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H3K9 trimethylation dictates neuronal
ferroptosis through repressing Tfr1
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Abstract

Spontaneous intracerebral hemorrhage (ICH) is a devastating disease with high morbidity and mortality worldwide. We

have previously shown that ferroptosis contributes to neuronal loss in ICH mice. The overload of iron and dysfunction

of glutathione peroxidase 4 (GPx4) promote neuronal ferroptosis post-ICH. However, how epigenetic regulatory

mechanisms affect the ferroptotic neurons in ICH remains unclear. In the current study, hemin was used to induce

ferroptosis in N2A and SK-N-SH neuronal cells to mimic ICH. The results showed that hemin-induced ferroptosis was

accompanied by an increment of global level of trimethylation in histone 3 lysine 9 (H3K9me3) and its methyltransferase

Suv39h1. Transcriptional target analyses indicated that H3K9me3 was enriched at the promoter region and gene body of

transferrin receptor gene 1 (Tfr1) and repressed its expression upon hemin stimulation. Inhibition of H3K9me3 with

inhibitor or siRNA against Suv39h1 aggravated hemin- and RSL3-induced ferroptosis by upregulating Tfr1 expression.

Furthermore, Suv39h1-H3K9me3 mediated repression of Tfr1 contributes to the progression of ICH in mice. These

data suggest a protective role of H3K9me3 in ferroptosis post ICH. The knowledge gained from this study will improve

the understanding of epigenetic regulation in neuronal ferroptosis and shed light on future clinical research after ICH.
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Introduction

Spontaneous intracerebral hemorrhage (ICH) accounts

for only 10–15% in all stroke subtypes, but holds the

highest mortality.1 ICH affects more than 1 million

people each year worldwide, and most survivors

suffer from severe sequelae due to a lack of effective

therapeutic options.1,2 Hematoma formation and

expansion lead to intracranial pressure elevation that

1Department of Biochemistry and Molecular Biology, School of Basic

Medical Sciences, Capital Medical University, Beijing, China
2School of Basic Medical Sciences, Capital Medical University, Beijing,

China
3Department of Neurobiology, School of Basic Medical Sciences, Capital

Medical University, Beijing, China
4Core Facilities for Molecular Biology, Capital Medical University, Beijing,

China

5Chinese Institute of Rehabilitation Science, China Rehabilitation Science

Institute, Beijing, China
6Beijing Key Laboratory of Neural Injury and Rehabilitation, China

Rehabilitation Research Center, Beijing, China
7School of Rehabilitation Medicine, Capital Medical University, Beijing,

China
8Advanced Innovation Center for Human Brain Protection, Beijing Key

Laboratory of Neural Regeneration and Repair, Capital Medical

University, Beijing, China
9Beijing Key Laboratory of Cancer Invasion and Metastasis Research,

Capital Medical University, Beijing, China

*These authors contributed equally to this work.

Corresponding authors:

Qian Li, Capital Medical University, Beijing 100069, China.

Email: qianli@ccmu.edu.cn

Chenguang Zhang, Capital Medical University, Beijing 100069, China.

Email: chzhang@ccmu.edu.cn

Journal of Cerebral Blood Flow &

Metabolism

2023, Vol. 43(8) 1365–1381

! The Author(s) 2023

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/0271678X231165653

journals.sagepub.com/home/jcbfm

https://orcid.org/0000-0002-8240-3991
mailto:qianli@ccmu.edu.cn
mailto:chzhang@ccmu.edu.cn
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/0271678X231165653
journals.sagepub.com/home/jcbfm


causes brain damage and neuronal death. Subsequently,
toxins, such as hemoglobin (Hb), heme, and iron,
released from the red blood cells further contribute to
neuronal death. Extracellular iron is transported into
neurons mainly through the transferrin (TF)-TF recep-
tor 1 (TFR1, the protein encoded by Tfr1 gene) system.3

Overloaded free iron in the neuron can react with hydro-
gen peroxide (H2O2) to form more toxic hydroxyl radi-
cals (�OH) via the Fenton reaction, which causes
damages to DNA, proteins, or lipids, and may induce
several forms of cell death, including apoptosis, necrop-
tosis, autophagy, and newly identified ferroptosis.4–6

Ferroptosis, a non-apoptotic and regulated type of
cell death, is caused by severe lipid peroxidation-
mediated membrane damage in an iron-dependent
manner.7,8 Factors that affect the metabolism of iron
and/or lipids, as well as those that affect the redox
systems are potential regulators of ferroptotic cell
death. Erastin (the cysteine/glutamate antiporter inhib-
itor), RSL3 (inhibitor of glutathione peroxidase 4,
GPx4), iron, and hemin (to increase intracellular iron
and decrease GPx4 activity) are widely used to induce
ferroptosis,7,9–11 whereas iron chelator deferoxamine
(DFO) and lipid reactive oxygen species (ROS) scaven-
ger ferrostatin-1 (Fer-1) are ferroptosis inhibitors.7 We
and others have demonstrated that ferroptosis occurs
during ICH and contributes to neuronal death in vitro
and in vivo.5,11 More importantly, rescuing neuronal
death, including ferroptosis, reduces brain injury, and
improves functional outcomes of ICH animals effec-
tively. Inhibiting ferroptosis thus represents a new
target for the treatment of ICH.12 However, adminis-
tration of DFO didn’t obtain optimistic results from
clinical trials, and for Fer-1, as a small molecule com-
pound, there is still a long way to go before clinical
applications. Further investigation into the molecular
mechanism of ferroptosis may give rise to new thera-
peutic options for treating ICH.

Epigenetic modification of DNA and histones at
specific loci on chromatin plays fundamental roles in
the regulation of gene expression and related biological
processes. The post-translational modification of histo-
nes is extremely complicated that involves methylation,
acetylation, ubiquitination, etc. The combination of
different types of modification at specific histone residues
constitutes the “histone code” to dictate gene expres-
sion.13 Among those, histone 3 lysine 9 trimethylation
(H3K9me3) is a well-studied and conserved epigenetic
modification. Its enrichment promotes constitutive
heterochromatin formation and gene repression.14,15

The suppressor of variegation 3–9 homolog 1 and 2
(Suv39h1/2) and SET domain bifurcated histone lysine
methyltransferase 1 (SETDB1/ESET) are methyltransfer-
ases of H3K9me3, while jumonji D2/lysine-specific deme-
thylase 4A (JMJD2/KDM4) family members are the

corresponding demethylases.16–20 H3K9me3 has been

shown to participate in a broad range of biological

processes, including cell differentiation, embryonic

development, cellular senescence, and malignancies.21–24

However, whether epigenetic regulation, especially

H3K9me3, participates in neuronal ferroptosis during

ICH is unknown.
In this study, we describe a novel role of H3K9me3

in neuronal ferroptosis. The level of H3K9me3 was

increased in neuronal N2A cells after hemin treatment.

H3K9me3 enriched at the promoter of the Tfr1 gene

and repressed its expression. Decreasing H3K9me3

levels by repressing the activity or depleting the expres-

sion of its methyltransferase Suv39h1, or knocking

down Tfr1 all effectively rescued neuronal ferroptosis

induced by hemin and RSL3. Suppression of Suv39h1

and up-regulation of Tfr1 aggravates ICH in mice.

Together, these findings will advance the understand-

ing of neuronal ferroptosis following ICH and help to

improve functional recovery using epigenetic strategies

after stroke.

Material and methods

Animals

All male C57BL/6J (6–8 weeks) mice were obtained

from Charles River Laboratories. Mice were housed

at 20–26�C, 40–70% humidity and kept on a 12 h

light/dark cycle. Food and water were available ad libi-

tum. Animal experiments were performed according to

National Institutes of Health Guide and reported in com-

pliance with ARRIVE guidelines (Animals in Research:

Reporting In vivo Experiments). All animal experimental

protocols were approved by the Institutional Animal

Care and Use Committee of Capital Medical University.

Intracerebroventricular (i.c.v.) injection

of siRNA

A mixture of three different siRNAs (200 lM, Science

artis, China) against Suv39h1 or the scramble control

siRNA were delivered 48 h before ICH modeling. The

mice were anesthetized using 1–2% isoflurane (R510-

22, RWD, China) inhalation and fixed on a stereotactic

frame (E04545, RWD). Then, a burr hole was drilled in

the left skull and 0.5 lL siRNA was injected at a rate of

0.1 lL/min at the following coordinates relative to

bregma: 0.5mm anterior, 0.9mm left lateral and

2.5mm in the depth. The needle was held for 10min

after the injection. The craniotomy was sealed with

Super Glue (1469SB, 3 M, USA). The sequences of

the siRNAs are listed in Supplementary table 3.
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Mouse ICH model

The mouse ICH model was established as previously

described.25 In brief, mice were anesthetized using

1–2% isoflurane inhalation and fixed on a stereotactic

frame. A 0.6mm burr hole was drilled in the left skull

and 0.5 lL collagenase (C2399, Sigma-Aldrich, USA)

was injected at a rate of 0.1 lL/min at the following

coordinates relative to bregma: 0.8mm anterior and

2.0mm left lateral and 3.15mm in the depth. The

needle was held for 10min after the injection and

then the craniotomy was sealed with Super Glue

(1469SB, 3M). Sham control mice received only

needle insertion. Animal body temperature was main-

tained at 37�C throughout with a heating blanket.

Neurologic function assessment

Behaviors of the mice were tested at 12 h post ICH as

previously reported.25 Neurologic deficit scores includ-

ed six parts, body symmetry, gait, climbing, circling

behavior, front limb symmetry, and compulsory cir-

cling. Each test was graded from 0 to 4, and 4 indicates

the most severe impairment. Forelimb placing test was

used to assess the forelimb movements evoked by

vibrissae-touching. The mice were placed on the edge

of the table and brushed the vibrissae. Normal animals

quickly placed their forelimbs on the table. The result

was the probability of success for ten rounds of the trial.

For hindlimb placing test, the mice were placed on the

edge of the table and contralateral hind limb were pulled

down. Behaviors were divided into three categories:

immediate pullback (0 point), delayed pullback

(1 point), inability to pull back (2 points). The results

were the sum of the scores from 10 rounds of trials.

MDA measurement

Amount of MDA was measured by using MDA Assay

kit (ab118970, Abcam) according to the manufacturer’s

instructions. Briefly, 10mg ipsilateral striatum was col-

lected and reacted with thiobarbituric acid (TBA) to

generate an MDA-TBA adduct. The reaction mix

was transferred to wells of microplate. The absorbance

was measured immediately on a microplate reader

(SpectraMax iD5, Molecular devices, USA) at OD

532 nm for colorimetric assay.

Cell cultures

The N2A and SK-N-SH cells were cultured in

Dulbecco’s modified eagle medium (DMEM) of high

glucose (C11995500BT, Gibco, USA) containing 10%

fetal bovine serum (FBS, 10099141, Gibco) and 1%

penicillin-streptomycin mixture (KGY0023, Keygen,

China) at 37�C, 5% CO2, 95% saturated humidity in
an incubator. Cells were passaged every 3 days.

Drug administration

Unless specifically indicated, N2A and SK-N-SH cells
were exposed to 15 lM hemin (16009-13-5, Frontier
Scientific, USA), 5 lM RSL3 (S8155, Selleck, USA),
Erastin (S7242, Selleck) 2 lM Fer-1 (S7243, Selleck),
15 lM DFO (D9533, Sigma-Aldrich), or 0.5 lM
Chaetocin (S8068, Selleck) for 24 hours.

MTT assay

N2A or SK-N-SH cells (1� 104) were seeded in 96-well
plates and maintained for 24 h (cell density reaches
70–80%). After treatment with different reagents, the
medium was removed, and the cells were washed twice
with PBS. Cells were incubated with 20 lL of 5mg/mL
MTT solution (0793, Amresco, USA) for 4 hours. One
hundred microliter DMSO (D8418, Sigma-Aldrich)
was added to cells after removing MTT and incubated
at 37�C for 10min. Finally, absorbance at the wave-
length of 570 nm was recorded with a microplate reader
(SpectraMax iD5, Molecular DEVICES, USA).

Propidium iodide (PI) staining

N2A cells (2� 104) were seeded in 48-well plates and
cultured for 24 h until the cell density reaches 70–80%.
After treating with the drugs, the cells were incubated
with 1 lL of 20 lg/mL PI dye (P4170, Sigma-Aldrich)
followed with observation under a fluorescence micro-
scope (ECLIPSE CI, NIKON, Japan) and the percent-
age of PIþ cells were counted blindly.

Chromatin immunoprecipitation (ChIP)

N2A cells (1� 107) were plated in 15 cm cell culture
dishes and cultured for 24 h. Cells were treated with
15 mM hemin or vehicle (0.075% DMSO) for 12 h.
After removing the medium, the cells were incubated
with 1% formaldehyde solution (F8775, Sigma-
Aldrich) at 37�C for 10min, followed by ultrasonic
lysis and incubation with H3K9me3 (ab8898, Abcam,
USA) or IgG (C1755, Applygen, China) antibodies at
4�C overnight. The antibody-protein-DNA complex
was immunoprecipitated with protein A/G (sc-2003,
Santa Cruz), and sequentially washed and eluted.
After de-crosslinking at 65�C, the DNA was extracted
and purified using a PCR Purification Kit (28106,
QIAquick, Germany).

The primer sequences for the mouse Tfr1 promoter
and gene body used in the ChIP experiment are listed in
Supplementary table 6.
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ChIP-sequencing (ChIP-seq)

The chromatin DNA was immunoprecipitated with
anti-H3K9me3 or IgG from N2A cells, followed with
purification as mentioned above and the DNA
sequencing was performed by Beijing igeneCode
Biotec (Beijing, China) on the MGISEQ T7 platform.
ChIP-seq reads were aligned to the mouse reference
genome (GRCm38/mm10) using Soap2.21 (BGI,
China) with parameters as: �p 4 �v 2 �s 35 and
only the alignments within 2 mismatches were consid-
ered in peak calling, for which MACS2 (version 1.4.2)
was employed with parameters as: –bw 200 �p 0.005
�w –single-profile –space 50. The genomic distribution
of H3K9me3 was analyzed by ChIPseeker, an R
package for peak annotation and comparison, while
Clusterprofiler was employed for gene ontology (GO)
analyses. Integrative Genomics Viewer (IGV) was used
for peak visualization at the specific genomic locus.
The ChIP-seq data have been deposited in GEO repos-
itory under accession number of GSE217972.

Lipid Reactive Oxygen Species (ROS)

determination

N2A cells (2� 104) were seeded in 48-well plates and
treated with different drugs for 24 h. The cells were
incubated with a lipid peroxidation sensor BODIPY
C11 (D3861, Invitrogen, USA) for 30min according
to the manufacturer’s instructions. After the medium
was removed, the cells were washed three times with
PBS. Fluorescence of different wavelengths was
observed under a fluorescence microscope (ECLIPSE
CI, NIKON, Japan), and the ratio of the fluorescence
intensity emitted at 590 nm and 510 nm was calculated
as the level of lipid ROS of the cells.

siRNA transfection in vitro

N2A cells cultured for 12–24 h were transfected with
siRNAs when the cell density reached 30–50%. In
brief, 10 lL LipofectamineTM RNAiMAX (13778150,
Invitrogen) was added into 1000 lL Opti-MEMTM I
reduced serum culture (31985070, Gibco), which were
then mixed and incubated at room temperature for
5min. Meanwhile, another mixture of 10lL siRNA
(storage concentration was 20lM) with 1000lL Opti-
MEMTM I reduced serum medium was prepared, which
was then further mixed with the Opti-MEMTM contain-
ing the LipofectamineTM RNAiMAX and incubated at
room temperature for 15–20min. The medium in the
culture plate was discarded, and the cells were washed
twice with PBS solution. Two milliliters of the mixed
solution mentioned above was added to each well, main-
tained in the cell incubator. Six hours later, the

transfection reagents were replaced with normal high
glucose DMEM medium containing 10% FBS, 1%
penicillin-streptomycin, and the cells were cultured
for 48 h. The sequences of siRNAs are listed in
Supplementary table 4.

Iron measurement

Ferrous and total iron were measured with Iron Assay
kit (K390-100, Biovision, USA). N2A cells were disso-
ciated by trypsinization. The cell suspension was col-
lected and centrifuged. 100 lL Iron Assay Buffer was
added into the cell pellet. The samples were divided
into two parts, 5 lL Assay Buffer was added to 50 lL
samples for ferrous iron assay, and 5 lL Iron Reducer
was added to 50 lL samples for total iron assay. The
Iron Probe was then added, mixed and incubated for
60min at 37 �C.The output was measured immediately
on a colorimetric microplate reader (SpectraMax iD5,
Molecular devices) at OD 593 nm.

Statistical analysis

Data of experiments in vitro were presented in tripli-
cate, and all statistical analyses were performed with
GraphPad Prism 7.0. Before analyses, Shapiro-Wilk
normality test was used to assess data distribution.
When the data exhibit a normal distribution, two
tailed Student’s t test was used for comparison of two
groups while one or two-way ANOVA followed by
Tukey’s multiple comparisons tests were performed
for comparisons of multiple groups. Otherwise, non-
parametric Kruskal-Wallis test followed by Dunn’s
multiple comparisons was employed for comparisons
of multiple groups. Specific methods were indicated
in figure legend. A P value less than 0.05 was consid-
ered to be statistically significant.

Results

Hemin induces ferroptosis in neuronal

cells

In order to explore the epigenetic regulation of neuro-
nal death after ICH, we used hemin to induce cell death
in N2A neuronal cells.25 Hemin markedly decreased
the cell viability in both dose- and time-dependent
manners (Figure 1(a) and (b)). The LD50 of hemin
was estimated as 15 lM and this dosage was used for
the rest of the experiments. Meanwhile, a human neu-
ronal cell line SK-N-SH was also examined, and hemin
also decreased its viability in dose- and time-dependent
manners (Figure 1(c) and (d)).

To further identify if the cell death caused by hemin
was ferroptosis,11 cell death was assessed with

1368 Journal of Cerebral Blood Flow & Metabolism 43(8)



PI staining. Hemin significantly increased the percent-
age of PIþ cells, and co-treatment with ferroptosis
inhibitors, Fer-1 and DFO, effectively attenuated cell
death induced by hemin (Figure 1(e) and (f)), indicating

that ferroptosis accounted for part of hemin-induced
cell death in N2A cells. The accumulation of lipid reac-
tive oxygen species (ROS) is a hallmark of ferroptosis.
By staining with the BODIPY 581/591 C11 fluorescent

Figure 1. Hemin induces ferroptosis in neuronal cells. (a) N2A cells were incubated with hemin or vehicle, and cell viability was
analyzed using MTT assays. (b) N2A cells were treated with 15lM hemin or vehicle, and MTT assays were performed. (c) SK-N-SH
cells were treated with different concentrations of hemin, and MTTassays were performed. (d) SK-N-SH cells were treated with 8 lM
hemin for different time points, and MTT assays were performed. (e, f) N2A cells were treated as indicated, and PI staining was
performed to detect cell death. Representative images (e) and quantifications (f) are shown. (g, h) N2A cells were treated as indicated,
and BODIPY 581/591 C11 reagent was used for lipid ROS detection. Representative images (g) and quantifications (h) are shown.
(i) N2A cells were treated with hemin or vehicle as indicated, and the mRNA expression of Ptgs2 was detected using RT-qPCR.
GAPDH serves as an internal control. (j, k) N2A cells were treated with RSL3 (j), Erastin (k), or vehicle as indicated, and MTT assays
were performed. (l, m) SK-N-SH cells were treated with RSL3 (l), Erastin (m), or vehicle as indicated, and MTT assays were
performed. Results are shown as scatter plots (Mean� SD). n¼ 3 independent experiments. One-way ANOVA (a, c, d, f, h, i, j, m) or
Kruskal-Wallis test (b, k, l) followed by Tukey’s or Dunn’s multiple comparisons tests, respectively, were used. *p< 0.05, **p< 0.01,
***p< 0.001 vs vehicle; #p< 0.05, ##p< 0.01 vs Hemin. Scale bar: (e, g) 100 lm.
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probes, hemin increased the level of lipid ROS, which
was significantly reduced by Fer-1 and DFO (Figure 1

(g) and (h)). Hemin also greatly augmented the mRNA
level of Ptgs2 time-dependently (Figure 1(i)), another
hallmark of ferroptosis. Furthermore, other ferroptosis
inducers, RSL3 and Erastin, both induced ferroptosis
in N2A cells (Figure 1(j) and (k)) and SK-N-SH cells

(Figure 1(l) and (m)) in a dose-dependent manner as
hemin did, suggesting that ferroptosis contributed to
N2A cell death under hemin treatment.

Suv39h1-mediated H3K9me3 is increased

and protects against hemin-induced

ferroptosis

To investigate whether epigenetic regulation was
involved in hemin-induced neuronal ferroptosis, N2A

cells were treated with hemin and the levels of various
well-characterized epigenetic modifications on histone
residues were assessed. Compared with vehicle groups,
the global level of transcriptional repression marker

H3K9me3 was increased in a time-dependent manner,
which reached a peak at 8 h and persisted till 24 h post
hemin treatment (Figure 2(a) and (b)). The levels of
other transcriptional repression markers, including
H3K9me2, H3K9me1, H3K27me3, and H3K27me2

were not notably changed upon hemin treatment
(Figure 2(a), (c) to (g)). The protein level of histone
deacetylase 1 (HDAC1), the enzyme that deacetylates
histone acetylation and mediates gene repression, also

did not changed markedly (Figure 2(e) and (h)). As
gene repression and activation are dynamically and
synergistically regulated, we additionally examined
the level of markers for gene transcriptional activation,

such as H3K4me2 and H3Kac, which did not show
significant alterations either (Figure 2(i) to (l)).

To figure out the mechanism(s) underlying the incre-

ment of H3K9me3 upon hemin treatment, the mRNA
levels of its methyltransferases (Suv39h1, Suv39h2, and
Setdb1) and demethylases (Kdm4a, Kdm4b, Kdm4c, and
Kdm4d) were detected in hemin-treated N2A cells.

Compared with the vehicle group, the mRNA level of
Suv39h1 increased significantly as early as 2 h of hemin
treatment (Figure 2(m)), while the levels of other
enzymes did not change significantly at early stage of
treatment (Figure 2(m) and (n)). The protein level of

Suv39h1 showed mild increase since 2 h (though with-
out significance), and reached peak at 12 h after hemin
treatment (Figure 2(o)). Therefore, upregulation of
Suv39h1 responding to hemin treatment might contrib-

ute to the increase of H3K9me3 levels during the later
time points of hemin-induced ferroptosis.

To confirm the involvement of Suv39h1 in hemin-
induced ferroptosis, chaetocin, an inhibitor of

Suv39h1/2, was used to inhibit the level of H3K9me3

pharmacologically. PI staining showed that hemin

treatment increased the percentage of PIþ cells, while

co-treatment with chaetocin further increased the per-
centage of PIþ cells (Figure 2(p) and (q)). Meanwhile,

the cells were rescued when co-treated with DFO or

Fer-1 (Figure 2(r) and Figure S1A). The level of lipid

ROS also increased after hemin treatment, while more

lipid ROS accumulated after co-treatment with chaeto-
cin. The ferroptosis inhibitor DFO and Fer-1 sup-

pressed lipid ROS accumulation induced by hemin

and chaetocin stimulation (Figure 2(s) and Figure

S1B). These results indicated that H3K9me3 plays a

neuronal protective role in hemin induced ferroptosis
in N2A cells.

H3K9me3 represses the expression of Tfr1
transcriptionally

To further investigate how the increased H3K9me3

level regulates ferroptosis, we performed ChIP-Seq to

screen potential target genes of H3K9me3. Figure 3(a)

showed the genomic distribution of H3K9me3, which

preferred to mark intergenic and intron regions on the
genome in both vehicle- and hemin-treated N2A cells

(Figure 3(a)). GO analyses indicated that H3K9me3

antibody-immunoprecipitated genes were enriched in

several different terms, including catalytic activity,

signal transducer activity, transcription factor activity,
etc. (Figure 3(b)). Among the lists of vehicle- and

H3K9me3-enriched genes (supplementary tables 1

and 2), we noticed a prominent enrichment of

H3K9me3 at up- and downstream of the transcription

start site (TSS) of Tfr1 (also named as Tfrc), the gene

coding transferrin receptor 1 (TFR1) which imports
transferrin-bound iron into cells (Figure 3(c)). ChIP

assays were carried out to confirm the alteration of

H3K9me3 level on the promoter region (primer

Tfr1-1#) and gene body (primer Tfr1-2#) of Tfr1 in

N2A cells with or without hemin treatment. Results
of the agarose electrophoresis (Figure 3(d)) and Real-

time PCR following ChIP (Figure 3(e) and (f)) both

showed that treatment with hemin significantly

increased the level of H3K9me3 at both the promoter

and the gene body of Tfr1. Consistent with these data,
compared with the vehicle group, hemin significantly

reduced the mRNA level (Figure 3(g)) and protein level

(Figure 3(h) and (i)) of Tfr1 time-dependently. In addi-

tion, we compared the levels of H3K9me3, Tfr1

mRNA, and TFR1 protein in N2A cells at each time
point after hemin treatment. We found that while

hemin treatment increased the level of H3K9me3 in

N2A cells, it decreased the Tfr1 mRNA and protein

levels correspondingly (Figure 3(j)).

1370 Journal of Cerebral Blood Flow & Metabolism 43(8)



Figure 2. Suv39h1-mediated H3K9me3 elevation protects against hemin-induced neuronal ferroptosis. (a–l) N2A cells were treated
with hemin or vehicle as indicated, and the levels of different histone modifications were assessed using Western blot. a-tubulin serves
as an internal control. Representative images (a, e, i, k) and quantifications (b–d, f–h, j, l) are shown. (m, n) N2A cells were treated as

Continued.
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These data strongly suggested that hemin induced
decrement of Tfr1 expression was through up-
regulation of H3K9me3. Therefore, we incubated
cells with hemin with or without Suv39h1/2 inhibitor
chaetocin. Compared with the vehicle group, hemin-
induced increment of H3K9me3 level and decrement
of TFR1 protein level, which were totally reversed by
the addition of chaetocin (Figure 3(k) to (m)).

As TFR1 and TFR2 (encoded by the Tfr2 gene)
have similar functions, and TFR1 is widely expressed
in mammalian cells,26 while TFR2 is mainly expressed
in liver and red blood cells.27 We next assessed the
mRNA expression of Tfr2 and other related genes in
iron metabolism and the xCT/GPx4 pathway. As
shown in Figure 4(a), hemin treatment neither changed
the mRNA expression of Tfr2, nor the Ferritin encod-
ing genes Fth1 and Ftl1 at earlier time points.
Additionally, the mRNA level of Slc7a11 (the gene
that encodes xCT) increased significantly at later time
points of hemin treatment, whereas the mRNA level of
Gpx4 did not change markedly (Figure 4(b)).
Furthermore, Western blot analyses showed that the
protein levels of Ferritin, xCT, and GPx4 increased at
24 h after treating with hemin (Figure 4(c) and (d)).
Consistent with the inhibition of TFR1, the intracellu-
lar level of transferrin gradually decreased post hemin
treatment, which was most significant at 24 h (Figure 4
(e) and (f)). These results suggested that Tfr1 was the
most probable important target of H3K9me3 among
those ferroptosis-related genes tested.

H3K9me3 represses Tfr1 to protect
against ferroptosis in N2A cells

To further confirm that H3K9me3 dictates ferroptosis
by transcriptionally regulating Tfr1, we knocked down
the expression of Tfr1 (Figure 5(a) and (b)). The intra-
cellular Fe2þ increased after hemin stimulation while
silencing Tfr1 reduced Fe2þ content at both the basal
and hemin treated conditions (Figure 5(c)). We also
knocked down the expression of Suv39h1 (Figure 5
(d)), whereas the mRNA level of Suv39h2 was not
affected (Figure 5(e)). We found that cells transfected
with Suv39h1 siRNA significantly increased the level of
hemin-induced lipid ROS, while silencing of Tfr1 nota-
bly reduced the lipid ROS level induced by hemin treat-
ment (Figure 5(f) and (g)). Consistent with results of

lipid ROS, PI staining revealed that knocking down of
Suv39h1 aggravated hemin-induced cell death, while
Tfr1 siRNAs decreased the percentage of PIþ cells
(Figure 5(h) and (i)).

Inhibition of GPx4 activity is one of the core mech-
anisms underpinning hemin induced neuronal ferrop-
tosis.28 We next incubated RSL3-treated cells with or
without chaetocin. The results showed that compared
with the vehicle group, RSL3 treatment alone increased
the intracellular lipid ROS levels (Figure 5(j) and (k))
and the percentage of PIþ cells (Figure 5(l) and (m)),
whereas chaetocin aggravated the intracellular lipid
ROS accumulation (Figure 5(j) and (k)) and cell
death (Figure 5(l) and (m)) caused by RSL3.
Furthermore, compared with the scramble siRNA-
transfection treatment, Suv39h1 siRNA treatment
caused severer cell death, while Tfr1 siRNA treatment
attenuated cell death induced by RSL3 (Figure 5(n)
and (o)). Altogether, these results indicated that
Suv39h1 mediated H3K9me3 represses Tfr1 at the
transcription level to protect against neuronal
ferroptosis.

Suv39h1-H3K9me3 mediated repression
of TFR1 plays a protective role after ICH

To further test whether Suv39h1-H3K9me3 mediated
repression of TFR1 also works in vivo, we used a
murine model of ICH. The alteration dynamics for
the level of Suv39h1 and H3K9me3 were examined
with ICH progression. We first examined the level of
Suv39h1 and H3K9me3 at day 1 and 3 post ICH with
immunofluorescence staining. Different from in vitro
results, the global average level of Suv39h1 and
H3K9me3 were both decreased (Figure 6(a), (b), (d)
and (e)), together with the reduction of neuronal local-
ization for Suv39h1 or H3K9me3 as demonstrated with
Manders’ colocalization coefficient between Suv39h1
or H3K9me3 and the neuron marker NeuN (Figure 6
(c) and (f)). On the contrary, the level of TFR1 was
increased as determined with western blot and immu-
nofluorescence, which was most prominent at day 1
after ICH (Figure 6(g) to (i)). The number of degener-
ating neurons around the lesion has been reported to
peak at 24 hours after ICH,5 we postulated that if
Suv39h1 mediated H3K9me3 dictates neuronal ferrop-
tosis, their level change should precede massive

Figure 2. Continued.
indicated. Total mRNA was extracted and Real-time RT-PCR was performed. GAPDH serves as an internal control. (o) N2A cells were
treated as indicated. The protein level of Suv39h1 was detected using Western blot (up) and quantified (down). (p, q) N2A cells were
treated as indicated, and PI staining was performed. Representative images (p) and quantifications (q) are shown. (r, s) Cell death and
lipid ROS were detected. Results are shown as scatter plots (Mean� SD). n¼ 3–4 independent experiments. One-way ANOVA
followed by Tukey’s multiple comparisons tests (b–d, f–h, j, l, m, n, q, r, s) or two-tailed t test (o) was used. *p< 0.05, **p< 0.01,
***p< 0.001 vs vehicle; ##p< 0.01, ###p< 0.001 vs. Hemin; NS, not significant. Scale bar: 100lm.
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Figure 3. H3K9me3 represses Tfr1 expression during neuronal ferroptosis. (a) Genomic distribution of the H3K9me3 in vehicle and
hemin treated N2A cells that detected with ChIP-Seq. (b) GO analyses of annotated targets of H3K9me3 histone modification in
hemin treated group based on ChIP-Seq data. (c) Integrated genome viewer of H3K9me3 ChIP-seq tracings for the Tfr1 locus in
vehicle and Hemin groups. Increased enrichment of H3K9me3 signal on the Tfr1 gene is shown in red rectangle. (d) Left: the schematic
diagram shows the primers designed to perform ChIP assays at the Tfr1 locus. TSS, transcription start site. Right: DNA

Continued.

Lan et al. 1373



ferroptosis at day 1. To test this hypothesis, we further
detected the level of Suv39h1 and H3K9me3 at earlier
time points before 24 h post ICH with immunofluores-
cence. This time, consistent with the in vitro data, the
average level of Suv39h1 and H3K9me3 both gradually
increased at 6 h and 12 h post ICH, with the change at
12 h reaching peak and showing statistical significance
(Figure S2A-D). These results indicate that early
changes of Suv39h1 and H3K9me3 may contribute to
neuronal ferroptosis in the ICH model. We also com-
pared the relative level of Suv39h1 in neurons
(NeuNþ), astrocytes (GFAPþ), microglia (Iba-1þ)
and oligodendrocytes (Olig2þ) with immunostaining
assays, where the neurons showed the highest expres-
sion in both Sham and ICH groups (Figures S3A-D).

To further explore the function of neuronal
Suv39h1-mediated H3K9me3 in ICH, we knocked
down the expression of Suv39h1 in ICH mice by intra-
cerebroventricular injection of Suv39h1-specific and
scramble siRNAs. The expression of Suv39h1 was
decreased the most in neurons as demonstrated with
decreased colocalization between NeuN and Suv39h1
around the hematoma, while its colocalization coeffi-
cients in glial cells were less affected (Figure 6(j) and
S3E-H). Compared with scramble group, the level of
H3K9me3 was decreased (Figure 6(k)) while TFR1
increased (Figure 6(l)) with Suv39h1 knockdown. The
level of malondialdehyde (MDA), one main product of
lipid peroxidation,29,30 was measured to represent fer-
roptosis in ICH tissue, which showed overt increment
with knocking down Suv39h1 (Figure 6(m)). To be of
pathophysiological importance, neurologic functions
were assessed with neurologic deficit score, forelimb
placing test and hindlimb placing test, and the results
showed that the neurological deficit was even worse,
and forelimb and hindlimb movement were more
severely impaired after knocking down Suv39h1
(Figure 6(n) to (p)).

Discussion

Labile iron accumulation promotes ferroptosis, and
genes involved in iron metabolism are vital regulators
of ferroptosis.29 Transferrin receptors (TFRs) are cell
surface receptor proteins encoded by Tfr1 or Tfr2,

whose main function is incorporating Fe3þ-transferrin
(TF) complex into cells or regulating systematic iron
homeostasis and erythropoiesis, respectively.31 The
level of TFR1 was much more sensitive to alterations
of intracellular iron levels. When the cellular iron
increases, the expression TFR1 decreases in a negative
feedback manner, and vice versa.31 It thus no wonder
that TFR1 was down regulated upon hemin treatment,
which significantly increases the level of intracellular
iron. In line with its iron-uptake function, TFR1 has
been reported to play an important role in ferroptosis
promotion in several disease models, including myocar-
dial I/R injury,32 central presbycusis,33 and cerebral
ischemic injury.34 In those models, the level of TFR1
can be directly regulated in a p53-dependent manner at
the transcription level and by the upregulation of iron
regulatory protein 2 (IRP-2) at the translation level, or
be regulated by GPx4 and FTH1 indirectly.33,34

Interestingly, in some types of cancer like high-grade
ovarian cancer and MYCN-amplified neuroblastoma,
TFR1 is overexpressed, and underlies the predilection
of these cells to a high level of intracellular iron and
renders them more susceptible to inhibition of the
system vc

�/glutathione (GSH) system.35,36 Thus, the
role and regulation of TFR1 in ferroptosis is compli-
cated in various cells/diseases, but how epigenetics par-
ticipate in the regulation of Tfr1 in ferroptosis was
unknown.

In our study, Tfr1 was down-regulated during
hemin-induced neuronal ferroptosis, and further
down-regulating its expression level attenuated ferrop-
tosis notably. Therefore, down-regulation of Tfr1 acted
as an endogenous self-protective mechanism to buffer
intracellular iron overload induced by hemin degrada-
tion. Consistent with this hypothesis, treating cells with
chaetocin, an inhibitor of methyltransferases Suv39h1/
2 of H3K9me3, upregulated Tfr1 expression level, and
aggravated ferroptosis. In vivo model showed similar
results that down-regulation of Tfr1 through Suv39h1
mediated H3K9me3 protects neurons from ferroptosis
post ICH.

Chromatin remodeling,37–39 DNA methylations,40–42

histone modifications,40,43,44 and non-coding RNAs45–48

regulate ferroptosis in cancer cells. However, other than
a study where inhibitors of HDAC induce neuronal

Figure 3. Continued.
electrophoresis using agarose gels followed by ChIP assays. (e, f) ChIP assays were analyzed with Real-time qPCR. Results are
expressed as fold enrichment to IgG. (g) N2A cells were treated as indicated, and the mRNA level of Tfr1 was assessed with Real-time
RT-PCR. GAPDH serves as an internal control. (h, i, k–m) N2A cells were treated as indicated, and proteins were extracted for
Western blot. a-tubulin serves as an internal control. Representative images (h, k) and quantifications (i, l, m) are shown. (j) The levels
of H3K9me3, Tfr1 mRNA, and TFR1 protein in N2A cells at different time points upon hemin or vehicle treatment were compared.
Results are shown as scatter plots or line charts (Mean� SD). n¼ 3 independent experiments. Two-way ANOVA followed by Tukey’s
multiple comparisons tests (e, f) or One-way ANOVA followed by Tukey’s multiple comparisons tests (g, i, j, l, m) was used. *p< 0.05,
**p< 0.01, ***p< 0.001 vs vehicle or corresponding IgG. #p< 0.05, vs Hemin.
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Figure 4. Genes in iron-metabolism or the xCT/GPx4 pathway other than Tfr1 were not repressed by H3K9me3 during hemin-
induced ferroptosis. (a, b) N2A cells were treated as indicated. Total mRNA was extracted and Real-time RT-PCR was performed. The
mRNA levels of genes in iron metabolism (a) and xCT/GPx4 pathway (b) are shown. GAPDH serves as an internal control. (c, d) N2A
cells were treated as indicated. Proteins were extracted and Western blot was performed. a-tubulin serves as an internal control.
Representative images (c) and quantifications (d) are shown. (e, f) N2A cells were treated as indicated. The level of transferrin was
detected by using Western blot (e) and quantified (f). Results are shown as scatter plots (Mean� SD). n¼ 3 independent experiments.
One-way ANOVA (a, b, f) or Kruskal-Wallis test (d) followed by Tukey’s or Dunn’s multiple comparisons tests was used. *p< 0.05,
**p< 0.01, ***p< 0.001 vs vehicle.
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Figure 5. Suv39h1-mediated H3K9me3 protects against hemin- and RSL3-induced neuronal ferroptosis by repressing Tfr1. (a, b)
N2A cells were transfected with Scramble or Tfr1 siRNA for 48 h. (a) Total mRNA was extracted, and Real-time RT-PCR was
performed. GAPDH serves as an internal control. (b) Proteins were extracted and Western blot was performed. a-tubulin serves as an

Continued.
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ferroptosis by deacetylation H4ac,49 how epigenetic reg-
ulates ferroptosis in neurons remains to be explored. In
this study, through a screening of histone modifications
in hemin-treated neuronal cells, we focused on the role
of H3K9me3 in mediating ferroptosis. H3K9me3 is the
best-known histone modification for its role in facilitat-
ing constitutive heterochromatin formation and in the
repression of repetitive DNA.15 Three methyltransfer-
ases and 4 demethylases are responsible for the dynamic
changes of H3K9me3 level.50 In our study, we found
that the level of global H3K9me3 showed a concomitant
upregulation during hemin treatment, and the upregula-
tion of Suv39h1 mRNA was observed before H3K9me3
accumulation, suggesting its contribution to H3K9me3.
How hemin treatment increases the level of Suv39h1 is
currently unknown. To be of functional importance,
decreasing global H3K9me3 through pharmacologic
and genetic approaches towards Suv39h1 effectively
aggravated hemin- and RSL3-induced ferroptosis.
Consistent with our observation, a recent report indi-
cates that Suv39h1 deficiency induces ferroptosis in
clear cell renal cell carcinoma through targeting DPP4
(dipeptidyl-peptidase-4),51 suggesting protection against
ferroptosis in different cell types. Suv39h1-mediated
H3K9me3 was supposed to regulate Tfr1 and lots of
other genes, however, repressing Tfr1 gene expression
may be the one of the most important functions of
H3K9me3 increment in restricting neuronal ferroptosis.

Interestingly, all methyltransferases of H3K9me3,
including Suv39h1, cannot recognize specific DNA
sequences of target genes to bind directly. Therefore,
additional scaffold proteins or transcription factors
are needed, such as Krüppel-associated box (KRAB)-
containing zinc-finger proteins (KRAB-ZFPs)52 or ret-
inoblastoma (Rb) protein.53 In the future study, how
Suv39h1 recognizes and binds to Tfr1, and mediates
H3K9me3 increment at Tfr1 promoter and gene body
are worthy to be investigated. Meanwhile, whether
inhibition of Tfr1 by H3K9me3 functions as common
mechanism that underlies the feedback down-
regulation of Tfr1 upon increased iron level in other
pathophysiological models also needs further investiga-
tion. Furthermore, besides H3K9me3, other epigenetic
modifications must also participate in the neuronal fer-
roptosis in orchestration with H3K9me3. Although

other histone modifications levels did not show signif-
icant global alterations in our screening, the re-
distribution of these modifications on the chromosome
may also interfere with hemin-induced ferroptosis.

Although multiple differences exist between experi-
mental conditions, like difference in cellular context
(neuron only in vitro versus neuron and glia cells, etc.
in vivo), and difference in stimuli types (hemin only
in vitro versus intracranial pressure, and many types
of toxins including hemin in vivo), both in vitro and
in vivo results showed that Suv39h1 and H3K9me3
repressed the expression of Tfr1, and more important-
ly, early up-regulation of Suv39h1-mediated
H3K9me3 before massive ferroptosis played a protec-
tive role for the neuron. These results also indicated
that early interventions targeting Suv39h1-H3K9me3-
TFR1 axis may represent a novel therapeutic option
for ICH.

Epigenetic regulation of neuronal ferroptosis might
cross talk with other protective or destructive mecha-
nisms during cerebral hemorrhage injury. For example,
inhibition of HDAC could reduce white matter damage
after ICH by modulating the polarization of microglia
and macrophages and improve ICH-mediated neuro-
inflammation.54 However, inhibition of HDAC induces
neuronal ferroptosis,49 how to properly manipulating
those mechanisms to most benefit the whole brain or
organism will need more intensive investigation. The
mechanism of ferroptosis in tumors has been extensive-
ly studied, some of which also works in the neurons.
Acyl-CoA synthetase long chain family member 4
(ACSL4), a promoter of ferroptosis in tumor cells,
also exacerbate early brain damage caused by sub-
arachnoid hemorrhage by mediating ferroptosis.55

The interrelationship between these metabolic and epi-
genetic specific enzymes in neuronal ferroptosis during
ICH also needs further investigation, which may hold
powerful therapeutic potentials for ICH treatment.

In our in vivo experimental design, we delivered
siRNAs intracerebroventricularly to reduce the
Suv39h1 expression. We knocked down Suv39h1 in
neurons with less perturbation in the glial cells, possi-
bly due to their different expression levels. From a
point view of basic research, the use of neuronal
conditional knockout mice or the expression of

Figure 5. Continued.
internal control. Representative images are shown. (c) The intracellular ferrous iron was detected. (d, e) N2A cells were transfected
with Scramble or Suv39h1 siRNA for 48 h. Total mRNA was extracted, and Real-time RT-PCR was performed. GAPDH serves as an
internal control. (f–o) N2A cells were treated as indicated. Lipid ROS that were assessed using BODIPY 581/591 C11 dye (f, g, j, k),
and cell death that were assessed using PI staining (h, i, l–o). Representative images (f, h, j, l, n) and quantifications (g, i, k, m, o) are
shown. Results are shown as scatter plots (Mean� SD). n¼ 3 independent experiments. One-way ANOVA followed by Tukey’s
multiple comparisons tests (a, d, e, k, m) or Two-way ANOVA followed by Tukey’s multiple comparisons tests (c, g, i, o) was used.
*p< 0.05, **p< 0.01, ***p< 0.001 vs vehicle. #p< 0.05, ##p< 0.01, ###p< 0.001 vs. Hemin, RSL3, or Scramble; NS: not significant.
Scale bar: (f, h, j, l, n) 100lm.
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Figure 6. Suv39h1-mediated H3K9me3 regulated ferroptosis after ICH. (a–f) Brain slices obtained at day 1 and 3 post ICH were
stained with Suv39h1, H3K9me3, NeuN antibody and DAPI (a, d). The mean fluorescence intensity of Suv39h1 and H3K9me3 were
quantified respectively (b, e). The Manders’ Colocalization Coefficients (M1) were calculated (c, f). (g, h) The protein of TFR1 was
detected from ipsilateral striatum using Western blot (g) and quantified (h). (i) Immunostaining was performed using TFR1 antibody at
1 day and 3 days post ICH. (j–l) Immunostaining was performed using Suv39h1 (j), H3K9me3 (k) or TFR1 antibody (l) at day 3 post
ICH. (m) MDA content was measured at day 3 after ICH. (n–p) Neurological function was assessed at 12 h post ICH. Results are
shown as scatter plots (Mean� SD). n¼ 6 images from 3 mice (b, c, e, f). n¼ 3 mice (h). n¼ 5–6 mice (m–p). One-way ANOVA (b, c,
f, h, n–p) or Kruskal-Wallis test (e) followed by Tukey’s or Dunn’s multiple comparisons tests, respectively or two-tailed t test (m) was
used. *p< 0.05, **p< 0.01, ***p< 0.001 vs Sham or Scramble or baseline (BL) group. Scale bar: (a, d, i, j, k, l) 75lm.
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shRNAs/siRNAs in viral vectors under the control of

a promoter like Syn1 are more specific strategies to

address the in vivo involvement of Suv39h1 in ICH,

as will be demonstrated in the future. Consistent with

our method, several recent papers also used siRNA to

examine the function of target genes, and successfully
decreased the expression of genes in the cell types of

interest in vivo.56,57 With respect to the translation from

basic research to clinical application, direct siRNA

delivery in non-viral vectors such as nanoparticles

may be a better option, which should provide a more

prompt and less toxic treatment for ICH cases.58

Further studies in the two directions above would be

worthwhile to better elucidate the function of the neu-
ronal Suv39h1-H3K9me3-TFR1 axis during ICH and

their potential clinical applications.
In summary, Suv39h1 mediated H3K9me3 repressed

Tfr1 gene expression in neurons. Attenuation of

Suv39h1-mediated H3K9me3 aggravated hemin-induced

neuronal ferroptosis and ICH damage. Our findings shed

new light on ferroptosis’ molecular mechanisms and may
help improve patient recovery after ICH.
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