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Although it is well established that Huntington’s disease (HD) is mainly caused by polyglutamine-expandedmutant
huntingtin (mHTT), themolecularmechanism ofmHTT-mediated actions is not fully understood. Here, we showed
that expression of the N-terminal fragment containing the expanded polyglutamine (HTTQ94) of mHTT is able to
promote both the ACSL4-dependent and the ACSL4-independent ferroptosis. Surprisingly, inactivation of the
ACSL4-dependent ferroptosis fails to show any effect on the life span of Huntington’s disease mice. Moreover, by
using RNAi-mediated screening, we identified ALOX5 as a major factor required for the ACSL4-independent fer-
roptosis induced by HTTQ94. Although ALOX5 is not required for the ferroptotic responses triggered by common
ferroptosis inducers such as erastin, loss of ALOX5 expression abolishes HTTQ94-mediated ferroptosis upon reac-
tive oxygen species (ROS)-induced stress. Interestingly, ALOX5 is also required for HTTQ94-mediated ferroptosis in
neuronal cells upon high levels of glutamate. Mechanistically, HTTQ94 activates ALOX5-mediated ferroptosis by
stabilizing FLAP, an essential cofactor of ALOX5-mediated lipoxygenase activity. Notably, inactivation of theAlox5
gene abrogates the ferroptosis activity in the striatal neurons from the HD mice; more importantly, loss of ALOX5
significantly ameliorates the pathological phenotypes and extends the life spans of these HDmice. Taken together,
these results demonstrate that ALOX5 is critical for mHTT-mediated ferroptosis and suggest that ALOX5 is a
potential new target for Huntington’s disease.
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Huntington’s disease (HD) is an autosomal dominant he-
reditary neurodegenerative disease characterized by pro-
gressive cognitive, behavioral, and motor dysfunctions
and short life spans (Bates et al. 2015). HD is caused by a
CAG trinucleotide repeat expansion in exon 1 of the
HTT gene, which results in an expanded polyglutamine
(polyQ) tract in the encoded huntingtin protein, referred
to as mutant huntingtin (mHTT). The mHTT exhibits
toxic gain of functions, causing neuronal dysfunction
and cell death (MacDonald et al. 1993; Bates 2003). The
proteolytic cleavage of mHTT is a key event in themolec-
ular pathogenesis of HD, and it is believed that the N-ter-
minal fragment containing the expanded polyglutamine
of mHTT plays an important role in the pathogenesis of

HD (Martindale et al. 1998; Lunkes et al. 2002; Graham
et al. 2006). Although the genetic cause of HD is well es-
tablished, the cellular and molecular mechanisms in-
volved in mHTT-mediated early neuronal dysfunction
and late neurodegeneration are not fully understood.

Redox signaling is essential for normal brain function,
being involved in memory consolidation, neuronal differ-
entiation, and plasticity. Ferroptosis is a regulated form of
nonapoptotic cell death driven by excess accumulation of
lipid peroxidates critically regulated by the redox signal-
ing (Stockwell et al. 2020). Accumulating evidence indi-
cates that ferroptosis may be involved in both animal
models and human patients with Huntington’s disease.
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For example, in transgenic HD mouse models and pa-
tients,most neuronal deaths did not exhibit the classic ap-
optotic features (Turmaine et al. 2000; Hickey and
Chesselet 2003). Moreover, high levels of lipid peroxida-
tion are observed as a principal characteristic in HD pa-
tients (Klepac et al. 2007). It was reported that increased
levels of lipid peroxidationwere detected in corticostriatal
brain slices (Skouta et al. 2014) and were colocalized with
mHTT inclusions in the striatal neurons (Lee et al. 2011).
Inhibition of lipid peroxidation with ferrostatin-1 (Ferr-1)
significantly rescued the cell death in cellular models of
Huntington’s disease (HD) (Skouta et al. 2014). On the
other hand, low GSH levels are another characteristic in
HD patients (Klepac et al. 2007). Indeed, decreased GSH
and GSH-S transferase were detected in the striatum, cor-
tex, and hippocampus in 3-nitropropionic acid (3-NP)-
induced HDmice (Kumar et al. 2010). mHTT can directly
interact with mitochondrial proteins, such as translocase
of the inner membrane 23 (TIM23), disrupting mitochon-
drial proteostasis and favoring ROS production and HD
progression (Yablonska et al. 2019). Thus, it is very impor-
tant to examine whether mHTT is directly involved in
regulating ferroptosis, and, more importantly, the molec-
ular factors that mediate mHTT-dependent ferroptosis
need to be delineated.
Ferroptosis, an iron-dependent form of nonapoptotic

cell death driven by lipid-based reactive oxygen species
(ROS), is tightly linked with human diseases including
neurodegenerative diseases (Stockwell et al. 2020). Lipid
peroxides can be eliminated by glutathione peroxidase 4
(GPX4) and its cofactor, glutathione (GSH) (Stockwell
et al. 2017). Thus, ferroptosis is commonly induced by
pharmacological agents that directly or indirectly lead to
GPX4 inhibition and disruption of this lipid repair system
(Stockwell et al. 2017). Notably, by using genome-wide
haploid andCRISPR–Cas9-based screening, acyl-CoA syn-
thetase long chain family member 4 (ACSL4) was identi-
fied as an essential factor for ferroptosis induced by
GPX4 inhibitors (Doll et al. 2017; Kagan et al. 2017). The
critical role of ACSL4 in ferroptosis relies on its ability to
incorporate arachidonic acid and adrenic acid into phos-
phatidylethanolamines and thereby provides the main
substrates for peroxidation (Kagan et al. 2017). In addition
to GPX4-mediated neutralization of lipid peroxidation,
the levels of cellular lipid peroxides can be induced enzy-
matically by the lipoxygenases. Indeed, our recent studies
showed that the ferroptotic response induced by the
ALOX12 lipoxygenase plays an important role in catalyz-
ing lipid peroxidation and p53-mediated effect on Myc-
induced lymphomagenesis (Chu et al. 2019). Together,
these studies indicate that two types of ferroptosis are crit-
ical for oxidative stress responses: ACSL4-dependent fer-
roptosis is induced by these common ferroptosis
inducers mainly including GPX4 inhibitors, whereas
ACSL4-independent ferroptosis is induced by high levels
of reactive oxygen species (ROS).
Here,we showed that expression of themHTT fragment

with the expanded 94 glutamine residues (HTTQ94)
directly promotes ferroptosis in both neuronal cells and
neuroblastoma cells upon erastin treatment. As expected,

inhibition of ACSL4 in those cells completely abrogated
the ferroptotic response induced by HTTQ94; surpris-
ingly, however, inactivation of the Acsl4 gene failed to
show any significant effect in the Huntington’s disease
transgenic mouse model (HD-N171-82Q). Moreover, we
identifiedALOX5 as amajormediator for HTTQ94-driven
ferroptosis upon ROS-induced stress. Interestingly, nei-
ther ACSL4 nor GPX4 is required for ALOX5-dependent
ferroptosis induced by HTTQ94. Notably, knockout of
the Alox5 gene abrogated ferroptosis in the striatal neu-
rons from the HD mice and significantly improved the
pathological phenotypes of Huntington’s disease mice.
Thus, our study reveals a novel ferroptosis pathway criti-
cally involved in the pathological mechanism of Hunting-
ton’s disease.

Results

HTTQ94 expression sensitizes neuronal cells and other
cell types to ferroptosis

To elucidate the potential role of ferroptosis in Hunting-
ton’s disease, we first examined whether mHTT is in-
volved in regulating ferroptotic responses. To this end,
we used the mouse hippocampal neuronal cell line
HT-22 to establish HTTQ94 tet-on-inducible cell lines in
which expression of the N-terminal fragment of mutant
huntingtin protein containing the expanded 94 glutamine
residues (HTTQ94) can be induced by doxycycline. As
shown in Figure 1A, high levels of HTTQ94 were indeed
induced upon the treatment of doxycycline in those cells.
Notably, although induction ofHTTQ94 alone did not sig-
nificantly induce any cell death (Fig. 1B,C), the combina-
tion of HTTQ94 expression and the erastin treatment
produced higher levels of cell death than either treatment
alone, and the cell death was completely inhibited by fer-
rostatin-1, a specific ferroptosis inhibitor (Fig. 1B,C). To
corroborate these findings, we performed similar assays
by establishing a human neuroblastoma SK-N-BE(2)C
HTTQ94-inducible cell line (Supplemental Fig. S1A). No-
tably, although native SK-N-BE(2)C cells are highly resis-
tant to the erastin treatment, high levels of ferroptosis
were induced upon HTTQ94 expression in those cells
(Supplemental Fig. S1B,C). Moreover, we also established
a control tet-on-inducible cell line in which the N-termi-
nal fragment of wild-type huntingtin protein containing
the normal 19 glutamine residues is expressed (HTTQ19)
(Fig. 1D). In contrast to the effects induced byHTTQ94 ex-
pression, expression of HTTQ19 failed to sensitize the
cells to ferroptosis (Fig. 1E). Taken together, these data
demonstrate that HTTQ94 is involved in promoting fer-
roptosis in neuronal cells as well as other cell types.

Inactivation of ACSL4 has no obvious effect on the
pathological phenotypes and the life span of
Huntington’s disease mice

Recent studies indicate that acyl-CoA synthetase long
chain familymember 4 (ACSL4) is essential for the ferrop-
totic responses induced by either erastin or GPX4
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inhibitors (Doll et al. 2017; Kagan et al. 2017; Stockwell
et al. 2017). To dissect the molecular mechanism of
mHTT-mediated ferroptosis, we first examined the effect
of the ACSL4 inhibitors on HTTQ94-mediated ferropto-
sis. Both the ACSL4 inhibitors rosiglitazone (ROSI) and
troglitazone (TRO) prevented HTTQ94-mediated ferrop-
tosis in both HT-22 and SK-N-BE(2)C cells (Fig. 2A,B).
To further validate the role of ACSL4 in HTTQ94-mediat-
ed ferroptosis, we generated Acsl4 knockout cells from
the HTTQ94 tet-on SK-N-BE(2)C cell line using the
CRISPR/cas9 method. Western blot analysis revealed
that ACSL4 protein was undetectable in Acsl4-Crispr
cells, whereas the same levels of HTTQ94 were induced
in both control and Acsl4-Crispr cells (Fig. 2C). Indeed,
the ferroptosis response induced by HTTQ94 and erastin
was completely abrogated in Acsl4-null cells (Fig. 2D).
The results were further confirmed by four independent
Acsl4 knockout cell lines under the same conditions (Sup-
plemental Fig. S1D,E). These results demonstrate that
HTTQ94 plays an important role in promoting the ferrop-
totic response uponGPX4 inhibition and that this activity
can be completely abolished upon loss of ACSL4.

UsingAcsl4 knockoutmice, we previously showed that
the GPX4-dependent ferroptosis can also be inactivated
upon loss of ACSL4 expression in vivo (Chu et al. 2019).
To further elucidate the role of mHTT-mediated ferropto-
sis in the pathogenesis of Huntington’s disease, we exam-
ined whether inactivation of the GPX4-dependent
ferroptosis has any effect on the phenotypes observed in
Huntington’s disease mouse models. To this end, we
used a well-established HD transgenic mouse model

(HD-N171-82Q) in which a HTTQ82 protein with the
N-terminal fragment (171 amino acids) and an 82-
residue glutamine repeat was constitutively expressed
(Schilling et al. 1999). These mice developed behavioral
abnormalities, including loss of coordination, tremors,
hypokinesis, and abnormal gait and died prematurely
within ∼120 d after birth (Schilling et al. 1999). After
crossing these transgenic HD mice with Acsl4 knockout
mice, we were able to generate HD/Acsl4-null mice. As
expected, the ACSL4 protein was undetectable in the
brains of the HD/Acsl4-null mice (Fig. 2E). More impor-
tantly, there was no statistically significant difference of
the median survival comparing the HD/Acsl4-null mice
with the control HD mice (Fig. 2F), suggesting loss of
Acsl4 does not affect the life span of HD mice. Future
studies are required to further characterize the pathologi-
cal phenotypes of the HD/Acsl4-null mice. Nevertheless,
although ACSL4 is essential for HTTQ94-mediated fer-
roptosis induced by GPX4 inhibition, we failed to show
that this pathway has major effects on the life span of
Huntington’s disease mice.

HTTQ94 is able to induce the ACSL4-independent
ferroptosis upon ROS-induced stress

In our previous study, we found that the ferroptosis can
also be induced upon ROS stress independent of the
ACSL4 status (Chu et al. 2019). Since numerous studies
indicate the importance of ROS stress in Huntington’s
disease pathogenesis (Paul and Snyder 2019), we first

A

C

ED

B Figure 1. HTTQ94 expression sensitizes neuro-
nal cells and other cell types to ferroptosis. (A)
Western blot analysis for HTTQ94 from
HTTQ94 tet-on HT-22 cells treated with 0.5 μg/
mL doxycycline for 2, 4, 8, and 16 h. (B)
HTTQ94 tet-on HT-22 cells were preincubated
with 0.5 μg/mL doxycycline for 4 h and then treat-
ed with 1 μM erastin for 12 h with/without 2 μM
Ferr-1. (C ) Representative phase-contrast images
of cell death, related to B. (D) Western blot analy-
sis for mutant HTT fragment (HTTQ94) and nor-
mal HTT fragment (HTTQ19) expression in the
tet-on H1299 cells treated with 0.5 μg/mL doxycy-
cline (tet) for 16 h. (E) Cell death assay. Control,
HTTQ94, and HTTQ19 fragment tet-on H1299
cells preincubated with 0.5 μg/mL doxycycline
for 16 h were treated with 30 μM erastin for 48 h
with/without 2 μMFerr-1. Cell deaths were calcu-
lated from three replicates. Data shown in B and E
are the means ± SD. P-values were derived from
two-tailed unpaired t-test. (∗∗∗) P≤ 0.001, (n.s.) P
>0.05.
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examined whether HTTQ94 promotes ROS-induced fer-
roptosis in the established HT-22 HTTQ94-inducible
cell line upon ROS-induced stress, generated by tert-butyl
hydroperoxide (TBH) treatment. As shown in Figure 3, A
and B, although HTTQ94 expression or TBH treatment
alone failed to induce any cell death, high levels of cell
death were induced upon the combination of HTTQ94 ex-
pression and ROS stress. Moreover, these HTTQ94-medi-
ated responses were specifically blocked by several well-
known ferroptosis inhibitors (e.g., Ferr-1, Lipro-1, and
DFO) (Fig. 3A,B) but not by the inhibitors of other types
of cell death, such as apoptosis, autophagy, or necroptosis
(Fig. 3A,B). Similar results were also obtained in the SK-N-
BE(2)C HTTQ94-inducible cell line upon ROS-induced
stress (Supplemental Fig. S2A,B). Moreover, in contrast
to the effects induced by HTTQ94 expression, no obvious
ferroptotic cell death was induced upon expression of the
N-terminal fragment wild-type huntingtin protein con-
taining the normal 19 glutamine residues (HTTQ19) un-
der the same treatment (Supplemental Fig. S2C).
Next, we examined whether this type of ferroptosis is

dependent on ACSL4 by using the established Acsl4
knockout cell lines. Surprisingly, HTTQ94-mediated fer-
roptosis remained unaffected in Acsl4-null cells under

the same conditions (Fig. 3C). Similar results were ob-
served in four independentAcsl4 knockout cell lines (Sup-
plemental Fig. S3A). Since ACSL4 is essential for
ferroptosis induced by GPX4 inhibition, it is likely that
HTTQ94-mediated ferroptosis upon ROS-induced stress
is independent of GPX4 function. However, this notion
cannot be directly tested, since GPX4-null cells do not
survive under normal conditions unless Acsl4 is code-
leted. To address whether HTTQ94-mediated ferroptosis
can be induced independent of GPX4 function, we gener-
ated Acsl4/GPX4 double-knockout derivatives of the SK-
N-BE(2)CHTTQ94-inducible cell line. As shown in Figure
3D, neither ACSL4 nor GPX4was detectable in theAcsl4/
GPX4-null cells with inducibleHTTQ94 expression.Nev-
ertheless, the ferroptotic cell death was readily induced
uponHTTQ94 expression inAcsl4/GPX4-null cells under
ROS stress conditions (Fig. 3E). The result was again con-
firmed by using several independent Acsl4/GPX4 knock-
out cell lines under the same conditions (Supplemental
Fig. S3B,C). Taken together, these data demonstrate that
HTTQ94 is able to induce ferroptosis under ROS stress
conditions independent of either ACSL4 or GPX4.
Finally, in addition to GPX4, several important cellular

factors have been identified as critically involved in

A

C

E

D

F

B Figure 2. The role of ACSL4 in mHTT-induced fer-
roptosis and the life span of the HD mice. (A) Cell
death assay.HTTQ94 tet-onHT-22 cells preincubated
with 0.5 μg/mL doxycycline for 4 h were treated with
1 μM erastin for 12 h in the presence or absence of 2
μM ferrostatin-1 (Ferr-1) or ACSL4 inhibitors (10 μM
rosiglitazone [ROSI] and 10 μM troglitazone [TRO]).
(B) Cell death assay. HTTQ94 tet-on SK-N-BE(2)C
cells preincubated with 0.5 μg/mL doxycycline for
16 h were treated with 40 μM erastin for 32 h in the
presence or absence of 2 μM ferrostatin-1 (Ferr-1), 10
μM rosiglitazone (ROSI), and 10 μM troglitazone
(TRO). (C ) Western blot analysis for ACSL4 and
HTTQ94 in HTTQ94 tet-on SK-N-BE(2)C control
andAcsl4-Crispr cells treated with 0.5 μg/mL doxycy-
cline for 16 h. (D) Cell death assay. HTTQ94 tet-on
SK-N-BE(2)C control Crispr and Acsl4-Crispr cells
were preincubated with 0.5 μg/mL doxycycline for
16 h and then treated with 40 μM erastin for 32 h
with/without 2 μM Ferr-1. (E) Western blot analysis
for ACSL4 from the cerebral cortex tissues of HD
and HD/Acsl4-null mice. (F ) Kaplan–Meier survival
curves of HD (n =21 independent mice) and HD/
Acsl4-null (n =7 independent mice) mice. Cell deaths
were calculated from three replicates. Data shown in
A, B, andD are themeans ± SD. P-values were derived
from two-tailed unpaired t-test. (∗∗∗) P≤ 0.001. In F, P-
value (HD vs. HD/Acsl4-null) was calculated using
log-rank Mantel–Cox test. P =0.1356.
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regulating ferroptotic responses through completely dif-
ferent mechanisms such as FSP1, GCH1, and DHODH
(Bersuker et al. 2019; Doll et al. 2019; Kraft et al. 2020;
Mao et al. 2021). To examine whether these ferroptosis
regulators play a role in HTTQ94-mediated ferroptosis
upon ROS stress, we performed RNAi-mediated depletion
in the tet-on HTTQ94-inducible SK-N-BE(2)C cells (Sup-
plemental Fig. S4A) and overexpression in the tet-on
HTTQ94-inducible H1299 cells (Supplemental Fig. S4B)
to test whether HTTQ94-mediated ferroptosis is affected
by depletion or overexpression of FSP1, GCH1, or
DHODH. As shown in Supplemental Figure S4, C and
D, HTTQ94-mediated ferroptotic responses upon ROS
stress remained intact upon either depletion or overex-
pression of FSP1, GCH1, and DHODH. Together, these
data suggest that HTTQ94-mediated cell death upon
high levels of ROS may represent a new ferroptosis path-
way that needs to be further elucidated.

ALOX5 is required for HTTQ94-mediated ferroptosis
upon ROS-induced stress

Notably, our recent studies showed that ferroptosis can be
inducedbyactivation of the lipoxygenases (Chuet al. 2019).
The mammalian lipoxygenase family consists of six iso-
forms (ALOXE3, ALOX5, ALOX12, ALOX12B, ALOX15,

and ALOX15B) with differing substrate specificities
(Mashima and Okuyama 2015). To examine whether any
of these lipoxygenases is required for mHTT-mediated fer-
roptosis uponROS stress,we performed anRNAi-mediated
loss-of-function screen to test whether depletion of individ-
ual isoforms affects HTTQ94-dependent ferroptosis. To
this end, the tet-on HTTQ94-inducible SK-N-BE(2)C cells
were transfected with siRNAs (Dharmacon SMART-pools)
specific for each of the six lipoxygenases and treated with
TBH to induce ferroptosis. Significantly, mHTTQ94-medi-
ated ferroptosis upon ROS stress was markedly blocked by
RNAi-mediated depletion of ALOX5 but not by the deple-
tion of the other five lipoxygenases (Fig. 4A). Quantitative
polymerase chain reaction (qPCR) analyses confirmed
that the expression of each of the six lipoxygenase isoforms
was individually abrogated by RNAi-mediated depletion
(Fig. 4B). To corroborate this finding, we performed RNAi-
mediated depletion of ALOX5 in the HTTQ94 tet-on HT-
22 cells (Fig. 4C). Indeed, HTTQ94-mediated ferroptosis
uponROS stress was abolished upon loss of ALOX5 expres-
sion (Fig. 4C).

To further validate the role of ALOX5 in HTTQ94-me-
diated ferroptosis, we generated Alox5 knockout cells by
CRISPR/cas9 technology using the HTTQ94 tet-on SK-
N-BE(2)C cells (Supplemental Fig. S5A). As shown in Fig-
ure 4D, the ALOX5 protein was undetectable in Alox5-

A

B C

D E

Figure 3. HTTQ94 is able to induce the
ACSL4-independent ferroptosis upon ROS
stress. (A) Representative phase-contrast
images of cell death from the HTTQ94 tet-
on HT-22 cells. HTTQ94 tet-on HT-22 cells
were preincubated with 0.5 μg/mL doxycy-
cline for 4 h and then treated with 10 μM
TBH for 8 h in the presence or absence of
the ferroptosis inhibitors (2 μM ferrostatin-
1 [Ferr1], 2 μM liproxstatin-1 [Lipor1], and
100 μM DFO), apoptosis inhibitor (10 μM
Z-VADFMK [zVAD]), autophagy inhibitor
(2 mM 3-methylademine [3MA]), or necrop-
tosis inhibitor (10 μMnecrostatin-1 [Nec1]).
(B) Quantification of cell death, related toA.
Three replicates were used for each group.
(C ) HTTQ94 tet-on SK-N-BE(2)C control
Crispr and Acsl4Crispr cells were preincu-
bated with 0.5 μg/mL doxycycline for 16 h
and then treated with 350 μM TBH for
24 h with/without 2 μM Ferr-1. (D) Western
blot analysis of GPX4, ACSL4, andHTTQ94
in HTTQ94 tet-on SK-N-BE(2)C control
Crispr and GPX4/Acsl4 double-Crispr cells
treated with 0.5 μg/mL doxycycline for 16
h. (E) HTTQ94 tet-on SK-N-BE(2)C control
Crispr and GPX4/Acsl4 double-Crispr cells
were preincubated with 0.5 μg/mL doxycy-
cline for 16 h and then treated with 350
μM TBH for 24 h with/without 2 μM
Ferr-1. Cell deaths were calculated from
three replicates; Data shown in B, C, and E
are means± SD. P-values were derived
from two-tailed unpaired t-test. (∗∗∗) P≤
0.001, (n.s.) P>0.05.
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null cells, and loss of ALOX5 expression dramatically
abolished the HTTQ94-mediated ferroptosis upon ROS
stress (Fig. 4E). The results were further confirmed by
four independent Alox5 knockout cell lines under the
same conditions (Supplemental Fig. S5B). In contrast,
the ferroptosis response induced byHTTQ94 remained in-
tact in Alox5-null cells treated with erastin, an inhibitor
of the cystine–glutamate antiporter system Xc

− (Supple-
mental Fig. S5C).Moreover, by using flow cytometry anal-
ysis with C11-BODIPY staining, the levels of endogenous
membrane lipid peroxidation, a key marker of ferroptosis,
were significantly induced upon HTTQ94 expression, but
these effects were largely abrogated upon loss of Alox5
(Fig. 4F; Supplemental Fig. S5D). Taken together, these
data demonstrate that ALOX5 is essential for HTTQ94-
mediated ferroptosis upon ROS stress and increased lipid
peroxidation levels.

Glutamate, the most abundant endogenous excitatory
neurotransmitter in the brain, plays a crucial role in neu-
ronal tissue damage. Recently, several studies showed
that ferroptosis is regulated by glutamate (Liu et al.
2015; Maher et al. 2020; Xie et al. 2022). We treated the
HTTQ94-inducible HT-22 cell line with glutamate to in-
vestigate whether HTTQ94 also promotes glutamate-in-
duced ferroptosis. Indeed, high levels of cell death were
induced upon HTTQ94 expression in the presence of glu-
tamate (Supplemental Fig. S5E), which was inhibited by
ferrostatin-1, indicating that glutamate-induced ferropto-
sis is significantly enhanced by HTTQ94 expression.
More importantly, HTTQ94-mediated ferroptosis upon
glutamate induction could be completely blocked by
zileuton, a well-known inhibitor of ALOX5 (Supplemen-
tal Fig. S5E; Liu et al. 2015). Next, we performed RNAi-
mediated knockdown of ALOX5 (Supplemental Fig. S5F)
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B C

D E

F G

Figure 4. ALOX5 is required for HTTQ94-
mediated ferroptosis induced by ROS stress
and glutamate. (A) Cell death assay in
HTTQ94 tet-on SK-N-BE(2)C cells with differ-
ent ALOXknockdowns. Cells were transfected
with control siRNA (ctrl) or ALOX family-spe-
cific siRNAs, followed by preincubation with
0.5 µg/mL doxycycline for 16 h and then treat-
ed with 350 μM TBH for 24 h. (B) qPCR analy-
sis of the knockdown efficiency of ALOX
family members in HTTQ94 tet-on SK-N-BE
(2)C cells transfected with control siRNA or
ALOX family-specific siRNAs. (C ) Cell death
assay in HTTQ94 tet-on HT-22 cells with
ALOX5 knockdown. Cells were transfected
with control siRNA (ctrl) or ALOX5-specific
siRNA and then preincubated with 0.5 µg/mL
doxycycline for 4 h, followed by 10 μM TBH
treatment for 8 h. (Left panel) ALOX5 knock-
down efficiency. (Right panel) Cell death assay.
(D) Western blot analysis of ALOX5 and
HTTQ94 in HTTQ94 tet-on SK-N-BE(2)C con-
trol Crispr and Alox5-Crispr cells treated with
0.5 μg/mL doxycycline for 16 h. (E) Cell death
assay for mHTT tet-on SK-N-BE(2)C control
Crispr and Alox5-Crispr cells. Cells were pre-
incubated with 0.5 μg/mL doxycycline for
16 h, followed by incubation with 350 μM
TBH for 24 h with/without 2 μM Ferr-1. (F )
FACS analysis of lipid ROS production in
HTTQ94 tet-on SK-N-BE(2)C control Crispr
and Alox5-Crispr cells. Cells were preincu-
bated with 0.5 μg/mL doxycycline for 16 h
and then treated with 350 μM TBH for 6
h. Lipid ROS was stained with C11-BODIPY.
(G) Cell death assay in HTTQ94 tet-on HT-
22 cells. Cells were transfected with control
siRNA (ctrl) or ALOX5 siRNA, followed by in-
cubation with 0.5 μg/mL doxycycline and 10
mM glutamate for 16 h in the presence or ab-
sence of 2 μMFerr-1. Cell deaths were calculat-
ed from three replicates. Data shown inA,C, E,
and G are means± SD. P-values were derived
from two-tailed unpaired t-test. (∗∗∗) P≤ 0.001.
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to further examine the role of ALOX5 in regulating gluta-
mate-mediated ferroptosis. As shown in Figure 4G,
HTTQ94-mediated ferroptosis was indeed abrogated in
ALOX5 knockdown cells. Thus, these data indicate that
ALOX5 is also critical for glutamate-mediated ferroptosis
upon HTTQ94 expression.

Mechanistic insight into ALOX5 activation induced
by HTTQ94 expression

To dissect the mechanism by which HTTQ94 promotes
ALOX5-dependent ferroptosis, we first tested whether
the protein levels of ALOX5 are regulated by HTTQ94 ex-
pression. As shown in Supplemental Figure S6A, Western
blot analysis revealed that HTTQ94 overexpression had
no obvious effect on the levels of ALOX5 protein, suggest-
ing that ALOX5 protein stability is not affected in
HTTQ94-overexpressing cells. Like ALOX12, ALOX5 is
a member of the lipoxygenase family containing intrinsic
lipoxygenase activity (Chu et al. 2019). However, unlike
other lipoxygenases, ALOX5 requires a specific cofactor
called FLAP (the 5-lipoxygenase-activating protein) for
catalyzing the lipid oxygenation reaction (Peters-Golden
and Brock 2003; Mashima and Okuyama 2015). Next,
we examined whether the protein stability of FLAP can
be regulated by HTTQ94. Notably, the steady-state levels
of FLAP were markedly increased upon HTTQ94 coex-
pression (Fig. 5A) but were not affected by coexpression
of the N-terminal fragment wild-type huntingtin protein
containing the normal 19 glutamine residues (HTTQ19)
(Fig. 5A). Moreover, the levels of endogenous FLAP, but
not ALOX5, were increased in a dosage-dependent man-
ner upon HTTQ94 induction (Fig. 5B); the half-life of en-
dogenous FLAP was significantly extended upon
HTTQ94 expression from 6 to >12 h (Fig. 5C; Supplemen-
tal Fig. S6B). These data indicate that HTTQ94, but not
the wild-type counterpart (HTTQ19), is able to increase
the protein stability of FLAP.

Next, we examined the interaction between HTTQ94
(or HTTQ19) and FLAP in human cells. To this end, we
transfected cells with a HTTQ94 or HTTQ19 expression
vector in the presence or absence of a vector encoding
FLAG-FLAP in 293 cells. As shown in Figure 5D,
HTTQ94was readily detected in the immunoprecipitated
complexes of FLAG-FLAP; however, the wild-type coun-
terpart (HTTQ19) failed to be detected in the immunopre-
cipitated complexes of FLAG-FLAP under the same
conditions (Fig. 5D), suggesting that HTTQ94 specifically
interacts with FLAP. To further dissect themechanism by
which HTTQ94 promotes the stabilization of FLAP, we
tested the effect of the expression ofHTTQ94 on the levels
of FLAPubiquitination. Indeed, the levels of ubiquitinated
FLAP were dramatically reduced upon the expression of
HTTQ94 but not HTTQ19 (Fig. 5E), suggesting that
HTTQ94 stabilizes FLAPbysuppressing FLAPubiquitina-
tion. Finally, to evaluate the importance of FLAP in
HTTQ94-mediated effects, we tested whether HTTQ94-
mediated ferroptosis also requires FLAP. To this end, we
first knocked down the endogenous FLAP by RNAi in
the HTTQ94-inducible cells and then tested the effects

of depletion of FLAPonHTTQ94-mediated ferroptosis. In-
deed, upon RNAi-mediated depletion of FLAP (Supple-
mental Fig. S6C), HTTQ94-mediated ferroptosis upon
ROS stress was largely abrogated (Fig. 5F). Moreover, we
investigated whether pharmacological inhibition of
FLAP or ALOX5 with specific inhibitors of FLAP or
ALOX5 (Pergola et al. 2014; Liu et al. 2015) has any effect
on HTTQ94-mediated ferroptosis. Indeed, HTTQ94-me-
diated ferroptosis was largely abrogated by specific inhibi-
tors of either FLAP or ALOX5 in both HT-22 (Fig. 5G) and
SK-N-BE(2)C (Supplemental Fig. S6D) cells. Taken togeth-
er, these data demonstrate that HTTQ94 promotes
ALOX5-mediated ferroptosis by interacting with FLAP
and up-regulating its stability.

Loss of ALOX5 ameliorates the pathological phenotypes
and significantly extends the life spans of these HDmice

To examine the role of HTTQ94-mediated, ALOX5-de-
pendent ferroptosis in contributing to the pathophysiolog-
ical phenotypes in the HD mice, we crossed these HD
mice (HD-N171-82Q) with Alox5-null mice to generate
compoundHD/Alox5-null mutantmice. As shown in Fig-
ure 6A, ALOX5 protein levels were undetectable in the
brains of HD/Alox5-null mutant mice. As expected, the
HD-N171-82Q mice displayed a progressive neurological
phenotype at 9 wk old. For example, the clasping reflex,
an abnormal posturing of the hind limb during the tail sus-
pension, is a pathological characteristic of HD mice that
reflects the progression of brain damage (Schilling et al.
1999; Paul and Snyder 2019). We examined the pheno-
types of the HD/Alox5-null mice in comparison with
the age-matched HD littermates. Strikingly, we found
that the levels of the HDmice showing clasping were sig-
nificantly reduced in the HD/Alox5-null mice (Fig. 6B;
Supplemental Fig. S7A). Moreover, the travelled distance
was significantly improved in the HD/Alox5-null mice
(Fig. 6C). More importantly, the HD/Alox5-null mutant
mice lived much longer than the HD control mice, with
the median survival increased to 134 d compared with
94 d for the HD mice (Fig. 6D).

To evaluate the role of ferroptosis in contributing to the
pathological phenotypes of these mice, we examined
whether mHTT-mediated ferroptosis is indeed elevated
in the HD mice and whether loss of ALOX5 is effective
to reduce the ferroptotic response in vivo. Ferroptosis is
a new type of programmed cell death driven by the iron-
dependent accumulation of lipid ROS. To examine the
levels of ferroptosis in the HDmice, we established a reli-
able way to specifically detect ferroptotic cells in tissue
sections to gauge the extent of ferroptosis in animal mod-
els. Notably, by screening ∼4750 monoclonal antibodies
generated for their ability to selectively detect cells under-
going ferroptosis, one antibody—3F3 ferroptotic mem-
brane antibody (3F3-FMA), which recognizes the human
transferrin receptor 1 protein (TfR1)—was discovered as
a specific ferroptosis-staining reagent (Feng et al. 2020).

To validate whether this ferroptosis marker is effective
for staining ferroptotic cells in theHDmice,we first exam-
ined whether the anti-TfR1 antibody staining is able to
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specifically recognize ferroptotic cells induced by
HTTQ94 expression in mouse neuronal cells. To this
end, we used the tet-on-HTTQ94 mouse hippocampal

HT-22 neuronal-inducible cell line. As shown in Supple-
mental Figure S7B, upon the induction ofHTTQ94 expres-
sion in the presence of tert-butyl hydroperoxide (TBH), the
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Figure 5. Mechanistic insight into HTTQ94-induced ALOX5 activation. (A) Western blot analysis of FLAP and HTTQ94 or HTTQ19 in
HEK293 cells transfected with an HA-FLAP-expressing plasmid and either an empty vector, HTTQ94-GFP-expressing vector, or
HTTQ19-GFP-expressing vector. (B) Western blot analysis of endogenous FLAP and ALOX5 in HTTQ94 tet-on SK-N-BE(2)C cells incu-
bated with 0.5 μg/mL doxycycline for 4, 8, and 16 h. (C ) Densitometry quantification of FLAP protein levels calculated using ImageJ soft-
ware and plotted for half-life determination corresponding to Supplemental Figure S5B. (D) Co-IP of GFP-tagged HTTQ94/HTTQ19 and
FLAG-tagged FLAP in HEK293 cells. Cell lysates were immunoprecipitated with anti-FLAG-coupled beads (M2), followed by Western
analysis of HTTQ94, HTTQ19, and FLAP. (E) Ubiquitination analysis of FLAP in the presence of HTTQ94 or HTTQ19. HEK293 cells
were cotransfected with FLAG-FLAP and HA-ubiquitin (Ub) in the presence of HTTQ94 or HTTQ19. Cell lysates were immunoprecip-
itated with anti-FLAG-coupled beads (M2), followed by Western blot analysis of HA, FLAP, and HTT proteins. (F ) Cell death assay for
HTTQ94 tet-on SK-N-BE(2)C cells with FLAP knockdown. Cells were transfected with control siRNA (ctrl) or FLAP-specific siRNA
and then preincubated with 0.5 µg/mL doxycycline for 16 h, followed by 350 μM TBH treatment for 24 h. (G) Cell death assay.
HTTQ94 tet-on HT-22 cells preincubated with 0.5 μg/mL doxycycline for 4 h were treated with 10 μM TBH for 8 h in the presence or
absence of 2 μM Ferr-1, 10 μM zileuton, or 10 μM MK886. Cell deaths were calculated from three replicates. Data shown in F and G
are the means± SD. P-values were derived from two-tailed unpaired t-test. (∗∗∗) P≤0.001.
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levels of the anti-TfR1 antibody-stained cellsweredramat-
ically increased. As expected, the anti-TfR1 antibody
stained with greater intensity at the cell boundaries of
those ferroptotic cells, and intracellular puncta also

became brighter. In addition, the levels of the staining
were abolished in the presence of the ferroptosis inhibitor
ferrostatin-1 (Ferr-1) (Supplemental Fig. S7B). Moreover,
the levels of the anti-TfR1 antibody staining were well
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Figure 6. Loss of ALOX5 ameliorates the phenotypes and significantly extends the life spans of HD mice. (A) Western blot analysis for
ALOX5 expression in HD and HD/Alox5-null mouse brains. (B) Representative images of limb clasping from the HD and HD/Alox5-null
mice. (C ) Open field test. Thirteen-week-oldmicewere subjected to open field test, and the distancemovedwas calculated. Sixmicewere
used for each group (HD vs. HD/Alox5-null; P <0.01). (D) Kaplan–Meier survival curves of HD (n= 21 independent mice) and HD/Alox5-
null (n=25 independent mice) mice. P-value was calculated using log-rank Mantel–Cox test (HD vs. HD/Alox5-null; P<0.0001). (E,F )
TfR1 staining on mouse brain slides. WT, HD-N171-82Q, and HD-N171-82Q/Alox5-null mouse brain paraffin slides were dewaxed,
and antigens were retrieved by PH6.0 citric acid solution followed by incubation with TfR1 antibody. (E) Representative images of
TfR1 staining (four mice for each group). Nuclei were stained with DAPI. (F ) Quantification of TfR1-positive striatal neurons. Data are
represented as mean±SEM. (G) Representative images of TfR1 and DARPP-32 double staining on mouse brain paraffin slides. DARPP-
32 was used as a marker for striatal medium spiny neurons (Naia and Rego 2018). (H) Quantification of TfR1-positive striatal neurons,
related to G. Data shown in C, F, and H are the means± SEM. n=6. P-values were derived from two-tailed unpaired t-test. (∗∗∗) P≤
0.001, (∗∗) P≤0.01.
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correlated with the levels of ferroptosis cell death (Supple-
mental Fig. S7C,D). These data indicate that the anti-TfR1
antibody is able to selectively stain ferroptotic cells in-
duced by HTTQ94 expression. Next, we performed the
same assay to examine the role of ALOX5 in modulating
the ferroptosis levels in vivo. As shown in Figure 6E, the
levels of the bright staining with great intensity by anti-
TfR1 antibody were very low in the wild-type mouse stri-
atum; in contrast, the anti-TfR1-positive-stained neurons
were significantly increased in HD-N171-82Qmouse stri-
atum. More importantly, Alox5 deficiency completely
abolished the levels of these anti-TfR1-positive-stained
neurons (Fig. 6E,F). Thus, by using the anti-TfR1 antibody
staining, we confirmed that ALOX5 is crucial for ferrop-
totic cell death in the HD mice. Since the medium spiny
projection neuron cells constitute ∼95% of striatal neu-
rons, it is very likely that the ferroptotic cells detected in
the HD mice (HD-N171-82Q) are the medium spiny pro-
jection neurons. To this end, we used dopamine- and
cAMP-regulated phosphoprotein 32 kDa (DARPP-32) as
a specific maker for striatal neurons (Naia and Rego
2018). Indeed, all the striatal neuronal cells were stained
by the anti-DARPP-32 antibody (Fig. 6G, green). Simulta-
neously, the ferroptotic neuronal cells from the HD brains
were also brightly stained with the anti-TfR1 antibody
(Fig. 6G, red). Notably, all the anti-TfR1-positive cells
(Fig. 6G, red) were also stained with the anti-DARPP-32
antibody (Fig. 6G, green). Moreover, the levels of ferrop-
totic striatal neurons with TfR1-positive staining were
completely abolished in HD/Alox5-null mice (Fig. 6G,
H). Taken together, these data demonstrate that the levels
of ferroptosis are up-regulated in the striatal neurons of the
HD mice and that deletion of the Alox5 gene effectively
abrogates the ferroptosis activity in the HD mice.

Discussion

Cell death induced by mHTT toxicity is a pathological
hallmark in HD, characterized by significant neuronal
loss in the striatum and cerebral cortex, followed by wide-
spreadneuronal loss in other brain regions (Thuet al. 2010;
Nana et al. 2014; Bates et al. 2015). Previous studies have
indicated that apoptosis is apparently not themajor factor
for the neuronal cell death in HD (Turmaine et al. 2000;
Hickey and Chesselet 2003). Ferroptosis is a newly identi-
fied form of cell death that is morphologically, biochemi-
cally, and genetically distinct from other known forms of
cell death (Dixon et al. 2012; Stockwell et al. 2017). Indeed,
we found that expression of the mHTT fragment with the
expanded 94 glutamine residues (HTTQ94), but not the
wild-type counterpart (HTTQ19), sensitizes neuronal
cells to ferroptosis. Although numerous studies implicate
ACSL4 as a central factor in modulating ferroptotic re-
sponses induced by GPX4 inhibition, we failed to show
that inactivation of the ACSL4-dependent ferroptosis has
any significant effect on pathophysiological phenotypes
and the life spans of the HD mice. Notably, we demon-
strated that expression of HTTQ94 induces ferroptosis
upon ROS-induced stress through a distinct pathway.

Our results further demonstrated that HTTQ94-mediated
ferroptosis upon ROS stress is mediated by ALOX5.More-
over, we showed that HTTQ94 promotes the function of
ALOX5 through stabilizing its cofactor, FLAP.
Signs and symptoms of Huntington’s disease typically

begin at age 30–50 yr and progress over the next 10–20
yr (Bates et al. 2015), suggesting that besides mHTT toxic
function, aging also plays an important role in neuronal
death. The production of ROS is progressively increased
in aging, which is one of the key factors in cellular damage
(Floyd and Hensley 2002; Tower 2015). Although the pre-
cise mechanism of mHTT-mediated ferroptosis in vivo
needs further elucidation, based on our data, it is very
likely that mHTT-mediated ferroptotic responses are
tightly regulated by the levels of ROS production in HD
patients. Moreover, glutamate, the most common endog-
enous excitatory neurotransmitter in the brain, plays a
crucial role in neuronal tissue damage. Under normal
physiological condition, glutamate regulates memory,
learning, cognitive, emotional, endocrine, and other vis-
ceral functions (Liu et al. 2015; Maher et al. 2020; Xie
et al. 2022). Interestingly, our data indicate that gluta-
mate-induced ferroptosis is significantly enhanced by
HTTQ94 expression. More importantly, we further
showed that ALOX5 is essential for these effects. Numer-
ous studies indicate that glutamate-mediated cell death is
involved in the pathogenesis of almost all neurological
diseases, including Huntington’s diseases (Coyle and
Puttfarcken 1993; Caudle and Zhang 2009; Lewerenz
and Maher 2015; McGrath et al. 2022). These data reveal
a potential physiological pathway in modulating mHTT-
induced ferroptosis during the pathological process of
Huntington’s diseases. Ferroptosis driven by lethal
amounts of lipid peroxide is critical for ROS stress re-
sponses (Yang and Stockwell 2016). Lipid peroxidation
has been observed in the brains of the HD mice (Lee
et al. 2011; Skouta et al. 2014), indicating the involvement
of ferroptosis in the progression of HD. Our data further
showed that loss of ALOX5 expression abrogates ferropto-
sis in the striatal neurons of the HD mice. More impor-
tantly, the HD/Alox5-null mutant mice survived
significantly longer than HD mice with much improved
pathological phenotypes. Further studies are clearly war-
ranted to further characterize the phenotypes of the HD/
Alox5-null mutant mice and, more importantly, to vali-
date these findings in the HD mouse model expressing
full-length mHTT and other HD mouse models. Never-
theless, our findings indicate that the ALOX5-dependent
ferroptosis pathway is crucial in mHTT-induced patho-
physiological phenotypes of the HD mice and suggest
that inhibition of the ALOX5 activity may be beneficial
for treatment of Huntington’s disease.

Limitations of the study

Although the role of the ACSL4-mediated ferroptosis in
contributing to several types of neurodegenerative diseas-
es has beenwell recognized, our study indicates that a new
ferroptosis pathway controlled by ALOX5 is critical for
mHTT-mediated effects in HD mice. There are several
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additional mouse models of HD, including the knock-in
and BAC transgenic mice that express full-length mutant
HTT. HdhQ111 knock-in mice express 111-glutamine
mutant huntingtin from the mouse HTT endogenous lo-
cus and exhibit early dominant abnormalities selective
for medium spiny striatal neurons, including nuclear re-
tention of full-length mutant huntingtin (Wheeler et al.
2000). A bacterial artificial chromosome (BAC)-mediated
transgenicmousemodel (BACHD)was developed express-
ing full-length mHTT with 97 glutamine repeats under
the control of endogenous HTT regulatory machinery on
the BAC (Gray et al. 1998). Both HDmice exhibit progres-
sive motor deficits, neuronal synaptic dysfunction, and
selective neuropathology, which includes significant cor-
tical and striatal atrophy and striatal dark neuron degener-
ation. Since limited pathological phenotypes of HD mice
were analyzed in this study, future studies are clearly war-
ranted to examine whether loss of ALOX5 expression is
able to effectively ameliorate the pathological phenotypes
and significantly extend the life spans of those HD mice.
Moreover, mHTT-mediated ferroptosis is effectively
blocked by zileuton, a specific inhibitor of ALOX5. Inter-
estingly, zileuton is an FDA-approved drug that has been
used for the treatment of asthma (Liu et al. 2015). It will
be very interesting to test the effect of this compound in
the pathological phenotypes and the life spans of HD
mice for repurposing this drug to potential therapeutic ap-
plication in Huntington’s disease.

Materials and methods

Mammalian cell culture

The SK-N-BE(2)C neuroblastoma, H1299, and HEK293 cell lines
were obtained from American Type Culture Collection (ATCC).
The HT-22 mouse hippocampal neuronal cell line was obtained
from Sigma-Aldrich in 2018. All cells have been tested to be neg-
ative for mycoplasma contamination. No cell lines used in this
work were listed in the International Cell Line Authentication
Committee database. All cells were cultured in a 37°C incubator
with 5%CO2. Allmediawere supplemented inDMEMwith 10%
FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin (all from
Gibco). Stable cell lines derived from these cell lines, and experi-
mental treatments are described in detail in the Materials and
Methods.

Plasmids

pTreTight-HTTQ94-GFP was a gift from Nico Dantuma (Addg-
ene plasmid 23966, http://n2t.net/addgene:23966, RRID: Addg-
ene_23966). HTTQ94-GFP was subcloned into pcDNA3.1/v5-
His-Topo vector (Invitrogen). The HTTQ94 sequence was ampli-
fied from pTreTight-HTTQ94-GFP. The HTTQ19 (nHTT) se-
quence was amplified from the DNA isolated from human
cells. Both the HTTQ94 and HTTQ19 sequences were subcloned
into pDONR221 vector and then subcloned into pInducer vector
(Gateway LR kit, Thermo) to generate pInducer-HTTQ19 and
pInducer-HTTQ94, respectively. V5-ALOX5 was previously de-
scribed (Chu et al. 2019). pDONR221-FLAP was obtained from
Harvard Medical School PlasmID (HsCD00043730). To generate
HA-FLAP and FLAG-FLAP, full-length FLAPwas amplified using
forward primer with the HA sequence and the FLAG sequence,

respectively, and then subcloned into pcDNA3.1/v5-His-Topo
vector (Invitrogen). cDNA of AIFM2 (FSP1), GCH1, and DHODH
was amplified using forward primer with the FLAG sequence and
cloned into pcDNA3.1/v5-His-Topo vector (Invitrogen).

Cell lines

To generate the HTTQ94 and HTTQ19 fragment tet-on stable
cell lines, pInducer-HTTQ94 and pInducer-HTTQ19 were trans-
fected into H1299 cells. To generate the HTTQ94 tet-on stable
neuronal cell lines, pInducer-HTTQ94 was transfected into
HT-22 and SK-N-BE(2)C cells. The transfected cells were selected
andmaintainedwith 500 μg/mLG418 (Sigma) inDMEMmedium
containing 10% FBS. Single clones were selected and screened by
Western blot.Acsl4 andAlox5CRISPR–cas9 knockout cells were
generated by transfecting ACSL4 and ALOX5 double-nickase
plasmid (ACSL4 : Santa Cruz Biotechnology sc-401649-NIC,
and ALOX5: Santa Cruz Biotechnology sc-401239-NIC) into the
HTTQ94 tet-on SK-N-BE(2)C cells. Acsl4/GPX4 double-knock-
out cells were generated by transfecting ACSL4 and GPX4 dou-
ble-nickase plasmid (GPX4; Santa Cruz Biotechnology sc-
401558-NIC) simultaneously into the HTTQ94 tet-on SK-N-BE
(2)C cells. Forty-eight hours later, CRISPR efficiency was deter-
mined by Western blot analysis, and then pool cells were seeded
in 10-cm dishes to grow clones at a density of 100–200 cells/dish.
One week or 2 wk later, moloclones were picked and seeded into
12-well plates, followed by identification by Western blot
analysis.

Western blotting and antibodies

Protein extracts were analyzed by Western blotting according to
standard protocols using primary antibodies specific for ALOX5
(1:500 dilution; Cell Signaling 3289S), ACSL4 antibody (A5;
1:1000 dilution; Santa Cruz Biotechnology sc-271800), HA
(1:1000 dilution; Sigma 11867423001), FLAG (1:1000 dilution;
Sigma F-3040), FLAP (1:1000 dilution; Abcam ab85227), β-actin
(1:2000 dilution; Abcam ab8227), and vinculin (1:5000 dilution;
Sigma-AldrichV9264). HRP-conjugated antimouse (SouthernBio-
tech 1031-05) and antirabbit secondary antibody (SouthernBio-
tech 4050-05) and antirat secondary antibody (Southern Biotech
3051-05) were used.

RNA interference

Cells were plated at 20%–30% density 1 d prior to siRNA trans-
fection. Knockdown of ALOX family proteins and FLAP was per-
formed by transfection of HTTQ94 tet-on SK-N-BE(2)C cells with
60 μM siRNA duplex oligo set (ON-TARGET plus SMARTpool:
ALOXE3: L-009022-00-0005, ALOX12B: L-009025-00-0005, AL
OX12: L-004558-00-0005, ALOX5: L-004530-00-0005, ALOX15B:
L-009026-00-0005, ALOX15: L-003808-00-0005, and FLAP:
L-010166-01-0005; Horizon Discovery) with Lipofectamine 3000
(Invitrogen) according to the manufacturer’s protocol. HTTQ94
tet-on HT-22 cells were transfected with 60 μM mouse ALOX5
siRNA duplex oligo set (ON-TARGET plus SMARTpool,
L-065695-01-0005; Horizon Discovery). HTTQ94 tet-on SK-N-BE
(2)C cells were transfected with 40 μM AIFM2/FSP1, GCH1, and
DHODH siRNA pools (Invitrogen). Cells were collected at 48–72
h after transfection and subjected to functional assays. The siRNA
target sequences were follows: AIFM2/FSP1 (siRNA-1, 5′-CAAC
AUCGUCAACUCUGUGAA-3′ and siRNA-2, 5′-GAUUCUCUG
CACCGGCAUCAA-3′), GCH1 (siRNA-1, 5′-GCGAGGAUUGU
AGAAAUCUAU-3′ and siRNA-2, 5′-GCAACACACAUGUGUA
UGGUA-3′), and DHODH (siRNA-1, 5′- GUGAGAGUUCUGGG
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CCAUAAA-3′ and siRNA-2, 5′-CGAUGGGCUGAUUGUUAC
GAA-3′).

RNA extraction and qRT-PCR

Total RNAwas extracted using TRIzol (Thermo Fisher Scientific
15596018) according to the manufacturer’s protocol. cDNA was
generated using SuperScript IV VILOmaster mix (Thermo Fisher
Scientific 11756500). Quantitative PCR was done using a 7500
Fast real-time PCR system (Applied Biosystems) with standard
protocol. Reactions were done in triplicate. The following prim-
erswere used: humanALOX family andmouseCHAC1 described
previously (Chu et al. 2019), human FLAP (forward 5′-CTT
GCCTTTGAGCGGGTCTA-3′ and reverse 5′-CATCAGTCC
AGCAAACGCAG-3′), mouse ALOX5 (forward 5′-ATCGAGTT
CCCATGTTACCGC-3′ and reverse 5′-AATTTGGTCATCTCG
GGCCA-3′), human AIFM2/FSP1 (forward 5′-AGACAGGGT
TCGCCAAAAAGA-3′ and reverse 5′-CAGGTCTATCCCCACT
ACTAGC-3′), human GCH1 (forward 5′-ACGAGCTGAAC
CTCCCTAAC-3′ and reverse 5′-GAACCAAGTGATGCTCAC
ACA-3′), and human DHODH (forward 5′-GTTCTGGGCCA
TAAATTCCGA-3′ and reverse 5′-TCTGGGTCTAGGGTTTC
CTTC-3′).

Drugs and cell death inhibitors

All drugs (except for those listed below) were ordered fromSigma-
Aldrich. Ferrostatin-1 was from Xcess Biosciences, and MK886
was from MedChemExpress (MCE). For ROS generation, tert-
butyl hydroxide solution (TBH) was used at different doses de-
pending on the experiment; see the respective figure legends. Era-
stin (ferroptosis inducer), rosiglitazone (ACSL4 inhibitor),
troglitazone (ACSL4 inhibitor), zileuton (ALOX5 inhibitor),
MK886 (FLAP inhibitor), ferrostatin-1 (ferroptosis inhibitor),
DFO (ferroptosis inhibitor), liproxstatin-1(ferroptosis inhibitor),
3-methylademine (autophagy inhibitor), Z-VADFMK (apoptosis
inhibitor), and necrostatin-1(necroptosis inhibitor) were used at
different doses depending on the experiment; see the related fig-
ure legends.

Cell death assay

Cells were treatedwith ferroptosis inducer TBHorwith erastin or
glutamate combined with other drugs or conditions. At the indi-
cated time points, cells were trypsinized and stained with trypan
blue followed by counting with a hemocytometer using the cell
number counter (Life Technologies Countess II). Living cells
and dead cells were all counted, and cells stained by trypan blue
were considered dead cells. Quantification of cell death was fur-
ther confirmed using ToxiLight nondestructive cytotoxicity bio-
assay kit (Lonza LT07-117). Data were collected using a GloMax
Explorer multimode microplate reader (Promega).

Lipid ROS assay using flow cytometer

Cells were incubatedwithDMEMcontaining 5 μMBODIPY 581/
591 C11 (Thermo Fisher Scientific D3861) for 25–30 min at 37°C
in serum-free medium. Cells were then harvested and washed
twice with PBS followed by resuspension in 500 μL of PBS. Lipid
ROS levelswere analyzedusing a BectonDickinson FACSCalibur
machine through the FL1 channel, and the datawere analyzed us-
ing CellQuest software. Ten-thousand cells were collected and
analyzed for each sample.

Mice

TheAlox5 knockout mice and Huntington transgenic mice (HD-
N171-82Q) were purchased from The Jackson Laboratory (stock
nos. 004155 and 003627, respectively). The Acsl4 knockout
mice were described previously (Chu et al. 2019). All experimen-
tal protocols using mice were approved by the Institutional Ani-
mal Care and Use Committee (IACUC) of Columbia University.

Immunofluorescence staining

For cell lines, HT-22HTTQ94-inducible cells were fixedwith 2%
paraformaldehyde for 20min at room temperature and then incu-
bated with blocking buffer (10% donkey serum, 0.3% Triton
X-100 in PBS), followed by incubation with TfR1 antibody (1:
250; Thermo Fisher Scientific 13-6800) for 1 h, and then incubat-
edwithAlexa 568-conjugated secondary antibody (1:250; Thermo
Fisher Scientific A11004) for an additional 1 h.
For mouse brain slides, brain paraffin slides were dewaxed by

xylene, and antigens were retrieved with PH6.0 citrate buffer us-
ing a pressure cooker. Slides were blocked with 5% horse serum
for 30 min and then incubated with primary antibody (TfR1:
1:1000 [Thermo Fisher Scientific 13-6800] and DARPP-32:
1:200 [Cell Signaling 2306]) for 1–1.5 h, followed by incubation
with biotinylated secondary antibody (1: 200; Vector Laboratories
BA-2000 and BA-1000) for 30min, and then incubated with strep-
tavidin-conjugated Alexa 594/488 dye (1:1000; Thermo Fisher
Scientific S32356 and S32354) for another 30 min. In the dou-
ble-staining experiment, Alexa 488-conjugated secondary anti-
body (Thermo Fisher Scientific A11008) was also used for
detecting DARPP-32.

Behavioral tests

Both female and male mice were included for behavioral tests.
There was no significant effect on gender for the behavioral tests.
Motor activity was measured at 13 wk of age in an open field.
Micewere allowed to habituate to the experimental environment
for at least 1 h before assessment. Mice were placed in the center
for 10 min, during which the distance travelled was recorded for
the last 5 m by a digital camera coupled to the Smart Junior sys-
tem. The distance travelled within each group was averaged sep-
arately. As for the clasping test, each mouse was suspended
upside down by its tail for 15 sec. They were administered three
trials per week at 9, 11, and 13 wk of age. The weekly percentage
of limb clasping within each group was averaged separately. The
weight of each mouse was recorded weekly.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism 9 soft-
ware. Results are presented as themean±SD or ± SEM. Statistical
significance of the mouse Kaplan–Meier survival curves was de-
termined by log-rank Mantel–Cox test.
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