysis. In brief, cells were
collected in a 1.5-ml tube, washed once with PBS, and stained with
PI (Solarbio, #C0080) at a concentration of 2 pg/ml in PBS. Dead
cells (PI positive) were analyzed using a BD Accuri C6 flow cytome-
ter (BD Biosciences).

Measurement of the intracellular GSH levels

GSH levels were detected using a GSH-Glo Glutathione Assay Kit
(Promega, #V6911) following the manufacturer’s instructions and a
previous report [66].

Expanded View for this article is available online.
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