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Oxidative stress plays a key role in late onset diseases including
cancer and neurodegenerative diseases such as Huntington dis-
ease. Therefore, uncovering regulators of the antioxidant stress
responses is important for understanding the course of these
diseases. Indeed, the nuclear factor erythroid 2-related factor 2
(NRF2), a master regulator of the cellular antioxidative stress
response, is deregulated in both cancer and neurodegeneration.
Similar to NRF2, the tumor suppressor Homologous to the E6-AP
Carboxyl Terminus (HECT) domain and Ankyrin repeat containing E3
ubiquitin—protein ligase 1 (HACE1) plays a protective role against
stress-induced tumorigenesis in mice, but its roles in the antioxida-
tive stress response or its involvement in neurodegeneration have
not been investigated. To this end we examined Hace? WT and KO
mice and found that Hace7 KO animals exhibited increased oxidative
stress in brain and that the antioxidative stress response was im-
paired. Moreover, HACE1 was found to be essential for optimal
NRF2 activation in cells challenged with oxidative stress, as HACE1
depletion resulted in reduced NRF2 activity, stability, and protein
synthesis, leading to lower tolerance against oxidative stress triggers.
Strikingly, we found a reduction of HACE1 levels in the striatum of
Huntington disease patients, implicating HACE1 in the pathology
of Huntington disease. Moreover, ectopic expression of HACE1 in
striatal neuronal progenitor cells provided protection against mutant
Huntingtin-induced redox imbalance and hypersensitivity to oxidative
stress, by augmenting NRF2 functions. These findings reveal that the
tumor suppressor HACE1 plays a role in the NRF2 antioxidative stress
response pathway and in neurodegeneration.
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xidative stress contributes to the development of numerous

late onset human diseases such as neurodegeneration and
cancer (1, 2). Molecular mechanisms that sense and respond to
increased reactive oxygen species (ROS) levels have evolved and
are highly conserved. One such master regulator of the anti-
oxidative stress response is the transcription factor nuclear factor
erythroid 2-related factor 2 (NRF2) (3). In response to increased
ROS, NRF2 induces expression of antioxidant proteins such as
Heme Oxygenase (HO1) and NAD(P)H dehydrogenase (qui-
nine; NQOI1) and key enzymes in the glutathione (GSH) bio-
synthesis pathway such as GSH synthetase (GSS) (4), collectively
known as phase II detoxifying enzymes (5). NRF2 activity is
tightly regulated by cellular redox balance. Under normal con-
ditions, NRF2 is bound to the oxidative stress sensor KEAP1 to
promotes NRF2 ubiquitylation and proteosomal degradation
(6), resulting in low basal NRF2 activity. Under oxidative stress,
KEAP1 becomes oxidized, disrupting its interaction with NRF2
(7), thus leading to stabilization and nuclear translocation of
NREF2, where it transcribes its specific target genes.
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NRF2 is critical for maintaining redox homeostasis, as Nrf2
knockout (KO) mice are prone to urethane-induced tumors (8)
and NRF2 hyperactivity or deficiency is observed in cancer and
neurodegeneration, respectively (9). Although KEAP1 oxidation
is the most well-established mechanism of NRF2 regulation,
other factors also promote NRF2 accumulation. These include
p21 and p62 that interfere with KEAP1 binding to NRF2 (10,
11), protein kinase C that phosphorylates NRF2 to promote its
accumulation (12), Ras pathway activation that enhances NRF2
mRNA expression (13), and H,O, that increases NRF2 mRNA
translation (14).

Homologous to the E6-AP Carboxyl Terminus (HECT) do-
main and Ankyrin repeat containing E3 ubiquitin—protein ligase
1 (HACE]1) is a tumor suppressor that is inactivated in human
Wilms’ tumor and other cancers (15, 16). HACE1 is a HECT
family E3 ligase (15-17) that binds to and ubiquitylates the GTP-
bound active form of Racl, a Rho family GTPase (17, 18).
HACE] is ubiquitously expressed with relatively higher expres-
sion in heart, placenta, kidney, and brain (15). We recently found
that HACEI specifically targets activated Racl when the latter is
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Fig. 1. HACE1 loss reduces antioxidative stress responses. (A) Hacel WT or
KO MEFs were treated with H,O, (400 pM) or AR (10 uM) for 8 h, and cell
death was determined by annexin V and propidium iodide (PI) staining.
(Left) Typical FACS plots. (Right) Cell death relative to control. n = 3; *P <
0.05. (B) ROS levels in Hace? WT and KO MEFs treated with GSH (1 uM; 16 h)
or untreated controls were determined using 2',7'—dichlorofluorescein diac-
etate (DCFDA) and FACS. (Left) Typical histograms. (Right) Relative fluores-
cence levels. n = 3; *P < 0.05; NS, nonsignificant. (C) GSH levels were measured
in lysates obtained from Hace? WT or KO MEFs. Values are relative to Hace?
WT. n =3; *P < 0.05.

bound to Racl-dependent NADPH oxidase complexes, and
therefore reduces ROS generation by these complexes (19).

Of note, there are several reported similarities between Hacel
KO and Nrf2 KO mice. As in Nrf2 null mice (8), tumor incidence
is dramatically enhanced in Hacel KO mice when they age or are
subjected to urethane treatment and ionizing radiation (16).
Because these stresses are linked to enhanced oxidative stress,
we hypothesized that HACE1 may play a role in the oxidative
stress response. Here we report that HACEI is an important
component of the cellular ROS detoxification and antioxidative
stress responses by facilitating optimal activation of NRF2. This
has potential consequences for neurodegenerative diseases such
as Huntington disease (HD), as HACEI protects neuronal pro-
genitor cells from mutant Huntingtin (mHTT) toxicity by aug-
menting the NRF2 response. Moreover, its expression is markedly
reduced in HD striatum, implicating HACEL1 inactivation in the
pathogenesis of HD.

Results

HACE1 Mediates Resistance to Oxidative Stress. To determine if
HACE]! is involved in cellular detoxification of oxidant load,
we challenged Hacel WT and KO mouse embryonic fibroblasts
(MEFs) with H,O, or arsenite (AR) and measured their ability
to survive acute oxidative stress. Hacel KO MEFs were sig-
nificantly more sensitive to both forms of oxidative stress com-
pared with WT MEFs (Fig. 14). Moreover, HACE1 knockdown
(kd) using specific siRNAs in HEK293T cells markedly in-
creases cell death following AR treatment (Fig. S1 4 and B).
Under homeostatic conditions, HACE1 deficiency in MEFs and
HEK?293T cells results in redox imbalance reflected by increased
ROS (Fig. 1B and Fig. S1 C and D) and decreased GSH levels
(Fig. 1C and Fig. S1E). Supplementing Hacel WT and KO
MEFs with GSH eliminated the ROS difference between these
cells (Fig. 1B) and reduced sensitivity of Hacel KO MEFs to
H,0, (Fig. S1F). Together these results suggest that HACE1
mitigates oxidative stress, at least in part by maintaining oxidant
detoxification capacity.
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HACE1 Is Essential for Optimal NRF2 Activation. To better charac-
terize how HACE1 impacts cellular antioxidant levels, we in-
vestigated whether HACE1 might regulate NRF2 directly. We
first measured NRF2 transcriptional activity using a vector
encoding luciferase driven by the NQOI promoter (20). NRF2
activity was significantly reduced in Hacel KO compared with
WT MEFs under resting and oxidative stress conditions (Fig.
24). In addition, expression levels of the NRF2 target genes
HmoxI and Nqgol were significantly reduced in Hacel KO MEFs
compared with WT MEFs under oxidative stress (Fig. 2B),
suggesting that HACE] is required for optimal NRF2 activation
in response to oxidative stress.

To determine how HACEI!1 affects NRF2 activity, we first
assessed NRF2 protein accumulation in Hacel WT and KO
MEFs treated with H,O,, as NRF2 protein stability is a major
homeostatic mechanism (21). Although NRF2 levels were in-
duced by H,O; in both cell lines at the early time point (0.5 h),
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Fig. 2. HACE1 promotes NRF2 activity, stability, and synthesis. (A) Hace? WT
or KO MEFs cotransfected with antioxidative stress response element-
luciferase (ARE-LUC) and pRenilla vectors were treated with H,0, (200 pM;
6 h), as indicated. NRF2 activity was determined by measuring luciferase
activity. n = 3; *P < 0.01; **P < 0.005. (B) Hace! WT or KO MEFs were treated
with H,0, (200 uM) for the indicated times. Hmox1 and Ngo7 mRNA levels
were determined using qRT-PCR. n = 3; *P < 0.01. (C) Hacel WT or KO MEFs
were treated with H,0, (200 pM) for the indicated times. NRF2 protein levels
were determined using Western blot. NRF2 levels were normalized to
HSC70. n = 3; *P < 0.05. (D) Hacel WT or KO MEFs were treated with H,0,
(200 pM) for the indicated time points. NRF2 localization was determined
using immunofluorescence. Typical images are shown on the left. Cells
exhibiting nuclear or cytosolic localization were scored. n = 200 from three
independent experiments; *P < 0.01. (E) Hace1 WT or KO MEFs transfected
with NRF2-expressing or control vector were treated with H,O, (600 pM) or
AR (10 uM) for 8 h. Cell death was measured by annexin V and PI staining
and presented relative to WT cells. n = 3; *P < 0.01. (F) HEK293T cells were
transfected as in E. Cells were pulsed with AHA (250 pM; 1 h) and MG132 to
block protein degradation with or without AR (1 pM) as indicated. HACE1 kd
in total cell lysates was confirmed using Western blot. Cell lysates were
subjected to a Click-it reaction with biotin alkyne followed by streptavidin pull-
down, and newly synthetized proteins were detected by Western blot.
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there was an additional increase in NRF2 protein levels at the
latter time point (3 h) in WT cells that was attenuated in Hacel
KO MEFs (Fig. 2C). This was confirmed using subcellular
fractionation, whereby NRF2 levels increased in nuclear frac-
tions of H,O, treated Hacel WT and KO MEFs at 0.5 h, but
were further elevated at 3 h only in WT MEFs (Fig. S24). Im-
munofluorescence showed enhanced NRF2 nuclear localization
in both WT and Hacel KO cells at 0.5 h after H,O, treatment
(Fig. 2D). Nuclear localization was retained in Hacel WT MEFs
at the 3 h time point, whereas, in contrast, it was markedly re-
duced in Hacel KO MEFs at this time point (Fig. 2D). To
confirm this in a second cell line, we performed HACEL1 kd in
HEK?293T cells, which led to reduced total NRF2 levels under
AR treatment (Fig. S2 B and C). Moreover, HACEI1 kd reduced
nuclear NRF2 accumulation in HEK293T cells upon AR treat-
ment (Fig. S2D). These data suggest that HACEL is involved in
optimal expression and nuclear localization and/or retention of
NRF2 under oxidative stress, and that reduced NRF2 activity in
HACEI!-deficient cells may be attributed to defective NRF2
protein accumulation and nuclear localization. We then asked
whether NRF2 perturbation is responsible for the hypersensi-
tivity of Hacel KO cells to oxidative stress. In keeping with this,
ectopic expression of NRF2 in Hacel KO MEFs significantly
reduced their sensitivity to oxidative stress (Fig. 2E and Fig.
S2E), suggesting that HACEI protects against oxidative stress by
promoting NRF2.

HACE1 Promotes NRF2 Protein Stabilization and Synthesis. We next
asked how HACE1 promotes NRF2 accumulation. We first as-
sessed NRF2 degradation rates under oxidative stress in control
siRNA versus HACE1 kd HEK293T cells subjected to cyclo-
heximide challenge to block translation. We found that the deg-
radation rate of NRF2, but not of c-Jun and c-Myc, which also
have short half-lives, was markedly increased in HACE1 kd
compared with control cells (Fig. S2 F and G). Proteasome in-
hibition with MG132 only partially rescued NRF2 accumulation
in HACE1 kd cells under AR treatment (Fig. S2H). This sug-
gests that HACE1 promotes NRF2 induction through NRF2
stabilization and a degradation-independent mechanism. Nrf2
mRNA levels were not reduced in Hacel KO compared with WT
MEFs (Fig. S2I), excluding a transcriptional mechanism for the
latter. We therefore tested whether HACE1 promotes NRF2
protein synthesis, as NRF2 nuclear localization under oxidative
stress is dependent on de novo NRF2 synthesis (22). To compare
NREF?2 synthesis rates between HACE1 kd and control cells, we
used the methionine analog azidohomoalanine (AHA) to mon-
itor newly synthesized proteins as described (23). Nontreated
and AR-treated cells were pulsed with AHA for 1 h, and then
lysates were isolated and assessed for levels of AHA-labeled
NRF2 and the control proteins, eukaryotic Elongation Factor 2
(eEF2) and GAPDH (Fig. 2F). The protein synthesis rate of
NRF2 but not of eEF2 or GAPDH was greatly reduced in
HACEI1 kd cells compared with control cells, under both resting
and oxidative stress conditions, providing compelling evidence
that HACEL also supports NRF2 accumulation by promoting
NREF2 protein synthesis.

To demonstrate which domains of HACE1 influence NRF2
accumulation, we overexpressed HACE1L or various HACE1
mutants in HEK293 cells treated with the NRF2 inducer tert-
butylhydroquinone (tBHQ) (22) and monitored NRF?2 levels by
Western blotting (Fig. S2/). HACE1 promoted NRF2 accumu-
lation under both resting and tBHQ conditions in an E3 ligase-
independent manner, as the E3 ligase dead mutant, HACE1-
C876S (CS) (15), equivalently induced NRF?2 levels (Fig. S2J).
However, this was not observed when either the HACE1 N-
terminal ankyrin repeats or the C-terminal HECT domain were
deleted (Fig. S2J). These data indicate that HACE1 induces
NRF?2 accumulation independently of its E3 ligase activity, and
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that the ankyrin repeats and HECT domain are necessary for its
NRF2 promoting activity.

HACE1 Is Involved in Regulation of Redox Balance in Brain Tissues. To
determine the physiological relevance of these findings, we asked
if HACEI plays a role in regulating redox and the antioxidative
stress response in vivo. Given the known role of oxidative stress
in neurodegeneration and expression of HACEL in brain (15),
we measured ROS, antioxidant levels, and oxidative stress markers
in brains of Hacel KO mice. In line with our findings in other
tissues (19), Hacel KO brain tissue exhibited increased ROS
levels (Fig. 34). We also observed reduced GSH levels in Hacel
KO compared with WT control brains (Fig. 3B). By immuno-
histochemistry (Fig. 34), there was a significant reduction in
levels of NQO1 in Hacel KO brain tissue, which was accom-
panied by decreased Ngol mRNA levels (Fig. 3C). NQOL1 is a
well-established marker of the antioxidative stress response and
NRF2 activity (5, 13), supporting a role for HACEL in this
pathway in vivo. Moreover, there was increased oxidative dam-
age in Hacel KO mouse brains as they exhibit higher levels of
protein carbonylation (Fig. 3D) and DNA oxidation (Fig. 3E)
compared with Hacel WT brains. Together, these data provide
strong evidence for increased oxidative stress accompanied by
reduced antioxidant GSH and NQOI levels in brain tissues of
Hacel KO mice, further supporting a role for HACEL1 in pro-
moting ROS detoxification in vivo.

HACET1 Is an Oxidative Stress Response Gene. Next we asked whether
the HACEI gene itself responds to oxidative stress, as predicted
if HACE! is linked to antioxidative stress responses. Because
HACE]1 expression is high in both neural tissue and kidney, we
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Fig. 3. HACE1 loss is associated with reduced antioxidants and increased
oxidative stress in brain. (A) The striatal regions of Hace1 WT and KO brains
were stained using dihydroethidium (DHE), anti-NQO1 antibodies, or H&E as
indicated. Sections were imaged using a fluorescent (DHE) or light micro-
scope (NQO1 and H&E). Staining was quantified using Image). n = 3; *P <
0.05. (B) GSH levels were measured in brain lysates from Hace1 WT and KO
mice. Values were normalized to WT. *P < 0.05. (C) Ngo? mRNA levels in
mouse brains determined by qRT-PCR. *P < 0.01. (D) Protein carbonylation
was measured in Hacel WT and KO mouse brains. *P < 0.05. (E) Hacel WT
and KO mouse brains were subjected to anti-8-oxo-dGuo immunohisto-
chemistry. Staining in the cortex was quantified using Imagel. *P < 0.001.
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Fig. 4. HACE1 mitigates mHTT-associated oxidative stress and toxicity. (A)
GSH levels in the indicated STHdh cells lysates were measured and presented
relative to MSCV. n = 3; *P < 0.05. (B) STHdh cells were grown in complete
media or serum starved for 6 h. ROS were measured using DCFDA. (Left)
Average geometric means relative to MSCV. n = 3; *P < 0.05. (Right) Typical
FACS histograms. (C) The indicated STHdh cells were serum starved for 24 h.
Cell death was measured using Pl staining. n = 3; *P < 0.05. (D) The indicated
STHdh cells were treated with H,O, (400 uM; 24 h) and cell death was
measured using Pl staining. n = 3; *P < 0.05. (E) NRF2 activity in STHdh cells
transfected with the indicated constructs and treated with H,O, (200 uM) for
8 h was measured using ARE-LUC assay. n = 3; *P < 0.05.

used SH-SYSY neuroblastoma and HEK293T cells, respectively,
and challenged them with H,O, or AR as exogenous sources of
oxidative stress. Transcripts of HACEI and NQOI (as an oxi-
dative stress marker) were both induced by H,O, and AR in SH-
SYS5Y cells (Fig. S34), and by AR but not by H,O, in HEK293T
cells (Fig. S3B). In agreement, both HACE!I promoter activity
(Fig. S3C) and protein expression (Fig. S3D) were induced by
AR in HEK293T cells. Together, these results indicate that
HACE] is an oxidative stress response gene, providing further
support to the premise that it has evolved a functional role in
redox control.

HACE1 Protects Against mHTT Toxicity by Promoting NRF2. Oxidative
stress is a common feature in neurodegenerative diseases and
is implicated in the pathogenesis of HD (2). We therefore hy-
pothesized that in addition to its tumor suppressor function,
HACEI!1 may also play a protective role in neurodegeneration.
We chose HD as a model disease to test this, and first charac-
terized Hacel mRNA levels in immortalized neuronal progenitor
cells obtained from the striatum of previously established HD
knock-in mice (24). These cells express either full-length WT
(Q7) or mHTT (Q111) driven by the endogenous HTT pro-
moter, designated STHdh?” (WT) and STHdh®""" (mHTT) cell
lines, respectively. Using a publically available dataset and
quantitative (q) RT-PCR, we found that Hacel mRNA expression
is reduced in STHdh®""' compared with STHdh®” cells (Fig. S4 A
and B). In addition, HACE1 protein expression is lower in
STHAR®'"'" versus STHdh®” cells under both control and serum
starvation (SS) conditions (Fig. S4C). The latter is known to trigger
mHTT toxicity in vitro (25), which we confirmed experimentally
(Fig. S4D). Accordingly, STHdh®'"" cells exhibited higher basal
and SS-induced ROS levels compared with STHdh? cells (Fig.
S4E), pointing to the possibility that ROS deregulation is involved
in mHTT toxicity in this system. Indeed, mHTT-expressing
STHdh®™"! cells exhibited reduced GSH levels (Fig. S4F) and
enhanced sensitivity to H,O, challenge compared with STHdh?’
cells (Fig. S4G). GSH supplementation rescued the STHdh®'"!
cells from enhanced sensitivity to H,O, (Fig. S4H), indicating
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that GSH deficiency contributes to their hypersensitivity.
STHdAh®™"! cells thus mimic the phenotypes observed in HACE1-
deficient MEFs, suggesting that reduced Hacel levels may be
involved in hypersensitivity of STHdh®"''! cells to oxidative stress.
To directly assess this, we examined the impact of HACEL1 levels
on mHTT-associated oxidative stress and toxicity. We generated
stable STHAh®"'" cell lines ectopically expressing vector control
(murine stem cell virus, MSCV) or HA-HACEI1 (Fig. S54) and
found that HACE1 expression increased GSH levels and de-
creased ROS under both resting and SS conditions (Fig. 4 4 and
B). Moreover, stable expression of HACE1 decreased mHTT-
induced cellular sensitivity to SS and H,O, challenge (Fig. 4 C
and D). This was confirmed by transient expression of GFP-
HACEI! in STHdh®"" cells, which led to increased protection
against H,O, challenge (Fig. S5B). Furthermore, stable expres-
sion of the E3 ligase dead HACE1-C876S mutant in STHdh?!'!!
cells (Fig. S54) led to enhanced resistance to SS and H,O, chal-
lenge compared with control MSCV cells (Fig. 4 C and D) as well,
further supporting the notion that the protective effects of HACE1
are independent of HACE1 E3 ligase activity. Taken together,
these results suggest that reduced HACETI levels contribute to the
increased sensitivity toward ROS challenge observed in mHTT-
expressing cells, and that HACE1 re-expression can protect cells
against mHTT-induced toxicity by increasing their cellular anti-
oxidant capacity in an E3 ligase-independent manner.

We next asked whether NRF?2 is involved in the ability of
HACEI! to protect against mHTT toxicity. In agreement with
previous reports (26), we found that NRF2 activity was sub-
stantially reduced in STHdh®'!! cells under basal conditions and
following H,O, treatment compared with STHdh?7 cells (Fig.
S5C). This was not rescued by Apocynin or ML171, inhibitors of
NADPH oxidase activity (Fig. S5D), suggesting that the reduced
NRF2 activity occurs independently of NADPH oxidase activity
(19). Similar to Hacel KO MEFs, NRF2 accumulation was re-
duced under oxidative stress in mHTT-expressing cells (Fig.
SSE). Ectopic HACEL1 expression was able to increase NRF2
activity in STHdKh®'"! cells under both basal and H,O,-treated
conditions (Fig. 4E). Moreover, NRF2 kd using two independent
siRNAs (Fig. S5F) significantly increased sensitivity of STHdR®'!'—
HACEI! cells to H,O, treatment. These results provide com-
pelling evidence that HACE1 protects neuronal progenitor cells
from mHTT-induced oxidative stress by promoting NRF2 ac-
tivity and the antioxidant response.

HACE1 Is Reduced in HD Striatum. We next asked if HACEI ex-
pression is altered in the brain of the HD YAC128 mouse model.
We found that HACEI levels are not altered in this HD mouse
model (Fig. S6 A-C). Although the YAC128 mouse is one of the
most comprehensive and well-established models of HD, no
mouse model recapitulates all molecular manifestations of hu-
man HD. In fact, it is reported that YAC128 mice fail to show
concordant gene expression changes with human HD until the
mice are 24 mo of age (27), whereas our studies of altered
HACETI! expression in YAC128 mice were restricted to mice 12
mo of age or younger. Additionally, in a recent study of 12 genes
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Fig. 5. HACE1 is reduced in HD striatum. HACE1 protein levels were de-
termined by Western blot in HD patient or control brain lysates. GAPDH was
used as a loading control. A, striatum; B, cortex.
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that were differentially expressed in the striatum of YAC128
versus control mouse striatum, only four of these 12 genes were
concordantly changed when assessed in human HD versus con-
trol striatum (28). This highlights potential differences in tran-
scriptional responses to mHTT expression in brains across
different species. We therefore sought to directly evaluate
HACEI levels in human HD brain tissues.

Interrogating publicly available human gene expression data
(29), we found that HACEI mRNA is specifically reduced in the
striatum, the most affected region of the brain in HD (30), but
not in the cerebellum or cortex of HD patients (Fig. S6D). We
next measured HACEL protein levels in striatal and cortical
tissues obtained from control and HD brains (Table S1). Nota-
bly, HACEL protein levels were demonstrably lower in HD
compared with control striatal samples, but this was not observed
in cortical samples (Fig. 5 4 and B and Fig. S6F) and was not
a result of differential postmortem intervals (Fig. S6F). Fur-
thermore, low HACE1 levels correlated with dramatically re-
duced expression of the known NRF2 target, GSS (Fig. S7). We
also found that levels of NQO1, another NRF2 target, are in-
creased in HD cortex compared with controls, but not in the
striatum (Fig. S7), suggesting that reduced HACEI levels in HD
striatum result in blunted NRF2 activation and, therefore, di-
minished NQO1 induction. Together, our findings suggest that
low HACEL1 expression may contribute to reduced expression
and/or induction of NRF?2 targets in HD striatum, and therefore
to deficits in the oxidative stress response and selective vulner-
ability of striatal cells to mHTT-induced toxicity.

Discussion

In this study we report that HACEI is essential for optimal ac-
tivation of the NRF2 response under oxidative stress conditions
by promoting NRF2 protein synthesis, stabilization, and nuclear
localization. Recently, we found increased ROS levels in differ-
ent peripheral tissues of Hacel KO mice due to increased activity
of ROS generating Racl-dependent NADPH oxidase complexes
(19). We show here that brains of Hacel KO mice exhibit redox
imbalance and increased oxidative stress but reduced NQO1
expression, a known NRF2 target gene and a marker of the anti-
oxidative stress response (5, 13). Therefore, the consequences of
Hacel deficiency in mice are very similar to that of genetic loss
of Nrf2 (8). These data support a model where HACEL posi-
tively regulates the NRF2-mediated antioxidative stress response
and functions to maintain redox homeostasis in brain tissues.
This requires HACEL1 ankyrin repeats as well as its HECT do-
main, but occurs independently of HACE1 E3 ligase activity and
its ability to negatively regulate NADPH oxidase complexes.
Increased oxidative stress and vulnerability of the striatum to
mHTT toxicity are prominent features in HD brains (31, 32). We
observed a reduction in HACEL1 levels in mHTT-expressing
STHdh®'! striatal neuronal progenitor cells that correlated with
previously reported diminished NRF2 activity (26) and increased
oxidative stress, which could be rescued by reintroduction of
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HACE]1. Reduced HACEI1 levels and induction of NRF2 target
genes were observed in the HD striatum but not in the HD
cortex (Fig. 5 and Fig. S7). Although other brain tissues are af-
fected in HD, including cortex (33), the earliest and most dra-
matic changes are typically observed in the striatum (32). This
may be due to physiological differences between striatal and
cortical neurons, such as increased susceptibility of striatal neu-
rons to excitotoxicity (34), a process that is thought to lead to
ROS production. There is also evidence that mHtt expression in
the striatum is sufficient to cause altered expression of oxidative
stress genes (35), further indicating that the effects of mHtt ex-
pression could be cell type specific. In keeping with this, previous
gene expression analyses reported that 90% of genes (including
HACET) that were found to be differentially expressed in HD
versus control striatum were not differentially expressed in HD
versus control cortex (29). Alternatively, cortical neurons may
have evolved alternative mechanisms to retain HACE1 expres-
sion, even under mHtt-mediated stress, as these cells may be
particularly sensitive to HACEL loss.

HACE] was recently reported as a putative NRF2 target gene
(36), and HACE! is induced by oxidative stress, raising the
possibility that reduced NRF2 activity may explain wh%/ HACE1
expression is diminished in mHTT-expressing STHdh?'!! striatal
progenitor cells and in HD striatum. Conversely, we found that
NQOL1 levels are not altered in HD striatum and are actually
increased in HD cortex. This suggests redundant mechanisms of
NQOL1 regulation in vivo, potentially involving other transcription
factors such as FBJ Murine Osteosarcoma Viral Oncogene Ho-
molog (c-FOS) (37). Restoring HACE1 expression to STHdh?'"!
cells increased their NRF2 activity, rescued redox balance, and
enhanced survival under oxidative stress conditions, suggesting
that HACEI loss may contribute to the selective vulnerability of
striatal cells to mHTT toxicity.

In summary, we have demonstrated that the HACE1 tumor
suppressor is an important component of the antioxidative stress
response, and functions by facilitating NRF2 activity. Our results
support the notion that enhancing HACE1 expression may be
therapeutically beneficial in HD and potentially other neurode-
generative diseases.

Materials and Methods

For determining GHS levels the Glutathione assay kit was used (Cayman
Chemicals). For determining protein carbonylation the Protein Carbonyl
Colorimetric Assay Kit (Cayman Chemicals) was used. Protocols for ROS mea-
surements, mouse strains, cell culture and transfection, Western blotting, cell
fractionation, cell death assays, qRT-PCR, and NQO1 and DNA oxidation
staining can be found in S/ Materials and Methods.
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